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Top quarks at the 100 TeV hh-FCC
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FIG. 1: A compilation of LO inclusive production cross sections at the 100 TeV future pp collider. The Higgs cross sections
labelled with ÒGFÓ refer to Higgs production via gluon fusion, whereas ÒVBFÓ stands for Vector Boson Fusion production. For
Gluon Fusion Higgs production the top mass e! ects have been included, see Sec. IV

.

Questions like the ones outlined above can be studied by pushing the energy frontier of hadron colliders. It is thus
not surprising that discussions already have started concerning such a machine [7]. As a typical setup, hadronic
centre-of-mass energies of 100 TeV inpp collisions are assumed with an anticipated luminosity of 1Ð10 ab! 1 [7Ð9].

In order to gain some intuition about the kind of known physics that will be encountered at such a machine,
representative cross sections for the production of relevant high-multiplicity Þnal states are compiled in Fig. I. The
Þrst thing to notice is the inelastic cross section at the FCC, being around 105 mb [10], which constitutes a 45 % raise
compared to the LHC (! 72 mb). To contrast that, we calculated LO cross sections for a multitude of processes, with
cross sections ranging from a few attobarn up to hundreds of microbarn, across 15 orders of magnitude. QCD-only
processes come with the largest cross-sections when a jet cut ofpT,min = 50 GeV is used, with dijet production at
315µb. Also higher jet-multiplicities have very high cross sections, and only inclusive 7-jet production is less probably
than any other hard process: The inclusive single vector boson production cross sections come with 350 nbÐ600 nb
and are thus slightly enhanced compared to 7-jet production. The least probable cross sections included in Fig. I are
those of triple Higgs production in association with a vector boson or from vector-boson fusion (VBF) with at least
two jets. These cross sections are between 3 and 20 ab. Thus at least theH 3j 2 cross section would still correspond
to several events at a luminosity of 1Ð10 ab! 1.

In this paper we want to address some of the challenges of QCD production processes at a 100 TeV hadron collider.
We Þrst discuss, in Sec. II, in some detail the scaling behaviour in the production of Þnal states involving many jets,
using pure QCD multijet production and vector boson production associated with jets as typical benchmarks for this
part of SM dynamics. We discuss the scaling in jet multiplicities between 14 and 100 TeV, and the scaling behaviour
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13 Associated production of top quarks and gauge bosons55

At 100 TeV, heavy particles and high-multiplicity Þnal states are abundantly produced, giving the oppor-
tunity to scrutinise the dynamics and the strength of the interactions among the heaviest known particles:
the gauge and Higgs bosons, and the top quark. The large rates, and the very high energies at which these
particles can be produced, open new opportunities to test with greater precision and at smaller distances
the couplings of the top quark with theW, Z and Higgs bosons.

Final states involving the heaviest states of the SM are also an important ingredient of physics at
100 TeV, since they naturally lead to high-multiplicity Þnal states (with or without missing transverse
momentum). These signatures are typical in BSM scenarios featuring new heavy states decaying via
long chains involving, e.g., dark matter candidates. Thus, whether as signal or as background processes,
predictions for this class of SM processes need to be known with the best possible precision, to maximise
the sensitivity to deviations from the SM.

Table53shows the NLO cross sections for the inclusive production of two top quark pairs, and for
production in association with one and two gauge bosons. Comparing the rates for associated production,

tøtt øt tøt W ± tøt Z 0 tøt W W tøt W ± Z tøt ZZ

! (pb) 4.93 20.5 64.2 1.34 0.21 0.20

Table 53: NLO cross sections for associated production of (multiple) top quark pairs and gauge
bosons [419,420].

in Table53, with those in Table58 for multiple gauge boson production, and considering that each top
quark gives rise to aW through its decay, we remark that top quark processes at 100 TeV will provide
the dominant source of Þnal states with multipleW bosons, and thus with multiple leptons. This will
have important implications for the search of new physics signals characterized by the presence of many
gauge bosons or leptons from the decay of the new heavy particles.

Notice also thattøtZ 0 production is more abundant thantøtW ± , contrary to the usual rule thatW
bosons are produced more frequently thanZ 0Õs in hadronic collisions. This is because thetøtZ 0 process
is driven by thegg initial state, which for these values ofös/S has a much larger luminosity than the
qøq! initial state that producestøtW . This also implies that studies of top production via initial state light
quarks (e.g. in the context oft vs øt production asymmetries) will beneÞt from a higher purity of theqøq
initial state w.r.t.gg if one requires the presence of aW boson (see e.g. Ref. [421]).

In this section we discuss in some detail the associated production of a top-quark pair with one
boson (tøtV ), covering a broad range of kinematical regions. Associated production with a Higgs boson
is discussed in more detail in the Higgs volume of this report. We review the impact of NLO QCD
corrections, and the residual theoretical uncertainties due to missing higher orders, by considering the
dependence of key observables on different deÞnitions of central renormalisation and factorisation scales
and on their variations. These results for 100 TeV mimic the detailed study presented for 13 TeV in
Ref. [420]. We refer to this paper for more details.

13.1 t øtV production

The NLO QCD corrections were calculated fortøtH in [422Ð425], for tøt" in [426, 427], for tøtZ in
[427Ð431], for tøtW ± in [421, 427, 431, 432] and for tøtt øt in [73, 433]. NLO electroweak and QCD
corrections have also already been calculated fortøtH in [434Ð436] and for tøtW ± and tøtZ in [436].
Moreover, in the case of thetøtH process, NLO QCD corrections have been matched to parton showers
[437,438] and calculated for off-shell top (anti)quarks with leptonic decays in [439].

55Editors: D. Pagani, I. Tsinikos
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Fig. 148: Normalised distributions for, from left to right, top quark transverse momentum, transverse
momentum of thetøt pair and its invariant mass, as evaluated by a NLO+PS calculation performed with
the POWHEG-BOX implementation of heavy quark hadroproduction.

12.3 Bottom and top production at largeQ2

Production of bottom and top quarks at largeQ2 is characterized by two regimes. On one side we have
Þnal states where the heavy quark and antiquark (Q and øQ) give rise to separate jets, with a very large
dijet invariant massM QQ . These are the conÞgurations of relevance when, for example, we search for
the Q øQ decay of massive resonances. In the case of top quarks, the left-hand side of Fig.147 shows
the production rate for centraltøt pairs above a given invariant mass threshold. At 100 TeV there will be
events well aboveM tt > 30TeV. The right plot in Fig.147furthermore shows that, due to the absence at
LO of contributions fromqqor qginitial states,gg initial states remain dominant up to very large mass,
M tt ! 15TeV. Well aboveM Q øQ ! TeV, the results forbøbpair production are similar to those of the top.

This Þrst high-Q2 regime can be further investigated by looking at other differential distributions
for the top quark beyond the invariant mass. In the following we show results obtained using POWHEG-
BOX implementation of the NLO calculation for heavy quark hadroproduction [250,251,341], matched
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Fig. 145: Top (bottom) panel: distribution, at 100 (14) TeV, of the smaller and larger values of the initial
partons momentum fractions in inclusivebøbevents (solid) and in events with at least onebin the rapidity
range2.5 < |y| < 5 (dashes).

To what extent this opens opportunities for new interesting measurements, to be exploited by the future
generation of detectors, remains to be studied.

12.2 Inclusive top pair production

Table50shows the NNLO cross section [407,408] for inclusivetøt production at 100 TeV. For reference,
the LO and NLO results obtained with the appropriate PDF sets of the NNPDF3.0 group are 24.3 nb
and 31.9 nb, respectively. This meansK factors of 1.3 (NLO/LO) and 1.1 (NNLO/NLO), indicating
an excellent convergence and consistency of the perturbative expansion. Together with the small size
of PDF uncertainties, this suggests that the predictions for top production at 100 TeV are already today
rather robust. The! 30nb inclusive rate is more than 30 times larger than at 14 TeV. For the planned total
integrated luminosity ofO(20)ab! 1 [5], two experiments would produce of the order of1012 (anti)top
quarks. The possible applications emerging from this huge statistics have yet to be explored in detail. It
would be interesting to consider the potential of experiments capable of recording all these events (only
a small fraction of top quarks produced at the LHC survives for the analyses). Triggering on one of
the tops, would allow for unbiased studies of the properties of the other top and of its decay products:
studies of inclusiveW decays [409] (which are impossible using theW Õs produced via the Drell-Yan
process), of charm and! leptons produced from thoseW decays, of ßavour-taggedbÕs from the top
decay itself [410].
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- The top-quark pair production cross section at 100 TeV is ~ 35 nb (3.5á1010  

events at 10 ab-1), and top quarks are much more boosted than at the LHC. 
- The largest fraction of multi-W production comes from top decays. 
- The associated production with H, W and Z is not rare. The high statistics 

allows in principle for precision studies.  
2



What is new for SM top-quark production at a FCC?  
Are SM predictions under control? 

How can we exploit top-quarks at 100 TeV for discovering 
or constraining BSM effects? (examples) 

How do we tag highly boosted top? 
Can we really distinguish them from QCD jets? 
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QCD effects in   . 

Fig. 145: Top (bottom) panel: distribution, at 100 (14) TeV, of the smaller and larger values of the initial
partons momentum fractions in inclusivebøbevents (solid) and in events with at least onebin the rapidity
range2.5 < |y| < 5 (dashes).

To what extent this opens opportunities for new interesting measurements, to be exploited by the future
generation of detectors, remains to be studied.

12.2 Inclusive top pair production

Table50shows the NNLO cross section [407,408] for inclusivetøt production at 100 TeV. For reference,
the LO and NLO results obtained with the appropriate PDF sets of the NNPDF3.0 group are 24.3 nb
and 31.9 nb, respectively. This meansK factors of 1.3 (NLO/LO) and 1.1 (NNLO/NLO), indicating
an excellent convergence and consistency of the perturbative expansion. Together with the small size
of PDF uncertainties, this suggests that the predictions for top production at 100 TeV are already today
rather robust. The! 30nb inclusive rate is more than 30 times larger than at 14 TeV. For the planned total
integrated luminosity ofO(20)ab! 1 [5], two experiments would produce of the order of1012 (anti)top
quarks. The possible applications emerging from this huge statistics have yet to be explored in detail. It
would be interesting to consider the potential of experiments capable of recording all these events (only
a small fraction of top quarks produced at the LHC survives for the analyses). Triggering on one of
the tops, would allow for unbiased studies of the properties of the other top and of its decay products:
studies of inclusiveW decays [409] (which are impossible using theW Õs produced via the Drell-Yan
process), of charm and! leptons produced from thoseW decays, of ßavour-taggedbÕs from the top
decay itself [410].
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Fig. 146: Left: production rates forb quarks as a function of detection acceptance iny, for variouspT

thresholds (rates inµb for pT > 100 GeV, in mb otherwise). Right: forwardb production rates, as a
function of theb longitudinal momentum.

PDF ! (nb) "scale(nb) (%) "P DF (nb) (%)

CT14 34.692 +1 .000
�1.649

(+2 .9%)
(�4.7%)

+0 .660
�0.650

(+1 .9%)
(�1.9%)

NNPDF3.0 34.810 +1 .002
�1.653

(+2 .9%)
(�4.7%)

+1 .092
�1.311

(+3 .1%)
(�3.8%)

PDF4LHC15 34.733 +1 .001
�1.650

(+2 .9%)
(�4.7%) ± 0.590 (± 1.7%)

Table 50: Totaltøt production cross sections, at NNLO, for various PDF choices.mtop = 173.3 GeV. The
scale uncertainty is derived from the 7 scale choices ofµR,F = kmmtop , with k = 0 .5, 1, 2 and1/ 2 <
µR/µ F < 2. The PDF4LHC15 [15] recommendation combines the systematics from the following NLO
PDF sets: NNPDF3.0 [17], MMHT2014 [19] and CT14 [18].

Fig. 147: Left: integrated invariant mass distribution for production of centraltøt quark pairs. Right:
initial state composition as a function of thetøt invariant mass.
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Fig. 149: Left plot: normalised rapidity distribution of top quarks at FCC100 and LHC14. Right
plot: distribution of the rapidity difference! y between the top and the anti-top at the FCC100, for two
different invariant mass cuts.

Fig. 150: Rapidity distributions of leptons (left plot) andB hadrons (right plot) from top decays. LHC-
like cuts for transverse momenta and missing energies (pT,! > 20 GeV, pT,B > 20 GeV, ET,miss >
20GeV) are used, but rapidity cuts were removed. An additional cut on the invariant mass of thetøt pair,
mtøt > 10TeV, is also included.

to the parton shower of PYTHIA 6 [109] (without MPI).52 NNPDF30 PDFs are used throughout, and the
factorisation/renormalisation scales are set equal to the top transverse mass. We Þrst show, in Fig.148,
the distributions for the top transverse momentum, the transverse momentum of thetøt pair, and its in-
variant mass, both at 14 and at 100 TeV. In all three cases, as expected, the normalised distributions at
FCC100 are much harder than at LHC14: they are larger by a factor of about 10 at a scale of 1 TeV, and
of about 100 at 2 TeV.

Another characteristic of top distributions at high-Q2 that one can study is the rapidity dependence.
The plots in Fig.149show that at 100 TeV (and especially so at high invariant masses) top quarks tend
to be produced at larger rapidity than at 14 TeV, and with a larger rapidity gap. This suggests that the top
quarks at 100 TeV will be a copious source of large-rapidity lepton. Fig.150shows that this is indeed
the case: one can see that rapidity distributions for theB hadrons and for the leptons produced by top
decays are distributed quite uniformly in rapidity until at leasty ! 3, and only fall off quite steeply
beyondy ! 4.

52In order to improve the generation at high-pT a POWHEG ÒBorn suppression factorÓF (pT ) = [( p2
T + m2)/ (p2

T + m2 +
B 2)]3 with B = 10 TeV has been used.m is the top quark mass.
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NNLO: total rates
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Fig. 151: Left plot: Transverse momentum distribution of top quarks intøt hadroproduction, calculated
to NLO and also with the FONLL approach. Uncertainties are estimated by varying the renormalisation
and factorisation scales within a factor of two around the top transverse mass, with the constraint1/ 2 <
µR/µ F < 2. Right plot: ratios to the NLO central prediction.

As a consequence of these wide rapidity distributions, ÒLHC-likeÓ lepton cuts, where the leptons
are only measured in a central acceptance region|y! | < 2.5, may turn out not to be ideal at 100 TeV.
Moving this cut to at leasty! = 3 -3.5 would reduce the cross-section loss by a non-negligible amount.

Since the top quark transverse momentum distribution is expected to remain measurable at the
FCC100 up to several TeV, it is worth studying how the cross section at such large transverse momenta
(much larger than the top mass) is affected by multiple quasi-collinear emissions of gluons off the top
quarks. Techniques exist to resum these emissions to all orders with next-to-leading logarithmic accu-
racy [411,412], leading to a more reliable theoretical prediction. We show in Fig151predictions obtained
using the FONLL approach [59], compared to the next-to-leading order results. While the FONLL and
the NLO predictions are largely compatible within their respective uncertainties (estimated varying the
renormalisation and factorisation scales), as expected the FONLL distribution is softer, and has a smaller
perturbative uncertainty.

The second regime of high-Q2 production occurs when we request only one jet to be tagged as
containing a heavy quark. This could be of interest, for example, in the context of high-pT studies
of single top production. In this regime, conÞgurations in which the heavy quark pair arises from the
splitting of a large-pT gluon are enhanced. The Þnal state will then contain a jet formed by the heavy-
quark pair, recoiling against a gluon jet. An example of the role of these processes is shown in Fig.152,
where we compare thepT spectrum ofb jets in events where thebøb pair is produced back to back (as in
the Þrst case we discussed above), and the spectrum of jets containing theb pair (here jets are deÞned
by a cone sizeR = 0 .4). The latter is larger by approximately one order of magnitude at the highestpT

values, leading to rates in excess of 1 event/ab! 1 for pT > 15 TeV. Similar considerations apply to the
case of top quark production in this multi-TeV regime, as shown in the right plot of Fig.152. In this case
the rate fortøt jets is only slightly larger than that for single-top jets, due to the much larger mass of the
top quark, which leads to a smaller probability ofg ! tøt splitting.
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NLO+PS

NLO+NLL
- NNLO: a few percent accuracy on the total cross section 
- At large invariant mass, tops have typically large 
rapidities. The gluon-gluon initial state (t-channel) is 
dominant also at large invariant mass. 
- Multi quasi-collinear emission of gluons from boosted 
tops lead to a softer spectrum (FONLL vs NLO).  

based on Cacciari, Greco, Nason, arXiv:hep-ph/9803400 
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12 D. Pagani et al.: The impact of the photon PDF and electroweak corrections ontøt distributions
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Fig. 14.Integrated distributions for thepT(t) at 100 TeV. The format of the plots is described in detail in the text.
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Fig. 15.Integrated distributions for them(tøt) at 100 TeV. The format of the plots is described in detail in the text.

sections and large hard-scales. Thus, the following discussion
is not purely academic. Sudakov logarithms can induce up to
! " 40% corrections for! (pT(t) > 12 TeV) and! " 30% for
! (m(tøt) > 30 TeV), rendering EW corrections not only impor-
tant for precision physics, but essential for obtaining a sensible
result. For precision physics, Sudakov logarithms have to be
considered also beyond the NLO EW accuracy and possibly
resummed. The central role of EW corrections at a FCC at 100
TeV is not peculiar for thetøt Þnal state; it is a general feature for

all the production processes (see also the EW section in [53]).
At such large scales, also theg" luminosity is not negligible,
and indeed the size and the PDF uncertainty of the EW correc-
tions is very different in the left and right plots. Once again, the
prediction obtained withCT14QEDis similar to the case where
the photon PDF has been set to zero. As in the case of 13 TeV,
we observed similar changes in the tail of them(tøt) distribution
by applying the|y(t)|, |y(øt)| < 4 cuts,i.e., mimicking the ex-
pected coverage of the future detector. Sudakov logarithms are

EW effects in   . 

Fig. 145: Top (bottom) panel: distribution, at 100 (14) TeV, of the smaller and larger values of the initial
partons momentum fractions in inclusivebøbevents (solid) and in events with at least onebin the rapidity
range2.5 < |y| < 5 (dashes).

To what extent this opens opportunities for new interesting measurements, to be exploited by the future
generation of detectors, remains to be studied.

12.2 Inclusive top pair production

Table50shows the NNLO cross section [407,408] for inclusivetøt production at 100 TeV. For reference,
the LO and NLO results obtained with the appropriate PDF sets of the NNPDF3.0 group are 24.3 nb
and 31.9 nb, respectively. This meansK factors of 1.3 (NLO/LO) and 1.1 (NNLO/NLO), indicating
an excellent convergence and consistency of the perturbative expansion. Together with the small size
of PDF uncertainties, this suggests that the predictions for top production at 100 TeV are already today
rather robust. The! 30nb inclusive rate is more than 30 times larger than at 14 TeV. For the planned total
integrated luminosity ofO(20)ab! 1 [5], two experiments would produce of the order of1012 (anti)top
quarks. The possible applications emerging from this huge statistics have yet to be explored in detail. It
would be interesting to consider the potential of experiments capable of recording all these events (only
a small fraction of top quarks produced at the LHC survives for the analyses). Triggering on one of
the tops, would allow for unbiased studies of the properties of the other top and of its decay products:
studies of inclusiveW decays [409] (which are impossible using theW Õs produced via the Drell-Yan
process), of charm and! leptons produced from thoseW decays, of ßavour-taggedbÕs from the top
decay itself [410].
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- At large pt (5-12 TeV) Sudakov logs are ~ - (20-40) %, which is a giant EW correction 
for the LHC standards, but it is indeed ÒmoderateÓ for FCC standards (in VV ~ - 80 %).  
- QCD corrections decrease at vey large pt. 
- At large invariant mass, tops have typically large rapidities and thus smaller EW 
corrections (~ 10 %), which are anyway fundamental for precision physics. 
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                                    ,           and                                                                                

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as
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In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (" ) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0 .4. The Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

by a factor eight around the central valueµ = µg (dashed lines)µ = µa (solid lines) and
µ = mt (dotted lines). The scalesµa and µg are respectively deÞned in eqs. (2.1) and (2.2).

For all the processes, and especially fortøt" ,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt . Also, the bulk of the

1This cannot be done for µg ; soft real emission would lead to µg ! 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i ’s are of the same order, is numerically
equivalent to µg . We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to H T / 2.

2This scheme choice for ! is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with di! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will o! er an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top?]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity Þnal states will be in general
produced at much higher rates. Thus, the LHC will o! er an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM.[Davide: Stress the bsm
also for the top?]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity Þnal states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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Figure 21 . NLO total cross sections from 8 to 100 TeV. The error bands include scale and PDF
uncertainties (added linearly). The upper plot refers to tøtV processes andtøtH production, the lower
plot to tøtV V processes andtøtt øt production. For Þnal states with photons the pT (! ) > 20 GeV cut
is applied. Ð 32 Ð
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Figure 21 . NLO total cross sections from 8 to 100 TeV. The error bands include scale and PDF
uncertainties (added linearly). The upper plot refers to tøtV processes andtøtH production, the lower
plot to tøtV V processes andtøtt øt production. For Þnal states with photons the pT (! ) > 20 GeV cut
is applied. Ð 32 Ð

- The energy dependence is strongly affected by the parton luminosities; neutral final 
states grow faster, since they originate from gg at LO. At 100 TeV, ZÕs and HÕs are 
produced in association with top-quark pairs more often than WÕs. 
- Charged final states involve gluon-initiated channels only at NLO, which consequently 
adds very large corrections.  

Maltoni, DP, Tsinikos,  arXiv:1507.05640  
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At LO top-quark pairs recoil always against V. At NLO, at large pt, they 
mainly recoil against a jet, which can emits the V, leading to a 
correction of order                                . The effects is further enhanced 
in             , where                           has a gluon in the initial state, while 
the LO has not it.  1500 % corrections at 800 GeV! 
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torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as
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In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (" ) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0 .4. The Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

by a factor eight around the central valueµ = µg (dashed lines)µ = µa (solid lines) and
µ = mt (dotted lines). The scalesµa and µg are respectively deÞned in eqs. (2.1) and (2.2).

For all the processes, and especially fortøt" ,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt . Also, the bulk of the

1This cannot be done for µg ; soft real emission would lead to µg ! 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i ’s are of the same order, is numerically
equivalent to µg . We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to H T / 2.

2This scheme choice for ! is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with di! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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Fig. 158: Differential distributions for thepT of top-quark pair,pT (tøt) at 100 TeV. The format of the
plots is described in detail in the text.

In Þg.157 we display for the same observable cumulative plots, i.e., we plot the dependence of
the total cross sections on the cutm(tøt) > m cut by varyingmcut . We can notice that at very high values
of mcut the luminosities of theqg(øqg) initial states are not the dominant ones, for example theK -factor
of tøtW ± decreases accordingly. For cumulative distributions we show in the plots only results obtained
by usingµg as central scale.

For particular observables and processes, like thepT of the top-quark pair (pT (tøt)) in tøtW ± and
tøt! production, theK factors show a strong kinematic dependence. This is shown in Figs.158and159.
The origin of these effects is well understood [75,319,320]. Top-quark pairs with a largepT originate at

171

than for the tøtV -type processes. As we said, all these features are not peculiar for them(tøt)
distribution, and are consistent with Þg. 1 and table 1. From Þg. 3 one can see that the two
dynamical scalesµg and µa yield ßatter K -factors than those from the Þxed scalemt . This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tøt)), where the di! erential K -factors
strongly depend on the value ofpT (tøt) for both dynamical and Þxed scales. The relative size
of QCD corrections grows with the values ofpT (tøt) and this e! ect is particularly large in
tøtW ± and tøt! production. We explain in the following the origin of these largeK -factors.

Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic conÞguration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a largepT receives
large corrections from (anti)quarkÐgluon initial state, which appears only at NLO. This
e! ect is further enhanced in tøtW ± production for two di ! erent reasons. First, at LO
tøtW ± production does not originate, unlike the other production processes, form the gluonÐ
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quarkÐgluon initial states have a larger impact. Second, the emission of
a W collinear to the Þnal-state (anti)quark in qg ! tøtW ± q! can be approximated as the
qg ! tøtq process times aq ! q!W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by theW mass. Thus, once the the
W momentum is integrated, the qg ! tøtW ± q! process yields contributions to thepT (tøt)
distributions that are proportional to " log2 [pT (tøt)/m W ].5 The same e! ect has been already
observed for thepT distribution of one vector boson in NLO QCD and EW corrections to
W W, W Z and ZZ bosons hadroproduction [32Ð34]. This mechanism is also the source
of the giant K -factors in tøt! production. This process can originate from the gluonÐgluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the Þnal-state
(anti)quark, the qg ! tøt! q process can be approximated as theqg ! tøtq process times
a q ! q! splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcut

T ) and the Frixione isolation parameter R0. We checked that,
increasing the values ofpcut

T and/or R0, the size of theK -factors is reduced. It is interesting
to note also that corrections in the tail are much larger forµ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereasµa is by construction larger than 2pT (tøt).

In Þgs. 5 and 6 we respectively show thepT distributions for the top quark and the
vector or scalar boson,pT (t) and pT (V ). For these two observables, we Þnd the general
features which have already been addressed for them(tøt) distributions in Þg. 3. [Davide: I
donÕt know what to write more]

In Þg. 7 we display the distributions for the rapidity of the vector or scalar boson,y(V ).
In the four processes considered here, the vector or scalar boson is radiated in di! erent ways

5In tøtZ the same arguments holds for the q ! qZ splitting in qg ! tøtZq. However, the larger mass of
the Z boson and especially the presence of the gluonÐgluon initial state at LO suppress this e! ect.
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Figure 5 . Representative kinematical conÞgurations fortøtW Þnal state. At LO (left) a high- pT tøt
pair recoils against theW boson. At NLO (right), the dominant conÞguration is the one where the
jet takes most of the recoil and theW boson is soft.

tøt! production. In the following we investigate the origin of these largeK -factors.

Top-quark pairs with a large pT originate at LO from the recoil against a hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic conÞguration
emerges from the recoil of the top-quark pair against a hard jet and a soft scalar or vector
boson (see the sketches in Þg.5). In particular, the cross section for a top-quark pair with a
largepT receives large corrections from (anti)quarkÐgluon initial state, which appears for the
Þrst time in the NLO QCD corrections. This e! ect is further enhanced intøtW ± production
for two di ! erent reasons. First, at LOtøtW ± production does not originate, unlike the other
production processes, form the gluonÐgluon initial state, which has the largest partonic
luminosity. Thus, the relative corrections induced by (anti)quarkÐgluon initial states have
a larger impact. Second, the emission of aW collinear to the Þnal-state (anti)quark in
qg ! tøtW ± q! can be approximated as theqg ! tøtq process times aq ! q!W ± splitting. For
the W momentum, the splitting involves a soft and collinear singularity which is regulated
by the W mass. Thus, once theW momentum is integrated, theqg ! tøtW ± q! process yields
contributions to the pT (tøt) distributions that are proportional to " s log2 [pT (tøt)/m W ].4 The
same e! ect has been already observed for thepT distribution of one vector boson in NLO
QCD and EW corrections to W ± W " , W ± Z and ZZ bosons hadroproduction [49Ð51].

The argument above clariÞes the origin of the enhancement at highpT of the tøt pair, yet
it raises the question of the reliability of the NLO predictions for tøtV in this region of the
phase space. In particular the giantK -factors and the large scale dependence call for better
predictions. At Þrst, one could argue that only a complete NNLO calculation fortøtV would
settle this issue. However, since the dominant kinematic conÞgurations (see the sketch on
the right in Þg. 5) feature a hard jet, it is possible to start from the tøtV j Þnal state and
reduce the problem to the computation of NLO corrections totøtV j . Such predictions can
be automatically obtained within MadGraph5_aMC@NLO . We have therefore computed

4In tøtZ the same argument holds for the q ! qZ splitting in qg ! tøtZq. However, the larger mass of
the Z boson and especially the presence of the gluonÐgluon initial state at LO suppress this e! ect.
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or scalar boson. Conversely, at NLO, the largest contribution to this kinetic conÞguration
emerges from the recoil of the top-quark pair against a hard jet and a soft scalar or vector
boson (see the sketches in Þg.5). In particular, the cross section for a top-quark pair with a
largepT receives large corrections from (anti)quarkÐgluon initial state, which appears for the
Þrst time in the NLO QCD corrections. This e! ect is further enhanced intøtW ± production
for two di ! erent reasons. First, at LOtøtW ± production does not originate, unlike the other
production processes, form the gluonÐgluon initial state, which has the largest partonic
luminosity. Thus, the relative corrections induced by (anti)quarkÐgluon initial states have
a larger impact. Second, the emission of aW collinear to the Þnal-state (anti)quark in
qg ! tøtW ± q! can be approximated as theqg ! tøtq process times aq ! q!W ± splitting. For
the W momentum, the splitting involves a soft and collinear singularity which is regulated
by the W mass. Thus, once theW momentum is integrated, theqg ! tøtW ± q! process yields
contributions to the pT (tøt) distributions that are proportional to " s log2 [pT (tøt)/m W ].4 The
same e! ect has been already observed for thepT distribution of one vector boson in NLO
QCD and EW corrections to W ± W " , W ± Z and ZZ bosons hadroproduction [49Ð51].

The argument above clariÞes the origin of the enhancement at highpT of the tøt pair, yet
it raises the question of the reliability of the NLO predictions for tøtV in this region of the
phase space. In particular the giantK -factors and the large scale dependence call for better
predictions. At Þrst, one could argue that only a complete NNLO calculation fortøtV would
settle this issue. However, since the dominant kinematic conÞgurations (see the sketch on
the right in Þg. 5) feature a hard jet, it is possible to start from the tøtV j Þnal state and
reduce the problem to the computation of NLO corrections totøtV j . Such predictions can
be automatically obtained within MadGraph5_aMC@NLO. We have therefore computed

4In tøtZ the same argument holds for the q ! qZ splitting in qg ! tøtZq. However, the larger mass of
the Z boson and especially the presence of the gluonÐgluon initial state at LO suppress this e! ect.
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tøt! production. In the following we investigate the origin of these largeK -factors.

Top-quark pairs with a large pT originate at LO from the recoil against a hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic conÞguration
emerges from the recoil of the top-quark pair against a hard jet and a soft scalar or vector
boson (see the sketches in Þg.5). In particular, the cross section for a top-quark pair with a
largepT receives large corrections from (anti)quarkÐgluon initial state, which appears for the
Þrst time in the NLO QCD corrections. This e! ect is further enhanced intøtW ± production
for two di ! erent reasons. First, at LOtøtW ± production does not originate, unlike the other
production processes, form the gluonÐgluon initial state, which has the largest partonic
luminosity. Thus, the relative corrections induced by (anti)quarkÐgluon initial states have
a larger impact. Second, the emission of aW collinear to the Þnal-state (anti)quark in
qg ! tøtW ± q! can be approximated as theqg ! tøtq process times aq ! q!W ± splitting. For
the W momentum, the splitting involves a soft and collinear singularity which is regulated
by the W mass. Thus, once theW momentum is integrated, theqg ! tøtW ± q! process yields
contributions to the pT (tøt) distributions that are proportional to " s log2 [pT (tøt)/m W ].4 The
same e! ect has been already observed for thepT distribution of one vector boson in NLO
QCD and EW corrections to W ± W " , W ± Z and ZZ bosons hadroproduction [49Ð51].

The argument above clariÞes the origin of the enhancement at highpT of the tøt pair, yet
it raises the question of the reliability of the NLO predictions for tøtV in this region of the
phase space. In particular the giantK -factors and the large scale dependence call for better
predictions. At Þrst, one could argue that only a complete NNLO calculation fortøtV would
settle this issue. However, since the dominant kinematic conÞgurations (see the sketch on
the right in Þg. 5) feature a hard jet, it is possible to start from the tøtV j Þnal state and
reduce the problem to the computation of NLO corrections totøtV j . Such predictions can
be automatically obtained within MadGraph5_aMC@NLO . We have therefore computed

4In tøtZ the same argument holds for the q ! qZ splitting in qg ! tøtZq. However, the larger mass of
the Z boson and especially the presence of the gluonÐgluon initial state at LO suppress this e! ect.

Ð 11 Ð

based on Maltoni, DP, Tsinikos,  arXiv:1507.05640  

for tøtW ± in [8, 12Ð14] and for tøtt øt in [15]. In the case of tøtH both NLO QCD [ 16Ð19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature. [TS: We have checked thetøtt øt and tt !! papers. Should we check also others?]
[Davide: We could do some check fortøtH, t øt! , tøtZ , for tøtW ± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of globalK -
factors for tøtV V- and tøtV -type processes andtøtt øt production on the total energy of the
protonÐproton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tøtH production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts[TS: Not exaclty their cuts..] and the deÞnition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower e! ects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events withPythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processestøt!! , we compare LO, NLO results and LO predictions rescaled
by a global ßat K -factor for production only, as obtained in section2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section3.2we present an analysis at NLO accuracy for the searches oftøtH production
with the Higgs boson subsequently decaying into leptons, on the same lines of section3.1.
In this case, di! erent signal regions and exclusive Þnal states are considered, and they can
in general receive a contribution fromtøtt øt production and from all the tøtV - and tøtV V-type
processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the e! ects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-
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Fig. 159: Cumulative distributions for thepT of top-quark pair,pT (tøt) at 100 TeV. The format of the
plots is described in detail in the text.

LO from the recoil against a hard vector or a hard scalar boson. Conversely, at NLO, in this kinematical
conÞguration the largest contribution emerges from the recoil of the top-quark pair against a hard jet and
a soft scalar or vector boson. In particular, the cross section for a top-quark pair with a largepT receives
large corrections from theqginitial state, which appears for the Þrst time only at NLO.

In the case oftøtW ± production, for instance, the emission of aW collinear to the Þnal-state
quark inqg ! tøtW ±q! can be approximated as theqg ! tøtq process times theq ! q!W ± splitting.
For theW momentum, the splitting involves a soft and collinear singularity that is regulated by theW
mass. Thus, once theW momentum is integrated, theqg ! tøtW ±q! process yields a contribution to
the pT (tøt) distributions that is proportional to! s log2 [pT (tøt)/m W ], leading to large corrections. The
same argument clearly applies also totøtZ for the q ! qZ splitting in qg ! tøtZq. However, in the
case oftøtW ±, this effect is further enhanced also by a different reason. Unlike the other production
processes,tøtW ± production does not originate at LO from the gluonÐgluon initial state, which has the
largest partonic luminosity. Consequently, the relative corrections induced by the quarkÐgluon initial
states have a larger impact.

The argument above clariÞes the origin of the enhancement at highpT of thetøt pairs, yet it raises
the question of the reliability of NLO predictions fortøtV in this region of the phase space. In partic-
ular, the giantK -factors and the large scale dependence call for better predictions. One could argue
that only a complete NNLO calculation fortøtV would settle this issue. However, since the dominant
kinematic conÞgurations involve a hard jet, it is possible to start from thetøtV j Þnal state and reduce the
problem to the analysis of NLO corrections totøtV j , which can be automatically obtained withMAD-
GRAPH5_AMC@NLO. We have therefore computed results for different minimumpT for the additional
jet both at NLO and LO accuracy. In Þg.160, we summarise the most important features of thetøtW ±(j )
cross section as a function of thepT (tøt) as obtained from different calculations. Similar results, even
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           can be used for studying top and 
W scattering. Limits on       are expected 
at the percent/permill level.  

   distribution in 

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (" ) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0 .4. The Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

by a factor eight around the central valueµ = µg (dashed lines)µ = µa (solid lines) and
µ = mt (dotted lines). The scalesµa and µg are respectively deÞned in eqs. (2.1) and (2.2).

For all the processes, and especially fortøt" ,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt . Also, the bulk of the

1This cannot be done for µg ; soft real emission would lead to µg ! 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i ’s are of the same order, is numerically
equivalent to µg . We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to H T / 2.

2This scheme choice for ! is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with di! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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than for the tøtV -type processes. As we said, all these features are not peculiar for them(tøt)
distribution, and are consistent with Þg. 1 and table 1. From Þg. 3 one can see that the two
dynamical scalesµg and µa yield ßatter K -factors than those from the Þxed scalemt . This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tøt)), where the di! erential K -factors
strongly depend on the value ofpT (tøt) for both dynamical and Þxed scales. The relative size
of QCD corrections grows with the values ofpT (tøt) and this e! ect is particularly large in
tøtW ± and tøt! production. We explain in the following the origin of these largeK -factors.

Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic conÞguration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a largepT receives
large corrections from (anti)quarkÐgluon initial state, which appears only at NLO. This
e! ect is further enhanced in tøtW ± production for two di ! erent reasons. First, at LO
tøtW ± production does not originate, unlike the other production processes, form the gluonÐ
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quarkÐgluon initial states have a larger impact. Second, the emission of
a W collinear to the Þnal-state (anti)quark in qg ! tøtW ± q! can be approximated as the
qg ! tøtq process times aq ! q!W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by theW mass. Thus, once the the
W momentum is integrated, the qg ! tøtW ± q! process yields contributions to thepT (tøt)
distributions that are proportional to " log2 [pT (tøt)/m W ].5 The same e! ect has been already
observed for thepT distribution of one vector boson in NLO QCD and EW corrections to
W W, W Z and ZZ bosons hadroproduction [32Ð34]. This mechanism is also the source
of the giant K -factors in tøt! production. This process can originate from the gluonÐgluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the Þnal-state
(anti)quark, the qg ! tøt! q process can be approximated as theqg ! tøtq process times
a q ! q! splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcut

T ) and the Frixione isolation parameter R0. We checked that,
increasing the values ofpcut

T and/or R0, the size of theK -factors is reduced. It is interesting
to note also that corrections in the tail are much larger forµ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereasµa is by construction larger than 2pT (tøt).

In Þgs. 5 and 6 we respectively show thepT distributions for the top quark and the
vector or scalar boson,pT (t) and pT (V ). For these two observables, we Þnd the general
features which have already been addressed for them(tøt) distributions in Þg. 3. [Davide: I
donÕt know what to write more]

In Þg. 7 we display the distributions for the rapidity of the vector or scalar boson,y(V ).
In the four processes considered here, the vector or scalar boson is radiated in di! erent ways

5In tøtZ the same arguments holds for the q ! qZ splitting in qg ! tøtZq. However, the larger mass of
the Z boson and especially the presence of the gluonÐgluon initial state at LO suppress this e! ect.
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though less extreme, hold fortøtZ andtøtH Þnal states and therefore we do not show them for sake of
brevity. In Þg.160, the solid blue and red curves correspond to the predictions ofpT (tøt) as obtained from
tøtW ± calculation at LO and NLO accuracy, respectively. The dashed light blue, purple and light-grey
curves are obtained by calculatingtøtW ± j at LO (with NLO PDFs and! s and same scale choice in order
to consistently compare them with NLOtøtW ± results) with a minimumpT cut for the jets of 50, 100,
and 150 GeV, respectively. The three curves, while having a different threshold behaviour, they all tend
smoothly to thetøtW ± prediction at NLO at highpT (tøt), clearly illustrating that the dominant contribu-
tions come from kinematic conÞgurations with a hard jet. Finally, the dashed green line is thepT (tøt) as
obtained fromtøtW ± j at NLO in QCD with the minimumpT cut of the jet of 100 GeV. This prediction
for pT (tøt) at highpT is stable and reliable, and in particular it does not feature any largeK -factor, as can
be seen in the lower inset, which displays the differentialK -factor fortøtW ± j production with thepT cut
of the jet of 100 GeV. For largepT (tøt), NLO corrections totøtW ± j reduce the scale dependence of the
LO predictions, but do not increase their central value. Consequently, since we do not expect large ef-
fects from NNLO corrections intøtW ± production at largepT (tøt), a simulation of NLOtøtV +jets merged
sample ˆ la FxFx [441] should be sufÞcient in order to provide reliable predictions over the entire phase
space.
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Fig. 160: Comparison at 100 TeV between differential distribution of thetøt transverse momentum in
tøtW ± from calculations performed at different orders in QCD. The blue and red solid histograms are
obtained from thetøtW ± calculation at LO and NLO, respectively. The dashed histograms are obtained
from thetøtW ± j calculation at LO (light blue, purple, and light grey) and at NLO (green), for different
minimum cuts (50, 100, 150 GeV) on the jetpT . The lower inset shows the differentialK -factor as well
as the residual uncertainties given by thetøtW ± j calculation.

For completeness, we provide in table55 the total cross sections at LO and NLO accuracy for
tøtW ± j , tøtZj andtøtHj production, with a cutpT (j ) > 100GeV. At variance with what has been done
in Fig.160LO cross sections are calculated with LO PDFs and the corresponding! s.

In Þg.161we show additional proofs for the argument discussed so far. We plot relevant distribu-
tions for thetøtW ± j production. One can see that theW and the jet tends to be collinear, especially for
largepT (tøt), and that theW is typically soft.
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Fig. 161: Relevant distributions fortøtW ± j production, where the Þxed scaleµ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV! [pb] tøtHj t øtZj t øtW ± j

NLO 19.42+0 .7%
! 4.9%

+1 .0%
! 1.2% 32.38+2 .4%

! 7.4%
+0 .9%
! 1.1% 17.16+14 .9%

! 13.7%
+0 .7%
! 0.6%

LO 27.02+39 .3%
! 26.4%

+1 .1%
! 1.6% 39.81+39 .8%

! 26.7%
+1 .1%
! 1.6% 15.67+37 .7%

! 25.5%
+0 .5%
! 1.1%

K -factor 0.72 0.81 1.10

Table 55: Cross sections withpT (j ) > 100 GeV. The renormalisation and factorisation scales are set
equal toµg for thetøtV . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giantK -factors
for largepT (tøt) in tøt" production, see Þg.158. This process can originate from thegg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the Þnal-state quark, theqg ! tøt" q process can be
approximated as theqg ! tøtq process times aq ! q" splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on thepT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values ofpcut

T and/orR0, the size of theK -factors is reduced.
It is interesting to note that also corrections in the tail are much larger forµ = µg thanµ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scaleµg, whereasµa is by construction larger than2pT (tøt). This also suggests thatµg might be an
appropriate scale choice for this process only when the minimumpT cut and the isolation parameters on
the photon are harder.

In Þgs.162and163we respectively show thepT distributions for the top quark and the vector or
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Fig. 161: Relevant distributions fortøtW ± j production, where the Þxed scaleµ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV�[pb] tøtHj t øtZj t øtW ± j

NLO 19.42+0 .7%
! 4.9%

+1 .0%
! 1.2% 32.38+2 .4%

! 7.4%
+0 .9%
! 1.1% 17.16+14 .9%

! 13.7%
+0 .7%
! 0.6%

LO 27.02+39 .3%
! 26.4%

+1 .1%
! 1.6% 39.81+39 .8%

! 26.7%
+1 .1%
! 1.6% 15.67+37 .7%

! 25.5%
+0 .5%
! 1.1%

K -factor 0.72 0.81 1.10

Table 55: Cross sections withpT (j ) > 100 GeV. The renormalisation and factorisation scales are set
equal toµg for thetøtV . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giantK -factors
for largepT (tøt) in tøt� production, see Þg.158. This process can originate from thegg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the Þnal-state quark, theqg ! tøt�q process can be
approximated as theqg ! tøtq process times aq ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on thepT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values ofpcut

T and/orR0, the size of theK -factors is reduced.
It is interesting to note that also corrections in the tail are much larger forµ = µg thanµ = µa. This is
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Fig. 109: Feynman diagram for thetW ! tW scattering inpp collisions. Anomalous top couplings lead to the
ÞnaltW pair having large invariant masses, providing a unique handle to identify the signal.

Fig. 110: Invariant mass distributions for thetøtW j electroweak production at a100TeV collider. We applied
some benchmark cuts (inset top-right) on the tops and theW , speciÞcally on the transverse momentum (pT ),
pseudorapidity (! ), and invariant mass (m).

of events in a 100 TeV collider as a function of the maximum invariant mass between the pairstW and
øtW , for the set of cuts shown in the legend.21 The events in the presence of anomalousZt RtR couplings
are typically harder than in the SM (øcR = 0 ). The power of a 100 TeV collider in performing this type of
ÒprecisionÓ probes of the top couplings is apparent once we notice that the values oføcR used for the dis-
tributions are an order of magnitude smaller than those that the LHC will be able to probe after300fb! 1

of integrated luminosity (øcR " 0.3 [803]). Awaiting for a detailed study, the improvement in sensitivity
can be estimated by assuming that the a 100 TeV collider will be able to measure cross sections with
absolute uncertainties at the same level as at the LHC (a sensible assumption givenL = 10 ab! 1), but
for energies a factor

!
s100 TeV/s 13 TeV = 100/ 13 " 8 larger. Recalling that the new physics effects we

are interested in grow asøcR ös (see eq. (120)), we can then expect to probe at a 100 TeV collider values of
øcR at the per cent to per mille level (similar conclusions hold for the couplings of the left-handed top).

It is conceivable then that through a careful study ofpp ! tøtW j production, a 100 TeV collider
would be able to greatly improve our sensitivity to new physics modifying the top-Z couplings. Further-
more, as explained in ref. [803] this is not the only process which shows a strong high energy behaviour

21One should be aware that at a 100 TeV collider and for large invariant masses there could be large logarithms arising from
the collinear singularity of the gluon splitting. These have been partly tamed by cutting on thepT of the tops.
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The mechanism discussed in detail in previous paragraphs is also the source of the giantK -factors
for largepT (tøt) in tøt" production, see Þg.158. This process can originate from thegg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
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the scaleµg, whereasµa is by construction larger than2pT (tøt). This also suggests thatµg might be an
appropriate scale choice for this process only when the minimumpT cut and the isolation parameters on
the photon are harder.
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures

5.3.1 Measuring Top Couplings viatW/tZ Scattering

Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweakZ gauge boson have been
directly probed, intøtZ production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below100%[802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such astW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent ofW W scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig.109, tW scattering participates in the processpp ! tøtW j , giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at100TeV would signiÞcantly proÞt
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production ofpp !
tøtW +0(1) jets, which arises atO(g2(3)s gw) and has a cross section!

QCD

" 25pb. The signal arises
at O(gsg3w), with a cross section!

EW

" 4pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of" 0.7pb and" 0.06pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the Þnal state
particles.

Let us be speciÞc and focus on theZ coupling to the right-handed top quark,

cR gZt R tR
øtR" µ tRZ µ , (118)

wheregZt R tR = # 2

3

(gs2w/c w) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [803]

i øcR

v2
H   $!DµH øtR" µ tR , (119)

and gives rise to a deviation from the SM,cR # 1 = 3

4

øcR/s 2

w, of an expected sizeøcR % g2! v2/ ! 2,
where! is the mass of the resonance that has been integrated out, andg! its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitudetW ! tW grow with energy. The leading
divergence is given by

M = #
g2

2m2

W

!
ös(ös + öt) øcR + O(

&
ös) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].

Here we directly focus on the effects that such a high energy growth has on the kinematical vari-
ables associated withtøtW j production. In particular, for a sizeableøcR the particles that participate in
the strong scattering, theW and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig.110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged intW scattering.

151

understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures

5.3.1 Measuring Top Couplings viatW/tZ Scattering

Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweakZ gauge boson have been
directly probed, intøtZ production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below100%[802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such astW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent ofW W scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig.109, tW scattering participates in the processpp ! tøtW j , giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at100TeV would signiÞcantly proÞt
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production ofpp !
tøtW +0(1) jets, which arises atO(g2(3)

s gw) and has a cross section! QCD " 25pb. The signal arises
at O(gsg3

w), with a cross section! EW " 4pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of" 0.7pb and" 0.06pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the Þnal state
particles.

Let us be speciÞc and focus on theZ coupling to the right-handed top quark,

cR gZt R tR
øtR" µ tRZ µ , (118)

wheregZt R tR = # 2
3(gs2

w/c w) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [803]

i øcR

v2 H   $!DµH øtR" µ tR , (119)

and gives rise to a deviation from the SM,cR # 1 = 3
4øcR/s 2

w, of an expected sizeøcR % g2
! v2/ ! 2,

where! is the mass of the resonance that has been integrated out, andg! its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitudetW ! tW grow with energy. The leading
divergence is given by

M = #
g2

2m2
W

!
ös(ös + öt) øcR + O(

&
ös) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].

Here we directly focus on the effects that such a high energy growth has on the kinematical vari-
ables associated withtøtW j production. In particular, for a sizeableøcR the particles that participate in
the strong scattering, theW and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig.110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged intW scattering.

151

8

Dror, Farina, Salvioni, Serra 
arXiv:1511.03674 

BSM



   central asymmetries in    .

!
(p

T
("

) 
>

 p
T

,c
ut

) 
[p

b]

tt-" (µg), LHC100 NLO
LO

 1e! 06

 1e! 05

 0.0001

 0.001

 0.01

 0.1

M
ad

G
ra

ph
5_

aM
C

@
N

LO

#
(µ

g)

pT,cut [TeV]

LO unc. NLO unc.

 1
 2
 3

 1  2  3  4  5  6  7  8

!
(p

T
(H

) 
>

 p
T

,c
ut

) 
[p

b]

tt-H (µg), LHC100 NLO
LO

 1e! 06

 1e! 05

 0.0001

 0.001

 0.01

 0.1

M
ad

G
ra

ph
5_

aM
C

@
N

LO

"
(µ

g)

pT,cut [TeV]

LO unc. NLO unc.

 1

 2

 1  2  3  4  5  6  7  8

!
(p

T
(W

) 
>

 p
T

,c
ut

) 
[p

b]

tt-W± (µg), LHC100 NLO
LO

 1e! 05

 0.0001

 0.001

 0.01

 0.1

M
ad

G
ra

ph
5_

aM
C

@
N

LO

"
(µ

g)

pT,cut [TeV]

LO unc. NLO unc.

 3

 6

 1  2  3  4  5  6  7  8

!
(p

T
(Z

) 
>

 p
T

,c
ut

) 
[p

b]

tt-Z (µg), LHC100 NLO
LO

 1e! 05

 0.0001

 0.001

 0.01

 0.1

M
ad

G
ra

ph
5_

aM
C

@
N

LO

"
(µ

g)

pT,cut [TeV]

LO unc. NLO unc.

 1
 2
 3

 1  2  3  4  5  6  7  8

Fig. 164: Cumulative distributions for thepT of the vector or scalar boson,pT (V ) at 100 TeV. The format
of the plots is described in detail in the text.

dependence from LO to NLO results is much higher intøtH production than intøtV type processes.
Furthermore, for this observable,K -factors are in general not ßat also with the use of dynamical scales
in the case oftøtW ± andtøtH . From a phenomenological point of view, this is particularly important for
tøtW ± , since the cross section originating from the peripheral region is not suppressed.

In Þg.166we show distributions for the rapidities of the top quark and antiquark,y(t) andy(øt). In
this case we use a different format for the plots. In the main panel, as in the previous plots, we show LO
results in blue and NLO results in red. Solid lines correspond toy(t), while dashed lines refer toy(øt). In
the Þrst and second insets we plot the ratio of they(t) andy(øt) distributions at NLO and LO accuracy,
respectively. These ratios are in principle useful to identify which distribution is more central(peripheral)
and if there is a central asymmetry for the top-quark pair.

In the case oftøt production the charge asymmetryAc, which in protonÐproton collisions corre-
sponds to a central asymmetry deÞned as

Ac =
! (|yt | > |yøt |) ! ! (|yt | < |yøt |)
! (|yt | > |yøt |) + ! (|yt | < |yøt |)

, (80)

or to a forward-backward asymmetry in protonÐantiproton collisions, originates from QCD and EW
corrections. At NLO, the asymmetry receives contributions from the interference of initial- and Þnal-
state radiation of neutral vector bosons (gluon in QCD corrections, and photons orZ bosons in EW
corrections) [442Ð447]. Thus, the real-radiation contributions involve, at LO, the processespp " tøtZ
andpp " tøt" , which are analysed here both at LO and at NLO accuracy. Thetøt" production yields
an asymmetry already at LO, and this feature has been studied in [448]. The tøtZ production central
asymmetry is also expected to be non vanishing at LO. The asymmetry is instead analytically zero at
LO for tøtW ± (tøtH ) production, where the interference of initial- and Þnal-stateW (Higgs) bosons is not
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8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tøt
! (pb) 198+15%

! 14% 661+15%
! 13% 786+14%

! 13% 4630+12%
! 11% 30700+13%

! 13%

At
c(%) 0.72+0 .14

! 0.09 0.45+0 .09
! 0.06 0.43+0 .08

! 0.05 0.26+0 .04
! 0.03 0.12+0 .03

! 0.02

tøtW ±

! (fb) 210+11%
! 11% 587+13%

! 12% 678+14%
! 12% 3220+17%

! 13% 19000+20%
! 17%

At
c(%) 2.37+0 .56

! 0.38 2.24+0 .43
! 0.32 2.23+0 .43

! 0.33 1.95+0 .28
! 0.23 1.85+0 .21

! 0.17

Ab
c(%) 8.50+0 .15

! 0.10 7.54+0 .19
! 0.17 7.50+0 .24

! 0.22 5.37+0 .22
! 0.30 3.36+0 .15

! 0.19

Ae
c (%) ! 14.83! 0.65

+0 .95 ! 13.16! 0.81
+1 .12 ! 12.84! 0.81

+1 .11 ! 9.21! 0.87
+1 .05 ! 4.94! 0.63

+0 .72

Table 6: NLO+PS cross sections for tøt and tøtW ± and corresponding asymmetries at several cms energies. The quoted uncertainties are
estimated with scale variations.

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tøtW + , (qg,øqg) (%) 7.5 15 17 33 51

Table 7: Contribution of the qg parton subprocess at NLO for the tøtW + process for µf = µr = 2 mt .

¥ 14 TeV (L = 3000 fb! 1):

! rel At
c = 14%, ! rel Ab

c = 4%, ! rel A!
c = 2%

¥ 100 TeV (L = 3000 fb! 1):

! rel At
c = 3%, ! rel Ab

c = 2%, ! rel A!
c = 1%

where ! rel A = ! A/A is the relative precision on the asym-
metries. While a realistic experimental analysis will cer-
tainly degrade this optimal precision, these numbers show
the great potential of this observable.

We remark that the larger sensitivity of Ab,!
c compared

to At
c follows from the larger value of the former com-

pared to the latter. The sensitivity to the purely QCD
component ofAb,!

c , however, is comparable to the sensitiv-
ity of At

c. For example, at 100 TeV ! rel A!
c = 1% implies

! A!
c ! 0.0005, which is about 3% of its QCD component,

a precision consistent with what we quote forAt
c.

In conclusion, the main motivation of our work has
been the observation that the top quark charge asymme-
try in pp " tøtW ± at the LHC is larger than that of in-
clusive tøt, being of a few percents. In addition, the lep-
ton and b asymmetries are very large and already present
at the leading order due to the polarization of the initial
fermionic line by the W ± emission. As a simple applica-
tion, we have shown how the existence of an axigluon that
could describe the Tevatron measurements of the forward-
backward asymmetry would impact pp " tøtW ± and dis-
cussed the prospects in LHC Run II, HL-LHC and at fu-
ture colliders.

The tøtW ± Þnal state will not replace the use of the
tøt asymmetry, particularly while the total integrated lu-
minosity of the LHC is still below the O(100 fb! 1). In
the long term, however, it will provide a powerful probe,
complementary to the tøt asymmetry, and uniquely sensi-
tive to the chiral nature of possible new physics that were

to manifest itself in these measurements.
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Appendix A. qL øqR ! t øt vs qøq ! t øtW ±

We Þrst review the main features of polarizedqL øqR "
tøt scattering, on the same lines ase!

L e+
R " tøt is discussed

in Ref. [51]. In the beam line basis,i.e., when the polar-
ization axis of the top is the light antiquark direction in
the top rest frame, the polarized di" erential cross sections
d" t pol ,øt pol for an initial state qL øqR pair read

d" ""

dcos## =
d" $$

dcos## = N ($)
$2(1 # $2) sin2 ##

(1 + $ cos##)2 ,
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The W emission selects quark-antiquark initial states and polarizes the top quarks.  
It increases the asymmetry for the decay products and also eliminates the large and 
symmetric contribution the from the gluon-gluon initial state.

These values2 result from using the LO total cross sections
in the denominator of Eq. (1). This is justified by the fact
that, at the one-loop level, the asymmetry is a LO e! ect.
Using the NLO total cross section, which is ! 50% larger
than the LO one, the calculated asymmetries would be re-
duced to ! 2/ 3 of the above values. We believe that, in
absence of a complete NLO calculation of At

c, the di! er-
ence between the use of LO and NLO cross sections in the
denominator of Eq. (1) should be included in the estimate
of the overall theoretical uncertainty. Should the true SM
value of At

c end up being closer to the smaller values ob-
tained using the NLO cross sections (e.g. At

c ! 0.004 at"
s = 14 TeV), a robust and accurate measurement will be

a hard experimental challenge.
Alternative observables are known to enhance the size

of the asymmetry. For example, Ref. [13] estimates that
the asymmetry can increase by a factor of 2-3 placing
proper cuts on the invariant mass of the tøt system. The
smaller rates due to the extra cuts will be compensated by
the much larger statistics to become avilable at 13-14 TeV.
But the theoretical systematics will, by and large, remain
correlated with those of the predictions for the underlying
fully inclusive At

c.
In this work, we therefore consider an alternative pro-

duction mechanism for top quark pairs, which can pro-
vide a complementary handle for the determination of the
SM charge asymmetry, as well as an independent probe
of possible BSM sources of a deviation from the SM re-
sult. The mechanism we propose is the production of a tøt
pair in association with a W boson (Fig. 1). This produc-
tion process is indeed quite peculiar. At the LO in QCD
it can only occur via a qøq annihilation, and no contribu-
tion from gluons in the initial states is possible. This is
at variance with respect to tøtZ or tøt! , where the vector
boson can also couple to the top quark in the subprocess
gg # tøt. As it can be seen from Fig. 1, tøtW ± can be sim-
ply thought of as the standard qøq # tøt LO diagram, with
the W ± emitted from the initial state. At the NLO, the qg
channels can open up, yet the gluon-gluon fusion produc-
tion is not accessible until NNLO. As in qøq # tøt the top
and the anti-top are produced symmetrically at LO and
an asymmetry arises only starting at NLO due to interfer-
ence e! ects. As we will show in the following, the absence
of the symmetric gluon-gluon channel makes the resulting
asymmetry significantly larger than in tøt production.
The second key feature of tøtW ± is that the emission of
the W boson from the initial state acts as a polarizer for
quark and anti-quarks, e! ectively leading to the produc-
tion of polarized top and anti-top quarks. In other words,
the W -boson emission makes the production of a tøt pair
similar to that in polarized e+ e! collisions [21, 22, 23, 24].
As a result, the decay products of the top and anti-top dis-
play very asymmetrical distributions in rapidity already at

2The asymmetries for higher beam energies are determined in
Ref. [13] to be A t

c,y (8 TeV) = 0.0111 ± 0.0004 and A t
c,y (14 TeV) =

0.0067 ± 0.0004.

Figure 1: Feynman diagrams for the t¯tW ± production at leading
order in QCD.

tøt LO+PS NLO NLO+PS

! (pb) 128.8+35%
! 24% 198+15%

! 14%

At
c (%) 0.07 ± 0.03 0.61+0 .10

! 0.08 0.72+0 .14
! 0.09

Table 1: Total cross sections and the asymmetry A t
c for pp ! t¯t ,

calculated at NLO Þxed order, LO+PS, and NLO+PS at 8 TeV.
The quoted uncertainties are estimated with scale variations, except
for LO+PS A t

c where they are from MC statistics. For the NLO
(+PS) A t

c MC uncertainties are less than 0.1 (absolute value in %).

the leading order. We shall call this the EW component of
the asymmetry. In new physics scenarios, the emission of a
W boson might also act as a discriminator of the chirality
structure of new interactions, such as that of an axigluon
with light quarks, as already advocated in di! erent stud-
ies [25, 26, 27].

Results at the NLO and NLO+PS for the processes
tøtV (V = W ± , Z ) have appeared in the literature [28, 29,
30, 31, 32, 33, 34] yet no special attention has been given
to asymmetries, whether EW or QCD. The e! ect on the
asymmetry due to the emission of a photon has been re-
cently studied in Ref. [35]. Measurements of total rates are
also becoming available from the LHC experiments [36].

The plan of this article is as follows. In Section 2 we
present the predictions, at NLO in QCD, (with and with-
out including parton shower and hadronization e! ects) for
At

c in both tøt and tøtW ± production, and, in the latter
case, for the asymmetries of the decay products Ab

c and
A!

c. In Section 3, we compare the SM predictions to a
simple benchmark model featuring an axigluon compati-
ble with the Tevatron AFB measurements, along the lines
of what done in Ref. [37], to illustrate the peculiar dis-
criminating power of tøtW ± . In the final section we discuss
the prospects at present and future colliders and present
our conclusions. In Appendix A, we review the main fea-
tures of the polarized qøq annihilation into tøt, highlighting
the close similarity of angular distributions with those pre-
dicted in qøq # tøtW ± .

2. t øt and t øtW ± at NLO and NLO+PS

In order to study the top charge asymmetry at NLO for
both tøt and tøtW ± , we employ MadGraph5_aMC@NLO ,
a framework [38] which allows to automatically generate
the code needed to compute the cross section and any
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for tøtW ± in [8, 12Ð14] and for tøtt øt in [15]. In the case of tøtH both NLO QCD [ 16Ð19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature. [TS: We have checked thetøtt øt and tt !! papers. Should we check also others?]
[Davide: We could do some check fortøtH, t øt! , tøtZ , for tøtW ± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of globalK -
factors for tøtV V- and tøtV -type processes andtøtt øt production on the total energy of the
protonÐproton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tøtH production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts[TS: Not exaclty their cuts..] and the deÞnition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower e! ects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events withPythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processestøt!! , we compare LO, NLO results and LO predictions rescaled
by a global ßat K -factor for production only, as obtained in section2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section3.2we present an analysis at NLO accuracy for the searches oftøtH production
with the Higgs boson subsequently decaying into leptons, on the same lines of section3.1.
In this case, di! erent signal regions and exclusive Þnal states are considered, and they can
in general receive a contribution fromtøtt øt production and from all the tøtV - and tøtV V-type
processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the e! ects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-
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processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.
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In this section we describe the effects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO , and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-
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In this work we contribute to this aim, focussing on two speciÞc classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tøtV ) or two gauge vector bosons (tøtV V). The former includes the pro-
cessestøtW ± , tøtZ and tøt! , while the latter is constituted by tøtW + W ! , tøtZZ , tøt!! , tøtW ± ! ,
tøtW ± Z and tøtZ ! . In addition, we consider also the associate production of two top-quark
pairs (tøtt øt), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at Þxed
NLO QCD accuracy for all the tøtV - and tøtV V-type processes and fortøtt øt production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
deÞnition of) the renormalization and factorization scale. For thetøtV V-type processes
a detailed study of NLO QCD corrections has been performed only fortøt!! [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tøtV V-type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tøtH ) of a top-quark pair with a Higgs boson. SpeciÞcally, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! !! ). The processes
tøtW + W ! , tøtZZ , tøtW ± Z and tøt!! contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g.,tøtW + W ! production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, alsotøtt øt production gives a back-
ground contribution of the same size. Furthermore, thetøtV -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tøtV V and tøtt øt production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can Þnd in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here.[Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya]

The structure of the paper is the following. In section2 we present a detailed study
of the NLO QCD corrections to the cross sections oftøtV and tøtV V-type processes and
tøtt øt production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the di! erences among the usage of a
Þxed scale and other two possible deÞnitions of dynamical scales. Inclusive and di! erential
K -factors are also shown. As said, these processes are all part of the background to the
tøtH production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results fortøtH production.

NLO QCD corrections have already been calculated fortøt! in [7], for tøtZ in [8Ð12],
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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tøtZ cross sections, performed in Þducial regions of acceptance that make them suitable for a realistic
experimental analysis. As we shall discuss here, the theoretical understanding of these processes,
including NLO QCD [ 31, 32, 33] and EW [34, 35] corrections, and including the current knowledge of
PDFs, allows already today to support an intrinsic overall theoretical accuracy at the percent level.
This precision will certainly be consolidated, and further improved, by future developments. Today,
this allows to start probing the experimental prospects of the 100 TeV collider, to put in perspective the
role of precision Higgs measurements at a such a facility, and to provide useful performance benchmarks
for the design of the future detectors. In this Section we shall motivate such accuracy claim. What will
be learned, can also contribute to improve the expectations for future runs of the LHC, by improving
the predictions for the relative size of thetøtH signal and its irreducible tøtZ background.

2.1. Total rates and ratios

The main observation motivating the interest in the study of the tøtH/t øtZ ratio is the close analogy
between the two processes. At leading order (LO) they are both dominated by thegg initial state, with
the H or Z bosons emitted o! the top quark. The qøq-initiated processes, which at the 100 (13) TeV
amount for <! 10% (<! 30%) of the total rates, only di! er in the possibility to radiate the Z boson from
the light-quark initial state. The di ! erence induced by this e! ect, as we shall see, is not large, and is
greatly reduced at 100 TeV. At NLO, renormalization, factorization and cancellation of collinear and
soft singularities will be highly correlated between the two processes, since the relevant diagrams have
the same structure, due to the identity of the tree-level diagrams. This justiÞes correlating, in the
estimate of the renormalization and factorization scale uncertainties, the scale choices made fortøtH
and tøtZ . The uncertainties due to the mass of the top quark are also obviously fully correlated between
numerator and denominator. Furthermore, due to the closeness in mass of the Higgs andZ bosons
and the ensuing similar size of the values ofx probed by the two processes, and given that the choice
of PDFs to be used in numerator and denominator in the scan over PDF sets must be synchronized,
we expect a signiÞcant reduction in the PDF systematics for the ratio. Finally, the similar production
kinematics (although not identical, as we shall show in the next Section), should guarantee a further
reduction in the modeling of the Þnal-state structure, like shower-induced higher-order corrections,
underlying-event e! ects, hadronization, etc.

The above qualitative arguments are fully supported by the actual calculations. All results are
obtained using the MadGraph5 aMC@NLO code [36], which includes both NLO QCD and EW
corrections. The default parameter set used in this study is:

Parameter value Parameter value
Gµ 1.1987498350461625á10! 5 nlf 5
mt 173.3 yt 173.3

mW 80.419 mZ 91.188
mH 125.0 ↵! 1 128.930

MSTW2008 NLO [37] is the default PDF set and µR = µF = µ0 =
!

f " Þnal states mT,f / 2 is the default
for the central choice of renormalization and factorization scales, wheremT,f is the transverse mass
of the Þnal particle f . This scale choice interpolates between the dynamical scales that were shown in
Ref. [31] to minimize the pT dependence of the NLO/LO ratios for the top and Higgs spectra.

�(tøtH )[pb] �(tøtZ )[pb] �(tøtH )
�(tøtZ )

13 TeV 0.475+5 .79%+3 .33%
! 9.04%! 3.08% 0.785+9 .81%+3 .27%

! 11.2%! 3.12% 0.606+2 .45%+0 .525%
! 3.66%! 0.319%

100 TeV 33.9+7 .06%+2 .17%
! 8.29%! 2.18% 57.9+8 .93%+2 .24%

! 9.46%! 2.43% 0.585+1 .29%+0 .314%
! 2.02%! 0.147%

Table 1: Total cross sections �(tøtH ) and �(tøtZ ) and the ratios �(tøtH )/ �(tøtZ ) with
NLO QCD corrections at 13 TeV and 100 TeV. Results are presented together with the
renormalization/factorization scale and PDF+ ↵S uncertainties.

Fig. 34: Integrated distributions for thepT of the Higgs boson (upper solid line), the maximumpT of top and
antitop quarks (upper dashed line), and for the minimumpT of t, øt ndH , with different cuts on the! R separation
among different objects.
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Fig. 35: Scale and PDF systematics of ratios of integratedpT spectra for different observables, at 100 TeV. From
left to right: pT of the boson,pT of the top quark.

applied. The following results will give some concrete examples, focused on the discussion of scale and
PDF systematics.

We show in Fig.35 the ratio of the integratedpT spectra of various Þnal-state objectsX :
! [tøtH ](pT,X > p T,min )/ ! [tøtZ ](pT,X > p T,min ). On the left,X = H (Z ) for thetøtH (tøtZ ) process. In
the middle,X = t and on the rightX is thetøt system. We normalize the ratios to 1 atpT,min = 0 , so that
the resulting uncertainties correspond to the systematics in the extrapolation of the ratio of differential
distributions to the ratio of the total rates. The three upper panels show that the ratios are not a constant,
and can change buy up to 20% up topT = 500 GeV. The relative uncertainties, separately for the scale
and PDF variation (MSTW2008 NLO set), are shown in the lower plots. The scale uncertainties reach a
value of± 2% for the bosonpT spectra,± 1% for the top, and± 3% for thepT of the tøt pair. The PDF
uncertainties remain well below the percent level throughout.
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- Same initial states 
- Comparable masses in the final states 
- Very similar kinematic distributions

for tøtW ± in [8, 12Ð14] and for tøtt øt in [15]. In the case of tøtH both NLO QCD [ 16Ð19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature. [TS: We have checked thetøtt øt and tt !! papers. Should we check also others?]
[Davide: We could do some check fortøtH, t øt! , tøtZ , for tøtW ± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of globalK -
factors for tøtV V- and tøtV -type processes andtøtt øt production on the total energy of the
protonÐproton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tøtH production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts[TS: Not exaclty their cuts..] and the deÞnition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events withPythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processestøt!! , we compare LO, NLO results and LO predictions rescaled
by a global ßat K -factor for production only, as obtained in section2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section3.2we present an analysis at NLO accuracy for the searches oftøtH production
with the Higgs boson subsequently decaying into leptons, on the same lines of section3.1.
In this case, different signal regions and exclusive Þnal states are considered, and they can
in general receive a contribution fromtøtt øt production and from all the tøtV - and tøtV V-type
processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO , and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-
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In this work we contribute to this aim, focussing on two speciÞc classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tøtV ) or two gauge vector bosons (tøtV V). The former includes the pro-
cessestøtW ± , tøtZ and tøt! , while the latter is constituted by tøtW + W ! , tøtZZ , tøt!! , tøtW ± ! ,
tøtW ± Z and tøtZ ! . In addition, we consider also the associate production of two top-quark
pairs (tøtt øt), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at Þxed
NLO QCD accuracy for all the tøtV - and tøtV V-type processes and fortøtt øt production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
deÞnition of) the renormalization and factorization scale. For thetøtV V-type processes
a detailed study of NLO QCD corrections has been performed only fortøt!! [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tøtV V-type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tøtH ) of a top-quark pair with a Higgs boson. SpeciÞcally, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! !! ). The processes
tøtW + W ! , tøtZZ , tøtW ± Z and tøt!! contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g.,tøtW + W ! production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, alsotøtt øt production gives a back-
ground contribution of the same size. Furthermore, thetøtV -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tøtV V and tøtt øt production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can Þnd in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here.[Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya]

The structure of the paper is the following. In section2 we present a detailed study
of the NLO QCD corrections to the cross sections oftøtV and tøtV V-type processes and
tøtt øt production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the di! erences among the usage of a
Þxed scale and other two possible deÞnitions of dynamical scales. Inclusive and di! erential
K -factors are also shown. As said, these processes are all part of the background to the
tøtH production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results fortøtH production.

NLO QCD corrections have already been calculated fortøt! in [7], for tøtZ in [8Ð12],

Ð 2 Ð Ratios of (inclusive) cross sections have  
~ 1-2 % theoretical uncertainties.

NLO QCD + NLO EW accuracy
from Frixione, Hirschi, DP, Shao, Zaro 
arXiv:1504.03446
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4.4 Measurement of top Yukawa coupling from the t øtH/t øtZ ratio
ThetøtH production process can be studied for a variety of Higgs decay channels. We collect in Table22
the event rates for potentially interesting Higgs decays combined withtøtH production, for an integrated
luminosity of 20 ab! 1 at 100 TeV. These numbers include the branching ratio for the mixed lepton-hadron
tøt ! !" ! + jets decay (! = e, µ), in addition to the relevant Higgs branching ratios.

Since analysis cuts and efÞciencies will further reduce these rates, the otherwise very cleanH !
4! will hardly meet the target of the 1% precision. In the case ofH ! ##, basic parton level cuts such
as:

pT," ,b,j > 25 GeV , |$" ,b,j | < 2.5 , ! Rjj,bb,bj > 0.4

pT,! > 20 GeV , |$! | < 2.5 (20)

leave around5á104 events with 20 ab! 1, while thetøt## background, subject to a|m"" " 125| < 5 GeV
cut, is almost a factor of 10 smaller. TheH ! 2!2" Þnal state has also a potentially interesting rate,
which will deserve a dedicated study.

The large rate forH ! bøb decays allows to consider boosted topologies, placing tight cuts on
the emerging jets, and drastically reducing the various sources of backgrounds. Figure33 shows, for
example, that requestingpT,H > 500GeV gives a rate ofO(1) pb, or 10M events with 10 ab! 1. This
improved statistics also allows us to rely on a well-measured and similarly peakedtøtZ ! tøt bøbsignal to
reduce systematic and theoretical uncertainties, as anticipated in Section3.6, and discussed in detail in
Ref. [133]. We summarize here these Þndings, and update the results of that work to a broader range of
HiggspT . We refer to Ref. [133] for the details.

The analysis models the Þrst HEPTOPTAGGERapplication totøtH production withH ! bøb[152],
and builds on the recent improvements in the HEPTOPTAGGER2 [153] and in the BDRS Higgs tag-
ger [151], which reduce background sculpting and increase the signal statistics.

We consider the Þnal states:

pp ! tøtH ! (bjj ) (øb! ø" ) (bøb), (b!" ) (øbjj ) (bøb) . (21)

and the leading backgrounds:

pp ! tøt bøb, the main irreducible QCD background
pp ! tøtZ , including theZ -peak in thembb distribution
pp ! tøt+ jets with fake-bottoms tags

The analysis requires:

1. an isolated lepton with|y! | < 2.5 andpT,! > 15GeV.

2. a tagged top (R = 1 .8, pT,j > 200GeV, |y(t )
j | < 4) without anyb-tag requirement

3. a tagged Higgs jet with twob-tags inside (R = 1 .2, pT,j > 200GeV, |y(H )
j | < 2.5)

4. ab-tagged jet (R = 0 .6, pT,j > 30GeV,|yb| < 2.5) outside the top and Higgs fat jets, correspond-
ing to the top decaying semileptonically.

H ! 4! H ! ## H ! 2!2" H ! bøb
2.6 á104 4.6 á105 2.0 á106 1.2 á108

Table 22: tøtH event rates for various Higgs decay modes, with 20 ab! 1 at 100 TeV, assumingtøt ! !" + jets. Here
and for Higgs decays,! can be either an electron or a muon.
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.  determination via         and     .for tøtW ± in [8, 12Ð14] and for tøtt øt in [15]. In the case of tøtH both NLO QCD [ 16Ð19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature. [TS: We have checked thetøtt øt and tt !! papers. Should we check also others?]
[Davide: We could do some check fortøtH, t øt! , tøtZ , for tøtW ± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of globalK -
factors for tøtV V- and tøtV -type processes andtøtt øt production on the total energy of the
protonÐproton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tøtH production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts[TS: Not exaclty their cuts..] and the deÞnition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events withPythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processestøt!! , we compare LO, NLO results and LO predictions rescaled
by a global ßat K -factor for production only, as obtained in section2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section3.2we present an analysis at NLO accuracy for the searches oftøtH production
with the Higgs boson subsequently decaying into leptons, on the same lines of section3.1.
In this case, different signal regions and exclusive Þnal states are considered, and they can
in general receive a contribution fromtøtt øt production and from all the tøtV - and tøtV V-type
processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO , and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-
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In this work we contribute to this aim, focussing on two speciÞc classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tøtV ) or two gauge vector bosons (tøtV V). The former includes the pro-
cessestøtW ± , tøtZ and tøt! , while the latter is constituted by tøtW + W ! , tøtZZ , tøt!! , tøtW ± ! ,
tøtW ± Z and tøtZ ! . In addition, we consider also the associate production of two top-quark
pairs (tøtt øt), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at Þxed
NLO QCD accuracy for all the tøtV - and tøtV V-type processes and fortøtt øt production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
deÞnition of) the renormalization and factorization scale. For thetøtV V-type processes
a detailed study of NLO QCD corrections has been performed only fortøt!! [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tøtV V-type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tøtH ) of a top-quark pair with a Higgs boson. SpeciÞcally, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! !! ). The processes
tøtW + W ! , tøtZZ , tøtW ± Z and tøt!! contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g.,tøtW + W ! production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, alsotøtt øt production gives a back-
ground contribution of the same size. Furthermore, thetøtV -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tøtV V and tøtt øt production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can Þnd in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here.[Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya]

The structure of the paper is the following. In section2 we present a detailed study
of the NLO QCD corrections to the cross sections oftøtV and tøtV V-type processes and
tøtt øt production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the di! erences among the usage of a
Þxed scale and other two possible deÞnitions of dynamical scales. Inclusive and di! erential
K -factors are also shown. As said, these processes are all part of the background to the
tøtH production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results fortøtH production.

NLO QCD corrections have already been calculated fortøt! in [7], for tøtZ in [8Ð12],
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1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).

4.4 Measurement of top Yukawa coupling from thet øtH/t øtZ ratio

ThetøtH production process can be studied for a variety of Higgs decay channels. We collect in Table22
the event rates for potentially interesting Higgs decays combined withtøtH production, for an integrated
luminosity of 20 ab! 1 at 100 TeV. These numbers include the branching ratio for the mixed lepton-hadron
tøt ! !" ! + jets decay (! = e, µ), in addition to the relevant Higgs branching ratios.

Since analysis cuts and efÞciencies will further reduce these rates, the otherwise very cleanH !
4! will hardly meet the target of the 1% precision. In the case ofH ! ##, basic parton level cuts such
as:

pT," ,b,j > 25 GeV , |$" ,b,j | < 2.5 , ! Rjj,bb,bj > 0.4

pT,! > 20 GeV , |$! | < 2.5 (20)

leave around5á104 events with 20 ab! 1, while thetøt## background, subject to a|m"" " 125| < 5 GeV
cut, is almost a factor of 10 smaller. TheH ! 2!2" Þnal state has also a potentially interesting rate,
which will deserve a dedicated study.

The large rate forH ! bøb decays allows to consider boosted topologies, placing tight cuts on
the emerging jets, and drastically reducing the various sources of backgrounds. Figure33 shows, for
example, that requestingpT,H > 500GeV gives a rate ofO(1) pb, or 10M events with 10 ab! 1. This
improved statistics also allows us to rely on a well-measured and similarly peakedtøtZ ! tøt bøbsignal to
reduce systematic and theoretical uncertainties, as anticipated in Section3.6, and discussed in detail in
Ref. [133]. We summarize here these Þndings, and update the results of that work to a broader range of
HiggspT . We refer to Ref. [133] for the details.

The analysis models the Þrst HEPTOPTAGGERapplication totøtH production withH ! bøb[152],
and builds on the recent improvements in the HEPTOPTAGGER2 [153] and in the BDRS Higgs tag-
ger [151], which reduce background sculpting and increase the signal statistics.

We consider the Þnal states:

pp ! tøtH ! (bjj ) (øb! ø" ) (bøb), (b!" ) (øbjj ) (bøb) . (21)

and the leading backgrounds:

pp ! tøt bøb, the main irreducible QCD background
pp ! tøtZ , including theZ -peak in thembb distribution
pp ! tøt+ jets with fake-bottoms tags

The analysis requires:

1. an isolated lepton with|y! | < 2.5 andpT,! > 15GeV.

2. a tagged top (R = 1 .8, pT,j > 200GeV, |y(t)
j | < 4) without anyb-tag requirement

3. a tagged Higgs jet with twob-tags inside (R = 1 .2, pT,j > 200GeV, |y(H)
j | < 2.5)

4. ab-tagged jet (R = 0 .6, pT,j > 30GeV,|yb| < 2.5) outside the top and Higgs fat jets, correspond-
ing to the top decaying semileptonically.

H ! 4! H ! ## H ! 2!2" H ! bøb
2.6 á104 4.6 á105 2.0 á106 1.2 á108

Table 22: tøtH event rates for various Higgs decay modes, with 20 ab! 1 at 100 TeV, assumingtøt ! !" + jets. Here
and for Higgs decays,! can be either an electron or a muon.
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Final states:

Background

Analysis

In this work we contribute to this aim, focussing on two speciÞc classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tøtV ) or two gauge vector bosons (tøtV V). The former includes the pro-
cessestøtW ± , tøtZ and tøt! , while the latter is constituted by tøtW + W ! , tøtZZ , tøt!! , tøtW ± ! ,
tøtW ± Z and tøtZ ! . In addition, we consider also the associate production of two top-quark
pairs (tøtt øt), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at Þxed
NLO QCD accuracy for all the tøtV - and tøtV V-type processes and fortøtt øt production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
deÞnition of) the renormalization and factorization scale. For thetøtV V-type processes
a detailed study of NLO QCD corrections has been performed only fortøt!! [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tøtV V-type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tøtH ) of a top-quark pair with a Higgs boson. SpeciÞcally, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! !! ). The processes
tøtW + W ! , tøtZZ , tøtW ± Z and tøt!! contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g.,tøtW + W ! production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, alsotøtt øt production gives a back-
ground contribution of the same size. Furthermore, thetøtV -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tøtV V and tøtt øt production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can Þnd in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here.[Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya]

The structure of the paper is the following. In section2 we present a detailed study
of the NLO QCD corrections to the cross sections oftøtV and tøtV V-type processes and
tøtt øt production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the di! erences among the usage of a
Þxed scale and other two possible deÞnitions of dynamical scales. Inclusive and di! erential
K -factors are also shown. As said, these processes are all part of the background to the
tøtH production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results fortøtH production.

NLO QCD corrections have already been calculated fortøt! in [7], for tøtZ in [8Ð12],
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Figure 6: Left: Reconstructedmbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet and a continuumb-tag. Unlike in Fig. 3 we apply an N -subjettiness cut
and use an optimalR version of the BDRS tagger. Right: Double-peak Þt assuming perfect continuum
background subtraction. The event numbers are scaled toL = 20 ab! 1.

can Þx the shape of both distributions by Þtting a Crystal Ball function [59] to each of them as
done in the right panel of Fig. 5. For these Þts we limit the exponent of the non-Gaussian tails to
50. In addition we Þx the peak positions accounting for a shift due to losses in the reconstruction.
Their linear combination allows us to model the background subtracted mass distribution. In the
combined Þt we keep all shape parameters Þxed and allow only for separate scaling factors of each
peak. From the double Crystal Ball function we Þnally receive the relative size of the two peak areas
NH /N Z = 2 .80± 0.03. Using the combined Þt therefore allows us to probe the top Yukawa coupling
with a statistical precision of ! 0.5%. Given the discussion of Section2, this precision can be eventually
matched by the theoretical systematics, assuming no new physics a! ects tøtZ production beyond the
percent level. It remains to be explored to which extent the future detectors can beneÞt from the
potential cancellations of experimental systematics in the measurement of theNH /N Z ratio.

5. Outlook

The top Yukawa coupling is one of two key parameter required for the understanding of the Higgs
potential, and it is a crucial ingredient to the measurement of the Higgs self-coupling. At the LHC
its determination will be limited to around " yt /y t " 10% because of statistical as well as theoretical
uncertainties [9, 5]. At a 100 TeV hadron collider the increased statistics will signiÞcantly improve
this measurement.

We proposed here to measure the top Yukawa coupling using the decayH # bøb in the boosted
phase space regime. Our simple analysis strategy [6] relies on a trigger lepton and two fat jets, one from
the hadronic Higgs decay and one from the hadronic top decay. Thembb distribution will show a clear
peak from the Higgs signal as well as a similarly large peak from theZ background. The continuum
side band and the second peak o! er two ways to control the backgrounds as well as the translation
of the tøt bøb rate into a measurement of the Yukawa coupling. We Þnd that a measurement of the
top Yukawa coupling to around 1% should be feasible at 100 TeV collider energy with an integrated
luminosity of 20 ab! 1. This is an order of magnitude improvement over the expected LHC reach, with
signiÞcantly improved control over the critical uncertainties.

There exist additional, complementary handles on the uncertainties. For example, theH # !!
decay could allow a direct measurement of the ratio of branching ratiosB (H # !! )/B (H # bøb).
It would serve as be complementary, although indirect, probe of thetøtH coupling. Furthermore,
H # 2"2# could also be interesting, since there is enough rate to explore the regimepT,H $ mH ,
which, particularly for the e± µ" #ø# Þnal state, could prove particularly clean.
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1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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pairs (tøtt øt), since it will be relevant for the phenomenological analyses that are presented
in this work.
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a detailed study of NLO QCD corrections has been performed only fortøt!! [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tøtV V-type processes [5].
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to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
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tøtW + W ! , tøtZZ , tøtW ± Z and tøt!! contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g.,tøtW + W ! production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, alsotøtt øt production gives a back-
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mated way via the MadGraph5_aMC@NLO framework [5]. The reader can Þnd in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here.[Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya]
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LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

The analysis for largerpT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband ! NS/NS NS/NB NS/
!

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we countNS in the region withNS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The correspondingmbb distribution is binned in steps of 10 GeV.NB is the sum of all
tøtbøb, tøt+ jets andtøtZ events combined. We notice that the precision on the number of extracted signal
events,! NS/NS, remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball Þt of theZ andH signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of thetøt bøb rate into a measurement of the Yukawa coupling. We therefore Þnd that
ytop could be measured to around1% with a 100 TeV collider and an integrated luminosity of 20 ab! 1.
This is an order of magnitude improvement over the expected LHC reach, with signiÞcantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by thetøtH study. For example, the
H " !! decay could allow a direct measurement of the ratio of branching ratiosB(H " !! )/B(H "
bøb). It would serve as a complementary, although indirect, probe of thetøtH coupling. Furthermore,
H " 2"2# could also be interesting, since there is enough rate to explore the regimepT,H # mH ,
which, especially for thee± µ" #ø# Þnal state, could be particularly clean.

4.5 Combined determination ofyt and ! (H ) from ttH vs t øtt øt production

Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (" H ) and its coupling to top-quark (yHt øt ), through thetøtH
andtøttøt productions at a 100 TeVpp collider. The top Yukawa-coupling can be measured in thetøtH
production. An ultimate precision of about 1% is expected at a 100 TeVpp collider in the channel of
pp " tøtH " tøtbøb with an integrated luminosity (L ) of 20 ab! 1, assuming theH " bøb branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example," H

might differ from the SM value (" SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to Þnd a new experimental input to relax the assumption. Four top-quark (tøttøt)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
thetøtH andtøttøt productions also determines" H precisely [159].

Under the narrow width approximation, the production cross section ofpp " tøtH " tøtbøb is

$(pp " tøtH " tøtbøb) = $SM(pp " tøtH " tøtbøb) $ %2
t %2

b
" SM

H

" H

% $SM(pp " tøtH " tøtbøb) $ µbøb
tøtH ,
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For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

The analysis for largerpT cuts leads to the numbers in the following table:
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!
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For the signal region we countNS in the region withNS/N B > 1/ 5, for the sideband region we require
NS/N B < 1/ 10. The correspondingmbb distribution is binned in steps of 10 GeV.NB is the sum of all
tøtbøb, tøt+ jets andtøtZ events combined. We notice that the precision on the number of extracted signal
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important validation of the robustness of the analysis.
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Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of thetøt bøbrate into a measurement of the Yukawa coupling. We therefore Þnd that
ytop could be measured to around1% with a 100 TeV collider and an integrated luminosity of 20 ab! 1.
This is an order of magnitude improvement over the expected LHC reach, with signiÞcantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by thetøtH study. For example, the
H " !! decay could allow a direct measurement of the ratio of branching ratiosB (H " !! )/B (H "
bøb). It would serve as a complementary, although indirect, probe of thetøtH coupling. Furthermore,
H " 2"2# could also be interesting, since there is enough rate to explore the regimepT,H # mH ,
which, especially for thee± µ" #ø# Þnal state, could be particularly clean.

4.5 Combined determination ofyt and ! (H ) from ttH vs t øtt øt production

Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (" H ) and its coupling to top-quark (yHt øt ), through thetøtH
andtøtt øt productions at a 100 TeVpp collider. The top Yukawa-coupling can be measured in thetøtH
production. An ultimate precision of about 1% is expected at a 100 TeVpp collider in the channel of
pp " tøtH " tøtbøbwith an integrated luminosity (L ) of 20 ab! 1, assuming theH " bøbbranching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example," H

might differ from the SM value (" SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to Þnd a new experimental input to relax the assumption. Four top-quark (tøtt øt)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
thetøtH andtøtt øt productions also determines" H precisely [159].

Under the narrow width approximation, the production cross section ofpp " tøtH " tøtbøb is
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FIG. 1. Illustrative Feynman diagrams of tøtt øt productions.

and R! based on Eqs.4 and 5, respectively. Below
we show that the tøtt øt production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tøtt øt production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements asM g, M Z/ ! , and
M H . There are two advantages of the Higgs-induced
tøtt øt production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

! (tøtt øt)H ! " 4
t ! SM (tøtt øt)H , (6)

where ! SM (tøtt øt)H denotes the SM production cross
section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di ! er from the SM value
throughout this work. As a result, the cross section of
tøtt øt production is

! (tøtt øt) = ! SM (tøtt øt)g+ Z/ ! + " 2
t ! SM

int + " 4
t ! SM (tøtt øt)H , (7)

where

! SM (tøtt øt)g+ Z/ ! !
!
!M g + M Z/ !

!
!2

,

! SM (tøtt øt)H ! |M H |2 ,

! SM (tøtt øt)int ! M g+ Z/ ! M  
H + M  

g+ Z/ ! M H . (8)

We use MadEvent [5] to calculate the leading order cross
section of tøtt øt production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

! SM (tøtt øt)g+ Z/ ! : 1.193 fb, 12.390 fb,

! SM (tøtt øt)H : 0.166 fb, 1.477 fb,

! SM (tøtt øt)int : " 0.229 fb, " 2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5! discovery of the raretøtt øt production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, ! (tøtt øt) # 23 fb, is reported recently by

the ATLAS [ 7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of " t # 3.49. The " t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.

Next we examine how well the top-quark Yukawa
coupling could be measured in thetøtt øt production at
the future LHC. A special signature of the tøtt øt events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [ 9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-ßavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identiÞed asb-jets. The two invisible
neutrinos appear as a missing transverse momentum ($ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least Þve jets and three
of them tagged asb-jets, and a large$ET .

The SM backgrounds for same-sign leptons can be
divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W ± W ± jj ; ii) fake lepton, which comes from heavy quark
jet, namely b-decays, and the dominant one is thetøt + X
events [11]; iii) charge misidentiÞcation. As pointed out
by the CMS collaboration [10], the background from
charge mis-identiÞcation is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tøt + X and rare SM processes
contributions. For four top quark production process
another feature worthy being speciÞed is that multiple
b-jets decay from top quark appear in the Þnal state.
Same-sign lepton plus multiple b-jets has a signiÞcant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the Þnal state.
Therefore, the major backgrounds are from thetøt + X
and W ± W ± jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K -factor, e.g., K F = 1 .27
for the tøtt øt production [12], K F = 1 .4 for the øtt
production [13, 14], K F = 1 .22 for the øttW + channel
and K F = 1 .27 for the øttW ! channel [15], K F = 1 .49
for the øttZ production [16Ð21], and K F = 0 .9 for
the W ± W ± jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e! ects.
The Delphes package [25] is used to simulate detector
smearing e! ects in accord to a fairly standard Gaussian-
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kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di ! er from the SM value
throughout this work. As a result, the cross section of
tøtt øt production is

! (tøtt øt) = ! SM (tøtt øt)g+ Z/ ! + " 2
t ! SM

int + " 4
t ! SM (tøtt øt)H , (7)

where

! SM (tøtt øt)g+ Z/ ! !
!
!M g + M Z/ !
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,

! SM (tøtt øt)H ! |M H |2 ,

! SM (tøtt øt)int ! M g+ Z/ ! M  
H + M  

g+ Z/ ! M H . (8)

We use MadEvent [5] to calculate the leading order cross
section of tøtt øt production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

! SM (tøtt øt)g+ Z/ ! : 1.193 fb, 12.390 fb,

! SM (tøtt øt)H : 0.166 fb, 1.477 fb,

! SM (tøtt øt)int : " 0.229 fb, " 2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5! discovery of the raretøtt øt production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, ! (tøtt øt) # 23 fb, is reported recently by

the ATLAS [ 7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of " t # 3.49. The " t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.

Next we examine how well the top-quark Yukawa
coupling could be measured in thetøtt øt production at
the future LHC. A special signature of the tøtt øt events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [ 9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-ßavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identiÞed asb-jets. The two invisible
neutrinos appear as a missing transverse momentum ($ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least Þve jets and three
of them tagged asb-jets, and a large$ET .

The SM backgrounds for same-sign leptons can be
divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W ± W ± jj ; ii) fake lepton, which comes from heavy quark
jet, namely b-decays, and the dominant one is thetøt + X
events [11]; iii) charge misidentiÞcation. As pointed out
by the CMS collaboration [10], the background from
charge mis-identiÞcation is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tøt + X and rare SM processes
contributions. For four top quark production process
another feature worthy being speciÞed is that multiple
b-jets decay from top quark appear in the Þnal state.
Same-sign lepton plus multiple b-jets has a signiÞcant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the Þnal state.
Therefore, the major backgrounds are from thetøt + X
and W ± W ± jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K -factor, e.g., K F = 1 .27
for the tøtt øt production [12], K F = 1 .4 for the øtt
production [13, 14], K F = 1 .22 for the øttW + channel
and K F = 1 .27 for the øttW ! channel [15], K F = 1 .49
for the øttZ production [16Ð21], and K F = 0 .9 for
the W ± W ± jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e! ects.
The Delphes package [25] is used to simulate detector
smearing e! ects in accord to a fairly standard Gaussian-
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and R! based on Eqs.4 and 5, respectively. Below
we show that the tøtt øt production is a powerful tool to
constrain the top Yukawa coupling.
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of the tøtt øt production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements asM g, M Z/ ! , and
M H . There are two advantages of the Higgs-induced
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width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.
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quarks have been well established, we consider only the
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We use MadEvent [5] to calculate the leading order cross
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results are summarized as follows:
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null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
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8 TeV LHC. That yields a bound of " t # 3.49. The " t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.

Next we examine how well the top-quark Yukawa
coupling could be measured in thetøtt øt production at
the future LHC. A special signature of the tøtt øt events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [ 9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-ßavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identiÞed asb-jets. The two invisible
neutrinos appear as a missing transverse momentum ($ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least Þve jets and three
of them tagged asb-jets, and a large$ET .

The SM backgrounds for same-sign leptons can be
divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W ± W ± jj ; ii) fake lepton, which comes from heavy quark
jet, namely b-decays, and the dominant one is thetøt + X
events [11]; iii) charge misidentiÞcation. As pointed out
by the CMS collaboration [10], the background from
charge mis-identiÞcation is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tøt + X and rare SM processes
contributions. For four top quark production process
another feature worthy being speciÞed is that multiple
b-jets decay from top quark appear in the Þnal state.
Same-sign lepton plus multiple b-jets has a signiÞcant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the Þnal state.
Therefore, the major backgrounds are from thetøt + X
and W ± W ± jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K -factor, e.g., K F = 1 .27
for the tøtt øt production [12], K F = 1 .4 for the øtt
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and R! based on Eqs.4 and 5, respectively. Below
we show that the tøtt øt production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tøtt øt production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements asM g, M Z/ ! , and
M H . There are two advantages of the Higgs-induced
tøtt øt production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

! (tøtt øt)H ! " 4
t ! SM (tøtt øt)H , (6)

where ! SM (tøtt øt)H denotes the SM production cross
section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di ! er from the SM value
throughout this work. As a result, the cross section of
tøtt øt production is

! (tøtt øt) = ! SM (tøtt øt)g+ Z/ ! + " 2
t ! SM

int + " 4
t ! SM (tøtt øt)H , (7)

where
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,

! SM (tøtt øt)H ! |M H |2 ,

! SM (tøtt øt)int ! M g+ Z/ ! M  
H + M  

g+ Z/ ! M H . (8)

We use MadEvent [5] to calculate the leading order cross
section of tøtt øt production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

! SM (tøtt øt)g+ Z/ ! : 1.193 fb, 12.390 fb,

! SM (tøtt øt)H : 0.166 fb, 1.477 fb,

! SM (tøtt øt)int : " 0.229 fb, " 2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5! discovery of the raretøtt øt production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, ! (tøtt øt) # 23 fb, is reported recently by

the ATLAS [ 7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of " t # 3.49. The " t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.

Next we examine how well the top-quark Yukawa
coupling could be measured in thetøtt øt production at
the future LHC. A special signature of the tøtt øt events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [ 9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-ßavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identiÞed asb-jets. The two invisible
neutrinos appear as a missing transverse momentum ($ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least Þve jets and three
of them tagged asb-jets, and a large$ET .

The SM backgrounds for same-sign leptons can be
divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W ± W ± jj ; ii) fake lepton, which comes from heavy quark
jet, namely b-decays, and the dominant one is thetøt + X
events [11]; iii) charge misidentiÞcation. As pointed out
by the CMS collaboration [10], the background from
charge mis-identiÞcation is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tøt + X and rare SM processes
contributions. For four top quark production process
another feature worthy being speciÞed is that multiple
b-jets decay from top quark appear in the Þnal state.
Same-sign lepton plus multiple b-jets has a signiÞcant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the Þnal state.
Therefore, the major backgrounds are from thetøt + X
and W ± W ± jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K -factor, e.g., K F = 1 .27
for the tøtt øt production [12], K F = 1 .4 for the øtt
production [13, 14], K F = 1 .22 for the øttW + channel
and K F = 1 .27 for the øttW ! channel [15], K F = 1 .49
for the øttZ production [16Ð21], and K F = 0 .9 for
the W ± W ± jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e! ects.
The Delphes package [25] is used to simulate detector
smearing e! ects in accord to a fairly standard Gaussian-

! SM(tøtt øt)g+ Z/ ! : 12.390 fb, 3276 fb,

! SM(tøtt øt)H : 1.477 fb, 271.3 fb,

! SM(tøtt øt)int : ! 2.060 fb, ! 356.9 fb. (29)

The numerical results shown above are checked with CalcHEP [162]. The NLO QCD corrections to the
tøtt øtg background is calculated in Ref. [163], which is about4934 fbwith 25% uncertainty. Unfortunately,
as the QCD corrections to the interference and electroweak contributions is not available yet, a tree-level
simulation of the signal process is used to estimate the accuracy of Higgs width measurement.

A special signature of the four top-quark events is the same-sign charged leptons (SSL) from the
two same-sign top quarks. The ATLAS and CMS collaborations have extensively studied the same sign
lepton pair signal at the LHC [164,165]. The other two top quarks are demanded to decay hadronically in
order to maximize the production rate. Therefore, the topology of the signal event consists of two same-
sign charged leptons, fourb-quarks, four light-ßavor quarks, and two invisible neutrinos. In practice it
is challenging to identify fourb-jets. Instead, we demand at least 5 jets are tagged and three of them
are identiÞed asb-jets. The two invisible neutrinos appear as a missing transverse momentum ("ET ) in
the detector. Thus, the collider signature of interests to us is two same-sign leptons, at least Þve jets and
three of them tagged asb-jets, and a large"ET .

The SM backgrounds for same-sign leptons can be divided into three categories: i) prompt same-
sign lepton pair from SM rare process, including di-boson andW ± W ± jj ; ii) fake lepton, which comes
from heavy quark jet, namelyb-decays, and the dominant one is thetøt + X events [166]; iii) charge
misidentiÞcation. As pointed out by the CMS collaboration [165], the background from charge mis-
identiÞcation is generally much smaller and stays below the few-percent level. We thus ignore this type
of backgrounds in our simulation and focus on those non-prompt backgroundstøt + X and rare SM
processes contributions. For four top quark production process another feature worthy being speciÞed is
that multipleb-jets decay from top quark appear in the Þnal state. Same-sign lepton plus multipleb-jets
has a signiÞcant discrimination with the backgrounds. From above analysis, it is clear that the major
backgrounds aretøt + X andW ± W ± jj . Another SM processes can contribute the same-sign lepton are
di-boson, while it can be highly suppressed by the request of multiple jets in the Þnal state. Therefore we
focus on thetøt + X , W ± W ± jj andtøtt øt(g) backgrounds below. The cross section of thetøt production is
calculated with the next-to-leading-order(NLO) QCD correction using MCFM package [64]. The NLO
QCD corrections to thetøtZ andtøtW background are taken into account by multiplying the leading order
cross sections with a constantK -factor; for example,K F = 1 .17 for the tøtZ andK F = 2 .20 for the
tøtW production [6].

Both the signal and background events are generated at the parton level using MadEvent [161] at
the 100 TeV proton-proton collider. We use Pythia [156] to generate parton showering and hadronization
effects. The Delphes package [157] is used to simulate detector smearing effects in accord to a fairly
standard Gaussian-type detector resolution given by"E/E = A/

!
E/ GeV # B, whereA is a sampling

term andB is a constant term. For leptons we takeA = 5% andB = 0 .55%, and for jets we take
A = 100% andB = 5%. We require the charged lepton has a transverse momentump"

T greater than20
GeV, rapidity|#" | $ 2.5 and its overlap with jets! Rj " =

!
(! #)2 + ( ! $)2 % 0.4. The"ET is then

deÞned to balance the total transverse momentum of visible objects.

Figure54 displays the numbers of reconstructed jets (a) andb-tagged jets (b) in the signal and
background processes. It is clear that the signal event exhibits often Þve or more jets. Demanding at least
three identiÞedb-jets would efÞciently reject those SM backgrounds. In the simulation we impose a set
of kinematics cuts as follows:

pj, "
T % 20 GeV, |#j, " | < 2.5, "ET % 150 GeV,

N"± = 2 , Njets % 6, Nb! jets % 3,

mT % 100 GeV, HT % 800 GeV. (30)
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where! t ! yHtt /y SM
Htt and! b ! yHbb/y SM

Hbb are the Higgs coupling scaling factors. The signal strength
µbøb

tøtH , deÞned as

µbb
tøtH =

! 2
t ! 2

b

R!
with R! !

! H

! SM
H

, (24)

is expected to be measured with1% precision,µbøb
tøtH = 1 .00 ± 0.01 [133]. Since the! t , ! b and ! H

parameters are independent inµbøb
tøtH , one cannot determine them from thetøtH production alone. Bounds

on the! t , ! b andR! can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once! b is known,
a correlation between! t andR! is obtained as following

! 2
t

R!
= µtøtH . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probeR!

from Eq.25.

In the SM thetøtt øt production occurs either through a gluon mediator [160] or by an off-shell Higgs
mediator; see Fig.53for the representative Feynman diagrams. Interferences between the QCD diagrams
(tøtt øtg) and the Higgs diagrams (tøtt øtH ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as" (tøtt øt)g and the cross section of the Higgs induced channel as" (tøtt øt)H . There
are two advantages of the Higgs-inducedtøtt øt production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

" (tøtt øt)H " ! 4
t " SM(tøtt øt)H , (26)

where" SM(tøtt øt)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions
of top quarks have been well established, we consider only the top Yukawa coupling might differ from
the SM value throughout this section. As a result, the cross section oftøtt øt production is

" (tøtt øt) = " SM(tøtt øt)g+ Z/ ! + ! 2
t " SM(tøtt øt)int + ! 4

t " SM(tøtt øt)H , (27)

where

" SM(tøtt øt)g+ Z/ ! "
!
!M g + M Z/ !

!
!2 ,

" SM(tøtt øt)H " |M H |2 ,

" SM(tøtt øt)int " M g+ Z/ ! M  
H + M  

g+ Z/ ! M H . (28)

We use MadEvent [161] to calculate the leading order cross section oftøtt øt production in the SM. The
numerical results are summarized as follows:
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Fig. 53: Representative Feynman diagrams of thetøtt øt production through the QCD interaction and the Higgs
boson mediation.
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tøtH production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, ! H ! 3.1 ! SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb ! 1.
Increasing the luminosity to 500 fb ! 1 yields ! H ! 2.1 ! SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width ( ! H ) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine ! H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on! H at 95%
conÞdence level are! H " (4.5 # 7.5) $ ! SM

H by the
ATLAS collaboration [ 2] and ! H " 5.4 ! SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt øt ) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e" ective
coupling. The top Yukawa coupling can be measured
in the rare tøtH production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of! H and yHt øt in the four top quark ( tøtt øt)
production and the tøtH production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on ! H and yHt øt .

As reported by the ATLAS collaboration [ 4], the
top Yukawa coupling could be measured in the tøtH
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity ( L ) of
300 fb" 1. Under the narrow width approximation the
production cross section ofpp ! tøtH ! tøtxx is

! (pp ! tøtH ! tøtxx )

= ! SM (pp ! tøtH ! tøtxx ) $ " 2
t " 2

x
! SM

H

! H

% ! SM (pp ! tøtH ! tøtxx ) $ µxx
t øtH , (1)

where " t % yHtt /y SM
Htt and " x % yHxx /y SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t øtH , deÞned as

µxx
t øtH %

!
! SM =

" 2
t " 2

x

R!
with R! %

! H

! SM
H

, (2)

is expected to be measured with uncertainties [4]

µ!!
t øtH = 1 .00± 0.38 , µZZ

t øtH = 1 .00± 0.49 ,

µµµ
t øtH = 1 .00± 0.74 , µ comb

t øtH = 1 .00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb" 1. Here µ comb
t øtH

refers to the result of combining multiple Higgs decay
modes. The " t , " x and ! H parameters in µt øtH are
independent, therefore, one cannot determine them from
the tøtH production alone. Bounds on the " t , " x and
R! could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one speciÞc channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) ! H & ! SM
H : it is a good approximation for the H !

µ+ µ" and H ! ## modes because modiÞcations on
those rare decays would not a" ect the total width
dramatically. One thus can determine the bound on
the product of " t and " x as

" 2
t " 2

x = µt øtH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) " x & 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on " t and R! is

" 2
t

R!
= µt øtH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on" x
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For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

The analysis for largerpT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband ! NS/NS NS/NB NS/
!

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we countNS in the region withNS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The correspondingmbb distribution is binned in steps of 10 GeV.NB is the sum of all
tøtbøb, tøt+ jets andtøtZ events combined. We notice that the precision on the number of extracted signal
events,! NS/NS, remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball Þt of theZ andH signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of thetøt bøb rate into a measurement of the Yukawa coupling. We therefore Þnd that
ytop could be measured to around1% with a 100 TeV collider and an integrated luminosity of 20 ab! 1.
This is an order of magnitude improvement over the expected LHC reach, with signiÞcantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by thetøtH study. For example, the
H " !! decay could allow a direct measurement of the ratio of branching ratiosB(H " !! )/B(H "
bøb). It would serve as a complementary, although indirect, probe of thetøtH coupling. Furthermore,
H " 2"2# could also be interesting, since there is enough rate to explore the regimepT,H # mH ,
which, especially for thee± µ" #ø# Þnal state, could be particularly clean.

4.5 Combined determination ofyt and ! (H ) from ttH vs t øtt øt production

Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (" H ) and its coupling to top-quark (yHt øt ), through thetøtH
andtøttøt productions at a 100 TeVpp collider. The top Yukawa-coupling can be measured in thetøtH
production. An ultimate precision of about 1% is expected at a 100 TeVpp collider in the channel of
pp " tøtH " tøtbøb with an integrated luminosity (L ) of 20 ab! 1, assuming theH " bøb branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example," H

might differ from the SM value (" SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to Þnd a new experimental input to relax the assumption. Four top-quark (tøttøt)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
thetøtH andtøttøt productions also determines" H precisely [159].

Under the narrow width approximation, the production cross section ofpp " tøtH " tøtbøb is

$(pp " tøtH " tøtbøb) = $SM(pp " tøtH " tøtbøb) $ %2
t %2

b
" SM

H

" H

% $SM(pp " tøtH " tøtbøb) $ µbøb
tøtH ,

(23)
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tøtH production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, ! H  3.1 ! SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb �1.
Increasing the luminosity to 500 fb �1 yields ! H  2.1 ! SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H ) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on�H at 95%
conÞdence level are�H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [ 2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHtøt) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tøtH production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of�H and yHtøt in the four top quark ( tøtt øt)
production and the tøtH production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHtøt.

As reported by the ATLAS collaboration [ 4], the
top Yukawa coupling could be measured in the tøtH
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity ( L) of
300 fb�1. Under the narrow width approximation the
production cross section ofpp! tøtH ! tøtxx is

�(pp! tøtH ! tøtxx )

= �SM (pp! tøtH ! tøtxx ) ⇥ 2
t

2
x

�SM
H

�H

⌘ �SM (pp! tøtH ! tøtxx ) ⇥ µxx
tøtH , (1)

where t ⌘ yHtt/y SM
Htt and x ⌘ yHxx/y SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
tøtH , deÞned as

µxx
tøtH ⌘ �

�SM =
2
t

2
x

R
�

with R
�

⌘ �H

�SM
H

, (2)

is expected to be measured with uncertainties [4]

µ��
tøtH = 1 .00± 0.38 , µZZ

tøtH = 1 .00± 0.49 ,

µµµ
tøtH = 1 .00± 0.74 , µ comb

tøtH = 1 .00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb
tøtH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µtøtH are
independent, therefore, one cannot determine them from
the tøtH production alone. Bounds on thet, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one speciÞc channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM
H : it is a good approximation for the H !

µ+ µ� and H ! �� modes because modiÞcations on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2
t

2
x = µtøtH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2
t

R
�

= µtøtH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds onx
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tøtH production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, ! H ! 3.1 ! SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb ! 1.
Increasing the luminosity to 500 fb ! 1 yields ! H ! 2.1 ! SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width ( ! H ) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine ! H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on! H at 95%
conÞdence level are! H " (4.5 # 7.5) $ ! SM

H by the
ATLAS collaboration [ 2] and ! H " 5.4 ! SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt øt ) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e" ective
coupling. The top Yukawa coupling can be measured
in the rare tøtH production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of! H and yHt øt in the four top quark ( tøtt øt)
production and the tøtH production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on ! H and yHt øt .

As reported by the ATLAS collaboration [ 4], the
top Yukawa coupling could be measured in the tøtH
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity ( L ) of
300 fb" 1. Under the narrow width approximation the
production cross section ofpp ! tøtH ! tøtxx is

! (pp ! tøtH ! tøtxx )

= ! SM (pp ! tøtH ! tøtxx ) $ " 2
t " 2

x
! SM

H

! H

% ! SM (pp ! tøtH ! tøtxx ) $ µxx
t øtH , (1)

where " t % yHtt /y SM
Htt and " x % yHxx /y SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t øtH , deÞned as

µxx
t øtH %

!
! SM =

" 2
t " 2

x

R!
with R! %

! H

! SM
H

, (2)

is expected to be measured with uncertainties [4]

µ!!
t øtH = 1 .00± 0.38 , µZZ

t øtH = 1 .00± 0.49 ,

µµµ
t øtH = 1 .00± 0.74 , µ comb

t øtH = 1 .00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb" 1. Here µ comb
t øtH

refers to the result of combining multiple Higgs decay
modes. The " t , " x and ! H parameters in µt øtH are
independent, therefore, one cannot determine them from
the tøtH production alone. Bounds on the " t , " x and
R! could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one speciÞc channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) ! H & ! SM
H : it is a good approximation for the H !

µ+ µ" and H ! ## modes because modiÞcations on
those rare decays would not a" ect the total width
dramatically. One thus can determine the bound on
the product of " t and " x as

" 2
t " 2

x = µt øtH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) " x & 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on " t and R! is

" 2
t

R!
= µt øtH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on" x
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for tøtW ± in [8, 12Ð14] and for tøtt øt in [15]. In the case of tøtH both NLO QCD [ 16Ð19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature. [TS: We have checked thetøtt øt and tt !! papers. Should we check also others?]
[Davide: We could do some check fortøtH, t øt! , tøtZ , for tøtW ± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of globalK -
factors for tøtV V- and tøtV -type processes andtøtt øt production on the total energy of the
protonÐproton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tøtH production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts[TS: Not exaclty their cuts..] and the deÞnition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events withPythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processestøt!! , we compare LO, NLO results and LO predictions rescaled
by a global ßat K -factor for production only, as obtained in section2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section3.2we present an analysis at NLO accuracy for the searches oftøtH production
with the Higgs boson subsequently decaying into leptons, on the same lines of section3.1.
In this case, different signal regions and exclusive Þnal states are considered, and they can
in general receive a contribution fromtøtt øt production and from all the tøtV - and tøtV V-type
processes with the exception oftøt!! . Also here, we compare LO, NLO results and LO
predictions rescaled by a global ßatK -factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from Þxed-order NLO QCD corrections at the pro-
duction level for tøtV -type processes andtøtH production (subsection 2.1), for tøtV V-type
processes (subsection2.2) and then for tøtt øt production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection2.4we provide
total cross sections and globalK -factors for protonÐproton collision energies from 8 to 100
TeV. With the exception of tøt!! , as already said, detailed studies at NLO fortøtV V-type
processes are presented for the Þrst time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section1. Here, we (re-)perform
all these calculations within the same framework,MadGraph5_aMC@NLO , and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the deÞnition of) the fac-

Ð 3 Ð

both      and        can be determined.

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt . One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of thetøtH production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as ate+ e! colliders [9, 10]. However, a suitablee+ e! collider should
at least have an energy of 500 GeV. If a futuree+ e! Higgs factory should have lower energy, the
precise measurement ofyt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [ 14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of ßavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly deÞned, allowing us to start assessing
their feasibility. For example, Þrst studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab! 1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplingsÕ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tøtH production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa couplingyt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig.1. Our analysis will be based on the ÞrstHEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tøtH process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

The analysis for largerpT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband ! NS/NS NS/NB NS/
!

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51
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important validation of the robustness of the analysis.
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This is an order of magnitude improvement over the expected LHC reach, with signiÞcantly improved
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is the same as in the SM. However, this assumption may not be valid in NP models; for example," H

might differ from the SM value (" SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to Þnd a new experimental input to relax the assumption. Four top-quark (tøttøt)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
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Under the narrow width approximation, the production cross section ofpp " tøtH " tøtbøb is

$(pp " tøtH " tøtbøb) = $SM(pp " tøtH " tøtbøb) $ %2
t %2

b
" SM

H

" H

% $SM(pp " tøtH " tøtbøb) $ µbøb
tøtH ,

(23)
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Fig. 55: Relative uncertainty on the signal strengthµt øtH projected in the plane! t andR! at a 100 TeV hadron
collider with 20 ab! 1 for the Higgs decay modesH ! bøb (red band). The yellow (green, blue) vertical band
denotes the limit0.927" ! t " 1.051( 0.952" ! t " 1.038, 0.962" ! t " 1.031) corresponding to the1" signal
uncertainty with the integrated luminosity of 10 ab! 1 (20 ab! 1, 30 ab! 1).

measured at a 5" conÞdence level with an integrated luminosity of 8.95 fb! 1. We thus expect thetøtt øt
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in thetøtt øt production. We estimate the
signal statistical ßuctuation as

! NS =
!

NS + NB , (32)

assuming that the events number satisÞes the Gaussian distribution. The signal uncertainty is! NS =
0.0095NS for L = 10 ab! 1, ! NS = 0 .0067NS for L = 20 ab! 1, and! NS = 0 .0055NS for L =
30 ab! 1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

! NS = #! t

"
2" SM(tøtt øt)int + 4 " SM(tøtt øt)H

#
# L + O(#! 2

t ), (33)

where#! t $ ! t %1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table23. It yields a precision of! t measurement as follows:0.927 " ! t " 1.051for L = 10 ab! 1,
0.952" ! t " 1.038for L = 20 ab! 1, and0.962" ! t " 1.031for L = 30 ab! 1, respectively.

Figure55 displays the correlation betweenR! and! t imposed by the projectedµbøb
tøtH measure-

ment [133]; see the red band. The expectations of the! t measurement in thetøtt øt production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of! t with L = 10 ab! 1

(20 ab! 1, 30 ab! 1), respectively. Combining both thetøtH and tøtt øt productions imposes a tight
bound on the Higgs boson width; for example,0.85 " SM

H " " H " 1.12 " SM
H for L = 10 ab! 1,

0.89 " SM
H " " H " 1.09 " SM

H for for L = 20 ab! 1, and0.91 " SM
H " " H " 1.08 " SM

H for L = 30 ab! 1,
respectively.

4.6 Rare SM Exclusive Higgs decays

The measurement of the rare exclusive decaysH ! V$, whereV denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the t t̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, ! H ! 3.1 ! SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb! 1.
Increasing the luminosity to 500 fb! 1 yields ! H ! 2.1 ! SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width ( ! H ) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine ! H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on! H at 95%
conÞdence level are! H " (4.5 # 7.5) $ ! SM

H by the
ATLAS collaboration [ 2] and ! H " 5.4 ! SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt øt ) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e" ective
coupling. The top Yukawa coupling can be measured
in the rare tøtH production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of! H and yHt øt in the four top quark ( tøtt øt)
production and the tøtH production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on ! H and yHt øt .

As reported by the ATLAS collaboration [ 4], the
top Yukawa coupling could be measured in the tøtH
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity ( L ) of
300 fb" 1. Under the narrow width approximation the
production cross section ofpp ! tøtH ! tøtxx is

! (pp ! tøtH ! tøtxx )

= ! SM (pp ! tøtH ! tøtxx ) $ " 2
t " 2

x
! SM

H

! H

% ! SM (pp ! tøtH ! tøtxx ) $ µxx
t øtH , (1)

where " t % yHtt /y SM
Htt and " x % yHxx /y SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t øtH , deÞned as

µxx
t øtH %

!
! SM =

" 2
t " 2

x

R!
with R! %

! H

! SM
H

, (2)

is expected to be measured with uncertainties [4]

µ!!
t øtH = 1 .00± 0.38 , µZZ

t øtH = 1 .00± 0.49 ,

µµµ
t øtH = 1 .00± 0.74 , µ comb

t øtH = 1 .00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb" 1. Here µ comb
t øtH

refers to the result of combining multiple Higgs decay
modes. The " t , " x and ! H parameters in µt øtH are
independent, therefore, one cannot determine them from
the tøtH production alone. Bounds on the " t , " x and
R! could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one speciÞc channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) ! H & ! SM
H : it is a good approximation for the H !

µ+ µ" and H ! ## modes because modiÞcations on
those rare decays would not a" ect the total width
dramatically. One thus can determine the bound on
the product of " t and " x as

" 2
t " 2

x = µt øtH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) " x & 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on " t and R! is

" 2
t

R!
= µt øtH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on" x
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We investigate existing and future hadron-collider constraints on the top dipole chromomagnetic
and chromoelectric moments, two quantities that are expected to be modiÞed in the presence of new
physics. We focus Þrst on recent measurements of the inclusive top pair production cross section
at the Tevatron and at the Large Hadron Collider. We then analyse the role of top-antitop events
produced at very large invariant masses, in the context of the forthcoming 13-14 TeV runs of the
LHC, and at a future 100 TeV proton-proton collider. In this latter case, the selection of semileptonic
decays to hard muons allows to tag top quarks boosted to the multi-TeV regime, strongly reducing
the QCD backgrounds and leading to a signiÞcant improvement in the sensitivity to anomalous top
couplings.

I. INTRODUCTION

The Þrst run of the Large Hadron Collider (LHC) at
CERN has successfully conÞrmed the Standard Model
(SM) of particle physics with the discovery of a Higgs
boson with SM-like properties [1, 2]. Although no sign of
physics beyond the SM has yet been observed, new phe-
nomena at energies not far from the electroweak scale
are predicted in many theories of new physics. There
is therefore a great expectation for the upcoming LHC
runs at center-of-mass (CM) energies

!
s = 13 TeV and

14 TeV, and for experiments at future accelerator facili-
ties running at larger CM energies and luminosities. Fur-
thermore, even if new physics were not directly reachable
at the LHC or future machines, it might still be indirectly
probed through precision measurements of the properties
of the SM particles. In this context, the top quark is be-
lieved to play an important role, due to the closeness of
its mass to the electroweak scale. This has motivated
an intense research program dedicated to the study of
its properties at the LHC. Future colliders will moreover
be able to exploit the increase in CM energy and lumi-
nosity to probe indirect e! ects of new physics at higher
momentum transfers, increasing the sensitivity to heavy
new physics.

The conceptual design studies of new accelerator com-
plexes for future circular colliders (FCC) have recently
started, at CERN [3] and at IHEP [4]. Their ultimate
goal is the operation of a proton-proton (pp) collider de-
signed to operate at

!
s = 100 TeV. This accelerator will

allow the exploration of energy scales several times higher
than at the LHC, and will also signiÞcantly increase the
statistics of known particles. For example, one trillion
top quarks should be available with an integrated lumi-
nosity of 10 ab! 1. This consequently opens the door to
indirect searches of new physics in the top sector with an
unprecedented sensitivity.

In this paper we explore some of the opportunities of-

fered by such a huge statistics of top quarks, focusing
on the sensitivity to anomalous couplings to the gluons.
The leading indirect e! ects from new physics present at
a heavy scale" can be parametrized by adding to the
SM Lagrangian L SM a set of dimension-six operatorsOx
invariant under the SM gauge symmetry [5Ð7],

L = L SM + L e! = L SM +
!

x

Cx

" 2 Ox + . . . , (1)

where the Wilson coe# cients Cx depend on the type of
new physics and how it couples to the SM particles. After
the spontaneous breaking of the electroweak symmetry,
these operators generate corrections to the SM couplings
included in L SM , as well as interactions not present at the
tree level, such as electric dipole moments and explicit
magnetic dipole moments. The e! ects on the top dipole
moments can be parametrized by adding an e! ective term
to the top-gluon gauge coupling,

L tg = " gsøt! µ " a

2
t Ga

µ +
gs

mt

øt#µ ! (dV + idA ! 5)
" a

2
t Ga

µ ! , (2)

with Ga
µ ! (a = 1 , . . . , 8) being the gluon Þeld strength

tensor, gs the strong coupling constant, mt the top mass
and " a the Gell-Mann matrices. The second term above
contains both gtøt and ggtøt interactions that arise, in the
conventions of Refs. [7, 8], from the dimension-six oper-
ator

O33
uG " = (øqL 3" a#µ ! tR ) ÷$ Ga

µ! , (3)

whereqL 3 denotes the weak doublet of left-handed quark
Þelds of third generation,tR the right-handed top quark
Þeld and $ is a weak doublet of Higgs Þelds (we deÞne
here ÷$ = i%2$" ). After electroweak symmetry breaking,
this operator yields the top dipole moments

dV =

!
2vmt

gs" 2 ReC33
uG " , dA =

!
2vmt

gs" 2 Im C33
uG " , (4)
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" 2 Ox + . . . , (1)

where the Wilson coe# cients Cx depend on the type of
new physics and how it couples to the SM particles. After
the spontaneous breaking of the electroweak symmetry,
these operators generate corrections to the SM couplings
included in L SM , as well as interactions not present at the
tree level, such as electric dipole moments and explicit
magnetic dipole moments. The e! ects on the top dipole
moments can be parametrized by adding an e! ective term
to the top-gluon gauge coupling,

L tg = " gsøt! µ " a

2
t Ga

µ +
gs

mt

øt#µ ! (dV + idA ! 5)
" a

2
t Ga

µ ! , (2)

with Ga
µ ! (a = 1 , . . . , 8) being the gluon Þeld strength

tensor, gs the strong coupling constant, mt the top mass
and " a the Gell-Mann matrices. The second term above
contains both gtøt and ggtøt interactions that arise, in the
conventions of Refs. [7, 8], from the dimension-six oper-
ator

O33
uG " = (øqL 3" a#µ ! tR ) ÷$ Ga

µ! , (3)

whereqL 3 denotes the weak doublet of left-handed quark
Þelds of third generation,tR the right-handed top quark
Þeld and $ is a weak doublet of Higgs Þelds (we deÞne
here ÷$ = i%2$" ). After electroweak symmetry breaking,
this operator yields the top dipole moments

dV =

!
2vmt

gs" 2 ReC33
uG " , dA =

!
2vmt

gs" 2 Im C33
uG " , (4)
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We investigate existing and future hadron-collider constraints on the top dipole chromomagnetic
and chromoelectric moments, two quantities that are expected to be modiÞed in the presence of new
physics. We focus Þrst on recent measurements of the inclusive top pair production cross section
at the Tevatron and at the Large Hadron Collider. We then analyse the role of top-antitop events
produced at very large invariant masses, in the context of the forthcoming 13-14 TeV runs of the
LHC, and at a future 100 TeV proton-proton collider. In this latter case, the selection of semileptonic
decays to hard muons allows to tag top quarks boosted to the multi-TeV regime, strongly reducing
the QCD backgrounds and leading to a signiÞcant improvement in the sensitivity to anomalous top
couplings.

I. INTRODUCTION

The Þrst run of the Large Hadron Collider (LHC) at
CERN has successfully conÞrmed the Standard Model
(SM) of particle physics with the discovery of a Higgs
boson with SM-like properties [1, 2]. Although no sign of
physics beyond the SM has yet been observed, new phe-
nomena at energies not far from the electroweak scale
are predicted in many theories of new physics. There
is therefore a great expectation for the upcoming LHC
runs at center-of-mass (CM) energies

!
s = 13 TeV and

14 TeV, and for experiments at future accelerator facili-
ties running at larger CM energies and luminosities. Fur-
thermore, even if new physics were not directly reachable
at the LHC or future machines, it might still be indirectly
probed through precision measurements of the properties
of the SM particles. In this context, the top quark is be-
lieved to play an important role, due to the closeness of
its mass to the electroweak scale. This has motivated
an intense research program dedicated to the study of
its properties at the LHC. Future colliders will moreover
be able to exploit the increase in CM energy and lumi-
nosity to probe indirect e! ects of new physics at higher
momentum transfers, increasing the sensitivity to heavy
new physics.

The conceptual design studies of new accelerator com-
plexes for future circular colliders (FCC) have recently
started, at CERN [3] and at IHEP [4]. Their ultimate
goal is the operation of a proton-proton (pp) collider de-
signed to operate at

!
s = 100 TeV. This accelerator will

allow the exploration of energy scales several times higher
than at the LHC, and will also signiÞcantly increase the
statistics of known particles. For example, one trillion
top quarks should be available with an integrated lumi-
nosity of 10 ab! 1. This consequently opens the door to
indirect searches of new physics in the top sector with an
unprecedented sensitivity.

In this paper we explore some of the opportunities of-

fered by such a huge statistics of top quarks, focusing
on the sensitivity to anomalous couplings to the gluons.
The leading indirect e! ects from new physics present at
a heavy scale" can be parametrized by adding to the
SM Lagrangian L SM a set of dimension-six operatorsOx
invariant under the SM gauge symmetry [5Ð7],

L = L SM + L e! = L SM +
!

x

Cx

" 2 Ox + . . . , (1)

where the Wilson coe# cients Cx depend on the type of
new physics and how it couples to the SM particles. After
the spontaneous breaking of the electroweak symmetry,
these operators generate corrections to the SM couplings
included in L SM , as well as interactions not present at the
tree level, such as electric dipole moments and explicit
magnetic dipole moments. The e! ects on the top dipole
moments can be parametrized by adding an e! ective term
to the top-gluon gauge coupling,

L tg = " gsøt�µ �a

2
t Ga

µ +
gs

mt

øt�µ⌫(dV + idA �5)
�a

2
t Ga

µ⌫

, (2)

with Ga
µ⌫

(a = 1 , . . . , 8) being the gluon Þeld strength
tensor, gs the strong coupling constant, mt the top mass
and �a the Gell-Mann matrices. The second term above
contains both gtøt and ggtøt interactions that arise, in the
conventions of Refs. [7, 8], from the dimension-six oper-
ator

O33
uG �

= (øqL 3�a�
µ⌫ tR ) ÷�Ga

µ⌫

, (3)

whereqL 3 denotes the weak doublet of left-handed quark
Þelds of third generation,tR the right-handed top quark
Þeld and� is a weak doublet of Higgs Þelds (we deÞne
here ÷� = i⌧2�" ). After electroweak symmetry breaking,
this operator yields the top dipole moments

dV =

!
2vmt

gs" 2 ReC33
uG �

, dA =

!
2vmt

gs" 2 Im C33
uG �

, (4)
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We investigate existing and future hadron-collider constraints on the top dipole chromomagnetic
and chromoelectric moments, two quantities that are expected to be modiÞed in the presence of new
physics. We focus Þrst on recent measurements of the inclusive top pair production cross section
at the Tevatron and at the Large Hadron Collider. We then analyse the role of top-antitop events
produced at very large invariant masses, in the context of the forthcoming 13-14 TeV runs of the
LHC, and at a future 100 TeV proton-proton collider. In this latter case, the selection of semileptonic
decays to hard muons allows to tag top quarks boosted to the multi-TeV regime, strongly reducing
the QCD backgrounds and leading to a signiÞcant improvement in the sensitivity to anomalous top
couplings.

I. INTRODUCTION

The Þrst run of the Large Hadron Collider (LHC) at
CERN has successfully conÞrmed the Standard Model
(SM) of particle physics with the discovery of a Higgs
boson with SM-like properties [1, 2]. Although no sign of
physics beyond the SM has yet been observed, new phe-
nomena at energies not far from the electroweak scale
are predicted in many theories of new physics. There
is therefore a great expectation for the upcoming LHC
runs at center-of-mass (CM) energies

!
s = 13 TeV and

14 TeV, and for experiments at future accelerator facili-
ties running at larger CM energies and luminosities. Fur-
thermore, even if new physics were not directly reachable
at the LHC or future machines, it might still be indirectly
probed through precision measurements of the properties
of the SM particles. In this context, the top quark is be-
lieved to play an important role, due to the closeness of
its mass to the electroweak scale. This has motivated
an intense research program dedicated to the study of
its properties at the LHC. Future colliders will moreover
be able to exploit the increase in CM energy and lumi-
nosity to probe indirect e! ects of new physics at higher
momentum transfers, increasing the sensitivity to heavy
new physics.

The conceptual design studies of new accelerator com-
plexes for future circular colliders (FCC) have recently
started, at CERN [3] and at IHEP [4]. Their ultimate
goal is the operation of a proton-proton (pp) collider de-
signed to operate at

!
s = 100 TeV. This accelerator will

allow the exploration of energy scales several times higher
than at the LHC, and will also signiÞcantly increase the
statistics of known particles. For example, one trillion
top quarks should be available with an integrated lumi-
nosity of 10 ab! 1. This consequently opens the door to
indirect searches of new physics in the top sector with an
unprecedented sensitivity.

In this paper we explore some of the opportunities of-

fered by such a huge statistics of top quarks, focusing
on the sensitivity to anomalous couplings to the gluons.
The leading indirect e! ects from new physics present at
a heavy scale" can be parametrized by adding to the
SM Lagrangian L SM a set of dimension-six operatorsOx
invariant under the SM gauge symmetry [5Ð7],

L = L SM + L e! = L SM +
!

x

Cx

" 2 Ox + . . . , (1)

where the Wilson coe# cients Cx depend on the type of
new physics and how it couples to the SM particles. After
the spontaneous breaking of the electroweak symmetry,
these operators generate corrections to the SM couplings
included in L SM , as well as interactions not present at the
tree level, such as electric dipole moments and explicit
magnetic dipole moments. The e! ects on the top dipole
moments can be parametrized by adding an e! ective term
to the top-gluon gauge coupling,

L tg = " gsøt! µ " a

2
t Ga

µ +
gs

mt

øt#µ ! (dV + idA ! 5)
" a

2
t Ga

µ ! , (2)

with Ga
µ ! (a = 1 , . . . , 8) being the gluon Þeld strength

tensor, gs the strong coupling constant, mt the top mass
and " a the Gell-Mann matrices. The second term above
contains both gtøt and ggtøt interactions that arise, in the
conventions of Refs. [7, 8], from the dimension-six oper-
ator

O33
uG " = (øqL 3" a#µ ! tR ) ÷$ Ga

µ! , (3)

whereqL 3 denotes the weak doublet of left-handed quark
Þelds of third generation,tR the right-handed top quark
Þeld and $ is a weak doublet of Higgs Þelds (we deÞne
here ÷$ = i%2$" ). After electroweak symmetry breaking,
this operator yields the top dipole moments

dV =

!
2vmt

gs" 2 ReC33
uG " , dA =

!
2vmt

gs" 2 Im C33
uG " , (4)
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where v = 246 GeV is the vacuum expectation value
of the neutral component of �. For weakly-interacting
new physics at the TeV scale, C33

uG ! ! O(1) so that one
expects dV,A ! 0.05. This exceeds both the chromomag-
netic dipole moment generated in the SM at the one-loop
level dV = " 0.007 [9] and the associated negligible chro-
moelectric moment [10].

Direct limits on the top chromomagnetic and chromo-
electric dipole moments can be derived from measure-
ments of the t t̄ inclusive cross section at the Tevatron
and the LHC [11–13], and of several t t̄ di! erential dis-
tributions [14–16]. Moreover, weaker bounds have been
recently calculated [17] from a CMS measurement of the
t t̄ spin correlation in LHC data at 8 TeV [18], as this
observable is also modified by the anomalous interac-
tions of Eq. (2). The most stringent limits on dV and
dA however arise nowadays from low-Q2 probes, such
as measurements of the neutron electric dipole moment,
which constrain |dA | # 9.5 $ 10! 4 at the 90% confidence
level (CL) [16], and rare B -meson decays, which imply
" 3.8 $ 10! 3 # dV # 1.2 $ 10! 3 at the 95% CL [19].

At the LHC running at 14 TeV, and even more at
100 TeV, a significant amount of top-antitop pairs with
a multi-TeV invariant mass will be produced, with con-
tributions dominated by the gluon-gluon fusion chan-
nel. These kinematical configurations with very large
momentum transfer allow to explore the structure of
the ttg couplings at the shortest distances, and should
then be particularly sensitive probes of the top dipole
moments [20, 21]. After revewing the constraints that
can be obtained from the measurements of total pro-
duction cross sections, in this paper we therefore focus
on the study of very high mass top-antitop final states,
where the top quarks are necessarily highly boosted. We
consider a simple-minded approach to extract the top-
antitop signal from the large QCD background, and ver-
ify that, at 100 TeV, this is su" cient to significantly push
the sensitivity to both chromoelectric and chromomag-
netic dipole moments.

II. TEVATRON AND LHC LIMITS

The combination of inclusive t t̄ cross section mea-
surements at the Tevatron and the LHC provides much
stronger limits on the top dipole moments than the indi-
vidual measurements. The complementarity of these two
colliders is due to a very di! erent functional dependence
of the total cross section on dV and dA at the Tevatron
(pp̄ collisions at 1.96 TeV) and the LHC (pp collisions
at 7, 8 TeV), owing to the dominance of qq̄ % tt̄ at the
former collider and gg % tt̄ at the latter. Making use
of the FeynRules package [22, 23] to import the La-
grangian of Eq. (2) into MadGraph5 aMC@NLO [24],
we evaluate the t t̄ total production cross section at the

Tevatron and the LHC with 8 TeV, �(2)

t ¯t and �(8)

t ¯t respec-
tively, including the leading-order contributions of the
top dipole moments. Since the amplitudes contain at
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FIG. 1: Limits, at the 95% CL, on dV and dA as extracted
from measurements of the top-pair production total cross sec-
tion at the Tevatron (dashed) and the LHC with

!
s = 8 TeV

(solid).

most two insertions of the anomalous vertices in Eq. (2),
the dependence on dA and dV can be parametrized by a
fourth-order polynomial in these two variables.1 We find

�(2)

t ¯t (pb) = �(2)

SM

(pb) " 45.5dV + 131 d2

V " 64.7d3

V

+55.5d4

V + 40.7d2

A + 56.5d4

A

" 66.2dV d2

A + 116 d2

V d2

A ,

�(8)

t ¯t (nb) = �(8)

SM

(nb) " 1.53dV + 10.1d2

V " 23.0d3

V

+28.6d4

V + 7.0d2

A + 28.6d4

A

" 23.1dV d2

A + 57.3d2

V d2

A , (5)

when employing the NNPDF 2.3 set of parton densi-
ties [25]. We extract the limits on dV and dA in Fig. 1
by using the most recent total rate measurements at

the Tevatron, �(2)

exp

= 7.60 ± 0.41 pb [26], and the LHC

with 8 TeV, �(8)

exp

= 241.5 ± 8.5 pb [27], together with
the most precise SM predictions at the next-to-next-to-

leading order accuracy in QCD, �(2)

SM

= 7.35 ± 0.21 pb

and �(8)

SM

= 252.8 ± 14.4 pb [28]. In the results displayed

1 We have made the choice of keeping all terms in the expansion
of Eq. (5). Third-order and fourth-order terms do not play any
role in the regions relevant for the combined limits. Quadratic
terms correspond to contributions of order ! ! 4 . Concerning the
d2

V term, dimension-eight operators could generate additional
contributions at the same ! ! 4 order, and including them would
change the interpretation of the limits obtained on dV . On the
other hand, dropping quadratic and higher-order terms, or equiv-
alently truncating the series at order ! ! 2 , would imply to neglect
e" ects that formally appear at order ! ! 4 but that are relevant
in the extraction of the limits. We have therefore adopted the
expansion of Eq. (5).
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FIG. 2: Expected 95% CL limits on dV and dA at the future
LHC run, with

!
s = 14 TeV. We show results using inclusive

tøt cross sections (solid black) and after considering only top-
antitop pairs with an invariant mass larger than 1 TeV (solid
blue annulus) and 2 TeV (solid red ellipse). For comparison,
the Tevatron limit is also displayed (dashed).

! 0.0086" dV " 0.012 and |dA | " 0.019, so that the fu-
ture run of the LHC is expected to improve the limits
on dV by a factor of two. Moreover, the sensitivity
to a CP-violating chromoelectric moment using a CP-
even observable Ñ such as thetøt Þducial cross section at
high mt øt Ñ is found remarkably similar to the expected
one when measuringCP-odd triple product asymmetries
(|dA | " 0.02 [17]). Finally, assuming the Wilson coe! -
cient C33

uG ! to be of at most 4! , one can translate the
bounds on dV and dA into a lower limit on the new
physics scale" that is found to be " ># 5 TeV. (This
ensures the validity of the e#ective Þeld theory approach
used in Eq. (2).) For smaller C33

uG ! the limits on " are
correspondingly looser.

III. SENSITIVITY AT 100 TEV

A signiÞcantly large number of tøt pairs with a multi-
TeV invariant mass are expected to be produced in sev-
eral ab! 1 of pp collisions at 100 TeV. With the opening of
new kinematical regimes that have never been probed so
far, the performance of the standard boosted top recon-
struction techniques, developed in the LHC context and
relying of the top-jet substructure [21, 30Ð41], needs to
be reassessed, also in view of the potential improvements
in the features of future detectors. Considering that a
top quark with pT = 5 TeV would have its three primary
decay products contained within a cone ofR <# 0.05, it is
clear that the e#ectiveness of a tagging based on the jet
substructure would be strongly tied to the details of the
detectors, such as tracking performance and calorimetric

FIG. 3: Top: cross sections for inclusive tøt and dijet Þnal
states, with the mass of the two leading jets above M min

(jets as deÞned in the text). Central: e ! ciency of the cut zµ >
zmin , for tøt " µ+ X and for dijet events, with M min > 6 TeV.
Bottom: zmin dependence of the total rates for tøt " µ + X
and dijets, with M min > 6 TeV.

granularity 4. We therefore focus our study on a rather
safe feature, in principle usable with any conceivable de-
tector design, which should enable the di#erentiation of
highly boosted top quarks from generic QCD jets. That
is the spectrum of muons coming from the top decays, al-
ready discussed in the context of top tagging in Refs. [43Ð

4 After completion of this work, a study appeared [42], focused on
the issue of tagging multi-TeV top jets. This paper conÞrms the
potential for good tagging e ! ciency and background rejection,
provided the detector performance can match the challenge of
dealing with these high-density track environments.

6

systematic uncertainties of 5% before deriving the ex-
pectation for constraining the top dipole moments. (As
previously discussed, we use a 5% systematic uncertainty
as a reasonable reference value.) Assuming an integrated
luminosity of 10 ab! 1, we display our results on Fig. 4,
together with the limits expected from the LHC run at
14 TeV when using tøt pairs with mt øt > 2 TeV. As for
the LHC case, the selection on the top-antitop invariant
mass enforces the contributions to thetøt cross section
that are quadratic in dV and dA to dominate, so that
the allowed regions of the (dV , dA ) plane are ellipses. As
also suggested by Table II, the statistical uncertainties
start to be important for large mt øt thresholds, so that
the bounds derived whenmt øt > 15 TeV are similar to
those obtained whenmt øt > 10 TeV. An optimal mt øt se-
lection would however strongly depend on the boosted
top identiÞcation e! ciency and mistagging rate, and may
be di" erent from the ones deduced in our simpliÞed ap-
proach that only aims to show that the observation of tøt
pairs at high invariant mass can be envisaged. Enforc-
ing mt øt > 10 TeV, the top dipole moments are bound
to ! 0.0022 " dV " 0.0031 and |dA | " 0.0026, which
improves the LHC results by about one order of magni-
tude, leading to constraints that are comparable to the
indirect ones obtained fromB -decays and from the neu-
tron electric dipole moment. (In any case, direct and
indirect limits are complementary, since the latter are
much more model-dependent and can be evaded with
additional new physics contributions.) Conversely, these
limits can be translated in terms of a lower bound on the
scale at which new physics could be expected, which is
found to satisfy # ># 17 TeV. This again ensures that the
e" ective Lagrangian of Eq. (2) is valid with respect to
the magnitude of the probed momentum transfers.

IV. SUMMARY

Direct limits on the top dipole couplings improve
greatly by probing higher momentum transfers, as a con-
sequence of their Lorentz structure. A 100 TeVpp col-
lider is therefore a suitable machine to explore these
anomalous interactions, in order to expose the indirect
e" ects of new heavy states. In this paper, we have inves-
tigated the sensitivity of the future run of the LHC at
14 TeV and of a 100 TeV collider to anomalous top chro-
moelectric and chromomagnetic dipole momentsdV and
dA . We have considered both the study oftøt inclusive
cross sections and of top-antitop pairs with a multi-TeV
invariant mass. The summary of our results is shown in
Fig. 5 where we compare the current direct bounds to
the projected limits for 100 fb! 1 at 14 TeV and 10 ab! 1

at 100 TeV.
The sensitivity at 100 TeV is expected to allow for a

very important improvement of the bounds derived from
measurements at the Tevatron and at the previous and
future LHC runs, so that the dV and dA allowed ranges
could be reduced by more than one order of magnitude
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FIG. 5: Comparison of current and expected limits on the top
dipole moments at the LHC and at 100 TeV.

with respect to the current direct limits. Furthermore,
one may also wonder whether the expected LHC limits
on dV and dA , obtained from tøt spin correlation mea-
surements andCP-odd triple product asymmetries, re-
spectively, could be improved at 100 TeV (at the LHC,
they are of the same order as the expected ones from
cross section measurements in Fig. 2). Clearly, consider-
ing large energy scales Ñ by selecting, for instance, high-
mt øt top-antitop pairs as done in this work Ñ enhances
the e" ect on the anomalous contributions, not only in
the Þducial cross section but also in the angular distri-
butions. However, the angular distributions that may
be measured in a typical LHC boosted top kinematical
regime of mt øt

<# 2 TeV (see, e.g., Ref. [53]) may not be
useful for ultra-boosted tops, and deserve further investi-
gations. Further studies would also be desirable to eval-
uate the complementarity of the measurements discussed
in this paper, with those possible with e+ e! collisions at
the top-antitop threshold, where a large statistics is fore-
seen by thee+ e! option of the FCC complex [54], and
at higher energies (e.g., at CLIC [55] or ILC [56]).

As a byproduct of our study, we developed and de-
scribed a new robust and e" ective approach to the prob-
lem of tagging top-antitop Þnal states of large invari-
ant mass, exploting the hard muon spectrum in top de-
cays. We are conÞdent that more detailed studies of
top-tagging algorithms, made possible also by the more
aggressive detector technologies envisaged for the future
collider experiments, can further improve our results.

What we showed is just an example of possible oppor-
tunities o" ered by the huge samples of top quarks avail-
able at a 100 TeV pp collider. Other areas that would
certainly beneÞt include the study of rare or forbidden
decays (e.g. t $ q + g/Z/ ! /H (q = u, c), tests of elec-
troweak couplings (e.g. in s-channel single top produc-
tion pp $ W " $ tøb at very large invariant mass), and
high-precision measurements of production asymmetries,

Tevatron + LHC8 Tevatron + LHC14+ 
LHC14 with cuts

Comparison with  
FCC 

In the SM  
dV1loop=0.007, dA negligible

Aguilar-Saavedra, Fuchs, Mangano, 
arXiv:1412.6654 
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We investigate existing and future hadron-collider constraints on the top dipole chromomagnetic
and chromoelectric moments, two quantities that are expected to be modiÞed in the presence of new
physics. We focus Þrst on recent measurements of the inclusive top pair production cross section
at the Tevatron and at the Large Hadron Collider. We then analyse the role of top-antitop events
produced at very large invariant masses, in the context of the forthcoming 13-14 TeV runs of the
LHC, and at a future 100 TeV proton-proton collider. In this latter case, the selection of semileptonic
decays to hard muons allows to tag top quarks boosted to the multi-TeV regime, strongly reducing
the QCD backgrounds and leading to a signiÞcant improvement in the sensitivity to anomalous top
couplings.

I. INTRODUCTION

The Þrst run of the Large Hadron Collider (LHC) at
CERN has successfully conÞrmed the Standard Model
(SM) of particle physics with the discovery of a Higgs
boson with SM-like properties [1, 2]. Although no sign of
physics beyond the SM has yet been observed, new phe-
nomena at energies not far from the electroweak scale
are predicted in many theories of new physics. There
is therefore a great expectation for the upcoming LHC
runs at center-of-mass (CM) energies

!
s = 13 TeV and

14 TeV, and for experiments at future accelerator facili-
ties running at larger CM energies and luminosities. Fur-
thermore, even if new physics were not directly reachable
at the LHC or future machines, it might still be indirectly
probed through precision measurements of the properties
of the SM particles. In this context, the top quark is be-
lieved to play an important role, due to the closeness of
its mass to the electroweak scale. This has motivated
an intense research program dedicated to the study of
its properties at the LHC. Future colliders will moreover
be able to exploit the increase in CM energy and lumi-
nosity to probe indirect e! ects of new physics at higher
momentum transfers, increasing the sensitivity to heavy
new physics.

The conceptual design studies of new accelerator com-
plexes for future circular colliders (FCC) have recently
started, at CERN [3] and at IHEP [4]. Their ultimate
goal is the operation of a proton-proton (pp) collider de-
signed to operate at

!
s = 100 TeV. This accelerator will

allow the exploration of energy scales several times higher
than at the LHC, and will also signiÞcantly increase the
statistics of known particles. For example, one trillion
top quarks should be available with an integrated lumi-
nosity of 10 ab! 1. This consequently opens the door to
indirect searches of new physics in the top sector with an
unprecedented sensitivity.

In this paper we explore some of the opportunities of-

fered by such a huge statistics of top quarks, focusing
on the sensitivity to anomalous couplings to the gluons.
The leading indirect e! ects from new physics present at
a heavy scale" can be parametrized by adding to the
SM Lagrangian L SM a set of dimension-six operatorsOx
invariant under the SM gauge symmetry [5Ð7],

L = L SM + L e! = L SM +
!

x

Cx

" 2 Ox + . . . , (1)

where the Wilson coe# cients Cx depend on the type of
new physics and how it couples to the SM particles. After
the spontaneous breaking of the electroweak symmetry,
these operators generate corrections to the SM couplings
included in L SM , as well as interactions not present at the
tree level, such as electric dipole moments and explicit
magnetic dipole moments. The e! ects on the top dipole
moments can be parametrized by adding an e! ective term
to the top-gluon gauge coupling,

L tg = " gsøt! µ " a

2
t Ga

µ +
gs

mt

øt#µ ! (dV + idA ! 5)
" a

2
t Ga

µ ! , (2)

with Ga
µ ! (a = 1 , . . . , 8) being the gluon Þeld strength

tensor, gs the strong coupling constant, mt the top mass
and " a the Gell-Mann matrices. The second term above
contains both gtøt and ggtøt interactions that arise, in the
conventions of Refs. [7, 8], from the dimension-six oper-
ator

O33
uG " = (øqL 3" a#µ ! tR ) ÷$ Ga

µ! , (3)

whereqL 3 denotes the weak doublet of left-handed quark
Þelds of third generation,tR the right-handed top quark
Þeld and $ is a weak doublet of Higgs Þelds (we deÞne
here ÷$ = i%2$" ). After electroweak symmetry breaking,
this operator yields the top dipole moments

dV =

!
2vmt

gs" 2 ReC33
uG " , dA =

!
2vmt

gs" 2 Im C33
uG " , (4)
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45]. We show here that the study of this observable pro-
vides a proof of principle that a large-invariant-mass tøt
signal can be isolated from the otherwise overwhelming
QCD background, in spite of the limited e! ciency due to
the branching ratio for a muonic decay. It is likely that
more e! cient top taggers, along the lines of what devel-
oped for the TeV regime of relevance to the LHC will
signiÞcantly improve the usable statistics and our Þnal
sensitivity to anomalous top dipole moments.

We generate hard top-pair and dijet events withMad-
Graph5 aMC@NLO and further match them to the
parton showering and hadronization algorithms included
in the Pythia 8 program [46]. We then consider all cen-
tral ( |! | < 2) jets with pT > 1 TeV reconstructed by
making use of an anti-kT algorithm with a radius pa-
rameter R = 0 .2 [47], as implemented in theFastJet
package [48]. We Þnally analyse the reconstructed events
with the MadAnalysis 5 framework [49]. We preselect
events featuring at least two reconstructed jets, and the
invariant mass of the system made of the two leading jets
(generically denoted by mt øt ) is demanded to be greater
than some threshold M min . In Fig. 3 (upper plot) we
show the cross section as a function of the minimum dijet
invariant mass M min , both for the top signal and for the
inclusive multijet background, which is over two order of
magnitude larger. As indicated above, in order to extract
a top-antitop signal from the multijet QCD background,
we further require at least one muon lying within a cone
of R = 0 .2 around any of the selected jets. This Þnal step
of the selection relies on the di" erent properties of the
muons arising from multijet and tøt events. In the former
case, they are found to only carry a small fraction of the
jet transverse momentum, as inferred by their produc-
tion from B -meson andD-meson decays, whereas in the
latter case they are induced by prompt top decays and
can get a signiÞcant fraction of the top transverse mo-
mentum. Events are consequently selected by requesting
a minimum value zmin for the variable zµ , deÞned by

zµ = max
i =1 ,...,n

pT (µi )
pT (j i )

, (7)

where we maximize, over then muons possibly present
in a given event, the ratio of the muon transverse mo-
mentum pT (µi ) to the corresponding jet transverse mo-
mentum pT (j i ). The e! ciency of signal and background,
as a function of the requirement on zµ , are shown in
the central plot of Fig. 3. In the case of the top sig-
nal, we removed from the deÞnition of this e! ciency the
trivial branching ratio factor for the decay tøt ! µ + X
(the contribution from muonic decays of the b hadrons
is negligible in the relevant regions ofzµ ). Since the zµ
distribution has a slight dependence on the transverse
momentum of the jets, we show, as an example, the re-
sult averaged over the set of events with dijet invariant
mass larger than 6 TeV. Convoluting the e! ciencies with
the appropriate rates, results in the cross sections shown
in the bottom plot of Fig. 3. As we can see, imposing
zµ

>" 0.5 reduces the background by orders of magnitude,

Invariant mass selection z selection S/B L

mt øt > 6 TeV zµ > 0.5 0.39 36 fb! 1

mt øt > 10 TeV zµ > 0.5 0.74 200 fb! 1

mt øt > 15 TeV zµ > 0.4 0.25 2.4 ab! 1

TABLE II: Values of the selection threshold on the zµ -variable
of Eq. (7) for di ! erent invariant mass selections. We also
present the related S/B ratio and the luminosity L necessary
for a 5! extraction of a high- mt øt signal from the multijet
background.
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FIG. 4: Expected 95% CL limits on dV and dA at 100 TeV af-
ter considering top-antitop pairs with an invariant mass larger
than 6 TeV (solid blue), 10 TeV (solid red) and 15 TeV (solid
purple). For comparison, the expected limit from the second
run of the LHC, with mt øt > 2 TeV, (dashed line) and indirect
limits (dotted lines) are also displayed.

down to a level comparable to the signal. Of course the
experimental implementation of a selection like this will
require a good muon identiÞcation e! ciency in the dense
jet environment, and a good momentum resolution in
the multi-TeV momentum range. The study of the dijet
rate, in the region of zmin where the background dom-
inates, will provide nevertheless a good control sample
for a robust data-driven determination of the absolute
background normalization.

To generate the following results, we considered the
three referenceM min thresholds of 6, 10 and 15 TeV. The
corresponding requirements on thezµ -variable, which
we used to optimize the signal signiÞcance, are given
in Table II. We also include here the luminosities that
are necessary for a signal extraction at the 5" level.
We have veriÞed that the results are similar when
using Herwig ++ [50] instead of Pythia , or Alp-
gen + Herwig 6 [51, 52].

Using the above results to deduce the statistical un-
certainties associated with a would-betøt cross section
measurement at 100 TeV, we additionally account for

At large invariant masses, the sensitivity on anomalous 
moments increases. Tops are ultra-boosted. 

At pt = 5 TeV top decays in a cone of R ~ 0.05. 
!

ZOOM 
FCC

HOW DO WE DISTINGUISH ULTRA-BOOSTED 
TOP-JETS FROM A QCD-JETS? 

!
!

Example from this analysis: Muon from top decays 
are more boosted than muons in QCD jets.

!
SELECT JETS CONTAINING A HIGH-PT MUON  
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systematic uncertainties of 5% before deriving the ex-
pectation for constraining the top dipole moments. (As
previously discussed, we use a 5% systematic uncertainty
as a reasonable reference value.) Assuming an integrated
luminosity of 10 ab�1, we display our results on Fig. 4,
together with the limits expected from the LHC run at
14 TeV when using tøt pairs with mt øt > 2 TeV. As for
the LHC case, the selection on the top-antitop invariant
mass enforces the contributions to thetøt cross section
that are quadratic in dV and dA to dominate, so that
the allowed regions of the (dV , dA ) plane are ellipses. As
also suggested by Table II, the statistical uncertainties
start to be important for large mt øt thresholds, so that
the bounds derived whenmt øt > 15 TeV are similar to
those obtained whenmt øt > 10 TeV. An optimal mt øt se-
lection would however strongly depend on the boosted
top identiÞcation e! ciency and mistagging rate, and may
be di" erent from the ones deduced in our simpliÞed ap-
proach that only aims to show that the observation of tøt
pairs at high invariant mass can be envisaged. Enforc-
ing mt øt > 10 TeV, the top dipole moments are bound
to ! 0.0022 " dV " 0.0031 and |dA | " 0.0026, which
improves the LHC results by about one order of magni-
tude, leading to constraints that are comparable to the
indirect ones obtained fromB -decays and from the neu-
tron electric dipole moment. (In any case, direct and
indirect limits are complementary, since the latter are
much more model-dependent and can be evaded with
additional new physics contributions.) Conversely, these
limits can be translated in terms of a lower bound on the
scale at which new physics could be expected, which is
found to satisfy # ># 17 TeV. This again ensures that the
e" ective Lagrangian of Eq. (2) is valid with respect to
the magnitude of the probed momentum transfers.

IV. SUMMARY

Direct limits on the top dipole couplings improve
greatly by probing higher momentum transfers, as a con-
sequence of their Lorentz structure. A 100 TeVpp col-
lider is therefore a suitable machine to explore these
anomalous interactions, in order to expose the indirect
e" ects of new heavy states. In this paper, we have inves-
tigated the sensitivity of the future run of the LHC at
14 TeV and of a 100 TeV collider to anomalous top chro-
moelectric and chromomagnetic dipole momentsdV and
dA . We have considered both the study oftøt inclusive
cross sections and of top-antitop pairs with a multi-TeV
invariant mass. The summary of our results is shown in
Fig. 5 where we compare the current direct bounds to
the projected limits for 100 fb�1 at 14 TeV and 10 ab�1

at 100 TeV.
The sensitivity at 100 TeV is expected to allow for a

very important improvement of the bounds derived from
measurements at the Tevatron and at the previous and
future LHC runs, so that the dV and dA allowed ranges
could be reduced by more than one order of magnitude
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FIG. 5: Comparison of current and expected limits on the top
dipole moments at the LHC and at 100 TeV.

with respect to the current direct limits. Furthermore,
one may also wonder whether the expected LHC limits
on dV and dA , obtained from tøt spin correlation mea-
surements andCP-odd triple product asymmetries, re-
spectively, could be improved at 100 TeV (at the LHC,
they are of the same order as the expected ones from
cross section measurements in Fig. 2). Clearly, consider-
ing large energy scales Ñ by selecting, for instance, high-
mt øt top-antitop pairs as done in this work Ñ enhances
the e" ect on the anomalous contributions, not only in
the Þducial cross section but also in the angular distri-
butions. However, the angular distributions that may
be measured in a typical LHC boosted top kinematical
regime of mt øt

<# 2 TeV (see, e.g., Ref. [53]) may not be
useful for ultra-boosted tops, and deserve further investi-
gations. Further studies would also be desirable to eval-
uate the complementarity of the measurements discussed
in this paper, with those possible with e+ e� collisions at
the top-antitop threshold, where a large statistics is fore-
seen by thee+ e� option of the FCC complex [54], and
at higher energies (e.g., at CLIC [55] or ILC [56]).

As a byproduct of our study, we developed and de-
scribed a new robust and e" ective approach to the prob-
lem of tagging top-antitop Þnal states of large invari-
ant mass, exploting the hard muon spectrum in top de-
cays. We are conÞdent that more detailed studies of
top-tagging algorithms, made possible also by the more
aggressive detector technologies envisaged for the future
collider experiments, can further improve our results.

What we showed is just an example of possible oppor-
tunities o" ered by the huge samples of top quarks avail-
able at a 100 TeV pp collider. Other areas that would
certainly beneÞt include the study of rare or forbidden
decays (e.g. t $ q + g/Z/ �/H (q = u, c), tests of elec-
troweak couplings (e.g. in s-channel single top produc-
tion pp $ W ⇤ $ tøb at very large invariant mass), and
high-precision measurements of production asymmetries,
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with respect to the current direct limits. Furthermore,
one may also wonder whether the expected LHC limits
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surements andCP-odd triple product asymmetries, re-
spectively, could be improved at 100 TeV (at the LHC,
they are of the same order as the expected ones from
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butions. However, the angular distributions that may
be measured in a typical LHC boosted top kinematical
regime of mt øt

<# 2 TeV (see, e.g., Ref. [53]) may not be
useful for ultra-boosted tops, and deserve further investi-
gations. Further studies would also be desirable to eval-
uate the complementarity of the measurements discussed
in this paper, with those possible with e+ e! collisions at
the top-antitop threshold, where a large statistics is fore-
seen by thee+ e! option of the FCC complex [54], and
at higher energies (e.g., at CLIC [55] or ILC [56]).

As a byproduct of our study, we developed and de-
scribed a new robust and e" ective approach to the prob-
lem of tagging top-antitop Þnal states of large invari-
ant mass, exploting the hard muon spectrum in top de-
cays. We are conÞdent that more detailed studies of
top-tagging algorithms, made possible also by the more
aggressive detector technologies envisaged for the future
collider experiments, can further improve our results.

What we showed is just an example of possible oppor-
tunities o" ered by the huge samples of top quarks avail-
able at a 100 TeV pp collider. Other areas that would
certainly beneÞt include the study of rare or forbidden
decays (e.g. t $ q + g/Z/ ! /H (q = u, c), tests of elec-
troweak couplings (e.g. in s-channel single top produc-
tion pp $ W " $ tøb at very large invariant mass), and
high-precision measurements of production asymmetries,
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45]. We show here that the study of this observable pro-
vides a proof of principle that a large-invariant-mass tøt
signal can be isolated from the otherwise overwhelming
QCD background, in spite of the limited e�ciency due to
the branching ratio for a muonic decay. It is likely that
more e�cient top taggers, along the lines of what devel-
oped for the TeV regime of relevance to the LHC will
signiÞcantly improve the usable statistics and our Þnal
sensitivity to anomalous top dipole moments.

We generate hard top-pair and dijet events withMad-
Graph5 aMC@NLO and further match them to the
parton showering and hadronization algorithms included
in the Pythia 8 program [46]. We then consider all cen-
tral ( |⌘| < 2) jets with pT > 1 TeV reconstructed by
making use of an anti-kT algorithm with a radius pa-
rameter R = 0 .2 [47], as implemented in theFastJet
package [48]. We Þnally analyse the reconstructed events
with the MadAnalysis 5 framework [49]. We preselect
events featuring at least two reconstructed jets, and the
invariant mass of the system made of the two leading jets
(generically denoted by mt øt ) is demanded to be greater
than some threshold M min . In Fig. 3 (upper plot) we
show the cross section as a function of the minimum dijet
invariant mass M min , both for the top signal and for the
inclusive multijet background, which is over two order of
magnitude larger. As indicated above, in order to extract
a top-antitop signal from the multijet QCD background,
we further require at least one muon lying within a cone
of R = 0 .2 around any of the selected jets. This Þnal step
of the selection relies on the di↵erent properties of the
muons arising from multijet and tøt events. In the former
case, they are found to only carry a small fraction of the
jet transverse momentum, as inferred by their produc-
tion from B -meson andD-meson decays, whereas in the
latter case they are induced by prompt top decays and
can get a signiÞcant fraction of the top transverse mo-
mentum. Events are consequently selected by requesting
a minimum value zmin for the variable zµ , deÞned by

zµ = max
i =1 ,...,n

pT (µi )
pT (j i )

, (7)

where we maximize, over then muons possibly present
in a given event, the ratio of the muon transverse mo-
mentum pT (µi ) to the corresponding jet transverse mo-
mentum pT (j i ). The e�ciency of signal and background,
as a function of the requirement on zµ , are shown in
the central plot of Fig. 3. In the case of the top sig-
nal, we removed from the deÞnition of this e�ciency the
trivial branching ratio factor for the decay tøt ! µ + X
(the contribution from muonic decays of the b hadrons
is negligible in the relevant regions ofzµ ). Since the zµ
distribution has a slight dependence on the transverse
momentum of the jets, we show, as an example, the re-
sult averaged over the set of events with dijet invariant
mass larger than 6 TeV. Convoluting the e�ciencies with
the appropriate rates, results in the cross sections shown
in the bottom plot of Fig. 3. As we can see, imposing
zµ

>" 0.5 reduces the background by orders of magnitude,

Invariant mass selection z selection S/B L

mt øt > 6 TeV zµ > 0.5 0.39 36 fb! 1

mt øt > 10 TeV zµ > 0.5 0.74 200 fb! 1

mt øt > 15 TeV zµ > 0.4 0.25 2.4 ab! 1

TABLE II: Values of the selection threshold on the zµ -variable
of Eq. (7) for di ! erent invariant mass selections. We also
present the related S/B ratio and the luminosity L necessary
for a 5! extraction of a high- mt øt signal from the multijet
background.
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FIG. 4: Expected 95% CL limits on dV and dA at 100 TeV af-
ter considering top-antitop pairs with an invariant mass larger
than 6 TeV (solid blue), 10 TeV (solid red) and 15 TeV (solid
purple). For comparison, the expected limit from the second
run of the LHC, with mt øt > 2 TeV, (dashed line) and indirect
limits (dotted lines) are also displayed.

down to a level comparable to the signal. Of course the
experimental implementation of a selection like this will
require a good muon identiÞcation e�ciency in the dense
jet environment, and a good momentum resolution in
the multi-TeV momentum range. The study of the dijet
rate, in the region of zmin where the background dom-
inates, will provide nevertheless a good control sample
for a robust data-driven determination of the absolute
background normalization.

To generate the following results, we considered the
three referenceM min thresholds of 6, 10 and 15 TeV. The
corresponding requirements on thezµ -variable, which
we used to optimize the signal signiÞcance, are given
in Table II. We also include here the luminosities that
are necessary for a signal extraction at the 5� level.
We have veriÞed that the results are similar when
using Herwig ++ [50] instead of Pythia , or Alp-
gen + Herwig 6 [51, 52].

Using the above results to deduce the statistical un-
certainties associated with a would-betøt cross section
measurement at 100 TeV, we additionally account for
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down to a level comparable to the signal. Of course the
experimental implementation of a selection like this will
require a good muon identiÞcation e! ciency in the dense
jet environment, and a good momentum resolution in
the multi-TeV momentum range. The study of the dijet
rate, in the region of zmin where the background dom-
inates, will provide nevertheless a good control sample
for a robust data-driven determination of the absolute
background normalization.

To generate the following results, we considered the
three referenceM min thresholds of 6, 10 and 15 TeV. The
corresponding requirements on thezµ -variable, which
we used to optimize the signal signiÞcance, are given
in Table II. We also include here the luminosities that
are necessary for a signal extraction at the 5" level.
We have veriÞed that the results are similar when
using Herwig ++ [50] instead of Pythia , or Alp-
gen + Herwig 6 [51, 52].

Using the above results to deduce the statistical un-
certainties associated with a would-betøt cross section
measurement at 100 TeV, we additionally account for
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45]. We show here that the study of this observable pro-
vides a proof of principle that a large-invariant-mass tøt
signal can be isolated from the otherwise overwhelming
QCD background, in spite of the limited e! ciency due to
the branching ratio for a muonic decay. It is likely that
more e! cient top taggers, along the lines of what devel-
oped for the TeV regime of relevance to the LHC will
signiÞcantly improve the usable statistics and our Þnal
sensitivity to anomalous top dipole moments.

We generate hard top-pair and dijet events withMad-
Graph5 aMC@NLO and further match them to the
parton showering and hadronization algorithms included
in the Pythia 8 program [46]. We then consider all cen-
tral ( |! | < 2) jets with pT > 1 TeV reconstructed by
making use of an anti-kT algorithm with a radius pa-
rameter R = 0 .2 [47], as implemented in theFastJet
package [48]. We Þnally analyse the reconstructed events
with the MadAnalysis 5 framework [49]. We preselect
events featuring at least two reconstructed jets, and the
invariant mass of the system made of the two leading jets
(generically denoted by mt øt ) is demanded to be greater
than some threshold M min . In Fig. 3 (upper plot) we
show the cross section as a function of the minimum dijet
invariant mass M min , both for the top signal and for the
inclusive multijet background, which is over two order of
magnitude larger. As indicated above, in order to extract
a top-antitop signal from the multijet QCD background,
we further require at least one muon lying within a cone
of R = 0 .2 around any of the selected jets. This Þnal step
of the selection relies on the di" erent properties of the
muons arising from multijet and tøt events. In the former
case, they are found to only carry a small fraction of the
jet transverse momentum, as inferred by their produc-
tion from B -meson andD-meson decays, whereas in the
latter case they are induced by prompt top decays and
can get a signiÞcant fraction of the top transverse mo-
mentum. Events are consequently selected by requesting
a minimum value zmin for the variable zµ , deÞned by

zµ = max
i =1 ,...,n

pT (µi )
pT (j i )

, (7)

where we maximize, over then muons possibly present
in a given event, the ratio of the muon transverse mo-
mentum pT (µi ) to the corresponding jet transverse mo-
mentum pT (j i ). The e! ciency of signal and background,
as a function of the requirement on zµ , are shown in
the central plot of Fig. 3. In the case of the top sig-
nal, we removed from the deÞnition of this e! ciency the
trivial branching ratio factor for the decay tøt ! µ + X
(the contribution from muonic decays of the b hadrons
is negligible in the relevant regions ofzµ ). Since the zµ
distribution has a slight dependence on the transverse
momentum of the jets, we show, as an example, the re-
sult averaged over the set of events with dijet invariant
mass larger than 6 TeV. Convoluting the e! ciencies with
the appropriate rates, results in the cross sections shown
in the bottom plot of Fig. 3. As we can see, imposing
zµ

>" 0.5 reduces the background by orders of magnitude,

Invariant mass selection z selection S/B L

mt øt > 6 TeV zµ > 0.5 0.39 36 fb! 1

mt øt > 10 TeV zµ > 0.5 0.74 200 fb! 1

mt øt > 15 TeV zµ > 0.4 0.25 2.4 ab! 1

TABLE II: Values of the selection threshold on the zµ -variable
of Eq. (7) for di ! erent invariant mass selections. We also
present the related S/B ratio and the luminosity L necessary
for a 5! extraction of a high- mt øt signal from the multijet
background.
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the multi-TeV momentum range. The study of the dijet
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We have veriÞed that the results are similar when
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FIG. 2: Expected 95% CL limits on dV and dA at the future
LHC run, with

!
s = 14 TeV. We show results using inclusive

tøt cross sections (solid black) and after considering only top-
antitop pairs with an invariant mass larger than 1 TeV (solid
blue annulus) and 2 TeV (solid red ellipse). For comparison,
the Tevatron limit is also displayed (dashed).

�0.0086 dV  0.012 and |dA |  0.019, so that the fu-
ture run of the LHC is expected to improve the limits
on dV by a factor of two. Moreover, the sensitivity
to a CP -violating chromoelectric moment using aCP -
even observable Ñ such as thetøt Þducial cross section at
high mt øt Ñ is found remarkably similar to the expected
one when measuringCP -odd triple product asymmetries
(|dA |  0.02 [17]). Finally, assuming the Wilson coe! -
cient C33

uG ! to be of at most 4! , one can translate the
bounds on dV and dA into a lower limit on the new
physics scale" that is found to be " >⇠ 5 TeV. (This
ensures the validity of the e#ective Þeld theory approach
used in Eq. (2).) For smaller C33

uG ! the limits on " are
correspondingly looser.

III. SENSITIVITY AT 100 TEV

A signiÞcantly large number of tøt pairs with a multi-
TeV invariant mass are expected to be produced in sev-
eral ab! 1 of pp collisions at 100 TeV. With the opening of
new kinematical regimes that have never been probed so
far, the performance of the standard boosted top recon-
struction techniques, developed in the LHC context and
relying of the top-jet substructure [21, 30Ð41], needs to
be reassessed, also in view of the potential improvements
in the features of future detectors. Considering that a
top quark with pT = 5 TeV would have its three primary
decay products contained within a cone ofR <⇠ 0.05, it is
clear that the e#ectiveness of a tagging based on the jet
substructure would be strongly tied to the details of the
detectors, such as tracking performance and calorimetric

FIG. 3: Top: cross sections for inclusive tøt and dijet Þnal
states, with the mass of the two leading jets above Mmin

(jets as deÞned in the text). Central: e ! ciency of the cut zµ >
zmin , for tøt " µ+ X and for dijet events, with Mmin > 6 TeV.
Bottom: zmin dependence of the total rates for tøt " µ + X
and dijets, with Mmin > 6 TeV.

granularity 4. We therefore focus our study on a rather
safe feature, in principle usable with any conceivable de-
tector design, which should enable the di#erentiation of
highly boosted top quarks from generic QCD jets. That
is the spectrum of muons coming from the top decays, al-
ready discussed in the context of top tagging in Refs. [43Ð

4 After completion of this work, a study appeared [42], focused on
the issue of tagging multi-TeV top jets. This paper conÞrms the
potential for good tagging e ! ciency and background rejection,
provided the detector performance can match the challenge of
dealing with these high-density track environments.
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Muons are a clear signature, yet only a small 
fraction of tops decay into a muon. 

CAN WE DISTINGUISH AN ULTRA-BOOSTED 
TOP-JET FROM A QCD-JET, IF THE TOP DECAYS 
HADRONICALLY? 
!
!
! YES, combining the information 

 from charged tracks  
!
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Tagging ultra-boosted tops

CHALLENGES: 
- Tops with pt = 5 TeV decay in a cone of R ~ 0.05 ~ an LHC calorimeter cell. 
Thus, jet substructures cannot be studied via the hadronic-calorimeter 
information only.  
!
- Jet mass is highly affected by soft radiation:                           Ñ> an emission 
with pt = 5 GeV from a top with pt = 6 TeV contributes to the jet-mass more 
than the top mass itself. 
!
- Both ISR and FSR contaminate the top-jet. Top radiation (FSR) has a Òdead 
coneÓ with                                around the top. 
ISR contribution to        scales as     . 
!

Rd.c. !
mtop

pT

increasing pT!!!!!!!!"

Figure 1 : Illustration of the dead-cone e! ect. Final-state radiation from a top quark is
suppressed within an angular region scaling likeRd.c. ! mtop /p T , called the dead-cone
region. As the pT of the top quark increases, the amount of radiation emitted from the
top quark in a Þxed angular region increases both due to the increase in energy and the
decrease in size of the dead-cone region.

only distort the pT spectrum of the jets slightly, but can a! ect the jet mass substantially.
To see this behavior, consider a top quark jet of radiusR with a single emission near the
boundary of the jet. As long as the energy of this emission is small with respect to the
energy of the top, its e! ect on the jet massm is approximately given by

m2 " m2
top + pT pISR

T R2 . (2.1)

Therefore, an ISR emission in the jet can contribute a mass comparable to the mass of the
top quark when

pISR
T "

m2
top

pT R2 . (2.2)

At moderate boosts, typical of the LHC, where pT ! few# mtop , ISR of 50 GeV or so can
a! ect the jet mass by anO(1) amount (with R ! 1). While this is quite hard radiation at
the LHC, its e! ect must be mitigated in top quark mass measurements; numerous methods
have been introduced to groom jets so as to remove contaminating radiation in the jet [29Ð
39]. However, at the ranges ofpT s accessible by a future collider, the jetpT can be several
to tens of TeV. In this regime, even emissions of a few GeV can change the jet mass by an
O(1) amount. Thus, it is absolutely necessary to consider these e! ects at a future collider.

One is therefore lead to consider whether grooming methods that have been successfully
applied at the LHC to mitigate contamination from both FSR and ISR could be applied at
higher energies and luminosities. So far the standard grooming techniques have not been
studied in detail in such an extreme environment2 and so we will consider an alternative
(simpler and possibly more robust) approach.

To this aim, we note that the ISR e! ects scale like the jet radius to a positive power
and the dead-cone e! ect suppresses FSR in a region of angular sizemtop /p T . We can
therefore reduce the contamination from radiation by appropriately scaling the jet radius
by (the inverse of) its pT . The speciÞc procedure that we employ for boosted top quarks

2Some studies of extreme pile-up or jet grooming at energies and luminosities beyond current LHC
applications are [27, 28, 48Ð50].
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In addition, even resolving these issues, for a QCD jet with large transverse momentum,
a perturbative emission can a! ect the jet mass by hundreds of GeV, comparable to the
electroweak scale. The mass of a jet of radiusR ! 1 and transverse momentumpT is
approximately given by

m2 ! pT psoft
T R2 , (1.1)

wherepsoft
T is the transverse momentum of a soft emission clustered in the jet. For example,

at transverse momenta ofpT ! 6 TeV, an emission of onlypsoft
T = 5 GeV would contribute

to the jet mass an amount greater than the mass of the top quark.
Therefore, to push identiÞcation of electroweak-scale states to higher and higher en-

ergies requires controlling all of these e! ects. In this paper, we propose a new method
as a robust and relatively pT -independent procedure for identifying heavy SM states at
very high boosts produced at a future collider and apply it to the case of the top quark.
Our approach to boosted object discrimination at very high pT consists of combining three
elements:

I. Global-jet calorimetric information
We are interested in the extreme limit where the energy deposit of a jet is conÞned
to a single, or only a few, calorimetric cells. We assume that the information on the
total energy of the jet (possibly determined also using the track information as in a
particle-ßow algorithm [44]) is available, but detailed information about the energy
distribution inside the jet is not.

II. Inner-jet charged track information
We exploit the high angular resolution of the tracking system to deÞne observables
sensitive to the internal structure of the jet only using charged particle tracks.

III. Dynamic contamination removal
Contamination from initial state radiation (ISR), underlying event (UE) and pile-up
is proportional to area of the jet. In addition for a coloured particle such as the top
quark, for a Þxed jet radius more perturbative QCD radiation is emitted as the pT

increases and is collected by the jet algorithm. Such an e! ect degrades the accuracy
of the jet mass reconstruction and therefore the e" ciency of tagging the boosted
object. On the other hand, the typical angular size of a jet generated by a particle
of massm scales asm/p T , i.e., inversely proportional to the transverse momentum.
To mitigate all these e! ects we propose use of a jet radius that scales inversely with
the jet pT . This is similar to the variable R jet algorithm [ 45], with the important
di! erence that in our method the clustering metric is not modiÞed.

To develop and test our identiÞcation strategy, we employDelphes [46, 47], a modular
and fast detector simulation framework. With Delphes, we are able to make qualitative,
and (thanks to especially designed modiÞcations/improvements) to some extent also quan-
titative statements about Þnite resolution e! ects on the Þnal discrimination power.

This paper is organised as follows. In Sec.2, we introduce the methods and observables
used for the identiÞcation of heavy state jets at very highpT explicitly applied to the case
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a! ect the jet mass by anO(1) amount (with R ! 1). While this is quite hard radiation at
the LHC, its e! ect must be mitigated in top quark mass measurements; numerous methods
have been introduced to groom jets so as to remove contaminating radiation in the jet [29Ð
39]. However, at the ranges ofpT s accessible by a future collider, the jetpT can be several
to tens of TeV. In this regime, even emissions of a few GeV can change the jet mass by an
O(1) amount. Thus, it is absolutely necessary to consider these e! ects at a future collider.

One is therefore lead to consider whether grooming methods that have been successfully
applied at the LHC to mitigate contamination from both FSR and ISR could be applied at
higher energies and luminosities. So far the standard grooming techniques have not been
studied in detail in such an extreme environment2 and so we will consider an alternative
(simpler and possibly more robust) approach.

To this aim, we note that the ISR e! ects scale like the jet radius to a positive power
and the dead-cone e! ect suppresses FSR in a region of angular sizemtop /p T . We can
therefore reduce the contamination from radiation by appropriately scaling the jet radius
by (the inverse of) its pT . The speciÞc procedure that we employ for boosted top quarks

2Some studies of extreme pile-up or jet grooming at energies and luminosities beyond current LHC
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39]. However, at the ranges ofpT s accessible by a future collider, the jetpT can be several
to tens of TeV. In this regime, even emissions of a few GeV can change the jet mass by an
O(1) amount. Thus, it is absolutely necessary to consider these e! ects at a future collider.

One is therefore lead to consider whether grooming methods that have been successfully
applied at the LHC to mitigate contamination from both FSR and ISR could be applied at
higher energies and luminosities. So far the standard grooming techniques have not been
studied in detail in such an extreme environment2 and so we will consider an alternative
(simpler and possibly more robust) approach.

To this aim, we note that the ISR e! ects scale like the jet radius to a positive power
and the dead-cone e! ect suppresses FSR in a region of angular sizemtop /p T . We can
therefore reduce the contamination from radiation by appropriately scaling the jet radius
by (the inverse of) its pT . The speciÞc procedure that we employ for boosted top quarks

2Some studies of extreme pile-up or jet grooming at energies and luminosities beyond current LHC
applications are [27, 28, 48Ð50].

Ð 6 Ð

of a top quark. In addition to identifying top quarks through the jet invariant mass
reconstruction, we measureN -subjettiness and energy correlation function observables to
identify the substructure characteristic of a top quark decay. In Sec.3, we apply our
top quark Þnding procedure to a single jetpT range, presenting a detailed analysis and
comparison between LHC detectors and projected performance of detectors in a future
collider. We also show that, even in the hyper-boosted regime, top quark identiÞcation
e! ciencies can be 40%, while rejecting over 90% of the dominant background. We draw our
conclusions and discuss the outlook of tagging hyper-boosted objects in Sec.4. Appendices
provide details of the Delphes fast detector simulation used throughout this paper and
plots of top tagging results for a wide range of jetpT .

2 Observables and methodology

In this section, we introduce the methods and observables that we will use throughout this
paper to identify boosted hadronically decaying states. While the approach is quite general
and, as it will be clear in the following, could be applied to tag other heavy states such as
colour-singlet bosons, in this work we will focus on top quark identiÞcation.

2.1 Jet Þnding and deÞnition

For a given jet radius R, the angular size of the top quark decay products scales asmtop /p T

and therefore signiÞcantly shrinks as thepT increases. On the other hand even in the
absence of pile-up, the amount of radiation in the event, both from the initial and Þnal
state, generically increases with the jetpT . Our aim will be to show that mitigating both
initial- and Þnal-state radiation e" ects can be e! ciently achieved by dynamically scaling
the jet radius by the jet pT .

Because the top quark is unstable, Þnal-state radiation (FSR) arises from two possible
sources: either before it decays, or from the the daughter bottom quark after the decay.1

Ideally, for an optimal invariant mass reconstruction, the former type of radiation should
not be clustered into the top quark jet while the latter should. At low pT s, radiation from
top quark is suppressed, as it must vanish when the top is at rest. This is a general property
of QCD (and QED) radiation from any massive particle that often phrased in terms of a
dead cone: radiation about the direction of motion of the top quark is suppressed in a
cone of angular sizemtop /p T ; see Fig.1. As the momentum of the top quark increases, the
dead-cone shrinks and more phase space opens up for radiation from the top quark.

The contribution from ISR (or UE) to the pT of the jet scales likeR2 (proportional
to the area of the jet) while the e" ect on the squared mass scales likeR4 because ISR is
approximately uncorrelated with Þnal state jets. At very high transverse momenta, ISR will

1We remind the reader that the notion of initial- and Þnal-state radiation and that of associating emis-
sions to individual coloured particles is an approximation valid only in the collinear limit in the narrow-
width approximation. For the top quark, the notion of radiation before or after its decay is meaningful
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pp " ÷t÷t " tøt + /E T (m÷t = 1 TeV) 0.49 7.8e-03 -
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pp " ÷t÷t " tøt + /E T (m÷t = 10 TeV) 4.4e-06 0.27e-03 0.024
pp " ÷g÷g " tøtt øt + /E T (m÷g = 2 TeV) 2.5 0.94 -
pp " ÷g÷g " tøtt øt + /E T (m÷g = 5 TeV) 2.7e-02 1.5 11
pp " ÷g÷g " tøtt øt + /E T (m÷g = 10 TeV) 1.9e-04 0.12 4.5

Table 1 : Inclusive leading-order cross sections for Standard Model and beyond-Standard
Model (BR = 1) processes with at least one top quark with pT > 1, 5, 10 TeV at a 100
TeV future collider. For the Standard Model backgrounds, the momentum requirement is
imposed on one of the jets. Omitted entries have cross sections which are too small to be
relevant.

order 10 TeV, with decay products separated by angles much smaller than the resolution
of any foreseeable (su! ciently compact) calorimeter. To be more concrete, in Table1,
we collect representative inclusive cross sections for several SM and beyond-SM (BSM)
processes at a 100 TeV collider calculated to leading order. With very strongpT cuts on
jets in the Þnal state, backgrounds of jets from QCD can be dramatically reduced, while
probing heavy mass resonances. For example, the decay of a SM-likeZ ! of 15 TeV to
top quarks (assuming a branching fraction equal to 1) would produce about 5 events per
fb" 1 at 100 TeV with pT > 5 TeV, while the dominant background, from pp " jj events,
produces about 1000 events per fb" 1. Further predictions at next-to-leading order in QCD
for cross sections with Þnal stateW, Z, H bosons and top quarks can found in Ref. [43].

The 100 TeV collider is projected to run at luminosities that are orders of magnitude
greater than the LHC and so pileup will be a huge issue and grooming techniques will
need to be understood at transverse momenta well beyond their current range of validity.
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Tagging ultra-boosted tops

STRATEGY: 
!
- Cluster jets with anti-kt R=1. Then recluster jet with             , (C is a  
constant,       is from the original jet with R=1).  
Thus contamination is reduced around the dead cone and                                          
!
- Use standard calorimeter information for jet total energy and only tracking 
information for substructure. Also redefine jet-mass  
!
- Set cuts on the value of m and use ÒstandardÓ substructure observables on 
tracking information. In particular, ratios of N-subjettines (  ) and a 
combination of n-point energy correlation functions (          ) in order to 
identify 3-prong jets. 

is the following. We Þrst Þnd jets with the anti-kT algorithm [51] and the Winner-Take-
All (WTA) recombination scheme [50, 52Ð54] with a Þxed jet radius, which we take to be
R = 1 .0. We then recluster the jet with the anti- kT algorithm where we set the subjet
radius to:

R = C
mtop

pT
, (2.3)

whereC is a constant andpT is deÞned by the original, Þxed-radius, jet. We then keep only
the hardest subjet found with this procedure and promote it to be the boosted top quark
jet. With this prescription, the resulting jet is parametrically a ! ected by contamination
from ISR as

m2 ! m2
top + pT pISR

T

!
C mtop

pT

" 2

! m2
top

!
1 + C2 pISR

T

pT

"
, (2.4)

whose e! ects are suppressed by the (small) ratiopISR
T /p T . Similarly, because we choose the

jet radius to scale with jet pT , the dead-cone e! ect suppresses contamination from FSR
over a fraction of the area of the jet that is independent of jet pT . To ensure that the
scaled radius jet captures the decay products of the top quark, in the remainder of the
paper, we will adopt C = 4, corresponding to including above 95% of the energy fraction
of the top quark decay products.3 We note that this coe" cient should be optimised in
an actual analysis. However, as our aim is to illustrate the principle, we prefer to choose
a conservative value so to be sure to cluster as much radiation from the top quark decay
products as possible.

This approach is similar to variable R jets [45] in which the clustering metric for the
kT class of algorithms [51, 56Ð60] is modiÞed to be

dij = min[ p2n
T i , p2n

T j ]R2
ij , diB = p2n

T i
! 2

p2
T i

, (2.5)

where ! is a dimensionful constant. The beam distancediB sets the e! ective jet radius to
scale inversely with the pT of the jet. In contrast to variable R jets, our procedure does
not modify the jet algorithm. Because we Þrst Þnd a fat jet and then recluster to Þnd
the hardest subjet, our procedure e! ectively deÞnes an infrared and collinear (IRC) safe
seeded cone jet algorithm with a radius that scales inversely withpT .

2.2 Track-based observables

Scaling the jet radius inversely with pT decreases the amount of contamination radiation
in the jet, though it does so at the cost of reducing the number of calorimeter cells in the
detector that contribute to the jet. As a consequence, the calorimetric angular resolution
is also reduced, though this e! ect was to be expected anyway because the angular size
of the decay products decreases as thepT increases. Here, we explore recovering high

3Ref. [55] proposed a shrinking cone algorithm with a radius determined by the demanding that a Þxed
fraction of Þnal state radiation was captured into the jet.
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Figure 2 : Distributions of the jet mass deÞned in three di! erent ways in two pT bins: 2! 5
TeV (left) and 10 ! 15 TeV (right). The red curves are the mass of jets with radiusR = 1 .0
measured on tracks; orange curves are the mass of jets with scaled radiusR = 4mtop /p T

measured on charged tracks; green curves are the track mass of jets rescaled by the ratio
of total jet pT to the pT of tracks with the scaled jet radius R = 4mtop /p T .

angular resolution by measuring jet observables from charged particle tracks. We propose
to use standard calorimetric information (together with tracks in the case of particle-ßow
algorithms) to determine the total energy of the jet and use tracking information only
for its substructure. For observables like the jet mass, when measured on tracks, this
systematically biases the mass to lower values because charged particles do not contain
the full energy of the jet. However, the bulk of this bias can be removed and the jet mass
restored to its ÒnominalÓ value by simply rescaling the track-based mass by the ratio of
the total jet pT to the pT of its charged tracks.4 That is, in this paper we deÞne the
reconstructed jet mass as

m =
pT

ptracks
T

mtracks , (2.6)

where mtracks is the mass as measured on charged tracks andptracks
T is the transverse

momentum of the tracks. We will also compare observables measured on current and
projected future calorimetry to the track-based measurements.

In Fig. 2, we plot the top quark jet mass distribution measured on charged tracks to
illustrate the e! ectiveness of our procedure, for two jet energy ranges. For these plots,
we have simulatedpp " tøt at leading order at 100 TeV center-of-mass energy with the
MadGraph5 aMC@NLO 2.2.2 [64], Pythia 6.4 [65, 66] and Delphes 3.1.2 simulation

4We thank Gavin Salam for suggesting this procedure. A related technique was employed in the charged-
track version of the HEPTopTagger [ 61, 62] of Ref. [63].
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where the sum runs over particles in the jetJ , pT i is the transverse momentum of particle
i with respect to the beam, and RiK is the boost-invariant angle between particlei and
subjet axis K , and ! > 0 is an angular exponent whose value can be used to control
sensitivity to wide-angle radiation. In our study, we use the exclusivekT algorithm [56]
with the WTA recombination scheme on the jet to deÞne the N subjet axes. For the
identiÞcation of 3-prong top quark jets, it has been shown [70, 71] that the ratio

" (! )
3,2 =

" (! )
3

" (! )
2

, (2.11)

is an e! cient observable for top quark identiÞcation and is widely used in both ATLAS
and CMS experiments. In our analysis, we will measure" (! )

3,2 using only track information
and on jets with a scaled jet radius, as described in Sec.2.1.
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wherepcut
T is a proxy for the pT bin of the jet sample of interest. We will take %1 = %2 = 1 for

simplicity in the following, keeping in mind that varying their values may provide improved
discrimination. We will Þnd that " (! )

3,2 and D (" ,! ,#)
3 are complementary observables for

boosted top identiÞcation.

3 Detailed studies at Þxed pT

In this section, we present a detailed study of the methods introduced before in a restricted
jet pT range relevant for top quark identiÞcation at a future collider. The results quantify
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where the sum runs over particles in the jetJ , pT i is the transverse momentum of particle
i with respect to the beam, and RiK is the boost-invariant angle between particlei and
subjet axis K , and ! > 0 is an angular exponent whose value can be used to control
sensitivity to wide-angle radiation. In our study, we use the exclusivekT algorithm [56]
with the WTA recombination scheme on the jet to deÞne the N subjet axes. For the
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simplicity in the following, keeping in mind that varying their values may provide improved
discrimination. We will Þnd that " (! )

3,2 and D (" ,! ,#)
3

are complementary observables for
boosted top identiÞcation.

3 Detailed studies at fixed pT

In this section, we present a detailed study of the methods introduced before in a restricted
jet pT range relevant for top quark identiÞcation at a future collider. The results quantify
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where pcutT is a proxy for the pT bin of the jet sample of interest. We will take 
1
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2

= 1 for

simplicity in the following, keeping in mind that varying their values may provide improved

discrimination. We will find that ⌧
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3,2 and D
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are complementary observables for

boosted top identification.

3 Detailed studies at Þxed pT

In this section, we present a detailed study of the methods introduced before in a restricted

jet pT range relevant for top quark identification at a future collider. The results quantify

– 10 –

chain. Jets are clustered with FastJet 3.0.6 [67] using the anti-kT algorithm and WTA

recombination scheme. We identify the jet in the event with the largest pT that lies in the

appropriate bin. We plot results corresponding to three di↵erent jet mass definitions: the

track jet mass measured on jets with fixed jet radius R = 1.0, the track jet mass measured

on jets with radius that scales with pT as described earlier, and the rescaled track jet mass

defined in Eq. (2.6). Both bare track jet masses are, as expected, systematically smaller

than the true top quark mass. As the jet pT increases from a few TeV to over 10 TeV,

the track mass as measured on fixed-radius jets significantly drifts to higher values, due to

the increased contamination from ISR/FSR. On the other hand, the rescaled track mass

measured on the scaled-radius jet peaks around the top quark mass, independent of the jet

pT bin.

While the measurement of the jet mass is certainly a key observable to successfully

identify a boosted top quark, it has to be kept in mind that large masses can also be

generated by perturbative soft and collinear emissions in a QCD jet initiated by light

quarks or gluons at high transverse momentum. In the collinear approximation, the average

squared QCD jet mass is [68, 69]
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! s
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p2TR2 , (2.7)

where ai is a constant that depends on the jet algorithm and is proportional to the colour

of the initiating parton. While this provides a rule-of-thumb for the location of the peak,

the QCD jet mass distribution is very wide. Nevertheless, at su�ciently high pT with a

fixed jet radius, QCD jets can have masses comparable to and even exceeding that of the

top quark. This approximately occurs when
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or when pT " 600 GeV, assuming R # ai/ " # 1. Using our scaled jet radius procedure,

the mass of QCD jets is instead modified to

!m2" # ai
! s

"
C2m2

top
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independent of the jet pT , but comparable to the mass of the top quark. Therefore a

mass cut is not su�cient to e�ciently reduce QCD backgrounds, and observables that are

independent of the jet mass must be used.

Particularly sensitive observables for boosted top quark identification are those that

measure the prongy-ness of the jet. QCD jets dominantly consist of a single hard core of

radiation, while hadronically decaying top quark jets typically have a 3-prong substructure.

Several such observables have been proposed and studied [3–5]. In this work we employ

the N -subjettiness observables #(! )
N and the n-point energy correlation functions e(! )n . The

N -subjettiness observables #(! )
N are defined as
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Figure 6 : Distributions of the jet ⌧
3

/⌧
2

(top) and D
3

(bottom) as measured on anti-kT

jets with radius R = 4m
top

/pT and pT 2 [7.5, 10] TeV on boosted top jets and QCD

jets from light quarks and gluons. Additionally, we require that the rescaled track-based

mass lie in the window m 2 [120, 250] GeV. (left) Distributions as measured from the

CMS detector’s tracking system. (right) Distributions as measured from a future collider

detector’s tracking system.

jets is not well understood. The motivation for constructing these observables relies on

the behavior of QCD in the parametric soft and collinear limits. However, gluon and light

quark jets are not parametrically di↵erent objects, and so, without detailed calculation,

it may not be possible to understand the performance. Further complication for detailed
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Figure 6 : Distributions of the jet ! 3/ ! 2 (top) and D3 (bottom) as measured on anti-kT

jets with radius R = 4mtop /p T and pT ! [7.5, 10] TeV on boosted top jets and QCD
jets from light quarks and gluons. Additionally, we require that the rescaled track-based
mass lie in the window m ! [120, 250] GeV. (left) Distributions as measured from the
CMS detectorÕs tracking system. (right) Distributions as measured from a future collider
detectorÕs tracking system.

jets is not well understood. The motivation for constructing these observables relies on
the behavior of QCD in the parametric soft and collinear limits. However, gluon and light
quark jets are not parametrically di! erent objects, and so, without detailed calculation,
it may not be possible to understand the performance. Further complication for detailed
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Figure 3 : Distributions of the jet mass as measured on anti-kT jets with radius R = 1 .0
and pT ! [7.5, 10] TeV on boosted top jets and QCD jets from light quarks and gluons. (a)
Mass distribution as measured from the CMS detectorÕs calorimeter. (b) Mass distribution
as measured from a future collider detectorÕs calorimeter.

the discrimination power of our top quark tagging methods, show that projected calorime-
try of a future collider is insu! cient, and tracked-based information can provide the needed
complementary information. App. B collects plots and analyses for a di" erent set of jet pT

bins demonstrating that our arguments have a wide range of validity.
Here, we consider jets in thepT range of 7.5" 10 TeV. The reason for this choice is the

following. First, the pT is su! ciently hard that standard methods show clear limitations.
The angular size of the top quark decay products in this bin is approximately

Rtop #
2mtop

pT
. 2 á175 GeV

7.5 TeV
$ 0.05, (3.1)

which is comparable to the resolution of the electromagnetic calorimeters at ATLAS and
CMS. Therefore, the reconstruction of top quark jets produced in thispT bin will be very
sensitive to the resolution of the detector and can provide a valuable benchmark for future
collider detector resolution goals.

To do this, we will compare the e! ciency to identify boosted top quark jets by using
the standard calorimetric information only and by using our track-based method in a
simulated CMS-like detector and in a projected future 100 TeV collider usingDelphes.
The parameters for the fast detector simulation are presented in App.A and provide, we
believe, rather conservative estimates for the resolution of detectors of a future collider.
All event simulation is done with the MadGraph5 aMC@NLO 2.2.2 , Pythia 6.4 and
Delphes 3.1.2 simulation chain. We study signal samples of boostedZ ! % tøt events,
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Figure 4 : Distributions of the jet mass as measured on anti-kT jets with radius R =
4mtop /p T and pT ! [7.5, 10] TeV on boosted top jets and QCD jets from light quarks and
gluons. (a) Mass distribution as measured from the CMS detectorÕs calorimeter. (b) Mass
distribution as measured from a future collider detectorÕs calorimeter.

where the mass of theZ ! is varied depending on thepT of the top quarks, and background
samples of the partonic SM processesqøq " q! øq! and gg " gg at a 100 TeV pp collider. Jets
are reconstructed using the anti-kT algorithm with FastJet 3.0.6 , with either a Þxed jet
radius or using the jet radius that scales with pT , deÞned in Eq. (2.3). We ignore details
and subtleties of deÞning quark ßavor and gluon ßavor jets, and pragmatically deÞne them
as what results from showering quark or gluon partons.

3.1 Mass Distributions

We begin by presenting the distribution for the jet mass in these samples as measured
from calorimeter cells with a Þxed jet radius R = 1 .0. Distributions of the signal and
background jet masses for the CMS and future collider detectors are presented in Fig.3.
Because of the large jet radius, there is a signiÞcant contamination from radiation in the
jets, resulting in all mass distributions, either at CMS or a future collider, peaking at
masses substantially greater than the top quark mass. Additionally, the light quark and
gluon background distributions straddle the signal top quark distribution, showing that
any background QCD jet sample would be essentially indistinguishable from a top quark
sample from these mass distributions alone.

In Fig. 4, we present the distributions of the jet mass as measured on calorimeter
jets with a scaled jet radius R = 4mtop /p T . With the scaled jet radius, the amount
of contamination in the jet is greatly reduced; however, the low resolution degrades the
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Figure 5 : Distributions of the rescaled track-based jet mass as measured on anti-kT jets
with radius R = 4mtop /p T and pT ! [7.5, 10] TeV on boosted top jets and QCD jets from
light quarks and gluons. (a) Distribution as measured from the CMS detectorÕs tracking
system. (b) Distribution as measured from a future collider detectorÕs tracking system.

mass distributions measured in the CMS detector. Signal and background distributions
overlap and all samples have a peak at zero mass indicating that the jet consists of a single
calorimeter cell. Detector resolution e! ects are also signiÞcant in the mass distributions
measured at a future collider. While the angular resolution of the calorimeter for the future
collider scenario is" 2 Þner than for CMS (see App.A.2) and so these distributions do not
have a peak at zero mass, the overlap of signal and background is substantial, and a cut
on the mass would only result in a marginal top quark tagging e" ciency.

Finally, in Fig. 5, we present the distributions of the jet mass as measured from tracks
with the jet radius R = 4mtop /p T and rescaling by the ratio of the total jet pT to the track
pT . Unlike the jet mass as measured from the calorimeter, the rescaled track mass accu-
rately reproduces the top mass for both the CMS and future collider detectors and barely
su! ers from resolution e! ects. Additionally, the mass distributions of QCD backgrounds
are pushed to small values, below the mass of the top quark for both detectors. A cut in
a window around the top quark mass would therefore robustly and e" ciently discriminate
boosted top quark jets from the QCD background. Larger rejection of QCD background
can be accomplished by measuring additional substructure observables on the jet.

3.2 Substructure observables

As mentioned earlier, a jet mass comparable to the mass of the top quark can be recon-
structed in several ways: for signal, by the decay into hard subjets and no FSR radiation;
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is the following. We Þrst Þnd jets with the anti-kT algorithm [51] and the Winner-Take-
All (WTA) recombination scheme [50, 52Ð54] with a Þxed jet radius, which we take to be
R = 1 .0. We then recluster the jet with the anti- kT algorithm where we set the subjet
radius to:

R = C
mtop

pT
, (2.3)

whereC is a constant andpT is deÞned by the original, Þxed-radius, jet. We then keep only
the hardest subjet found with this procedure and promote it to be the boosted top quark
jet. With this prescription, the resulting jet is parametrically a ! ected by contamination
from ISR as

m2 ! m2
top + pT pISR

T

!
C mtop

pT

" 2

! m2
top

!
1 + C2 pISR

T

pT

"
, (2.4)

whose e! ects are suppressed by the (small) ratiopISR
T /p T . Similarly, because we choose the

jet radius to scale with jet pT , the dead-cone e! ect suppresses contamination from FSR
over a fraction of the area of the jet that is independent of jet pT . To ensure that the
scaled radius jet captures the decay products of the top quark, in the remainder of the
paper, we will adopt C = 4, corresponding to including above 95% of the energy fraction
of the top quark decay products.3 We note that this coe" cient should be optimised in
an actual analysis. However, as our aim is to illustrate the principle, we prefer to choose
a conservative value so to be sure to cluster as much radiation from the top quark decay
products as possible.

This approach is similar to variable R jets [45] in which the clustering metric for the
kT class of algorithms [51, 56Ð60] is modiÞed to be

dij = min[ p2n
T i , p2n

T j ]R2
ij , diB = p2n

T i
! 2

p2
T i

, (2.5)

where ! is a dimensionful constant. The beam distancediB sets the e! ective jet radius to
scale inversely with the pT of the jet. In contrast to variable R jets, our procedure does
not modify the jet algorithm. Because we Þrst Þnd a fat jet and then recluster to Þnd
the hardest subjet, our procedure e! ectively deÞnes an infrared and collinear (IRC) safe
seeded cone jet algorithm with a radius that scales inversely withpT .

2.2 Track-based observables

Scaling the jet radius inversely with pT decreases the amount of contamination radiation
in the jet, though it does so at the cost of reducing the number of calorimeter cells in the
detector that contribute to the jet. As a consequence, the calorimetric angular resolution
is also reduced, though this e! ect was to be expected anyway because the angular size
of the decay products decreases as thepT increases. Here, we explore recovering high

3Ref. [55] proposed a shrinking cone algorithm with a radius determined by the demanding that a Þxed
fraction of Þnal state radiation was captured into the jet.
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T /p T . Similarly, because we choose the

jet radius to scale with jet pT , the dead-cone e! ect suppresses contamination from FSR
over a fraction of the area of the jet that is independent of jet pT . To ensure that the
scaled radius jet captures the decay products of the top quark, in the remainder of the
paper, we will adopt C = 4, corresponding to including above 95% of the energy fraction
of the top quark decay products.3 We note that this coe" cient should be optimised in
an actual analysis. However, as our aim is to illustrate the principle, we prefer to choose
a conservative value so to be sure to cluster as much radiation from the top quark decay
products as possible.

This approach is similar to variable R jets [45] in which the clustering metric for the
kT class of algorithms [51, 56Ð60] is modiÞed to be

dij = min[ p2n
T i , p2n

T j ]R2
ij , diB = p2n

T i
! 2

p2
T i

, (2.5)

where ! is a dimensionful constant. The beam distancediB sets the e! ective jet radius to
scale inversely with the pT of the jet. In contrast to variable R jets, our procedure does
not modify the jet algorithm. Because we Þrst Þnd a fat jet and then recluster to Þnd
the hardest subjet, our procedure e! ectively deÞnes an infrared and collinear (IRC) safe
seeded cone jet algorithm with a radius that scales inversely withpT .

2.2 Track-based observables

Scaling the jet radius inversely with pT decreases the amount of contamination radiation
in the jet, though it does so at the cost of reducing the number of calorimeter cells in the
detector that contribute to the jet. As a consequence, the calorimetric angular resolution
is also reduced, though this e! ect was to be expected anyway because the angular size
of the decay products decreases as thepT increases. Here, we explore recovering high

3Ref. [55] proposed a shrinking cone algorithm with a radius determined by the demanding that a Þxed
fraction of Þnal state radiation was captured into the jet.
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R=1 

where the sum runs over particles in the jetJ , pT i is the transverse momentum of particle
i with respect to the beam, and RiK is the boost-invariant angle between particlei and
subjet axis K , and ! > 0 is an angular exponent whose value can be used to control
sensitivity to wide-angle radiation. In our study, we use the exclusivekT algorithm [56]
with the WTA recombination scheme on the jet to deÞne the N subjet axes. For the
identiÞcation of 3-prong top quark jets, it has been shown [70, 71] that the ratio

" (! )
3,2 =

" (! )
3

" (! )
2

, (2.11)

is an e! cient observable for top quark identiÞcation and is widely used in both ATLAS
and CMS experiments. In our analysis, we will measure" (! )

3,2 using only track information
and on jets with a scaled jet radius, as described in Sec.2.1.

The (dimensionless)n-point energy correlation functions are deÞned as (forn = 2 , 3, 4)
[72]:
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4
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pT i pT j pT k pT l (Rij Rik Ril Rjk Rjl Rkl )
! , (2.12)

where Rij is the boost invariant angle between particlesi and j . Employing power count-
ing of the soft and collinear regions of phase space, Ref. [73] showed that the particular
combination
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for angular exponents #, ! , $ is the optimal observable for identiÞcation of 3-prong jets
formed from the energy correlation functions. Here,

x = %
1

$
(pcutT )2

m2

top

%!
"!
# " "

2

"

, y = %
2

$
(pcutT )2

m2

top

%( 5!
2 " 2! )

, (2.14)

wherepcutT is a proxy for the pT bin of the jet sample of interest. We will take %
1

= %
2

= 1 for
simplicity in the following, keeping in mind that varying their values may provide improved
discrimination. We will Þnd that " (! )

3,2 and D (" ,! ,#)
3

are complementary observables for
boosted top identiÞcation.

3 Detailed studies at fixed pT

In this section, we present a detailed study of the methods introduced before in a restricted
jet pT range relevant for top quark identiÞcation at a future collider. The results quantify
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for angular exponents ↵, �, � is the optimal observable for identification of 3-prong jets
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where pcutT is a proxy for the pT bin of the jet sample of interest. We will take 
1

= 
2

= 1 for

simplicity in the following, keeping in mind that varying their values may provide improved

discrimination. We will find that ⌧
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boosted top identification.

3 Detailed studies at Þxed pT

In this section, we present a detailed study of the methods introduced before in a restricted

jet pT range relevant for top quark identification at a future collider. The results quantify
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Figure 6 : Distributions of the jet ! 3/ ! 2 (top) and D3 (bottom) as measured on anti-kT

jets with radius R = 4mtop /p T and pT ! [7.5, 10] TeV on boosted top jets and QCD
jets from light quarks and gluons. Additionally, we require that the rescaled track-based
mass lie in the window m ! [120, 250] GeV. (left) Distributions as measured from the
CMS detectorÕs tracking system. (right) Distributions as measured from a future collider
detectorÕs tracking system.

jets is not well understood. The motivation for constructing these observables relies on
the behavior of QCD in the parametric soft and collinear limits. However, gluon and light
quark jets are not parametrically di! erent objects, and so, without detailed calculation,
it may not be possible to understand the performance. Further complication for detailed
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Figure 8 : Plots illustrating the e ! ciency for tagging top quarks and rejecting QCD back-
ground as a function of jet pT using tracking (blue, red) versus calorimetry (light blue,
magenta) at a future collider. For identifying three-prong substructure the observables! 3,2

and D3 have been used. (a) Top tagging e! ciency for a Þxed light quark and gluon mistag
rate of 5%. (b) Light quark and gluon mistag rate at Þxed top quark e! ciency of 50%.
The bands represent the envelope of e! ciencies spanned by the Monte Carlo simulations
(Herwig 6 and Pythia 6.4 ) that we use.

collider modeled with Delphes. On the left, we show the hadronically-decaying top quark
tagging e! ciency as a function of jetpT at Þxed mistag rate for jets produced from light
quarks and gluons of 5% comparing our method using tracking versus using calorimetry
exclusively. The bands represent the envelope of e! ciencies from using eitherHerwig 6
[77Ð79] or Pythia 6.4 Monte Carlo simulations. On the right, we plot the e! ciency for
mis-tagging jets initiated by light quarks or gluons as top quarks at Þxed signal e! ciency
of 50%. Our procedure enables signiÞcant rejection rates atpT s approaching 20 TeV,
while using calorimetry alone struggles to reject more background than signal. Exploiting
tracking enables impressive signal e! ciency, comparable to that of taggers used at the
LHC, whose performance is relatively independent of jetpT and extends well beyond 10
TeV.

In this paper, we have presented a procedure for the identiÞcation of top quarks in
the multi-TeV energy range as those that could be produced at a future 100 TeV proton
collider. High-resolution tracking information was required for identiÞcation of the prongs
produced in the top quark decay and contamination due to initial- and Þnal-state radiation,
underlying event, pile-up, or other sources can be reduced signiÞcantly by dynamically
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RESULTS: Delphes simulation of FCC detector. 
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Figure 7 : Signal vs. background e! ciency (ROC) curves for top quark identiÞcation from
QCD background utilising ! 3,2 and D3: (left) top quarks vs. gluon jets, (right) top quarks
vs. light quark jets. The ROC curves as measured in the calorimeter are dashed lines and
as measured on tracks are solid lines for (top) the CMS detector and (bottom) the FCC
detector. The cut on the jet mass ofm ! [120, 250] GeV is included in the e! ciencies.

theoretical understanding occurs because we only measure these observables on charged
tracks. Quark and gluon partons fragment to charged hadrons di" erently, and this may
also a" ect the discrimination power. A detailed study of these e" ects and their impact on
discrimination power employing track-based methods of Refs. [74Ð76] would be certainly
welcome, even though clearly beyond the scope of this paper.

4 Conclusions

We summarize the results of this paper in Fig.8, illustrating the potential discrimination
power for identifying boosted top quarks at the detector of a future high energy proton
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Conclusion

Associate production modes (H, Z, W) and four-top production are not rare 
processes. Precision studies on top couplings (and more) can be performed. 

The top-quark pair production has a large cross section at 100 TeV ~ 35 nb. Tops 
are produced at large rapidities and the pt spectrum is also much harder than at the 
LHC. Theory accuracy is already a few percent (NNLO QCD + NLO EW).    

The boosted regime allows to study properties of the top (e.g. top dipole 
moments), yet tagging a top with pt > 5 TeV is not easy, it decays in R ~ 0.05. 

Possible ways for identifying boosted tops are the selection of high-pt muon from 
the decay (low rates), or the analysis of jet substructure based on charge-tracks 
information.
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t-jet from ttbar      vs     ttbar-jet from ttbar+1j

Fig. 152: Left: production rates forb jets (solid), and for jets containing abøb pair within ! R < 0.4
(dashes). Right: same, for top-quark jets (top treated as stable).

Fig. 153: Cross sections for top processes as a function of proton-proton collider energy. See text for
details.

12.4 Single top production

Like tøt pairs, production of single top at 100 TeV is also increased by large factors with respect to LHC.
However, since single top production is dominated by quark initiatedt! channel production, the total
t + øt production cross section grows by about a factor 25 with respect to the LHC13, compared to the
growth of about 40 for thetøt cross-section (and of about 15 for its other major background,W + jets).

Fig.153shows the total production cross section for various channels as a function of the centre of
mass energy.tøt and single top results are computed at NLO QCD, while associatedtZ andtH production
are computed at LO QCD53. For (N)LO predictions (N)LO evolution of! s and parton distributions were
employed. For all the results in this section we used the NNPDF3.0 parton set [17]. Apart from associated
W t production, all results here are fully inclusive and are computed withµr = µf = mt = 172.5 GeV.
For W t production, ab! jet veto ofpb,t = 80 GeV is applied on additionalb! jet radiation coming from
gg " W tb diagrams to separate this process from thetøt background, see [414] for details. As suggested
in [414], we used in this case a lower scale,µ = pb,t,veto = 80 GeV. Results for 13 TeV and 100 TeV are
also summarized in Tab.5154.

53Predictions are obtained using HatHor [413] and MCFM [245Ð247].
54For the numbers in the table we computedt! channel production to NNLO QCD [415]. The difference with respect of

NLO is however irrelevant for the considerations here.
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Single-top production
Fig. 152: Left: production rates forb jets (solid), and for jets containing abøb pair within ! R < 0.4
(dashes). Right: same, for top-quark jets (top treated as stable).
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Fig. 153: Cross sections for top processes as a function of proton-proton collider energy. See text for
details.

12.4 Single top production

Like tøt pairs, production of single top at 100 TeV is also increased by large factors with respect to LHC.
However, since single top production is dominated by quark initiatedt! channel production, the total
t + øt production cross section grows by about a factor 25 with respect to the LHC13, compared to the
growth of about 40 for thetøt cross-section (and of about 15 for its other major background,W + jets).

Fig.153shows the total production cross section for various channels as a function of the centre of
mass energy.tøt and single top results are computed at NLO QCD, while associatedtZ andtH production
are computed at LO QCD53. For (N)LO predictions (N)LO evolution of! s and parton distributions were
employed. For all the results in this section we used the NNPDF3.0 parton set [17]. Apart from associated
W t production, all results here are fully inclusive and are computed withµr = µf = mt = 172.5 GeV.
For W t production, ab! jet veto ofpb,t = 80 GeV is applied on additionalb! jet radiation coming from
gg " W tb diagrams to separate this process from thetøt background, see [414] for details. As suggested
in [414], we used in this case a lower scale,µ = pb,t,veto = 80 GeV. Results for 13 TeV and 100 TeV are
also summarized in Tab.5154.

53Predictions are obtained using HatHor [413] and MCFM [245Ð247].
54For the numbers in the table we computedt! channel production to NNLO QCD [415]. The difference with respect of

NLO is however irrelevant for the considerations here.
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pp, 13 TeV pp, 100 TeV

! t, t ! channel
NNLO [nb] 0.14 2.6

! t̄, t ! channel
NNLO [nb] 0.08 2.0

! W t
NLO = ! W t̄

NLO [nb] 0.035 1.3

! t, s ! channel
NLO [pb] 6.3 61.5

! t̄, s ! channel
NLO [pb] 3.9 48.6

! tZ
LO [pb] 0.5 22.1

! t̄Z
LO [pb] 0.3 15.8

! tH
LO [pb] 0.01 2.4

! t̄H
LO [pb] 0.006 1.7

Table 51: Single top cross sections inpp collisions at 13 TeV and 100 TeV. All values are for fully
inclusive cross sections, with the exception of theWt processes, see text for details.

Fig. 154: Left: LOt-channel single top transverse momentum distribution. Right: LO cross section for
t-channel production as a function of a cut on the top transverse momentum. See text for details.

pmin
T = 0 pmin

T = 1 TeV pmin
T = 5 TeV

! t, t ! channel
NLO (pT > pmin

T ) 2.7 nb 1.0 pb 0.5 fb

! t̄, t ! channel
NLO (pT > pmin

T ) 2.0 nb 0.57 pb 0.2 fb

Table 52: NLO cross section fort! channel single top production as a function of a cut on the top
transverse momentum. See text for details.

At 100 TeV,t! channel single top is about a factor of 20 larger than at 13 TeV, whiles! channel
production is about a factor of 10 larger. Associated production (with Higgs,Z or W ) tends to increase
more, about a factor of 35 or so. A consequence of these different behaviours as a function of the centre
of mass energy is that at 100 TeV the s-channel process becomes even less relevant, decreasing from
3% at LHC energy to 1% of the total single top cross section. This makes the (in principle unphysical)
distinction betweens! andt! channels non problematic at the FCC. On the other hand, the increased
relative importance ofWt associated production (from 20% to 35% of the total cross-section) calls for a
proper treatment of this process. This can be achieved by considering the physicalWWbøb Þnal state.

We also note that associatedZt andHt production rates are sizable at FCC100. The Þrst process
is an important background to FCNC top decays. The second provides information on unitarity in the
Higgs/top sector. For example, modiÞcation of the top Yukawa coupling can lead to unitarity violations
in the few TeV regime, which can be exposed usingHt production. For more details on these processes
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n-point energy correlation functions

where the sum runs over particles in the jetJ , pT i is the transverse momentum of particle
i with respect to the beam, and RiK is the boost-invariant angle between particlei and
subjet axis K , and � > 0 is an angular exponent whose value can be used to control
sensitivity to wide-angle radiation. In our study, we use the exclusivekT algorithm [56]
with the WTA recombination scheme on the jet to deÞne the N subjet axes. For the
identiÞcation of 3-prong top quark jets, it has been shown [70, 71] that the ratio
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and CMS experiments. In our analysis, we will measure⌧ (! )
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where Rij is the boost invariant angle between particlesi and j . Employing power count-
ing of the soft and collinear regions of phase space, Ref. [73] showed that the particular
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for angular exponents ↵, �, � is the optimal observable for identiÞcation of 3-prong jets
formed from the energy correlation functions. Here,
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wherepcut
T is a proxy for the pT bin of the jet sample of interest. We will take 1 = 2 = 1 for

simplicity in the following, keeping in mind that varying their values may provide improved
discrimination. We will Þnd that ⌧
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3 are complementary observables for
boosted top identiÞcation.

3 Detailed studies at Þxed pT

In this section, we present a detailed study of the methods introduced before in a restricted
jet pT range relevant for top quark identiÞcation at a future collider. The results quantify
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