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Why shall I care?

• Precision: NLO is the first order at which the 
assessments of theoretical uncertainties is meaningful	



• Proper description of the final state: matching to PS 
allows one to obtain a realistic description of the final 
state in terms of hadrons	



• Both are crucial when multivariate analyses are essential 
and/or when lots of backgrounds are there  
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t tH̄ and MonteCarlos:	


outline

• NLO QCD corrections matched with PS	



• Keeping spin-correlations in top decay	



• Higgs CP analyses	



• Electro-Weak corrections	



• What can be learnt from tH?
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NLO+PS

• Emissions from the shower and from the ME must not 
be counted twice	



• Double counting can be avoided by using the MC@NLO 
or Powheg method
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Rikkert Frederix, University of Zurich 4

Parton shower

Born+Virtual:

Real emission:

Rikkert Frederix, University of Zurich

There is double counting between the real emission matrix 
elements and the parton shower: the extra radiation can come 
from the matrix elements or the parton shower

There is also an overlap between the virtual corrections and the 
Sudakov suppression in the zero-emission probability
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Parton shower

...

...Born+Virtual:

Real emission:

LO+Virt

Real

Parton shower

MC@NLO: Frixione, Webber, hep-ph/0204244	


Powheg: Nason, hep-ph/0409146  

Frixione, Nason, Oleari, arXiv:0709.2092
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MC@NLO and Powheg

• MC@NLO: avoid double counting by introducing the 
“MC counterterms” 	


!

!

• MC are related to the shower Sudakov and are shower-
specific
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• Powheg: avoid double counting by generating first 
(hardest) emission via an ad-hoc Sudakov 	


!

!

!

!

!

• MC@NLO and Powheg are formally equivalent up to 
NNLO terms

MC@NLO and Powheg
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Construction of POWHEG

Use the exact phase-space factorization dφn+1 = dφndφr, and construct

M
(b)

(φn) = M(b+v+rem)(φn) +

∫

dφr

[

M(r)(φn+1)−M(c.t.)(φn+1)
]

For a given pT , define the (process-dependent) vetoed Sudakov

∆R(tI , t0; pT ) = exp

[

−

∫ tI

t0

dφ′

r

M(r)

M(b)
Θ(kT (φ′

r)− pT )

]

The short-distance cross section is:

dσPOWHEG = dφnM
(b)

(φn)

[

∆R(tI , t0; 0) + ∆R(tI , t0; kT (φr))
M(r)(φn+1)

M(b)(φn)
dφr

]

! First term (S-type events) strongly suppressed

! kT (φr) will play the role of hardest emission so far (H-type events)
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t tH̄(/A)@NLO+PS  
Frederix, Frixione, Hirschi, Maltoni, Torrielli, Pittau, arXiv:1104.5613

• First study of t tH̄ @NLO+PS	


• μ=(mT(H)mT(t)mT( t)̄)1/3, K-fact. ~1 @7TeV, 1.1@14TeV	


• QCD corrections not flat
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100% tagging efficiency), but this is sufficient to study the basic features of
final-state B hadrons.

In Figs. 7 and 8 we plot the pair invariant mass (mBB) and the η−ϕ dis-
tance (∆RBB) correlations between the B-hadron pairs defined as explained
above. The effects of the NLO corrections to tt̄H/tt̄A are, in general, mod-
erate. A cut of 200 GeV on the pT of the Higgs is seen to help discriminate
the B hadrons arising from the Higgs from those coming either from top
decays, or from the shower. The shapes of the distributions are similar be-
tween scenarios I and II while, due to the lower Higgs mass, the mBB and
∆RBB histograms peak at lower values in the case of a pseudoscalar A with
mA = 40 GeV.

Figure 1: Higgs transverse momentum distributions in tt̄H/tt̄A events at the LHC (
√
s=7

TeV), with aMC@NLO in the three scenarios described in the text: Scalar (blue) and
pseudoscalar (magenta) Higgs with mH/A = 120 GeV and pseudoscalar (green) with
mA = 40 GeV. In the lower panels, the ratios of aMC@NLO over LO (dashed), NLO
(solid), and aMC@LO (crosses) are shown for each scenario.
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Figure 3: Same as in Fig. 1, for the invariant mass of the top-antitop pair.

and Pythia6; those relevant to the former program have been used to ob-
tain the predictions presented here, while those relevant to the latter two
codes are presently being automated and tested against known benchmarks.

We conclude by pointing out that work is in progress to make the use
of aMC@NLO for tt̄H/tt̄A production and for other processes publicly
available at http://amcatnlo.cern.ch.
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Ratios:	


NLO+PS/LO	


 
NLO+PS/NLO	


!
NLO+PS/LO+PS	
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MC@NLO vs Powheg:	


results
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• Differences are at 10-15% level for NLO-accurate observables 
(compatible with scale uncertainties)	



• Larger differences arise for pT(t tH̄): 	


• sensitive to Sudakov at small pT (even if formally NLO acc.)

Fig. 65: Total rates for scalar-Higgs-boson production after the different cuts defined in the text (left) and transverse
momentumof the Higgs boson (right) in the no-cut configuration. In the upper inset the scale and PDF uncertainties
computed by aMC@NLO interfaced to HERWIG are shown. The lower inset displays the ratio of POWHEL over
aMC@NLO and the ratio between the results computed by interfacing POWHEL to PYTHIA and HERWIG. See
text for more details.

renormalisation scales around the default value µ0 in the range [µ0/2, 2µ0], with the restriction that
1/2 < µR/µF < 2; the PDF uncertainty is obtained by running the 40 MSTW 68% C.L. sets and com-
bining them using the Hessian method. As for PYTHIA, the last Fortran version available in the web,
PYTHIA 6.4.25, has been adopted, in the Perugia 2011 tune configuration [289], one of the most up-
dated leading-order tunes that takes into account recent LHC experimental data, providing a pT-ordered
shower (in the absence of a tune specifically designed for NLO matched computations). Furthermore,
t, H, and gauge-boson masses, and total decay widths in PYTHIA have been constrained to the same
values as in HERWIG, and the H forced to decay into bb in all events.

Let us describe the features of the figures in more detail. In the left panel of Figure 65, the predic-
tions for the total rates after the various cuts described above are given. For both the POWHEG as well
as the MC@NLO method the total rates before applying cuts are given by the fixed-order NLO results
and are in agreement. The rates after the cuts defined by sets 2) and 3) turned out to be, as well, very
similar in the two approaches. On the other hand, there is a 5% difference between the total rate obtained
by POWHEL interfaced to HERWIG and the other predictions (POWHEL interfaced to PYTHIA and
aMC@NLO interfaced to HERWIG) just in case of the boosted-Higgs scenario, identified by the set 1)
of cuts, where only events with a Higgs boson with a transverse momentum of at least 200 GeV are kept
in the analysis. The origin of this difference can be understood from the plot on the right-hand side of
Figure 65: the transverse momentum of the Higgs boson as computed by POWHEL + HERWIG turns
out to be slightly softer in comparison to the other two predictions. The uncertainty coming from scale
variations is of the order of +5%,−10%, and becomes slightly larger when the cuts of set 3) (all-cut
analysis) are applied. The uncertainties from the PDFs are smaller, ±5%.

In the plot on the left-hand side of Figure 66 the total transverse momentum of the ttH system is
shown. This observable is expected to be very sensitive to the matching procedure used and, in the low-
pT region, very sensitive to the parton shower. It turns out that the predictions obtained by aMC@NLO
and POWHEL are in agreement within expectations, differences being below 10%, except in the very
soft region, where the differences indeed increase. Like before, both the aMC@NLO + HERWIG and
the POWHEL + PYTHIA predictions are marginally harder than the POWHEL + HERWIG ones. The
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Fig. 66: Transverse momentum of the Higgs–top–antitop system (left) and invariant mass of the two hardest
lowest-lying B hadrons (right). The different regions of the plots are defined as in Figure 65. See text for more
details.

Fig. 67: Transverse momentum of the top quark in the boosted-Higgs scenario (left) and scalar sum of transverse
energies (right) under the cuts of set 2). The different regions of the plots are defined as in Fig. 65. See text for
more details.

uncertainties coming from scale variations are small in the low-pT region, where this observable has
NLO accuracy, while in the large-pT region, i.e. pT > 100 GeV, the uncertainty grows and shows the
usual large dependence typical of a LO observable. Note that, even though in the low-pT region this
observable is accurate up to NLO, the results are very sensitive to large logarithms that are resummed
by the parton shower. Therefore, the scale dependence can not be considered at all an accurate estimate
of the total uncertainties. In the plot on the right-hand side of Figure 66, the invariant mass of the two
hardest lowest-lying B hadrons is shown. Like before, POWHEL + HERWIG results are slightly softer
than the other two predictions, however differences amount to less than 10% in the whole range spanned
by this observable and are within the uncertainties coming from scale dependence and the PDF error sets.
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Plots from HXSWG YR2 (1201.3084); Powhel, arXiv:1108.0387; aMC@NLO, arXiv:1104.5613
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Spin correlations

• Spin correlations from top decay products can be useful 
to determine Higgs CP numbers	



• Inclusion at NLO is non-trivial: 	


• decay chains violate gauge invariance	


• if tops are decayed by the shower, spin correlations are 

lost

9
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Including spin correlations at NLO
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• Wish-list:	


• For a given event sample (LO or NLO), include the 

decay of final state particles with spin correlations	


• Generate decayed unweighted events	



• Solution:	


• Read event	


• Generate decay kinematics	


• Reweight the event with ratio	


• Or do secondary unweighting	


• Generate many decay configurations until	


!

• This was been done for the first time for t t ̄and 
singletop 

|MP+D|2 / |MP |2

|MP+D|2 / |MP |2 > Rand() max

⇣
|MP+D|2 / |MP|2

⌘

Frixione, Leanen, Motylinski, Webber, arXiv:hep-ph/0702198

qL

q̄R

t

t̄

b

b̄

W+

W�

l+

⌫l

l�

⌫̄l



Marco Zaro, 19-05-2015 11

Including spin correlations at NLO

• How to deal with (a)MC@NLO events?	


• Spin correlations usually have tiny effects on observables	


• Include them at tree level	



• For H (n+1 body) events, use decayed real-emission matrix-
element	



• For S (n body) events, use decayed born matrix-element	


• This guarantees NLO accuracy for observables related to 

production (e.g. top pT)	


• This includes spin correlation for observables related to 

production + decay	


• Method automated in the MadSpin module in 

MadGraph5_aMC@NLO
Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Higgs CP and t tH̄	


Demartin, Maltoni, Mawatari, Page, MZ, arXiv:1407.5089

• Include CP violating ttH 
interaction in an effective 
theory approach	


!

• Study dileptonic top decay
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2 F. Demartin et al.: Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction

pared to other approaches based only on Lorentz symmetry,
without losing the ability to describe in a model-independent
way the e↵ects of any new physics we cannot directly access at
the current energies. Furthermore, the EFT approach can be
systematically improved by including higher-dimensional oper-
ators in the lagrangian on the one hand (which are suppressed
by higher powers of the scale ⇤ where new physics appears),
and higher-order perturbative corrections on the other hand.

The aim of this work is to present how EFT predictions
accurate to NLO in QCD matched to a parton shower can
be used to determine the CP properties of the Higgs boson
coupling to the top quark, through Higgs production in asso-
ciation with jets or with a pair of top quarks. To this aim we
employ the Higgs Characterisation (HC) framework originally
proposed in ref. [14], which follows the general strategy out-
lined in ref. [15], and has been recently applied to the VBF
and VH channels [16]. In this respect, this work contributes to
the general e↵ort of providing NLO accurate tools and predic-
tions to accomplish the most general and accurate characteri-
sation of Higgs interactions in the main production modes at
the LHC. Note that at variance with VBF and VH,H+jets and
tt̄H 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 VBF, but can also pro-
vide complementary information on the Higgs boson coupling
properties [17–22]. In the heavy-top limit, the CP structure of
the Higgs-top interaction is inherited by the e↵ective Higgs-
gluon vertices [23–28]. Higgs plus two jets through GF at LO
has been computed in refs. [29, 30], 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 mt ! 1 limit, the resulting
analytic expressions at NLO for GF Hjj production have been
implemented in MCFM [31], which has been used by Powheg
Box [32] and Sherpa [33] to obtain NLO results matched with
parton shower (NLO+PS). Independent NLO+PS predictions
in the Sherpa package using GoSam [34] for the one-loop ma-
trix elements and in MadGraph5 aMC@NLO [35], that em-
bodies MadFKS [36] and MadLoop [37], 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 [19]. In this paper we present NLO re-
sults 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 matched to parton shower.

Second, we study tt̄H production for arbitrary CP cou-
plings, including NLO+PS e↵ects. While NLO corrections in
QCD for this process have been known for quite some time [38,
39], the NLO+PS prediction has been done only recently, for
both CP eigenstates, 0+ and 0�, in aMC@NLO [40] and in
the Powheg Box [41] for the CP-even case only. The spin-
correlation e↵ects of the top-antitop decay products have been
also studied at the NLO+PS level with the help of Mad-
Spin [42,43]. Weak and electroweak corrections have been also
reported recently in refs. [44] and [45], respectively. The phe-

nomenology of a CP-mixed Higgs coupling to the top quark
at the LHC has been studied at LO in ref. [46]. 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 e↵ects and spin
correlated decays.

The paper is organised as follows. In the next section we
recall the e↵ective lagrangian employed for a generic spin-0
resonance and define sample scenarios used to determine 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 production with dedicated
kinematical cuts. In Sect. 4 we illustrate the tt̄H production
channel. In Sect. 5 we briefly summarise our findings and in
Appendix A we present the Feynman rules, the UV and the
R2 counterterms necessary to NLO computations for GF in
the heavy-top-quark limit.

2 Setup

In this section, we summarise our setup. We start from the
definition of the e↵ective lagrangian, pass to the identification
of suitable benchmark scenarios, and finally to event generation
at NLO in QCD accuracy, including parton-shower e↵ects.

2.1 E↵ective lagrangian and benchmark scenarios

The most robust approach to build an e↵ective lagrangian
is to employ all the SM symmetries, i.e. start from a lin-
early 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 [47, 48] and recently reconsidered in
more detail in the context of the Higgs boson, see e.g., [49–51].
This approach has been followed in the FeynRules [52] imple-
mentation of ref. [53], where the e↵ective lagrangian is written
in terms of fields above the electroweak symmetry breaking
(EWSB) scale and then expressed in terms of gauge eigen-
states.

As already mentioned above, in ref. [14] we have followed an
alternative approach (and yet fully equivalent in the context of
the phenomenological applications of this paper, as explicitly
seen in tables 1 and 3 of ref. [53]) and implemented the EFT
lagrangian starting from the mass eigenstates, so below the
EWSB scale, and for various spin-parity assignments (X(JP )
with JP = 0±, 1±, 2+). We have also used FeynRules, whose
output in the UFO format [54, 55] can be directly passed to
MadGraph5 aMC@NLO [35]. We stress that this procedure
is fully automatic for computations at LO, while at NLO the
UFO model has to be supplemented with suitable countert-
erms, as it will be recalled in Sect. 2.2, a procedure that in this
work has been performed by hand.

The term of interest in the e↵ective lagrangian can be writ-
ten as (see eq. (2.2) in ref. [14]):

Lt
0 = � ̄t

�
c↵HttgHtt + is↵AttgAtt �5

�
 t X0 , (1)

whereX0 labels the scalar boson, c↵ ⌘ cos↵ and s↵ ⌘ sin↵ can
be thought as “CP-mixing” parameters, Htt,Att are the dimen-
sionless real coupling parameters, and gHtt = gAtt = mt/v (=
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Higgs CP and t tH̄  
Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

• Inclusion of spin correlation is crucial for CP studies
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Figure 5: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in cosφ (right
pane) for tt̄H events with or without spin correlation effects. For comparison, also the leading-
order results are shown. Events were generated with aMC@NLO, then decayed with MadSpin,
and finally passed to Herwig for shower and hadronization.
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(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroniza-
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that preserving spin correlations is more important than including NLO corrections for this

observable. However, we observe that the inclusion of both, as it is done here, is necessary

for an accurate prediction of the distribution of events with respect to cos(φ). In general, a

scheme including both spin correlation effects and QCD corrections is preferred: it retains

the good features of a NLO calculation, i.e. reduced uncertainties due to scale dependence

(not shown), while keeping the correlations between the top decay products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.
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Electro-weak corrections to t tH̄: 
motivation	



Frixione, Hirschi, Pagani, Shao, MZ, arXiv:1407.0823 & 1504.03446
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These definitions correspond to the arrows that appear in fig. 3: from right to left for QCD

corrections, and from left to right for EW corrections. We point out that this terminology

is consistent with that typically used in the literature. It only becomes misleading when

it is also applied to the coefficients Σk0+1,q, because this is equivalent to giving the same

name to two different classes of objects in fig. 3: the blobs and the arrows. If the roles of

these two classes are kept distinct, no ambiguity is possible. Consider, for example, the

coefficient Σ4,1 in which we are interested here: it is the second-leading NLO term, which

receives contributions both from the EW corrections to the leading Born term Σ3,0, and

from the QCD corrections to the second-leading Born term Σ3,1.

We note that the discussion given above explains why there is no ambiguity when

one works in a single-coupling perturbative expansion. In the case of QCD, for example,

the only relevant quantities of fig. 3 are the two leftmost blobs (one for each row), and

the leftmost arrow. There is thus a one-to-one correspondence between the arrow and the

leftmost blob in the lower row: therefore, no confusion arises even if one calls the latter

(the leading NLO correction) with the name of the former (the QCD corrections), which is

what is usually done. The case of the single-coupling EW expansion is totally analogous,

and applies to the quantities that in fig. 3 are to the extreme right (namely, Σ3,2, Σ4,3, and

the rightmost left-to-right arrow. Note that Σ4,1 is not involved).

Figure 4: Representative O(α1
sα

3/2) one-loop diagrams for the gg channel.

We would like now to elaborate further on the keywords “QCD corrections” and “EW

corrections”, stressing again the fact that they do not have any deep physical meaning,

but may be useful in that they are intuitive, and can be given an operational sense. The

best way to do so is that of a constructive bottom-up approach that starts at the level

of amplitudes (we note that eqs. (2.3) and (2.4) are at the level of amplitude squared)

in order to figure out which contributions each of the coefficients Σ4,q receives. While

doing so, one needs to bear in mind that, at the NLO, there are two classes of such

contributions: those due to real-emission amplitudes (eventually squared), and those due

to one-loop amplitudes (eventually contracted with Born amplitudes). Since here we are

solely interested in figuring out the general characteristics of the contributions to any given

Σ4,q (as opposed to performing a complete and explicit computation, which is rather done

automatically), the easiest procedure is that of taking representative Born-level diagrams,

such as those of figs. 1 and 2, and turn them either into one-loop graphs through the

insertion of a virtual particle, or into real-emission graphs by emitting one further final-

state particle. It is clear that in general it is not possible to obtain all one-loop and real-

emission Feynman diagrams in this way (see e.g. the second and third graphs in fig. 4), but

this is irrelevant for the sake of the present exercise. What is of crucial importance is that,
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• t tH̄ offers unique direct access to the yt coupling	


• (Electro-)weak corrections spoil the trivial yt2 

dependence of the cross-section: crucial for precise 
extraction of yt (expected accuracy 15/10% at 
300/3000 fb-1)	



• Boosted searches: EW corrections enhanced because 
of Sudakov logs (log(pT/mW))
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Marco Zaro, 19-05-2015

Electro-weak corrections to t tH̄: 	


setup

• 𝛂(mZ)-scheme: 𝛂(mZ), mZ, mW as input parameters	



• mH=125 GeV, mt=173.3 GeV	


• NNPDF 2.3 QED PDFs (including photon PDF)	


• Ren./Fac. scales set to	



!
• QCD scale variations computed with	



!
• Both inclusive and boosted regime (pT(t, t,̄H) > 200 GeV)	


• The following terms are computed:  

LO QCD, LO EW (only g𝛄 and bb)̄  
NLO QCD, NLO EW (+HBR)

15

and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

origin). In our default α(mZ)-scheme, the EW coupling constant is [69]:

1

α(mZ)
= 128.93 . (3.2)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies that affect the coefficient Σ4,0 have been evaluated by varying

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

and by keeping the value of α fixed. The calculation of this theory systematics does not

entail any independent runs, being performed through the reweighting technique introduced

in ref. [70], which is fully automated in MadGraph5 aMC@NLO. All the input parameters

not explicitly mentioned here have been set equal to their PDG values [71].

We shall consider two scenarios: one where no final-state cuts are applied (i.e. fully

inclusive), and a “boosted” one, generally helpful to reduce the contamination of light-Higgs

signals due to background processes [72,73], where the following cuts

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (H) ≥ 200 GeV , (3.5)

are imposed; since these emphasise the role of the high-pT regions, the idea is that of

checking whether weak effects will have a bigger impact there than in the whole of the

phase space. We shall report in sect. 3.1 our predictions for total rates, for the three

collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2

several differential distributions will be shown, at a c.m. of 13 TeV with and without the

cuts of eq. (3.5), and at a c.m. of 100 TeV in the fully-inclusive case only.

Throughout this section, we shall make use of the shorthand notation introduced at

the end of sect. 2 – see in particular table 4.

3.1 Inclusive rates

In this section we present our predictions for inclusive rates, possibly within the cuts of

eq. (3.5). As was already stressed, the results for the LO and NLO QCD contributions are

computed in the same way as has been done previously with MadGraph5 aMC@NLO or

its predecessor aMC@NLO in refs. [21,44]. There are small numerical differences (O(3%))

with ref. [44], which are almost entirely due to the choice of the value of α, and to a very

minor extent to that of mt. As far as ref. [21] is concerned, different choices had been made

there for the top and Higgs masses, and for the reference scale.
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Electro-weak corrections to t tH̄: 	


results at 13 TeV
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tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 ± 3.5 29.7+6.8

−11.1 ± 2.8 (24.2+4.8
−10.6 ± 4.5) 40.8+9.3

−9.1 ± 1.0

LO EW 1.8± 1.3 1.2± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

owing to the opening at the NLO of partonic channels (qg) that feature a gluon PDF, while

no initial-state gluon is present at the LO – in the case of tt̄H and tt̄Z production, one

has gg-initiated partonic processes already at the Born level. As a consequence of this, the

scale uncertainty, which is relatively large for all processes, becomes extremely significant

in tt̄W± production of increasing hardness (large c.m. energy or boosted regime), where it

is predominantly of LO-type because of the growing contributions of qg-initiated partonic

processes. In all cases, the PDF uncertainties of the NLO QCD term are smaller than those

due to the hard scales, and decrease with the c.m. energy. Secondly, the contributions due

to processes with initial-state photons are quite large at the LO (except for tt̄W± pro-

duction, which has a LO EW cross section identically equal to zero), but constitute only

a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial states, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitutes a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases of
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• Bottom line: EW corrections are small for total rate, but become 
important at large pT; only partial compensation of Sudakov logs by HBR  
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• Bottom line: EW corrections are small for total rate, but become 
important at large pT; only partial compensation of Sudakov logs by HBR  
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Marco Zaro, 19-05-2015

What can be learnt from tH?  
Demartin, Maltoni, Mawatari, MZ, arXiv:1504.00611

• tH: rather rare process (𝜎NLO<100 fb)	



• t-channel dominant production mode, s-channel much suppressed (𝜎NLO<3 fb)	



• Can be described either in the 4FS (mb>0) or in the 5FS (mb=0)	


• NLO corrections (and wise scale choice) improve agreement between two 

schemes
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Fig. 3. Scale dependence of the total cross sections for the pp ! tHq + t̄Hq production at the 13-TeV LHC, where the 4F
(blue) and 5F (red) schemes are compared. LO (dashed) and NLO (solid) predictions with MSTW2008 LO/NLO PDFs are
presented for µR = µF ⌘ µ , with a static (left figure) and a dynamic (right figure) scale choice. Two o↵-diagonal profiles of the
scale dependence at NLO are also shown, for (µR =

p
2µ , µF = µ/

p
2) and for (µR = µ/

p
2 , µF =

p
2µ) . The black arrows

visualise the envelope of the combined scale and flavour-scheme uncertainty defined in eq. (8).

where the uncertainty is taken accordingly to the PDF4LHC
recommendation [36, 37], and the central value is chosen such
that our 68% confidence interval encompasses the current PDG
world average [38] and the best ↵s(mZ) estimates obtained by
each of the three PDF global fits [39–41]. We remark that the
value in eq. (2) is consistent with the 5F description. Since the
di↵erence between 4F and 5F in the ↵s running is limited to
scales above mb, eq. (2) can be translated into the following
condition on ↵s(mb) (running ↵s at 2-loop accuracy)

↵(NLO)
s (mb) = 0.2189± 0.0042 , (3)

which is now flavour-scheme independent.
CT10 does not provide PDF sets to compute mb uncertain-

ties in the 5F scheme and PDF uncertainties in the 4F scheme;
both CT10 and MSTW2008 do not provide 4F PDF sets with
di↵erent ↵s(mZ) values. Thus, it is possible to address all the
various sources of uncertainty in both schemes only when using
NNPDF2.3 parton distributions, while MSTW2008 and CT10
uncertainty bands can be sometimes underestimated (though
just slightly, as we will see later in sect. 3.2).

For matching short-distance events to parton shower we use
the MC@NLO method [17] with Pythia8 [42], while HER-
WIG6 [43] has been used for a few comparisons. We recall that
matching to Pythia6 [44] (virtuality-ordered, or pT -ordered
for processes with no final-state radiation) and HERWIG++
[45] are also available inside MadGraph5 aMC@NLO. Jets
are reconstructed by means of the anti-kT algorithm [46] as im-
plemented in FastJet [47], with distance parameter R = 0.4,
and required to have

pT (j) > 30 GeV , |⌘(j)| < 4.5 . (4)

A jet is identified as b-jet if a b-hadron (or b-quark for fixed-
order calculations) is found among its constituents, and if the

jet satisfies

pT (jb) > 30 GeV , |⌘(jb)| < 2.5 . (5)

We assume 100% b-tagging e�ciency in this work.

3.2 Total rates

In this section we present the total cross section for t-channel
production of a Higgs boson together with a single top quark
(or antiquark), at NLO in QCD. The main sources of theoret-
ical uncertainty that we address here are:

– renormalisation and factorisation scale dependence,
– 4F and 5F scheme dependence,
– PDF uncertainty,
– ↵s(mZ) uncertainty,
– mb uncertainty.

At the end of this section we will also briefly comment on the
impact of the bottom quark Yukawa coupling and of the de-
pendence of the results on the Higgs and the top quark masses.

We start by showing in fig. 3 the renormalisation and fac-
torisation scale dependence of the LO and NLO total cross
sections, both in the 4F and 5F schemes. We compute cross
sections with two di↵erent scale choices, and vary µR = µF ⌘ µ
around a central scale µ0 which is chosen as

µs
0 = (mH +mt)/4 (6)

for the static scale choice (left figure), and

µd
0 = HT /6 =

X

i=H,t,b

mT (i)/6 (7)
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Fig. 5. Representative di↵erential distributions for the Higgs boson and the top quark at NLO+PS accuracy in t-channel tH
associated production at the 13-TeV LHC. The lower panels provide information on the di↵erences between 4F and 5F schemes
as well as the di↵erential K factors in the two schemes.

and 5F schemes were not dependent on shower programs. We
estimate the scale dependence by varying µR and µF inde-
pendently by a factor two around the reference dynamic scale
HT /6 defined in eq. (7), which provides smaller scale depen-
dence than the static choice for di↵erential distributions, espe-
cially for the high-pT region.

We start by showing in fig. 5 di↵erential distributions for
the Higgs boson and the top quark (before decays). The first
observation is that NLO distributions in the 4F and 5F schemes
are in excellent agreement within their respective uncertainty
associated to scale variation, i.e. within the 10% level. Interest-
ingly, though, di↵erential K factors (information in the insets
below) are more pronounced for the 5F than for the 4F scheme,
the NLO results in the 5F scheme typically being out of the
uncertainties as estimated from scale variation at LO. It should
be noted that the LO process in the 5F scheme does not depend

on the renormalisation scale, and therefore its smaller uncer-
tainty (especially in the high-pT region) can be an artefact of
the scheme. Results in the 5F tend to have a scale uncertainty
that increases with pT much more than in the 4F, but in most
cases the di↵erences are not striking. Slightly larger deviations
between 4F and 5F appear only very close to the tH threshold,
a region where we expect the 4F scheme to catch the underly-
ing physics already at LO.

In fig. 6 we present distributions for the two hardest jets
which are not tagged as b-jets. Jets and b-jets are defined in
eqs. (4) and (5). The contributions from the non-taggable for-
ward b-jets (2.5 < |⌘| < 4.5) are also denoted by shaded his-
tograms as a reference. The jet with the highest transverse
momentum (j1) tends to be produced in the forward region,
very much like in single-top and VBF production. Most of the
time this jet can be clearly associated to the light-quark current
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Fig. 7. Same as fig. 5, but for the b-tagged jets. On the right column the distributions for the b-jet coming from the top quark
decay, selected by using Monte Carlo information, are shown.

jb,2, it can be inferred that b-jets from the top quark mostly
contribute to the hardest b-jet (jb,1) spectrum at low pT . On
the other hand, as the pT tail falls much more rapidly for jb,t
than for jb,1, gluon splitting in the hard scattering is the pre-
dominant mechanism in this region, and thus the main source
of b-jets at very high pT . This observation also explains why
the scale dependence in the 5F is small for low pT (jb,1), which
is described at NLO accuracy, and increases sharply in the
high-pT (jb,1) region, which is described only at LO, because
there the physics is dominated by the transverse dynamics of
the g ! bb̄ splitting.

We conclude this section by studying the jet multiplici-
ties, which are sensitive to the flavour scheme as well as to the
choice of the shower scale. As argued in [14], the dynamics of
g ! bb̄ splitting takes place at a scale which is typically lower
than the hard scale of the process mt + mH or HT , a↵ecting
the choice for the factorisation scale that one should use to de-

scribe t-channel production. An analogous argument could be
made also for the shower scale choice [15], which in the Mad-
Graph5 aMC@NLO/Pythia8 matching procedure is chosen
to be of the order of the partonic center-of-mass energy in the
Born process. In fig. 8, we study the dependence of jet rates
on the flavour scheme as well as on the shower scale, where
two di↵erent choices of the shower scale are compared: one is
the default value, and another is the default value divided by
a factor of four. We can see that reducing the parton-shower
scale has only a minor impact on the distributions, while a
more interesting pattern arises from the choice of the flavour
scheme.

For the b-tagged jets (right panel in fig. 8), di↵erences be-
tween the two schemes are rather mild (⇠ 15% in the 2-jet bin
and less for 0 and 1 jet) and always compatible within the scale
uncertainty, which for the 2-jet bin is much larger in the 5F
(the accuracy being only at LO).
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t-channel �
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�%PDF �%↵s

�%mb
�
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NLO [fb] �%µ �%PDF+↵s+mb
�%PDF �%↵s

�%mb

4F tH 45.90(7) +3.6
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+0.6
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�2.4
+2.9
�2.3 ±1.0

+1.2
�1.4
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Table 2. NLO cross sections and uncertainties for pp ! tHq, t̄Hq and (tHq + t̄Hq) at the 13-TeV LHC. NNPDF2.3 PDFs
have been used (NNPDF2.1 for mb uncertainty in 5F). The integration uncertainty in the last digit(s) (in parentheses) as well
as the scale dependence and the combined PDF+↵s +mb uncertainty in eq. (11) (in %) are reported. The individual PDF, ↵s

and mb uncertainties are also presented as a reference.

t-channel �
(µs

0)

NLO [fb] �%µ+FS �%PDF+↵s+mb
�
(µd

0)

NLO [fb] �%µ+FS �%PDF+↵s+mb

4F+5F tH 47.64(7) ±9.7
+2.9
�2.3 47.47(6) ±7.7

+3.1
�1.8

t̄H 24.88(4) ±10.2
+3.5
�2.6 24.86(3) ±8.3

+3.3
�2.3

tH + t̄H 72.55(10) ±10.1
+3.1
�2.4 72.37(10) ±8.0

+2.9
�2.3

Table 3. Same as table 2, but for the flavour-scheme combined results according to eq. (8).
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µ0=(mH+mt)/4 µ0= Σi mT(i)/6    i=H,t,b 

pp → t
-
Hq(b)

pp → tHq(b
-
)

pp → tHq(b
-
) + t

-
Hq(b)

4F         �5F       �comb. 4F         �5F       �comb.

Fig. 4. Summary plot of the NLO cross sections with un-
certainties for Higgs production associated with a single top
quark, via a t-channel W boson, at the 13-TeV LHC. For the
uncertainties, the inner ticks display the scale (plus combined
flavour-scheme) dependence �µ(+FS), while the outer ones in-
clude �PDF+↵s+mb .

that it is completely negligible, both in the 4F and 5F schemes,
the impact of turning yb on/o↵ at NLO being smaller than the
numerical accuracy (0.1�0.2%). Finally, we remind the reader
that EW corrections for this process are presently unknown,
and these could have an impact on the accuracy of the present
predictions.

mt

�
(5Fµs

0)

NLO [fb] 172.3 173.3 174.3

124.0 75.54 (+1.0%) 75.18 (+0.5%) 74.99 (+0.3%)

mH 125.0 75.10 (+0.4%) 74.80 74.43 (�0.5%)

126.0 74.70 (�0.1%) 74.16 (�0.8%) 73.74 (�1.4%)

Table 4. Higgs and top quark mass dependence of the NLO
cross sections in the 5F scheme for pp ! tHq + t̄Hq at the
LHC with

p
s = 13 TeV. NNPDF2.3 PDFs have been used

with µ0 = (mH +mt)/4. The figures in parentheses are the %
variations with respect to the reference cross section, computed
with mH = 125.0 GeV and mt = 173.3 GeV.

3.3 Distributions

We now present a selection of kinematical distributions for
the combined t-channel tH + t̄H production at the 13-TeV
LHC, with NLO corrections and matching to a parton shower
(NLO+PS). For the sake of brevity, we do not consider top
and anti-top processes separately in this section, and will dub
with t both the top quark and its antiquark. Our main interest
here is to assess the precision of the predictions for t-channel
production, therefore we do not specify any decay mode for the
Higgs boson, i.e. we leave it stable in the simulation. On the
other hand, we consider (leptonic) top decays, which allows us
to compare the distributions of b-jets coming from the hard
scattering to the ones coming from the top quark.

For the kinematical distributions, we useNNPDF 2.3 PDFs
and Pythia8 parton shower. We have compared predictions
obtained with the MSTW2008 and CT10 PDF sets and found
no di↵erence worth to report. We have also employed HER-
WIG6 parton shower to verify that some important conclu-
sions on the di↵erence of the radiation pattern between 4F
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What can be learnt from tH?

• tH is one of the few processes 
(with H→𝛄𝛄 and gg→HZ) 
sensitive to the sign of yt
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Fig. 13. Di↵erential distributions for the Higgs boson and the top quark at NLO+PS accuracy in t-channel tH associated
production at the 13-TeV LHC, with di↵erent values of the CP-mixing angles.
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Fig. 14. Shape comparison among di↵erent values of the CP-mixing angles. Pseudorapidity separation between the Higgs and
the top quark (left) and opening angle between the hardest jet and the lepton from the top quark in the lab frame (right).

and gluons can be rescaled independently of the top quark
Yukawa coupling. Assuming that the the top quark dominates
the gluon-fusion (GF) process at the LHC energies, then Hgg !
Htt , Agg ! Att . In so doing, the ratio between the actual
cross section for GF at NLO QCD and the corresponding SM
prediction can be written as

�NLO
gg!X0

�NLO,SM
gg!H

= c2↵ 2
Htt + s2↵

⇣
Att

gAgg

gHgg

⌘2

, (15)

because there is no interference between the scalar and pseu-
doscalar components in the amplitudes for Higgs plus up to
three external partons, see e.g., [26]. In particular, if the rescal-
ing parameters are set to

Htt = 1 , Att = | gHgg/gAgg | = 2/3 , (16)

the SM GF cross section is reproduced for every value of the
CP-mixing phase ↵. Given that current measurements are com-
patible with the expected SM GF production rate, one can
consider the simplified scenario where the condition in eq. (16)
is imposed and the CP-mixing phase ↵ is basically left uncon-
strained by current data.

Figure 12 shows the total cross section for t-channel tX0

production as a function of the CP-mixing angle ↵. We also
show the tt̄X0 cross section, which is not only another pro-
cess sensitive to the modifications of the top quark Yukawa

coupling in eq. (13), but also a background to t-channel pro-
duction. The uncertainty band represents the envelope defined
in sect. 3.2, i.e. the combined scale and flavour-scheme depen-
dence. The tt̄X0 uncertainty band represents the scale depen-
dence only, when the scale is varied by a factor two around
µ0 = 3

p
mT (t)mT (t̄)mT (X0) [26].

The first important observation is that while the GF and
tt̄H cross sections are degenerate under yt ! �yt (depend-
ing quadratically from the top quark Yukawa coupling), in
t-channel production this degeneracy is clearly lifted by the
interference between diagrams where the Higgs couples to the
top quark and to the W boson. In [8,9] it was shown that the
t-channel cross section is enhanced by more than one order of
magnitude when the strength of the top Yukawa coupling is
changed in sign with respect to the SM value. Here we can see
how the same enhancement can take place also in the pres-
ence a continuous rotation in the scalar-pseudoscalar plane.
While not a↵ecting GF (by construction), such a rotation has
an impact also on the tt̄X0 rate, which is in general lower
for a pseudoscalar or CP-mixed state [26]. t-channel produc-
tion lifts another degeneracy present in GF and tt̄X0, namely
↵ ! ⇡ � ↵ . Given the partial compensation between the t-
channel and tt̄X0 cross sections at di↵erent values of ↵, an
analysis which could well separate between the two production
mechanisms would be needed to put stringent constraints on a
CP violating Higgs coupling to the top quark.
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Conclusions

• NLO+PS MC are essential tools for ttH simulations	


• ttH simulations available both in Powheg and 

aMC@NLO	


• Spin correlation effects are important, need to be 

included consistently for accurate simulations	


• EW corrections can be relevant for boosted searches. 

Automation of EW corrections in progress (by many 
groups)	



• tH can give useful information in view of the HL-LHC 
run. Sensitive to sign of yt
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