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Abstract At the LHC the CP properties of the top-quark
Yukawa interaction can be probed through Higgs production
in gluon fusion or in association with top quarks. We consider
the possibility for both CP-even and CP-odd couplings to the
top quark to be present, and study CP-sensitive observables
at next-to-leading order (NLO) in QCD, including parton-
shower effects. We show that the inclusion of NLO correc-
tions sizeably reduces the theoretical uncertainties, and con-
firm that di-jet correlations in H + 2 jet production through
gluon fusion and correlations of the top-quark decay prod-
ucts in 7 H production can provide sensitive probes of the
CP nature of the Higgs interactions.

1 Introduction

The top-quark Yukawa interaction has played a crucial role
in the recent discovery of the Higgs boson in the first run
of the LHC [1-4]. It is thanks to its large value that produc-
tion in gluon fusion (GF), which mostly proceeds through
a top-quark loop in the Standard Model (SM), has provided
the necessary statistics for discovery already with a modest
integrated luminosity. The wealth of production and decay
channels available for a SM scalar with a mass of about
125 GeV, has also made it possible to combine information
from different final-state measurements [5]. Global coupling
extractions [3,6] provide indirect evidence that the Higgs
boson couples to top quarks with a strength in agreement
with the SM expectations. Furthermore, the first exploratory
searches of associated Higgs production with a top-quark pair
(ttH), while not yet being sensitive enough for an observa-
tion, already set an upper bound on the strength of the inter-
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action of 3—6 times the SM expectation [7-9]. In the coming
run of the LHC at 13 TeV, 1 H production will certainly serve
as a key channel to test the SM and explore new physics.

While the path towards more and more precise determi-
nations of the strength of the Yukawa interaction with the
top (and of the Higgs boson couplings in general) is clear,
the investigation of the structure and the properties of such
interaction is considerably more open. One of the funda-
mental questions is whether the Higgs—top-quark coupling
is CP violating, i.e. the Higgs couples to both scalar and
pseudoscalar fermion densities. In this context, it is impor-
tant to stress that so far all experimental determinations of
the Higgs CP properties [4,10] have been obtained from the
H — VV — 4¢ decay mode and therefore only constrain
the HV'V interactions.

Gathering information on the CP properties of the top-
quark Yukawa interaction is not an easy task. As there is no
decay mode of the Higgs to or through top quarks that can
be effectively studied at the LHC, only Higgs production can
be considered. In addition, even though different couplings,
either scalar, pseudoscalar or mixed, have an impact on the
production rates [11-13] and can also be bound by indirect
measurements [14], only specially designed observables can
provide direct evidence of CP-violating effects at hadron col-
liders. In inclusive Higgs production, for example, at least
two extra jets are needed in the final state to be able to con-
struct CP-sensitive observables. These can probe the Higgs
interaction with the top quark through GF [as well as with W
and Z’s in vector boson fusion (VBF)]. The t7 H final state, on
the other hand, provides many CP-sensitive observables that
can also be constructed from the daughters of the top-quark
decays. In fact, in H+ jets and ¢7 H production information
on the CP nature of the top-quark coupling is encoded in
the correlations between the jets and among the top—antitop
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decay products. This means that the choice of decay mode of
the Higgs in the corresponding analyses can be done freely
and based on criteria other than the requirement of a pre-
cise reconstruction of the Higgs resonance, something that,
in general, might not even be needed.

In order to test the different hypotheses for the Higgs sec-
tor, the approach based on an effective field theory (EFT)
turns out to be particularly suitable, given the fact that the cur-
rent experimental data do not show any clear sign of physics
beyond the SM. In such an approach, no new particle and
symmetry is hypothesised on top of the SM ones. This has
the advantage of reducing the number of new parameters
and interactions compared to other approaches based only
on Lorentz symmetry, without losing the ability to describe
in a model-independent way the effects of any new physics
we cannot directly access at the current energies. Further-
more, the EFT approach can be systematically improved by
including higher-dimensional operators in the lagrangian on
the one hand (which are suppressed by higher powers of the
scale A where new physics appears), and higher-order per-
turbative corrections on the other hand.

The aim of this work is to present how EFT predictions
accurate to next-to-leading order (NLO) in QCD matched
to a parton shower can be used to determine the CP proper-
ties of the Higgs boson coupling to the top quark, through
Higgs production in association with jets or with a pair of top
quarks. To this aim we employ the Higgs Characterisation
(HC) framework originally proposed in [15], which follows
the general strategy outlined in [16] and has been recently
applied to the VBF and VH channels [17]. In this respect,
this work contributes to the general effort of providing NLO
accurate tools and predictions to accomplish the most gen-
eral and accurate characterisation of Higgs interactions in
the main production modes at the LHC. Note that at variance
with VBF and VH, H+ jets and tf H are processes mediated
by QCD interactions at the Born level, hence higher-order
corrections are expected to be more important and certainly
needed in analyses aiming at accurate and precise extractions
of the Higgs properties.

First, we consider Higgs production in GF together with
extra jets, focusing on final states with at least two jets. This
process is not only a background to VBE, but it can also
provide complementary information on the Higgs boson cou-
pling properties [18-24]. In the heavy-top limit, the CP struc-
ture of the Higgs—top interaction is inherited by the effective
Higgs—gluon vertices [25-30]. Higgs plus two (three) jets
through GF at LO has been computed in [31-34], where
the full top-mass dependence was retained. The results cited
above show that the large top-mass limit is a very good
approximation as long as the transverse momentum of the
jets is not sensibly larger than the top mass and justify the
use of EFT approach for the Higgs—gluons interactions. In
the m; — oo limit, the resulting analytic expressions at

@ Springer

NLO for GF Hjj production have been implemented in
MCFM [35], which has been used by Powheg Box [36]
and Sherpa [37] to obtain NLO results matched with par-
ton shower (NLO+PS). Independent NLO+PS predictions
in the Sherpa package using GoSam [38] for the one-loop
matrix elements and in MADGRAPH5_AMC@NLO [39],
which embodies MADFKS [40] and MADLOOP [41], are also
available. We note that all the above predictions are for the
SM Higgs boson, i.e. the CP-even state, and Hjj production
for the CP-odd state has been only available at LO, yet with
the exact top-mass dependence [21]. In this paper we present
NLO results in the large top-mass limit for GF production
of a generic (mixed) scalar/pseudoscalar state in association
with one or two jets at the LHC, also matching to parton
shower.

Second, we study ¢ H production for arbitrary CP cou-
plings, including NLO+PS effects. While NLO correc-
tions in QCD for this process have been known for quite
some time [42,43], the NLO+PS prediction has been done
only recently, for both CP eigenstates, 07 and 0~, in
AMC@NLO [44] and in the Powheg Box [45] for the CP-
even case only. The spin-correlation effects of the top—antitop
decay products have also been studied at the NLO+PS level
with the help of MADSPIN [46,47]. Weak and electroweak
corrections have also been reported recently in [48,49],
respectively. The phenomenology of a CP-mixed Higgs cou-
pling to the top quark at the LHC has been studied at LO
in [50]. In addition to the case where the Higgs has definite
CP quantum numbers, here we consider the more general
case of a CP-mixed particle (0%) including NLO in QCD,
parton-shower effects and spin-correlated decays.

The paper is organised as follows. In the next section
we recall the effective lagrangian employed for a generic
spin-0 resonance and define sample scenarios used to deter-
mine the CP properties of the Higgs boson. We also briefly
describe our setup for the computation of NLO corrections in
QCD together with matching to parton shower. In Sect. 3 we
present results of H+ jets in GF, focusing on the H + 2 jet
production. We also make a comparison with VBF produc-
tion with dedicated kinematical cuts. In Sect. 4 we illustrate
the 77 H production channel. In Sect. 5 we briefly summarise
our findings and in Appendix we present the Feynman rules,
the UV and the R, counterterms necessary to NLO compu-
tations for GF in the heavy-top-quark limit.

2 Setup

In this section, we summarise our setup. We start from the def-
inition of the effective lagrangian, pass to the identification
of suitable benchmark scenarios, and finally to event gen-
eration at NLO in QCD accuracy, including parton-shower
effects.
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2.1 Effective lagrangian and benchmark scenarios

The most robust approach to build an effective lagrangian is
to employ all the SM symmetries, i.e. start from a linearly
realised electroweak symmetry and systematically write all
higher-dimensional operators, organised in terms of increas-
ing dimensions. The complete basis at dimension six has been
known for a long time [51,52] and recently reconsidered in
more detail in the context of the Higgs boson; see e.g., [53—
55]. This approach has been followed in the FEYNRULES [56]
implementation of [57], where the effective lagrangian is
written in terms of fields above the electroweak symmetry
breaking (EWSB) scale and then expressed in terms of gauge
eigenstates.

In [15] we have followed an alternative approach (and
yet fully equivalent in the context of the phenomenologi-
cal applications of this paper, as explicitly seen in Tables 1
and 3 of [57]) and implemented the EFT lagrangian start-
ing from the mass eigenstates, so below the EWSB scale,
and for various spin—parity assignments (X (J©) with J© =
0%, 1%, 2%). We have also used FEYNRULES, whose out-
put in the UFO format [58,59] can be directly passed to
MADGRAPH5_AMC@NLO [39]. We stress that this proce-
dure is fully automatic for computations at LO, while at NLO
the UFO model has to be supplemented with suitable coun-
terterms, as will be recalled in Sect. 2.2, a procedure that in
this work has been performed by hand.

The term of interest in the effective lagrangian can be
written as [see Eq. (2.2) in [15]]:

['6 = _Il_ft (CotKHttgHtt + iSakangan VS)wt Xo, (1

where X labels the scalar boson, ¢, = cos« and s, = sin«
can be thought of as “CP mixing” parameters, ky;, 4, are the
dimensionless real coupling parameters, and gy, = gu =
my/v (= y/~/2), with v ~ 246 GeV. While obviously
redundant (only two independent real quantities are needed
to parametrise the most general CP-violating interaction),
this parametrisation has several practical advantages, among
which the possibility of easily interpolating between the CP-
even (cqy = 1, s, = 0) and CP-odd (¢, = 0, 54 = 1) assign-
ments as well as recovering the SM case by the dimensionless
and dimensionful coupling parameters «; and gy,

The Higgs interaction with the top quarks induces a
(non-decoupling) effective couplings to photons, gluons and
photon-Z gauge bosons through a top-quark loop. In the HC
framework, the effective lagrangian for such loop-induced
interactions with vector bosons reads [Eq. (2.4) in [15]]:

| 1
Ly = { — Z[ca/cHgggHgg Gy, G

a p/Sa,pv
+ SaK age 8 Age GWG ]

Table 1 Loop-induced couplings gy, in the lagrangian (2). cy =

_ aEMGFmZZ
cosOy and C = W
8xy 88 Yy Zy
X=H —ay /3T 4Topm/ 187V C(94c}, — 13)/9mv
X=A o /2mv 4apm/3mv 2C(80€V —5)/3nv

1 ~
_Z[C“KHVVgHVV AMVAMU + SaKayy8ayy AMVAMV]

1 ~
_E[C(XKHZJ/gHZy Z;wAlw + SaKazy&azy Z/wAlw] }XO,

)
where the (reduced) field strength tensors are defined as
G4, =9,G% —9,G% + g, G GS, 3)
Vi = 9,V — 8,V (V=A,Z, WH), “)
and the dual tensor is
- 1 o
V/u) = EGMVPUV . (5)

We note that the Xo—gluon lagrangian provides not only the
ggXo, but also the gggXo and gggg X effective vertices;
see the appendix.! For the Xoyy and XoZy interactions, in
addition to the top-quark loop, a W-boson loop contributes
for the CP-even case and in fact dominates. As a result, these
processes are less sensitive to the CP properties of the top
Yukawa coupling. The dimensionful loop-induced couplings
8x,, are shown in Table 1. In the following, we focus only on
the gluonic operators in Eq. (2). As mentioned in the intro-
duction, the EFT prediction can be improved by including
higher-dimensional operators, and this can be achieved rather
easily in our framework by adding, e.g., the dimension-seven
Higgs—gluon lagrangian [60] into the HC model. Finally, we
recall that in the HC lagrangian the loop-induced X¢ZZ and
XoWW interactions are parametrised by the cutoff A, since
those are sub-leading contributions to the SM tree-level inter-
action; see Eq. (6) below.

In order to compare GF and VBF in the Hjj channel, we
also write the effective lagrangian for the interactions with
massive gauge bosons (Eq. (2.4) in [15]):

1 _
ﬁg'w = {CaKSM |:§gsz Z;,LZM + Suww WJW M]

11 ~
BVUN [CozKsz Z/,LUZMV + SaKazz lezlw]

! The CP-odd case does not have the gggg Xo vertex due to the anti-
symmetric nature of the interaction.
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Table 2 HC model parameters

Parameter Description

A (GeV) Cutoff scale

cq (=cosa) Mixing between 0" and 0~

Ki Dimensionless coupling parameter

Table 3 Benchmark scenarios for GF/tt H

Scenario for GF/tt H HC parameter choice
0+ (SM) KHgg/Hit = 1 (Cot = ])
0~ Kagg/an = 1 (cq =0)
0* Krigg, Age/mman = 1 (Cq = 1/‘/5)

Table4 Benchmark scenarios for VBF used for comparison with Higgs
production in GF

Scenario for VBF HC parameter choice

0F (SM) ksy =1 (cqg = 1)

0" (HD) Knzzaww =1 (Ca = 1)

0~ (HD) Kazz.aww = 1 (ca = 0)

0% (HD) Knzzuww.azz.aww = 1 (ca = 1/‘/5)
11

_EX [C(XKHWW levwiuv + SaKaww W;vﬁ/iﬂv]

1
—Ce [icnaz zuaﬂz/”+(/<,,3wWjaﬂw—ﬂ“+h.c.)]} Xo,

(6)

where gy ,, = 2m%/v and gyww = Zm%,v/v are the SM cou-
plings, and A is the cutoff scale. The HC model parameters
are summarised in Table 2.

In Table 3 we list the representative scenarios that we
later use for illustration. The first scenario, which we label
0T (SM), corresponds to the SM, with the couplings to
fermions as described by Eq. (1), and the effective couplings
to gluons as described by the corresponding gluonic oper-
ators in Eq. (2). The second scenario, which we label 07,
corresponds to a pure pseudoscalar state. The third scenario,
0%, describes a CP-mixed case, where the spin-0 boson is a
scalar/pseudoscalar state in equal proportions.

To compare between H + 2 jets in GF and in VBF, we
collect in Table 4 some of the new physics scenarios consid-
ered in the previous HC paper [17]. The first scenario corre-
sponds to the SM. The second scenario, 0T (HD), represents
a scalar state interacting with the weak bosons in a custodial
invariant way through the higher-dimensional (HD) opera-
tors of Eq. (6) corresponding to k ;77 yww- The third scenario,
0~ (HD), is the analogous of a pure pseudoscalar state, while
the fourth scenario is representative of a CP-mixed case, with
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equal contributions from the scalar and pseudoscalar compo-
nents.

2.2 NLO corrections matched with parton shower

MADGRAPH5_AMC @NLO is designed to perform automatic
computations of tree-level and NLO differential cross sec-
tions, including the possibility of matching LO and NLO cal-
culations to parton showers via the MC@NLO method [61],
and also to merge LO [62] and NLO [63] samples that differ
in parton multiplicities. Currently, NLO computations are
restricted to QCD corrections. They can be achieved fully
automatically in the SM. Recently, the computation of ultra-
violet (UV) and R, counterterms, the latter being originally
necessary to compute one-loop amplitudes with the Cut-
Tools [64] implementation of the OPP integrand-reduction
method [65], was automated for any renormalisable the-
ory [66].

The UV and R; counterterms for QCD one-loop ampli-
tudes in the SM were presented in [67] and have been avail-
able in MADGRAPH5_AMC@NLO for some time. The cor-
responding terms for effective interactions between the SM
Higgs and gluons were presented in [68]. Here, we have
derived them for the pseudoscalar case, listed in the appendix,
and coded by hand in a UFO model named HC_NLO_XO0.
The resulting model is publicly available online in the
FEYNRULES repository [69].

2.3 Simulation parameters

We generate events for the LHC with centre-of-mass (CM)
energies /s = 8 and 13 TeV, and we set the X( resonance
mass to myx, = 125 GeV. We take the heavy-top-quark limit
for GF, while we set the top-quark mass to m; = 173 GeV
in 11 X production.

Parton distribution functions (PDFs) are evaluated by
using the NNPDF2.3 (LO/NLO) parametrisation [70]
through the LHAPDF interface [71]. For NLO predictions,
the PDF uncertainty is computed together with the uncer-
tainty in the strong coupling constant o (mz) as described
in [72]. We assume the strong coupling constant to be dis-
tributed as a gaussian around the value

a™O) (1 7) = 0.1190 £ 0.0012 (68 % C.L.), (7

where the confidence interval is taken accordingly to the
PDF4LHC recommendation [73,74]. At the present time
there is no PDF set that allows the correct assessment of the
PDF + o uncertainty at LO. Therefore, for LO predictions
we compute the sole PDF uncertainty, with the strong cou-
pling at the m scale fixed to ! (m) = 0.130 [75,76].
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Central values pq for the renormalisation and factorisation
scales (g, F are set to

G
o = Hr)2 ®)
for X (+jets) production in the GF channel,

(VBF) _

M mwy (9)

for X jj production in the VBF channel, and

M(()ﬁH) = Vmr(t) mr(f) mr(Xo) {10

for t X production, where mt = ,/m? + p% is the trans-
verse mass of a particle, and Hr is the sum of the transverse

masses of the particles in the final state. Uncertainties com-
ing from missing higher orders are estimated varying p g and
1, independently, by a factor 2 around g,

1/2 < pror/io < 2. (11)

We note here that scale and PDF uncertainties are evalu-
ated automatically at no extra computing cost via a reweight-
ing technique [77]. In addition, such information is available
on an event-by-event basis and therefore uncertainty bands
can be plotted for any observables of interest. We define the
total theoretical uncertainty of an observable as the linear
sum of two terms: the PDF + o5 uncertainty on the one hand,
and the overall scale dependence on the other.

For parton showering and hadronisation we employ HER-
WIGH6 [78]. We recall that matching and merging to HER-
WIGH++ [79], Pythia6 [80] (virtuality ordered, or pt ordered
for processes with no final-state radiation) and Pythia8 [81]
are also available. Jets are reconstructed employing the anti-
kT algorithm [82] as implemented in FastJet [83], with dis-
tance parameter R = 0.4 (both for jets in H 4 jets production
and for b-tagged jets coming from top decays in 17 H produc-
tion) and

pr(j) >30GeV, [n(j)| <4.5. 12)

3 Gluon-fusion production with jets

In MADGRAPHS5_AMC@NLO the code and the events for
Xo plus two jets in the GF channel can be automatically
generated by issuing the following commands (note the / t
syntax to forbid diagrams containing top loops):

> import model HC_NLO_X0-heft

> generate p p > x0 j j / t [QCD]
> output

> launch

where the —~heft suffix in the model name refers to the cor-
responding model restriction. As a result, all the amplitudes
featuring the Higgs—gluon effective vertices in the heavy-top

limit are generated, including corrections up to NLO in QCD.
Analogous commands can be issued to generate events for
X0 plus zero and one jet at NLO. The NLO computation for
Hjjj in GF has been recently achieved interfacing Sherpa
with GoSam [84]. We note that MADGRAPH5_AMC@NLO
provides the FxFx merging [63] to combine several NLO+PS
samples, which differ by final-state multiplicities, and NLO
merged Higgs production in GF was discussed in [39,63].

As mentioned above, since our interest is geared towards
QCD effects in production distributions, we do not include
Higgs decays in our studies. We stress, however, that decays
(as predicted in the HC model) can be efficiently included at
the partonic event level by employing MADSPIN [46], before
passing the short-distance events to a parton-shower pro-
gram.

3.1 Total rates

We start by showing results for total cross sections for Higgs
plus jet production in GF, not only for H 42 jets but also for
H + 1 jet as a reference. We remark here that as GF is the
dominant Higgs production mechanism, enormous theoret-
ical efforts to achieve more precise computation have been
made over the last decade and we refer to the reports by the
LHC Higgs Cross Section Working Group [85-87] for more
details. We note that a first calculation of Higgs plus one
jet at NNLO (gg only and in the EFT) has been reported
in [88].

Table 5 collects the LO and NLO total cross sections and
the corresponding K factors for pp — Xoj at the 8- and
13-TeV LHC, together with uncertainties, for the three sce-
narios defined in Table 3. The acceptance cuts in Eq. (12) are
imposed.

Requiring the presence of jets in the final state entails
imposing cuts at the generation level as well as after event
generation in the case of NLO+PS simulation. We have
checked that the cuts at the generation level were loose
enough not to affect the NLO+PS rates and distributions.
Since reconstructed jets after parton shower and hadronisa-
tion can be different from the fixed-order parton jets, the
parton-shower matched cross section can be different from
the fixed-order prediction.

The figure in parentheses is the integration error in the
last digit(s). The first uncertainty (in percent) corresponds to
the envelope obtained by varying independently the renor-
malisation and factorisation scales by a factor 2 around the
central value, uo = Ht/2. The second one corresponds to
the PDF (4«;) uncertainty. As mentioned in Sect. 2.3, the
full PDF + «; uncertainty is available only at NLO. It is well
known that PDF and «; uncertainties are comparable for GF
at NLO [72], thus we take them both into account. We can see
that both the scale dependence and the PDF + o uncertain-
ties are independent of the scenarios, and as expected they

@ Springer
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Table 5 LO and NLO cross sections and corresponding K factors for
pp — Xo+ 1 jet (GF channel) at the 8- and 13-TeV LHC, for the three
scenarios defined in Table 3. The integration error in the last digit(s)
(in parentheses), and the fractional scale (left) and PDF (+ay) (right)

uncertainties are also reported. In addition to fixed-order results, the
PS-matched NLO cross sections and the ratios R = oNLO+PS/ONLO
are also shown

Scenario oLo (pb) onLo (pb) K ONLO+PS (Pb) R
LHC 8 TeV
ot 4.002(4) 558 1339 5484(N 11101129 1.37 461818 1129 0.84
0~ 9.009(9) 558 +3.3% 1234 4 +12% 1.37 10.38134 7 £1.2% 0.84
0* 6.511(6)135% +33% 8.860(14) 7182 +12% 1.36 7474728 412% 0.84
LHC 13 TeV
(O 10.67() "3 1 +2.6% 14.09) 1§53 +11% 1.32 12.081125 +1.0% 0.86
0~ 24.012) 3 T +2.6% 31.67(6)T 153 £1.1% 1.32 27.141302 +£1.0% 0.86
0* 17.36(2) 3y 1 +2.6% 22.833) 182 +119% 1.32 19.5971%3 +1.0% 0.86
Table 6 Same as Table 5, but for pp — X + 2 jets (GF)
Scenario oLo (pb) onLo (pb) K ONLO+PS (Pb) R
LHC 8 TeV
(s 1351() 7§ +4.3% 1.702(6) 130 4 £1.7% 1.26 1.2761335 £1.7% 0.75
0~ 2.9513)%§] 2 +4.49% 3.660(15) T304 £1.7% 1.24 27551298 +18% 0.75
0+ 2.142(2)757 4 +4.4% 2.687(10) 50 £1.7% 1.25 2.022737 ] +1.8% 0.75
LHC 13 TeV
o+ 4.265(4) 815 +33% 5.092023) 154 £1.2% 1.19 4.025%339 £12% 0.79
0~ 9.304(9)T 815 +3.4% 1129189 +12% 1.21 87017218 1139 0.77
0* 6.775(6) 513 £3.3% 8.055(35) 138 +1.2% 1.19 6.414721 2 112% 0.80

are significantly reduced going from LO to NLO. It is also
evident that the residual scale dependence is the dominant
source of uncertainty in the GF channel. We also note that
o (07) is larger than o (0™) by a factor of 2.25 at LO (and
to a good approximation even at NLO) due to the different
coupling normalisation (see Table 1), and o (0%) is equal to
the average of ¢ (07) and o (07). This means that there are
no interference effects in the total rates for this process.

In addition to the fixed-order results, we also show the
NLO cross sections matched with parton shower (oNLO+PS)
in the table. The ratios to the fixed-order NLO rates, R =
ONLO+PS/ONLO are shown in the last column. These ratios
are smaller than one, as extra radiation generated by the par-
ton shower tends to spread the energy of the original hard
partons, affecting the spectrum of the jets and leading to
more events which fail to pass the cuts. The survival rate
after shower slightly increases as increasing the collision
energy. We note that the ratios can slightly depend on the
parton-shower programs [89], and these differences shall be
considered as matching systematics. Another effect of the
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parton shower that we observe is a slightly increased scale
dependence in the results, compared to the corresponding
fixed-order predictions.

Table 6 presents results for pp — X + 2 jets. The fea-
tures of the cross sections and uncertainties are qualitatively
similar to the 1-jet case in Table 5, while rather different
quantitatively. As one increases the number of extra jets, the
cross section becomes smaller (as expected, yet mildly) and
the K factors are also reduced. On the other hand, the scale
dependence increases, especially in the LO results, as more
powers of o enter the matrix elements. Once again, the K
factors do not depend on the scenarios. We note that the LO
ratio o(07) /o (0") slightly deviates from 2.25 because of
the missing ggggA vertex as well as the different helicity
structure of the amplitudes [90].

3.2 Distributions

In the previous section we have seen that if the strength of
the scalar and pseudoscalar couplings in the Higgs—top-quark
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Fig. 1 Distribution of the invariant mass of the two leading jets in
pp — Xojj through GF (solid lines) and VBF (dashed) at the 13-TeV
LHC. The different hypotheses are defined in Tables 3 and 4

interaction is similar [i.e. Ky, 8uiu ~ Karn&arn i1 Eq. (1)], the
total Higgs production rate in GF is sensitive to the CP mixing
of the Higgs boson. We now turn to distributions, where GF
jet—jet correlations are known tools to determine the Higgs
CP properties [18-24]. In the following, all the distributions
will be shown for the 13-TeV LHC. For these studies, we
require the presence of at least two reconstructed jets in the
final states. The jets are ordered by the transverse momenta.

We start by showing the invariant mass distribution m j;
of the two leading jets in Fig. 1, where GF and VBF are com-
pared for the various scenarios defined in Tables 3 and 4. For
the VBF HD scenarios we fix the cutoff scale to A = 1 TeV.
GF is dominant in the small di-jet mass region, while VBF
tends to produce a jet pair with higher invariant mass [32].
This is because, for Hjj production in GF, the gg and ¢g
initial states are dominant, and hence the Higgs can be radi-
ated off the initial or final gluon legs, leading to more cen-
tral jets with the acceptance cuts only. For the VBF process,
on the other hand, the Higgs boson is produced through the
t, u-channel weak-boson fusion, leading to forward hard jets.
Based on this fact, we usually require a minimum m ;; as a
VBEF cut in order to minimise the GF contribution to extract
the VBF information. The shapes of the m ;; spectra are simi-
lar among the different CP scenarios within the same channel.
This means that, apart from the difference between GF and
VBE, the invariant mass cut acts in a similar way on every CP
scenario in a given channel; more details for the VBF case
can be found in [17].

Looking at the subprocesses contributing to Xo + 2 jets is
instructive. The gg — X(qq subprocess features VBF-like
t-channel gluon exchange diagram and is not affected by the
mj; cut, since the jets tend to be produced in the forward

region, similarly to the weak-boson case [23]. Moreover,
even for the gg and gg induced subprocesses, the 7-channel
contribution becomes relatively important by imposing the
invariant mass cut. In other words, the VBF cut maximises
the contributions featuring gluons in the ¢#-channel, which
are the most sensitive to the CP properties of X also in the
GF case [19]. To illustrate how the CP-sensitive observables
change with the VBF cut, on top of the acceptance cuts, we
impose an invariant mass cut as

m(ji, jo) > 250, 500 GeV. (13)

We do not require a minimum rapidity separation, although
this is another common VBF cut, since Anj; itself is an
observable sensitive to the CP properties of X [23,91].

Figures 2 and 3 show the effect of the invariant mass cut
on the pt and 5 distributions for the resonance X and the
leading jet. Imposing larger m ; cuts leads to harder trans-
verse momenta for both the X and the jets; as a result, the
Xo is produced more centrally, while the jets are shifted to
the forward regions and the difference in the low p1(Xjy)
region between the various CP scenarios becomes more pro-
nounced. This behaviour is due to the fact that at larger m j;
topologies featuring the emission of the Higgs boson by a
gluon exchanged in the 7-channel are enhanced, similarly to
the typical VBF topology.

A possible concern is to what extent the EFT approach
is valid. In fact the heavy-top-quark effective lagrangian
in Eq. (2) is a good approximation for single light-Higgs
production. The EFT closely reproduces the m ;; spectrum
of the loop computation even in the very high invariant
mass region [32]. However, this approximation fails when
the transverse momenta of the jets are larger than the
top mass [31], overestimating the exact prediction for the
pr(j1) > my region. Since the events are generated pre-
dominantly in the small pt(j;) region, we choose not to
apply any rejection of events with large pr in the following
analyses.

The most sensitive observables for the CP nature of the
Higgs boson couplings to the top quark in this channel are
di-jet correlations, shown in Fig. 4. As already seen in Fig. 3,
the invariant mass cut effectively suppresses the central jet
activity, although the different CP scenarios in the rapidity
separation An;; = n(j1)—n(j2) canbe hardly distinguished.
On the other hand, the azimuthal angle between the two jets
A¢ji = ¢(j1) — ¢ (j2) is well known to be very sensitive to
the CP mixing and our results confirm that this is indeed the
case also at NLO (for a LO vs. NLO comparison see Fig. 5
in the following).

A remarkable observation is that the A¢;; distribution is
more sensitive to the CP-mixed state, when the two leading
jets (ordered by pr) are reordered in pseudorapidity? (dashed

2 The definition is analogous to Eq. (4.1) in [18].
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Fig. 4 Same as Fig. 2, but for An and A¢ distributions between the two tagging jets. For A¢, the distribution with the additional 7 jet ordering is

also shown by a dashed line for the 0F case

green), compared to the distribution with the usual pr jet
ordering (solid green). This is especially true for the maximal
mixing scenario, which we consider here, since with just pt
ordering the v /4 phase shift, generated by quantum interfer-
ence between the CP-even and -odd components, is cancelled
between +A¢;; and —A¢;; [18]. Indeed, the distribution for
0% without 1 ordering is just the weighted average of the 0
and 0~ cases.

The NLO computation allows also to investigate the effect
of applying a veto on additional jets in the event, a procedure
that is known to suppress the central QCD activities and to
enhance the VBF signal [92,93]. We implement it by vetoing
events containing a third jet laying in pseudorapidity between
the forward and backward tagging jets,

min {n(j1), n(j2)} < 1Gvew) < max {n(j1), n(j2)}. (14)

Table 7 collects the selection efficiencies on the NLO+PS
samples after m;; > 250 and 500 GeV cuts, and m;; >
500 GeV plus the central jet veto, with respect to the accep-
tance cuts only. As already seen in Fig. 1, the efficiencies are
very similar among the different scenarios. The additional jet
veto could be useful to enhance the sensitivity to CP mixing,
especially for the 13-TeV run. Indeed we have checked that
the size of the variation in the A¢);; distribution in Fig. 4
becomes slightly larger. The related jet binning uncertainties
have been discussed in detail in [94].

Finally, we discuss the theoretical uncertainties for the
CP-sensitive observables. Figure 5 displays, from left to
right, normalised distributions of the pt of the di-jet system
[which is equivalent to pT(Xo) only at LO], the pseudora-
pidity and the azimuthal difference between the two tagging
jets for pp — Xo 4 2 jets in GF (solid lines) at the 13-
TeV LHC. The acceptance cuts and the invariant mass cut
mj; > 500 GeV are imposed. The middle panels show the
scale and PDF + «; uncertainties for each scenario, while
the bottom ones give the ratio of NLO+PS to LO+PS results
with the total theoretical uncertainties. The total uncertainty
is defined as the linear sum of the scale and PDF + o uncer-
tainties. The scale uncertainty is dominant, as observed in
Table 6, and both the scale and PDF + o uncertainties change
very mildly over the phase space. In all cases NLO correc-
tions are relevant and cannot be described by an overall K
factor.

In the main panel, we also draw a comparison with
the VBF contributions (dashed lines). The pr(ji, j2) and
An(j1, j2) distributions show that in the SM VBF case the
Higgs boson is produced more centrally while the tagging jets
are more forward than in GF production. For the three HD
VBEF cases, conversely, the jets are more central. We recall
that the type of operators are the same both for the GF and the
HD VBEF, i.e. the dimension-five operators XV, V#" and
XoVu VH,
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Fig. 5 Normalised distributions (shape comparison) of the pr of the
di-jet system (left), the rapidity (centre) and azimuthal (right) difference
between the two tagging jets for pp — Xy jj in GF (solid lines) and
VBF (dashed) at the 13-TeV LHC, where the acceptance cuts plus the

Table 7 Selection efficiencies with different di-jet invariant mass cuts
for pp — Xojj. A jet veto defined in (14) is also applied in the last
column

mjj > 250 GeV (%) 500 GeV (%) 500 GeV + jet veto (%)
LHC 8 TeV

ot 22.7 6.6 5.0

0~ 214 5.7 45

o+ 21.5 6.2 4.6
LHC 13 TeV

ot 26.3 9.0 6.4

0~ 254 8.6 6.2

ot 25.6 8.6 6.2
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mj;j > 500 GeV cut are applied. For each GF scenario, the middle pan-
els show the scale and PDF + « uncertainties, while the bottom ones
give the ratio of NLO+PS to LO+PS results with the total uncertainties

We track down the slight difference between GF and HD
VBF in Apj; to the presence of the mass of the z-channel
vector boson, i.e. massless gluons vs. massive weak bosons.
On the other hand, the slightly weaker modulation for A¢;
in GF is due to the presence of the gg and ¢g initiated con-
tributions [19,23]. We note that the interference between GF
and VBF can be safely neglected [95,96].

4 Associated production with a top-quark pair
The code and events for 7 X hadroproduction can be auto-

matically generated by issuing the following commands in
MADGRAPHS_AMC@NLO:
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> import model HC_NLO_XO0

> generate p p > x0 t t~ [QCD]
> output

> launch

The top-quark decays are subsequently performed start-
ing from the event file (in the Les Houches format [97]) by
MADSPIN [46] following a procedure [98] that keeps produc-
tion and decay spin correlations intact.

4.1 Total rates

In Table 8 we show results for total cross sections at LO
and NLO accuracy and the corresponding K factors at 8-
and 13-TeV LHC for the three scenarios defined in Table 3.
The uncertainties correspond respectively to (1) the integra-
tion error on the last digit(s), reported in parentheses, (2) the
envelope obtained by independently varying the renormalisa-
tion and factorisation scales by a factor 2 around the central
value given in Eq. (10), and (3) the PDF + o uncertainty
(only PDF uncertainty for LO).

At variance with the GF process, the production rate for
the pseudoscalar case is smaller than that for the scalar case.
Such a difference is proportional to the top-quark mass, as
the amplitudes for the scalar and pseudoscalar interactions
are identical in the limit where the Yukawa coupling is kept
constant and the quark mass is neglected. In pp collisions at
the LHC energies the contribution of the gg initial state is
dominant over gg annihilation for all the scenarios. Itis rather
interesting to observe, however, that for a CP-odd scalar gg
annihilation contributes at LO to just 16 % (10 %) of the total
cross section at 8 (13) TeV, compared to around 40 % (30 %)
of the SM-like CP-even case. This difference is such that the
CP-odd case exhibits slightly larger scale and PDF uncertain-

Table 8 LO and NLO cross sections and corresponding K factors for
pp — 11X at the 8- and 13-TeV LHC, for the three scenarios defined
in Table 3. The integration error in the last digit(s) (in parentheses),
and the fractional scale (left) and PDF (+«;) (right) uncertainties are

ties. Once again, we note that the scale dependence is larger
than the PDF + «; uncertainty (though not by as much as in
GF H+ jets), and that all the uncertainties are significantly
reduced going from LO to NLO, as expected. Increasing the
collision energy from 8 to 13 TeV enhances the cross sections
by about a factor 4, while the K factors only slightly increase.
As in the GF case, o (0%) is equal to the average of o (0T)
and o (07). We have verified explicitly that at the LO the
interference between amplitudes corresponding to different
parity interactions is exactly zero. At NLO, the interference
at the amplitude level is nonzero, yet the total rates do sum
up to each of the parity-definite contributions.

To investigate the spin correlations effects among the
decay products from the top and antitop quarks, we present
results for the di-leptonic decay channel of the top pair,
t — betv,and i — bl vy with £ = e, u. We require
two leptons and two b-tagged jets that pass the acceptance
cuts, respectively,

pr@) >20GeV, |n)| <?2.5, (15)
and
pr(jp) > 30GeV, [n(jp)| <2.5. (16)

It is well known that dedicated top and Higgs reconstruc-
tion are crucial in order to obtain the significant ¢z H signal
over the background, at least for the dominant H — bb decay
channel. Several proposals have been put forward from using
multivariate analysis, e.g., matrix element method [99] to
jet substructure/boosted techniques [100—103]. In this work
we are mainly concerned in checking what observables can
be sensitive to CP effects and do not consider either back-
grounds or reconstruction issues. However, we will consider
how CP-sensitive observables are affected by the require-

also reported. In addition to the fixed-order results, the PS-matched
NLO cross sections for the di-leptonic decay channel 013111‘%3 ps and the

. ___dilep
ratios R = oy o4ps /onLo are also shown, where the acceptance cuts

in Egs. (15) and (16) are applied

Scenario oLo (fb) onLo (fb) K Ulillill‘ec[):LPS (o) R

LHC 8 TeV
o+ 130.3() 1358 4599 134.92)732 +3.0% 1.04 3.08873 1 +2.8% 2.29 x 1072
0~ 444952 1103 % 47.07(6)"  +4.9% 1.06 1019737 +4.3% 2.16 x 1072
0+ 87.44(8)73%2 £6.9% 90.93(12)739 +3.4% 1.04 2052738 432% 2.26 x 1072

LHC 13 TeV
o+ 468.6(4) 338 +45% 525137 2.1 % 112 11.52133 £2.0% 2.19 x 1072
0~ 196.8(2)31) +7.5% 22433108 +329% 1.14 4488138 +28% 2.00 x 1072
0+ 332403133 +5.4% 37415159 +2.5% 1.13 8022735 £2.2% 2.14 x 1072

@ Springer



3065 Page 12 of 19

Eur. Phys. J. C (2014) 74:3065

ment of a large transverse momentum for the Higgs, i.e. a
“boosted Higgs”.

In Table 8, we also report the PS-matched NLO cross
sections for the di-leptonic decay channel and the corre-
sponding ratios to the fixed-order NLO prediction, R =
GI?IILI%’ ps/ONLO, Where acceptance cuts (assuming 100 % b-
tag and lepton efficiencies) are taken into account. Account-
ing for the branching fraction of the di-lepton mode,
(0.213)2 ~ 0.045, the ratios show that parton shower and
the cuts lead to a decrease of about a factor 2 in the cross sec-
tion. Increasing the CM energy results in the slightly smaller
R ratios.
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Fig. 6 Distribution of the transverse momentum of X in pp — t1Xo
at the 13-TeV LHC. The different hypotheses are defined in Table 3

4.2 Distributions

In Fig. 6 we show differential cross sections for 7 X pro-
duction at the 13-TeV LHC as a function of the transverse
momentum of the resonance pt(Xg). As one can see, the
difference between the various scenarios is significant in the
low-pt region, while the high-pr tail of the distributions,
featuring exactly the same shape, is not sensitive to the CP
mixing [44]. Itis also interesting to see that our normalisation
choice, gy, = gan = m/v (= y/ «/5) leads to exactly the
same rates at high pr independently of the mixing param-
eter . This is a known feature of scalar radiation from a
heavy quark at high prt [42,104,105]. This raises the impor-
tant question whether boosted analyses can be sensitive to
CP properties of the Higgs—top-quark coupling, which we
address below.

Figure 7 shows some other relevant distributions in the
t1 X final state, without and with the p1(Xo) > 200 GeV cut:
the pseudorapidity distribution of Xy, the top-quark trans-
verse momentum and pseudorapidity, and the pseudorapid-
ity distance between the top and antitop quarks An(f, ) =
n(t) — n(f). Compared to the SM, a CP-odd X tends to be
produced more centrally, while the accompanying top quarks
are more forward. The most sensitive distribution to CP mix-
ing is the rapidity difference between the top and antitop. This
observable is hardly affected by the p1(X() > 200 GeV cut,
thus the correlations among the top—antitop decay products
provide a good CP-discriminating power also in the boosted
regime.

In Fig. 8, we show the correlations between the top decay
products (in the di-leptonic channel). As expected from the
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Fig. 7 Normalised distributions (shape comparison) without cuts (fop), while with the pr(Xo) > 200 GeV cut (bottom). The three spin-0

hypotheses are defined in Table 3
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Fig. 8 Normalised distributions (shape comparison) for the correlations between the top-quark decay products with the acceptance cuts (fop) plus

the pr(Xo) > 200 GeV cut (bottom)

An,; distribution, An,; and An,; are almost insensitive to
the pt(Xo) cut, while the angles between the leptons and
between the b-jets are significantly affected by the boost. The
angular observables in different frames have been studied
in [47]. We note that, although we only consider the fully
leptonic channel here, there is no limitation to study the semi-
leptonic and fully hadronic channels by using MADSPIN.

Finally, we discuss the theoretical uncertainties. Figure 9
displays, from left to right, the rapidity distance between the
leptons (A7,;) and between the b-tagged jets (An,), and the
opening angle between the leptons (cos 6,7), where the accep-
tance cuts in Egs. (15) and (16) plus the p1(Xo) > 200 GeV
cut are applied. The middle panels show the uncertainties
due to the scale variation and the PDF + «; for each sce-
nario, while the bottom ones give the ratio of NLO+PS to
LO+PS results, each one with its total uncertainty band. We
can see that, depending on the observable considered, the
NLO corrections and the corresponding uncertainties can
change significantly over the phase space. As in the H + jets
case, NLO corrections are significant for all the observables,
considerably reduce the theoretical uncertainty, and cannot
be described by an overall K factor.

5 Summary

In this work we have presented for the first time results
at NLO in QCD, including parton-shower effects, for the
hadroproduction of a spin-0 particle with CP-mixed coupling
to the top quark, in gluon-fusion plus one and two jets and in
association with a top-quark pair. Our results are obtained in
a fully automatic way through the implementation of the rel-

evant interactions in FEYNRULES and then performing event
generation in the MADGRAPH5_AMC@NLO framework.

We have presented illustrative distributions obtained by
interfacing NLO parton-level events to the HERWIG6 par-
ton shower. NLO corrections improve the predictions of total
cross sections by reducing PDF + «; uncertainty and scale
dependence. In addition, our simulations show that NLO+PS
effects need to be accounted for to make accurate predictions
on the kinematical distributions of the final-state objects,
such as the Higgs boson, the jets and the top decay prod-
ucts.

We have confirmed that di-jet correlations in Higgs plus
two jet production, in particular the azimuthal difference
between the jets, are sensitive probes of the CP mixing of
the Higgs. In associated production with a top pair, we have
shown that many correlations between the top and antitop
decay products can be sensitive to the CP nature of the
Higgs. In particular, the pseudorapidity separation between
the leptons or between the b-jets is a promising observable
when analysing events with a Higgs boson at high transverse
momentum. The quantitative determination of the CP mixing
has been done for the GF channel at LO in [24], while the
LO parton-level analysis has been done for the 7 H channel
including ¢ H and 7 H in [50]. The estimation of the impact of
the NLO+PS corrections as well as detector effects is desired
and will be reported elsewhere.

As a final remark, we note that in this work we have
only addressed the issue of the CP properties of the
flavour-diagonal Higgs—top-quark interactions, which can be
parametrised in full generality asin Eq. (1). At the dimension-
six level, however, other operators appear that lead to effec-
tive three-point and four-point Higgs—top-quark interactions
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Fig. 9 Normalised distributions (shape comparison) of the rapidity
separation between the leptons (left) and the b-jets (centre), and the
opening angle between the leptons (right), for pp — t1X( at the
13-TeV LHC, where the acceptance cuts plus pr(Xp) > 200 GeV

of different type [106—110], including flavour changing neu-
tral ones [106,111,112], which can also be studied in the
same production channels as discussed here, i.e. H + jets
and 17 H. Work in promoting predictions for these processes
to NLO accuracy in QCD is in progress.
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Appendix: Feynman rules, UV and R; terms for gluon-
fusion Higgs production at NLO QCD

In this appendix we present the Feynman rules, UV and R»
terms necessary for NLO-QCD automatic computations, for
gluon fusion in an EFT approach, where the Higgs boson
couples to gluons through loops of infinitely heavy quarks.
The LO rules have been obtained automatically by coding
the effective lagrangian in FEYNRULES, while the UV and R,
terms have been coded by hand in the UFO format. This file
isread by ALOHA [59], which generates a library of helicity
amplitudes and currents for a given process as requested by
the user in MADGRAPHS_AMC@NLO.

In this note, we use the following conventions: out-
going momenta for external particles; the antisymmet-
ric tensor €%123 = 41; and the metric tensor g =
diag(1, —1, =1, —1).

The relevant Higgs—gluon interaction lagrangian consists
of the first two operators in Eq. (2). Since it is linear in the

Table 9 Feynman rules derived from the lagrangian (17)

scalar and pseudoscalar components of X, we only need to
consider the two separate cases of a pure scalar Xg = H [i.e.
ca = 1, kpge 7 0inEq. (6)], or a pure pseudoscalar Xg = A
(i.e. S¢ = 1, k4q, 7 0). Thus, we start from the two effective
lagrangians

1

[’H = —Z 8Hgg GZVGQ’MUH, (17)
1 ~

La=—7 8as Gl G A, (18)

from which we obtain the interaction vertices listed in
Tables 9 and 10.

We match these effective vertices to the corresponding
amplitudes induced by a quark loop, which couples to the H
and A components of X accordingly to Eq. (1) (kx40 = 1),
in the limit where this quark is infinitely massive. As a con-
sequence, the effective couplings are fixed to the values

p1s H1, a1 P2, M2, a
w C i g 891 (plzup/liz _ gl p -Pz) (19
o
D2, f, a2
P1s ﬂil‘!l_v%mE;lTleg‘ a3 = — QHge &5 falaza3 |:g,U-1,U-2 (p1 — [72)“3 + gM2M3 (p2 — ]73)/“ + gM3M1 (p3 — ]7])“2 :| (20)
P H

b2, M2, a2 p3, p3, as

: 2 b b
= — 8 8s [ falaz f113114 (glilILSg//«ZlM _ ngM4g/42/43)

+ falashfamb (guluzgusm _ gﬂllmgﬂzm)

PL oML a1 Py s ag
LH

+ fallubfuz%b (gulﬂzgmm _ gulusguzlu) ] 1)

Table 10 Feynman rules derived from the lagrangian (18). Note that all the pseudoscalar amplitudes vanish when pf: — (0,0)

P1s H1, a1 P2, 2, a2

. a|a lea
— i gage 8N 2 U120 Plp P20

DA

P2, p2, a2

b1, M1, a1 p3, 13, a3

(22)

— 8agg gs [HNPDB UL (py 4 py + p3) (23)
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Uy

2mv’

8Hge = 370 and  gu4, = (24)
Our effective theory is invariant under SU(3)¢c, so we
can consistently add higher-order QCD corrections. Going
to NLO, we match again the result from the effective theory
to the corresponding case where the amplitude is induced
by a heavy-quark loop. In the latter case, virtual corrections
consist of two-loop diagrams; some of them appear explicitly
in the effective theory as one-loop diagrams, while the other
ones simply result in a correction to the value of the effective
coupling. This correction can be computed by means of a
low-energy theorem [28]; for the scalar we have

o 11 o 5
gHgg:_h_sv(l_l_Z;S +O(as))’ (25)
while in the pseudoscalar case the effective coupling

oy
8agg = % (26)

is exact to all orders in «; [113]. Together with this finite
contribution to the UV renormalisation of the effective cou-

plings, we also need the UV polar terms that appear in
D = 4 — 2¢ dimensional regularisation. Such counterterms
are simply obtained by plugging into Eq. (24) the known MS
renormalisation of the strong coupling

1 o

oy — as(l 5 by + (’)(asz)), (27)

where by is the first coefficient of the QCD beta function

3| 2
by=—Ca— =

5 3 (28)

Fng.

Therefore, the UV counterterms have structures analogous
to the tree-level Feynman rules in Tables 9 and 10.

To complete our set of rules, in Tables 11 and 12 we report
the R, counterterms [ 114, 115] of our effective theory, needed
for the automatic computation of one-loop amplitudes with
the OPP method [65]. The R, vertices for GG H have already
been published in [68] (with slightly different conventions),
while the R; vertices for the GG A operator are presented
here for the first time.

Table 11 R; counterterms for the lagrangian (17). Ay = 1 is for dimensional regularisation, while A 5y = 0 for dimensional reduction

P, M1, a1 P2, H2, a2 5
. &5 Ne
W = i g5 01" [ = (179} +17p3 +93p1 -2 ) g1
r + 1 Ph? + 898" P 4 14( P Y2 4y ) | 29)
P2, H2, a2
3
P, B, a1 P3, 3, a3 15gyNe .
WMEW = 8Hgg 128;; faes [g’“’” (p1 — 2" +gM23 (pp — p3)H't + g1 (p3 — pH2 } (30)
LH
D2, M2, a2 P3, M3, a3 g4
= i grge 12%,, [ falbcflIZCdfusdefaMb( 21 gh1H2gh3its _ 4] o113 gltalts +21gM1M4gMzM3)
‘ + falbcfazcdftudefaseb ( 2UghHaghalta 4 9] ghils gltata _ 41gu|u4guzu3)
Py A1 4 Po P4y 04 + falbc'fa3cdfa2d€fa4eb (—41ghikaghata 4 o] ghiis ghoits | 21gulﬂ4guzus)]
H
(3D
P11 P2, J2
2 2
\./ , ¢ N2-1
: = igns 3 oy MV i (P2 = p1) (32)
LH
P2, J2
. 3
P11 P3, 1, @ . 85 2hgy +1
‘ = —18Hg @ t;lzjl H [T — (ZA'HV + 3)Nc (33)
LH
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Table 12 R; counterterms for the lagrangian (18)

P1, f1, @1 D2, 2, a2
2
: 85 Ne ayay 2 po

' = I Qg —= O € Plo P (34)

Agg 9672 lp P20

DA

D2, p2, a2
3
s Ml E 3, 13, 8y Ne

b1, p1s a1 ‘ D3, 13, a3 = Zace 6Zn; fa1aza3 eH1213 P (p1 +p2+173)p (35)
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