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NLO QCD corrections to (B)SM HH production Julien Baglio
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Figure 1: Generic diagrams for HH production at LO in QCD. The Ay3 contribution is marked in red.
1. Introduction

Since the discovery in 2012 of a Higgs boson by ATLAS and CMS collaborations at the CERN
Large Hadron Collider (LHC) [1], the detailed study of its properties has not unveiled any deviations
from Standard Model (SM) predictions yet [2]. The Higgs self-coupling strengths, however, are
crucial properties related to the electroweak symmetry breaking [3] and still un-tested so far. The
probe of the triple Higgs coupling Ay is a major goal of the high-luminosity LHC.

Gluon fusion gg — HH is the dominant production mode at hadron colliders [4] and is
already loop-induced at leading order (LO), mediated by heavy-quark loops for which the top-quark
contribution is dominant [5]. Higher-order corrections are required to reduce the uncertainties
of the theoretical predictions for the cross section and hence of the measurement of Ag3. The
next-to-leading order (NLO) QCD corrections have been first obtained in the heavy top limit (HTL)
involving a Born-improvement of the results, leading to a factor-of-two correction [6]. Further
refinements have then followed with a large-top-mass expansion [7] as well as with the exact
calculation of the real corrections [8]. The full NLO QCD corrections in the SM have now become
available thanks to two different numerical calculations, which have found NLO mass effects of
order —15% on top of the HTL results [9—-11]. This result has been supported and confirmed by
various analytical approximations [12—15].

In the following we present a very brief overview of the method we have used to obtain the
full NLO QCD corrections [10, 11]. Numerical results will be given with emphasis on the top-
quark scale and scheme uncertainties that is significant, before presenting preliminary results in the
Two-Higgs-Doublet-Model (2HDM) of type II which will be published soon.

2. Overview of the calculation of the NLO QCD corrections

Gluon fusion production proceeds at LO in QCD via one-loop diagrams with only Yukawa
interactions (box diagrams, left-hand side of Figure 1) and with diagrams containing the triple
Higgs coupling Ay (triangle diagrams, right-hand side of Figure 1). The virtual corrections for
the latter can be taken from known results for off-shell single Higgs production [16] by attaching
the Higgs splitting, while the one-particle reducible diagrams can be obtained by recycling known
results for H — Zvy decay, adjusting the kinematics and couplings accordingly. The technically
challenging part deals with the two-loop box diagrams. The ultraviolet divergences have been
extracted with standard endpoint subtractions, while the infrared divergences have required a suitable
local subtraction term. Numerical stability has been achieved thanks to integration by parts of one
Feynman parameter after having performed an analytical continuation of the top-quark mass in the
complex plane, m? — m?(1 — i€), with € < 1. A Richardson extrapolation has been used to reach

the narrow-width limit € — 0. The strong coupling @ has been renormalised in the MS scheme



NLO QCD corrections to (B)SM HH production Julien Baglio

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHCI5 99 — HH at NLO QCD | v/s = 100 TeV | PDFALHC15
1 T T T T T T T T T T T T
—— HTL —— HTL
HTL + full reals 10k HTL + full reals
—— HTL + full virtuals —— HTL + full virtuals
10" = Full NLO E = Full NLO

do/dmp [fb/GeV]

HR = Hp = Mgy/2
NLO scale uncertainty

do/dm gy [fb/GeV]
1072 BR = Hp = My /2

NLO scale uncertainty

1.3 t t t t T T
=2l ] =

1.1

g L2 B 10

== R R 1 T 0.9

o 1.0 L-{J;L. -

- 0.9 + 08 |

o = (=]

Eosf ] FOTT

Sorl ] & o6t

0.6 . . . . . i 0.5 . . . . . .
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
myy [GeV] myy (GeV]

Figure 2: SM Higgs-pair invariant mass distribution at the 14 TeV LHC (left) and at a future 100 TeV hadron
collider (right). The red band represents the scale uncertainty for the full NLO QCD prediction. The lower
panels display the ratios of the distribution to the HTL prediction.

with five active flavours and the top-quark mass m; in either the on-shell scheme (OS, our default
results) or the MS scheme. The final mass effects of the virtual corrections have been obtained
after a numerical integration over the six Feynman parameters and one of the phase-space variables
to obtain the invariant Higgs-pair mass (Q = mpgpg) distribution. The mass effects in the real
corrections have been calculated with FeynArts and FormCalc [17] using the one-loop integral
library COLLIER [18]. The HTL contribution has been obtained using HPAIR [6].

3. SM and 2HDM results

We present numerical results for the LHC at a centre-of-mass energy of 14 TeV as well as for a
planned future circular hadron collider at 100 TeV. The OS top-quark mass is fixed tom, = 172.5 GeV
and the SM Higgs mass is set to myg = 125 GeV. We use the NLO parton distribution functions
PDF4LHC15 [19] with LHAPDF6 [20]. For the invariant Higgs-pair distribution we use a grid of Q
values from 250 to 1500 GeV and the results are displayed in Figure 2, at 14 TeV (left) and 100
TeV (right). The full NLO QCD results are in red with a band indicating the renormalisation and
factorisation scale uncertainties, around the central value ug = ur = Q/2. The blue line represents
the HTL prediction, the orange line represents the HTL supplemented by the full real corrections,
the green line represents the HTL supplemented by the full virtual corrections. It is clear that at
large invariant Higgs-pair mass the full NLO QCD corrections are needed, as all blue, orange,
green curves fail to even touch the red band. Top-quark mass effects are as large as —30% w.r.t.
the HTL results. After numerical integration of the differential distribution the total cross section
is obtained, a&igev(gg — HH) = 32.81(7)tg:§gz fb, including the usual scale uncertainties.

Our calculation in the MS scheme allows for the first determination ever of the top-quark scale
and scheme uncertainties. In each Q bin the maximal and minimal values of the differential cross
section define the envelope, when m; is taken either in the OS scheme or in the MS scheme with a
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Figure 3: Left: SM Higgs-pair invariant mass distribution at the 14 TeV LHC with different scale and
scheme for the top-quark mass. Right: Preliminary results for hH Higgs-pair invariant mass distribution
at the 14 TeV LHC in the 2HDM of type II. The lower left panel displays the ratio to the default SM OS
prediction, the lower right panel displays the ratio of the distributions to the 2HDM HTL prediction. The red
band represents the scale uncertainty for the full NLO QCD prediction

scale u, varied between Q/4 and Q. The left-hand side of Figure 3 displays the results at the LHC
using these different m; scales and schemes. The lower panel shows the ratios of the predictions
to the OS scheme. Large effects are found at large Q. Integrating the envelope leads to a sizeable
+4% /—18% uncertainty of the total cross section, a factor of two smaller than at LO.

We have also obtained preliminary results in the 2HDM of type II, in order to study the
impact of the full NLO QCD corrections in models with an extended Higgs sector. The differential
distribution is displayed in Figure 3 (right-hand side) for mixed CP-even Higgs-pair production #H in
a benchmark scenario compatible with current experimental results, where the light CP-even Higgs
boson is identified with the observed boson, my; = 125.09 GeV, while the heavier CP-even Higgs
boson has a mass my = 134.817 GeV. We obtain the total cross section o4 TV = 18.53(2)*14-0% fp,

NLO 12.7%
and a differential shape comparable to that of the SM case, with distortions at low Q.

4. Outlook

The calculation of the full next-to-leading order (NLO) QCD corrections to Higgs pair pro-
duction cross section at hadron colliders has been presented. The calculation of the two-loop
integrals, which contain up to four energy scales, has been performed numerically without any
reduction to master integrals. Large top-quark mass effects have been found, of the order of —15%
for the total cross section. Using both on-shell and MS schemes it has been possible to assess
the size of the top-mass scale and scheme uncertainties, of the order of 30% at large invariant
Higgs-pair mass and +4%/—18% on the total cross section. Combining these findings with the
approximated next-to-next-to-leading order (NNLO) prediction [21], the state-of-the-art prediction
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reads o’ﬁ&{%’(gg — HH) = 36.693;7‘;70 fb including factorisation scale, renormalisation scale, and

top-quark scale and scheme uncertainties.

It will be necessary to determine the full NNLO QCD corrections to decrease the top-mass scale
and scheme uncertainties [11], which also arises in other processes such as Higgs+jet production.
In the next months a release of the NLO QCD results in the 2HDM presented here, including also
pseudo-scalar pair AA production, is expected.
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