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❋ two independent calculations:

Beenakker et al. (2001)

Dawson et al. (2001-2002)

❋ first NLO-QCD calculation
for a massive 2 → 3 process

technique: Feynman diagram approach

(tricky: numerically stable reduction

of tensor integrals)

❋ size of corrections dependent on scale choice (about 20 to 40%)

❋ theoretical uncertainty at NLO dramatically reduced to ∼15%



pp → tt̄H: NLO-QCD matched with parton shower

Barbara Jäger @ HXSWG1 October 20143

several implementations available
(make use of MC@NLO or POWHEG formalism)

❋ aMC@NLO: Frederix et al. (2011)

❋ PowHel: Garzelli, Kardos, Papadopoulos, Trocsanyi (2011)

matrix elements from HELAC-OneLoop

matching with private version of the POWHEG-BOX

❋ POWHEG-BOX: Hartanto, B. J., Reina, Wackeroth (2014)

implementation in public version of the POWHEG-BOX

cross-checked with PowHel; code to be relased soon

❋ Sherpa: Hartanto, Reina, Hoeche

in testing phase; to be released soon



pp → tt̄H: NLO-QCD matched with parton shower

Barbara Jäger @ HXSWG1 October 20144

Standard Model Working Group: Les Houches Proceedings (2014)

systematic comparison: full agreement at NLO and NLO+PS

between implementations in PowHel,POWHEG-BOX,Sherpa



pp → tt̄H: higher jet multiplicities

Barbara Jäger @ HXSWG1 October 20145

NLO-QCD corrections to pp → tt̄H+ jet completed by
Deurzen et al. (2013) with the help of GoSam:

❋ NLO corrections can be sizable

❋ scale uncertainty reduced

→ better control on extra jet activity in pp → tt̄H

important pre-requisite for merged samples

at NLO+PS level with different jet multiplicities



pp → tt̄H: NLO-EW corrections

Barbara Jäger @ HXSWG1 October 20146

generally: expect NLO-EW corrections to be smaller than
NLO-QCD corrections (α ∼ 0.1αs),

but they can become significant in high-energy domain
because of large Sudakov logarithms

recent calculation of technically challenging weak
and EW corrections by

(a) Frixione, Hirschi, Pagani, Shao, Zaro (2014)

(b) Zhang, Ma, Zhang, Chen, Guo (2014) :

❋ predictions for LHC at
√
s = 8, 13, 100 and 14, 33, 100 TeV

❋ in (b) top decays considered in narrow-width approximation

❋ NLO-EW corrections to incl. x-sec ! −1%

❋ tails of pT distributions receive corrections up to −10%



Q
ED

 e
ffe

ct
s 

 so
on

 a
va

ila
bl

e

NLO Weak corrections to        production

Relative corrections (Boosted regime in brackets) 

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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σ(pb) 8 TeV 13 TeV 100 TeV

LO 1.001·10−1(2.444·10−3) 3.668·10−1(1.385·10−2) 24.01(2.307)

NLO QCD 2.56·10−2(4.80 · 10−4) 1.076·10−1(3.31 · 10−3) 9.69(0.902)

NLO weak −1.22·10−3(−2.04 · 10−4) −6.54·10−3(−1.14 · 10−3) −0.712(−0.181)

Table 5: LO, NLO QCD, and NLO weak contributions to the total rate (in pb), for three

different collider energies. The results in parentheses are relevant to the boosted scenario,

eq. (3.5).

δNLO(%) 8 TeV 13 TeV 100 TeV

QCD +25.6+6.2
−11.8 (+19.6+3.7

−11.0) +29.3+7.4
−11.6 (+23.9+5.4

−11.2) +40.4+9.9
−11.6 (+39.1+9.7

−10.4)

weak −1.2 (−8.3) −1.8 (−8.2) −3.0 (−7.8)
HBR +0.9 (+1.7) +0.9 (+1.9) +0.9 (+1.7)

Table 6: NLO QCD and weak contributions, as fractions of the corresponding LO cross

section. The results in parentheses are relevant to the boosted scenario, eq. (3.5). In the

case of QCD, the results of scale variations are also shown.

The predicted rates (in pb) are given in table 5; the values outside parentheses are

the fully-inclusive ones, while those in parentheses are relevant to the boosted scenario;

in both cases, the NLO QCD contributions are sizable and positive. As far as the NLO

weak contributions are concerned, they are negative and in absolute value rather small in

the fully inclusive case, although their relative impact w.r.t. that of QCD tends to increase

with the collider energy. This picture is reversed (i.e. the impact slightly decreases) in the

boosted scenario5, where on the other hand the absolute values of the weak contributions

are non-negligible. These features can be understood more directly by looking at the NLO

contributions as fractions6 of the corresponding LO cross section; they are reported in this

form in table 6. In that table, the entries of the first (second) row are the ratios of the

entries in the second (third) row over those in the first row of table 5. One sees that the

QCD contributions increase the LO cross sections by 25%(20%) to 40%, while the weak

ones decrease it by 1% to 3% in the fully-inclusive case, and by 8% when the cuts of eq. (3.5)

are applied. In the first row of table 6 we also report (by using the usual “error” notation)

the fractional scale uncertainty that affects the LO+NLO QCD rates. This is computed

by taking the envelope of the cross sections that result from the scale variations as given in

eq. (3.4), and by dividing it by the LO predictions obtained with central scales. Note that

this is not the usual way of presenting the scale systematics (which entails using the central

5Having said that, we also remark that the cuts of eq. (3.5) are imposed irrespective of the collider

energy. By increasing the c.m. energy, one would have to increase the required minimal pT ’s in order to

have similarly boosted configurations.
6The statistics we have employed in the computation of the cross sections is such that the typical error

affecting such fractions, in the present and forthcoming tables, is of the order of 0.1%.
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have been calculated for all of the other main Higgs production channels: gluon fusion [28–

31], vector-boson fusion [32, 33] and V H associated production [34]. For the case of tt̄H,

they are currently not known. The purpose of this work is to amend this situation, and to

present the first calculation of such corrections; similarly to what has been done as a first

step in the case of tt̄ hadroproduction [35–39], we do not include in our results effects of

QED origin (dealt with in later papers [40–43] for tt̄). Our computations are performed in

the automated MadGraph5 aMC@NLO framework [44].

The motivation for separating weak and QED corrections to the pp→ tt̄H cross section

is twofold. Firstly, it is only weak corrections which can induce effects whose size may be

of the same order as the QCD ones in those regions of the phase space associated with

large invariants, owing to the possible presence of Sudakov logarithms (see e.g. refs. [45–

48]), which compensate the stronger suppression of α w.r.t. that of αS. Secondly, weak

corrections spoil the trivial dependence of LO and NLO QCD cross sections on λtt̄H . This

is because they also depend on the couplings of the Higgs to the W and Z bosons, and

on the Higgs self-coupling, while QED corrections do not involve any of these additional

couplings. Thus, if one wants to assess possible contaminations due to higher-order effects

in the extraction of λtt̄H , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simplifies the struc-

ture of the calculation, and in particular that relevant to the subtraction of the infrared

singularities. We note, however, that such a simplification is not particularly significant in

the context of an automated approach that is already able to deal with the more compli-

cated situation of QCD-induced subtractions, as is the case for MadGraph5 aMC@NLO.

It is indeed weak corrections that introduce several elements of novelty in our automated

approach (see e.g. sect. 4.3 of ref. [44]); the possibility of testing them in tt̄H production

is yet another motivation to pursue the computation we are presenting in this paper.

We point out that, in all cases where both QCD and EW effects are relevant, the

structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a

linear combination of terms, each of which factorises a coupling-constant factor of the type

αn
sα

m, with n + m a constant. Owing to the numerical hierarchy α ≪ αS, it is natural

to organise this combination in decreasing powers of αS. The leading term has the largest

power of αS and the smallest of α, and at the NLO it is identified with QCD corrections.

The next term has one power less in αS, and an extra one in α: it is what is often identified

with EW corrections. This is something of a misnomer, because QCD effects contribute

to this term as well, and because it renders difficult the classification of the remaining

terms (i.e., beyond the second) in the linear combination mentioned before. Although

slightly annoying, this is not a major problem, being a question of (naming) conventions

and, especially, because the computations of terms beyond the second require a massive

effort which one assumes not to be justified in view of the coupling hierarchy. However,

if such computations can be performed automatically, no effort will be required, and the

validity of that assumption can be explicitly checked. At present, we are facing precisely

the situation in which the automated calculation of all the αn
sα

m-proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general

structure of a cross section that involve both strong and EW interactions, and to define
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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pp → tt̄H signal: achievements of the HXSWG

Barbara Jäger @ HXSWG1 October 20147

YR1:
❋ NLO-QCD: σ(incl.) at 7 and 14 TeV for different values of MH

❋ estimate of theor. uncertainties due to variation of scales, αs, PDFs

YR2:

❋ differential distributions at NLO-QCD for
√
s = 7 TeV

❋ estimate of theoretical uncertainties at NLO-QCD

❋ matching of NLO+PS: comparison between PowHel and aMC@NLO

YR3:

❋ NLO-QCD: σ(incl.) at 8 TeV for different values of MH

❋ estimate of theoretical uncertainties at NLO-QCD

❋ effects of top spin correlations in production and decay



pp → tt̄H signal: findings of the HXSWG

Barbara Jäger @ HXSWG1 October 20148

❋ LO results strongly depend on PDF set and scale choice

❋ better agreement at NLO, but still sizeable PDF uncertainties
→ recommend envelope prescription for uncertainty estimates

❋ mild changes (! 10%) in shapes of distributions for inclusive cuts,
more pronounced for exclusive cuts and in boosted regime

❋ effects of top spin correlations in production and decay
can be pronounced for selected distributions

☞ recommendation: whenever possible, use NLO+PS tool,
ideally including spin correlations in top production and decay



beyond on-shell & spin-averaged tt̄H production

Barbara Jäger @ HXSWG1 October 20149

experimental signature of pp → tt̄H: not tops, but their
decay products (e.g. from t → Wb → ℓνb decay chains)

but: full NLO-QCD calculation of pp → ℓ+νbℓ−ν̄b̄H out of reach

☞ use prescription of Frixione, Laenen, Motylinski, Webber (2007):

1) generate LHE events for tt̄H on-shell at NLO-QCD,

2) add decays of tops at LO in narrow-width approximation,

3) re-instate off-shell effects of the tops

options for this prescription in MadGraph5 aMC@NLO (MadSpin),
PowHel (Decayer), and POWHEG-BOX



spin correlations

Barbara Jäger @ HXSWG1 October 201410

Artoisenet et al. (2012)

 0.4

 0.45

 0.5

 0.55

 0.6

-1 -0.5  0  0.5  1

1/
σ

 d
σ

/d
co

s(
φ)

cos(φ)

Scalar Higgs

NLO  Spin correlations on
LO  Spin correlations on

NLO  Spin correlations off
LO  Spin correlations off

Biswas et al. (2014)

tt̄γγ : uncor
tt̄γγ : corr

tt̄h(γγ) : uncor
tt̄h(γγ) : corr

Frame 1

cos θℓℓ

1 N

d
N

d
c
o
s
θ
ℓ
ℓ

10.60.2-0.2-0.6-1

0.65

0.6

0.55

0.5

0.45

0.4

spin correlations of top quarks persist at NLO and

help in discrimination of signal and background



off-shell effects

Barbara Jäger @ HXSWG1 October 201411

recall: full NLO-QCD calculation for pp → ℓ+νbℓ−ν̄b̄H

out of reach

→ how can we estimate impact of missing off-shell effects?

c.f. related process of pp → tt̄:

systematic comparison of NLO-QCD calculation for
pp → tt̄, amended by decays t → W+b and t̄ → W−b̄

with full pp → W+W−bb̄ process

Garzelli, Kardos, Trocsanyi (2014)

☞ off-shell effects can be sizable for
distributions/correlations of decay products (e.g. Mbℓ)



more studies needed . . .

Barbara Jäger @ HXSWG1 October 201412

❋ full NLO-QCD calculation for pp → ℓ+νbℓ−ν̄b̄H

first step: on-shell calculation for pp → tt̄H

with NLO-QCD corrections to decay

❋ matching and merging at NLO-QCD for pp → tt̄H + jets

❋ interplay of QCD and EW corrections:
explore kinematic regimes where effects are
different from inclusive scenario (boosted setup etc.)

❋ interference of the tt̄H signal with various backgrounds

expect these effects to be more important than NNLO-QCD
corrections (which are out of reach at the moment)


