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Abstract

We present a full off-shell NLO QCD calculation of pp→ e+νe bµ−ν̄µ b̄b b̄+ X . Results are
obtained using the HELAC-NLO Monte Carlo framework. We discuss a comparison to pre-
vious results and to experimental measurements. We also investigate the contribution
of the initial states involving b-quarks and we introduce two b-jet tagging schemes.
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1 Introduction

In 2012 the Higgs boson has been first observed at the Large Hadron Collider (LHC). Since
then, tests are ongoing on the Higgs sector, the aim of which is to fully understand its proper-
ties. The Higgs boson couples to the fundamental fermions via the Yukawa interaction. Among
them, the heaviest one is the top-quark. A direct probing of the coupling of the Higgs boson to
the top-quark, the top-Yukawa coupling Yt , is provided by the process pp→ t t̄H, which rep-
resents 1% of the total Higgs boson cross section. Because of its mass of about mH = 125 GeV,
the Higgs boson mainly decays into a bottom-quark pair, with a branching ratio of 58% [1].
Therefore pp→ t t̄H → t t̄ b b̄ is a prime ingredient to extract information on Yt . But this chan-
nel is very challenging because of the so-called combinatorial background. Indeed, because of
the presence of a top-quark pair, after the decays the final state presents 4 b-jets. The same
final state can be achieved by the direct t t̄ b b̄ production. From an experimental point of view,
light jets can be misidentified as b-jets. Hence, also t t̄ j j production needs to be taken into ac-
count. To sum up, for a complete description of t t̄H we need to study accurately the following
processes:

Actual signal: pp→ t t̄H → t t̄ b b̄→W+W−bb̄bb̄

Irreducible background: pp→ t t̄ b b̄→W+W−bb̄bb̄

Reducible background: pp→ t t̄ j j→W+W−bb̄ j j
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Figure 1: Representative Feynman diagrams for double- single- and non-resonant
contributions to pp→ e+νe bµ−ν̄µ b̄b b̄+ X .

In this proceeding, we are going to focus on the irreducible background. In particular, we pro-
vide full off-shell NLO QCD predictions at the integrated and differential level in the dileptonic
final state pp→ e+νe bµ−ν̄µ b̄b b̄+X . More details on this calculation can be found in [2]. We
first discuss the setup of the calculation (sec. 2). Then, we present results at the integrated
(sec. 3) and differential level (sec. 4). Moreover, we present a comparison of our results to the
ones already present in the literature [3] and to the experimental measurements [4]. Then,
we show that the contributions involving b-quarks in the initial state are negligible (sec. 5).
There, we introduce two different b-jet tagging schemes: one that takes into account the
electric charge of the b-jet (charge aware), and one that does not (charge blind). Finally, we
summarise our results and give an outlook on the future works (sec. 6).

2 Setup of the calculation

NLO QCD calculations of t t̄ b b̄ with on-shell top-quarks are available by some time [5–10].
These predictions can give a general idea about the size of the NLO QCD corrections, but can-
not provide a reliable description of the top-quark decay products and the radiation pattern.
The first step in this direction was done by matching these kind of predictions to parton shower
algorithms [11–14]. These calculations provide information on the radiation pattern, but ei-
ther the top-quark decays are omitted or performed in the parton shower. More recently first
results with LO spin correlations in top-quark decays came out [15]. The first full off-shell
calculation dates back only to last year and it was performed in the dileptonic decay chan-
nel [3]. In this proceeding we present the calculation for the same process performed using
the HELAC-NLO Monte Carlo framework [16]. Namely, we computed NLO QCD corrections to
pp→ e+νe bµ−ν̄µ b̄b b̄+X for LHC center of mass energy of

p
s = 13 TeV. The 5 flavour scheme

is employed. In this calculation we take into account all the full off-shell effects, which means
that the off-shell top-quarks are described by Breit-Wigner propagators, that we include all the
double-, single- and non-resonant contribution (Fig. 1) and all the interference effect are con-
sistently incorporated at the matrix element level. Therefore, this is a complex calculation. We
used HELAC-1LOOP [17], CUTTOOLS [18,19] and ONELOOP [20] to compute the virtual contri-
bution. The most complicated one-loop diagrams in our calculation are octagon-type. The real
corrections are computed with HELAC-DIPOLES [21] using two different subtraction schemes:
the Catani-Seymour subtraction scheme [22,23] and the Nagy-Soper [24] subtraction scheme.
This allowed us to check the correctness of the real contribution in an even more robust way
than just relying on the internal consistency checks of each subtraction scheme [7, 25–27].
Because of the complex nature of this calculation, we stored our theoretical predictions in
the form of modified Les Houches Files [28] and ROOT Ntuples [29, 30]. Thanks to this, we
can change kinematical cuts, renormalization and factorization scales, PDFs and define new
observables without the need of rerunning the whole calculation. Moreover, to save memory
usage, we generated unweighted events.
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In the following we describe our default setup. The default cuts are:

pT (`)> 20 GeV, |y(`)|< 2.5, pT (b)> 25 GeV, |y(b)|< 2.5, ∆R(bb)> 0.4. (1)

We set the factorization scale equal to the renormalization scale µR = µF . We use two default
scales: a fixed one µ0 = mt and a dynamical one µ0 = HT/3, where HT is defined as follows

HT = pT (b1) + pT (b2) + pT (b3) + pT (b4) + pT (e
+) + pT (µ

−) + pmiss
T . (2)

Our default PDF set is NNPDF3.1 [31]. We use the LO set for the LO calculation and the NLO set
for the NLO calculation. The results presented in section 3 and 4 do not contain contributions
from initial states involving b-quark. We assumed them to be negligible. A study on these
initial state contributions is presented in section 5.

3 Integrated fiducial cross sections

We now present the results of our calculation. Using our default settings and the fixed scale,
the integrated fiducial cross section of pp→ e+νe bµ−ν̄µ b̄b b̄+ X is

σLO = 6.998+4.525(65%)
−2.569(37%)[scales] fb (3)

σNLO = 13.24+2.33(18%)
−2.89(22%)[scales]+0.19(1%)

−0.19(1%)[PDF] fb . (4)

We can see that the process receives large NLO QCD corrections, about 89%, and the theoretical
error is significantly reduced going from LO to NLO. Moreover, the main contribution to the
theoretical uncertainty comes from the scale dependence, which is obtained using the standard
7-point scale variation. The dynamical scale yields similar results

σLO = 6.813+4.338(64%)
−2.481(36%)[scales] fb (5)

σNLO = 13.22+2.66(20%)
−2.95(22%)[scales]+0.19(1%)

−0.19(1%)[PDF] fb . (6)

In this case, the NLO QCD corrections are about 94%. We noticed that, imposing a jet veto
on the extra radiation, these corrections are dramatically reduced. Indeed, imposing a jet
veto of pveto

T ( j) = 50 GeV, we have only 11% NLO QCD corrections for the fixed scale choice,
23% for the dynamical one. This suggests that the hard extra radiation carries the NLO QCD
contribution.

To reproduce the results available in literature [3], we changed our scale prescription to

µ0 = µDLP =
1
2

��

pmiss
T +
∑

i=e+,µ−,b1,b2,b3,b4, j

ET (i)
�

+ 2mt

�1/2� ∑

i=b1,b2,b3,b4, j

ET (i)
�1/2

. (7)

We found very good agreement both at the integrated

σLO
HELAC-NLO = 5.201(2)+60%

−35% fb σLO
DLP = 5.198(4)+60%

−35% fb (8)

σNLO
HELAC-NLO = 10.28(1)+18%

−21% fb σNLO
DLP = 10.28(8)+18%

−21% fb (9)

and at the differential level. These results confirm the validity of both calculations.
Finally, we compared our predictions to the experimental results obtained by ATLAS [4].

We adapted to their cuts

pT (`)> 25 GeV, |y(`)|< 2.5, pT (b)> 25 GeV, |y(b)|< 2.5,

∆R(bb)> 0.4, ∆R(`b)> 0.4, (10)
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and we used our default dynamical scale. The final state they are considering requires exactly
one electron and one muon (with opposite charges). We will label this final state eµ + 4b.
Therefore, we need to multiply by a factor of 2 our prediction. Moreover, they include also
leptonic τ decays. Assuming the following branching ratios BR(τ−→ µ−ν̄µντ) = 17.39% and
BR(τ− → e−ν̄eντ) = 17.82% [32], we estimate a contribution to our theoretical prediction
of 0.6 fb. Thus, our final theoretical prediction is given by

σHELAC-NLO
eµ+4b = (20.0± 4.3) fb, (11)

which is in very good agreement with the experimental result

σATLAS
eµ+4b = (25± 6.5) fb. (12)

In the following table you can see a comparison of various theoretical predictions, taken from
[4] and generated with several Monte Carlo frameworks [11–14,33], to our prediction and to
the experimental measurement:

Theoretical predictions σeµ+4b [fb]

SHERPA+OPENLOOPS (4FS) 17.2± 4.2
POWHEG-BOX+PYTHIA 8 (4FS) 16.5
POWHEL+PYTHIA 8 (5FS) 18.7
POWHEL+PYTHIA 8 (4FS) 18.2

HELAC-NLO (5FS) 20.0± 4.3

Experimental result (ATLAS) 25± 6.5

This table shows that our prediction is the closest to the experimental result. The other pre-
dictions have been obtained matching fixed order calculations to parton shower algorithms.
A comparison between the full off-shell calculation and those matched to the parton shower
should be performed to understand the source of this discrepancy.

4 Differential distributions

The higher order corrections can also affect kinematic distributions. To asses the size of these
effects, we investigated differential distribution for several observables. Here we present the
differential distribution of the hardest b-jet (Fig. 2). We found significant shape changes going
from LO to NLO, with corrections from 90% to 135%, yielding a shape distortion of 45%.
Similarly to the integrated result, the main source of theoretical error comes from the scale
dependence, which at NLO is reduced to 20− 30%. To obtain the results for the differential
cross sections we used the dynamical scale HT/3. Indeed, the fixed scale works poorly in the
high energy kinematic region, where the perturbative stability is spoiled. This also yields huge
shape distortions that can reach 150%. To summarise, these results confirm that NLO QCD
effects are very important to this process.

5 Contribution of initial state b-quarks

Despite using the 5 flavour scheme, until this point we ignored the initial states involving b-
quarks, because we expect them to be negligible. In the following, we are going to show that
this is actually the case. To perform this study, we first introduce two b-jet tagging schemes:

006.4

https://scipost.org
https://scipost.org/SciPostPhysProc.7.006


SciPost Phys. Proc. 7, 006 (2022)

10−5

10−4

10−3

10−2

10−1

100

d
σ
/d
p T

(b
1
)

[f
b

/G
eV

]
µ0 = HT/3 LO

NLO

0 100 200 300 400 500 600 700 800

pT (b1) [GeV]

0

1

2

3

K
=

N
L

O
/L

O

10−5

10−4

10−3

10−2

10−1

100
µ0 = HT /3

d
σ

d
p
T
(b

1
)
[f
b
/G

eV
]

NNPDF3.1
MMHT2014
CT18NLO

0.8

1

1.2

R
at
io

to
N
N
P
D
F

0 200 400 600 800

0.8

1

1.2

pT (b1) [GeV]

P
D
F
u
n
c.

Figure 2: Differential cross section distribution as a function of the transverse mo-
mentum of the hardest b-jet. The left plot displays the LO and NLO distributions
with the respective scale dependence. The right plot shows the uncertainties coming
from the various PDF set choices.

the charge aware and the charge blind tagging schemes. We employ the anti-kt algorithm with
R= 0.4 to cluster the partons into jets.

The charge aware tagging scheme is sensitive to the flavour and the charge of the b-jet. The
recombination rules are

bb̄→ g, bb→ b, b̄ b̄→ b̄, bg → b, b̄g → b̄. (13)

We need now to take into account the following initial states: bb̄, bg and b̄g. In the bottom-
gluon channel we can now have up to 5 b-jets. Therefore, we require our final state to have
at least 2 b-jets and 2 b̄-jets. The advantage of this jet algorithm is of course that we can
distinguish between b- and b̄-jets. The drawback is that, from an experimental point of view,
this might reduce the b-jet tagging efficiency, leading to smaller event statistics.

The charge blind tagging scheme is sensitive to the absolute flavour and does not attempt
to tag the charge of the b-jet. The recombination rules are

bb̄→ g, bb→ g, b̄ b̄→ g, bg → b, b̄g → b̄. (14)

Therefore, we require our final state to have at least 4 b-jets, independently of their charge.
Because we do not keep track of the charge of the b-jets, we need to consider in addition the
following initial states: bb and b̄ b̄. In contrast to the charge aware tagging scheme, the b-jet
tagging efficiency will be better, leading to larger event statistics, but the price to pay is the
loss of the information on the charge.

In the following we report the results obtained using the two tagging schemes and we
compare them to the results where the initial states involving b-quarks are neglected. We
used our standard setup and the dynamical scale choice HT/3. The LO integrated fiducial
cross sections are

σLO
no b = 6.813(3)fb, σLO

aware = 6.822(3)fb, σLO
blind = 6.828(3)fb. (15)

We can see that the effects of these initial state contributions are up to 0.2%. The situation at
NLO is not much different

σNLO
no b = 13.22(3)fb, σNLO

aware = 13.31(3)fb, σNLO
blind = 13.38(3)fb. (16)
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Figure 3: Comparison of the predictions including and excluding b-quarks from the
initial state. The left plot reports the results for the integrated fiducial cross sec-
tion, where also scale and pdf uncertainties are displayed. The right plot shows the
comparison at the differential level for the transverse momentum distribution of the
hardest b-jet.

The effects are now up to 1%, well within the theoretical uncertainty, as we can see from Fig. 3.
We could not see relevant effect neither at the differential level. We can conclude that we can
safely neglect b-quark initial states in our process.

6 Summary and Outlook

We presented LO and NLO full off-shell predictions for pp→ e+νe bµ−ν̄µ b̄b b̄+X . We observed
huge NLO QCD corrections both at the integrated and differential level. These can be reduced
applying a jet veto to the extra radiation. The theoretical uncertainties drop going from LO to
NLO, where they are about 20% and mainly come from the scale dependence. Our predictions
are in very good agreement both with previous results [3] and with experimental measure-
ments [4]. We finally investigated the contribution of the initial states involving b-quarks,
which turns out to be negligible. To do so, we introduced two b-jet tagging schemes that we
called charge aware and charge blind tagging schemes.

In the future we want to asses the size of the off-shell effects by studying the very same
process using the so-called Narrow Width Approximation, and comparing it to the full off-
shell calculation. Moreover, we aim to find a prescription to label the b-jets produced in
the process, to distinguish between those coming from the decay of the top-quarks and the
remaining ones. This would help to distinguish the background from the actual t t̄H signal in
the M(bb) distribution of the Higgs boson.
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