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1. Introduction

With the advent of the LHC Run 2 at a center-of-mass energy of /s = 13 TeV top quark
physics entered the precision era. The main goals of the top quark physics program are the precise
determination of top quark properties, such as its mass, its coupling to the Higgs boson as well as
gauge bosons. Other key measurements include differential distributions, fiducial cross sections
and the measurement of spin correlations of the top quark decay products.

For now the most precise calculations for stable top quarks are the total cross section at
NNLO+NNLL [1] and differential distributions at NNLO QCD + NLO EW [2]. However, the top
quark is a highly unstable particle and decays before it hadronizes and can thus be studied via its
decay products. Including the top quark decay in the calculation allows the precise study of fiducial
phase space regions and offers a closer modelling of the experimentally accessable final states. To
this end, the decay has been incorporated in the narrow width approximation at NLO in Refs. [3, 4]
and at approximate NNLO in Ref. [5]. Contrary to this approach, in Refs. [6, 7, 8, 9, 10, 11] the
on-shell treatment of top quarks has been abandoned and the complete NLO QCD corrections for
the process pp — et v, [.L_\_/#bl_o + X were calculated and are now also consistently matched with
parton showers [12]. Recently also the NLO EW corrections have become available [13] as well as
the NLO QCD corrections for the semi-leptonic decay channel [14].

However, at the energies that the LHC is operating, top quarks are abundantly produced in
association with either additional jets or electroweak bosons as illustrated in Fig 1. As one can see,
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Figure 1: Production cross section of ¢f and associated ¢f production as a function of the center-of-mass
energy +/s.

a considerable amount of top quark pair events are actually accompanied by an additional hard jet.
Therefore, we want to focus on the pp — tfj process which has already been studied in great detail
in recent years [15, 16, 17, 18, 19, 20, 21, 22, 23]. The pp — tfj process is particulary interesting
because it can be used to extract the top quark mass parameter. In Refs. [24, 25] an observable
has been designed for this process that has larger m; sensistivity than the inclusive top quark pair
production process. This observable has been also already sucessfully used by the experimental
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collaborations [26, 27] to extract the top quark mass. Here, we present parts of our recent study [28]
that extends the aforementioned ¢7j studies where we address the impact of off-shell effects on the
extraction of the top quark mass parameter.

2. Outline of the calculation

We want to address the size of off-shell effects on the top quark mass extraction from differen-
tial distributions. To this end, we compare the full off-shell calculation for the pp — e v,y ™ ¥y bbj
final state with different approximations of the calculation. The NLO QCD calculation, as de-
scribed in detail in Refs. [22, 23], is used and takes into account all double, single and non-resonant
contributions as well as their interference contributions at &'(ota*). This calculation has been
performed within the HELAC-NLO framework [29], which consists of the two building blocks
HELAC-DIPOLES [30, 31] and HELAC-1LOOP [32].

The full off-shell calculation is compared to the narrow-width-approximation (NWA) as pre-
sented in Ref. [18], where the matrix element can be factorized into the following on-shell top
quark contributions
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where we ignored for brevity the leptonic decays of the W bosons. We also compare the full off-
shell calculation with an approximation dubbed NWA ,,,,4 that employs NLO QCD corrections only
to the production part while taking only leading order (LO) top quark decays into account and
represents the calculation presented in Ref. [17].

The calculations are performed for the LHC at a center-of-mass energy of /s = 13 TeV, while
the detailed list of standard model input parameters, phase space cuts, etc. can be found in Ref. [28].
The CT14 [33], MMHT14 [34] and the NNPDF 3.0 [35] PDF sets have been employed in the cal-
culation, while a common renormalization and factorization scale g = g = Up has been chosen.
We consider three different scale choices, a fixed scale ty = m; and two dynamical ones, namely
Uo = Er/2 and po = Hr /2, with

Er = \/m?+ ph(t) +/m? + p} (7). 22)

where the top quark momenta are reconstructed from the final state momenta, i.e. the top quark
momentum is given by p(r) = p(e*) + p(ve) + p(jp). On the other end, Hr is independent of the
underlying process and defined as

Hr = pr(e") +pr(u™) +pr(jp) + pr(ip) + pr(in) + o7 (2.3)

As already mentioned in the introduction, we focus in this contribution on two particular observ-

ables, namely Z(m/ Ole, ps) and M,,.+. Before, we discuss the top quark mass extraction from these
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distributions in detail, we will investigate them closer and discuss shape differences between the

different approaches.

Our first observable under investigation, Z(m"*', p,), is defined by
1 doy; 2m0
B(mP py) = — L (mP" p,),  with == (2.4)
(m: ™, ps) oy dps (m: ™", ps) Ps My
where mg = 170 GeV is an arbitrary scale and M;;; the invariant mass of the 7 system and the
leading hard jet.
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Figure 2: The normalized differential distribution for Z2(m?”"®, p;) for the LHC at \/s = 13 TeV with yy =
m; = 173.2 GeV.

In Fig. 2 the Z(m?”", p;) distribution for the three calculations mentioned above together with their
NLO K-factors and the relative deviation from the full off-shell calculation is shown. Let us first
note, that in all three cases the NLO K-factor is not flat and the shape is altered up to 50% for Full
and NWA in the threshold region (ps; ~ 1). On the other hand, the NWA result approximates the full
off-shell calculation reasonably well over the whole spectrum of the distribution and differences of
at most 15% are visible in the region of p; > 0.6. Contrary, NWA .4 yields substantial differences
of up to 85% in the threshold region. These differences will have a sizeable impact on the top quark
mass parameter as we will show later.

The second observable under investigation, a rather standard one, is the normalized differential
distribution of M+, which is defined as

)
O j dM bet

where Myer = min{My, .+ ,Mp, o+ } . (2.5)

This observable has a kinematical endpoint at M;'%" = [m? — m%,v ~ 154 GeV, if top quarks and

W bosons are considered on-shell. Therefore, only additional radiation as well as off-shell effects
can smear this boundary. The observable is presented in Fig. 3 where we see that neglecting
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the QCD corrections to the top quark decay amounts to shape differences between NWA,,,; and
Full of the order of 15% at the kinematical endpoint. On the other hand, NWA accounts for all
dominant contributions below the kinematical endpoint. Thus, below the endpoint NWA and Full
are essentially identitical. However, above the endpoint we see deviations from the full off-shell
calculation of the order of 50%. Nonetheless, due to the severe drop of the cross section above
the kinematical endpoint these large off-shell effects do not impact the top quark mass extraction

substantially.
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Figure 3: The normalized differential distribution for M+ for the LHC at /s = 13 TeV with gy = m; =
173.2 GeV.

3. Top quark mass extraction

Let us now discuss the extraction of the top quark mass parameter from the shapes of the above
mentioned differential distributions. To illustrate their sensitivity to the m, parameter we show in
Fig. 4 the two observables for five different values of the top quark mass. Thus, fitting the shape of
the distribution as a function of the top quark mass to a measured distribution allows one to extract
the top quark mass parameter. We redirect the reader to Ref. [28] for a description of the statistical
analysis. We employ the full off-shell calculation using a top quark mass of m" = 173.2 GeV,
the scale py = Hy /2 and the CT14 PDF set in order to generate pseudo-data sets for an assumed
integrated luminosity of .2 = 2.5 fb~! and .# = 25 fb~!'. Then, template distributions for five
different top quark masses between 168.2 GeV and 178.2 GeV for different scales and PDF sets
are generated for the three different approaches discussed earlier: Full, NWA and NWA ,,,4. These
templates will be used to fit the shape of the pseudo-data set as a function of m;,. The minimum of
the x? distribution of the fit yields the extracted top quark mass m?“. In order to avoid statistical
fluctuations we repeat this procedure 1000 times.

In Tab. 1 the results of the top quark mass extraction from the Z(m/”*, p;) distribution for
£ =251fb"" and £ =25 fb~! are shown. Let us first note that the fit using templates from
the full off-shell calculation with the Hr /2 scale reproduces exactly the input top quark mass of
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Figure 4: The normalized differential distribution for Z2(m?*"® ) and M,,,+ for /s = 13 TeV with yo = m,
for five different values of the top quark mass.

Theory, NLO QCD mo¥t £ mgt Averaged Probability min — mgut
CT14 PDF [GeV] x2%/d.o.f. p-value [GeV]
2.5 fb~!
Pull, po = Hr /2 173.05 + 1.31 0.99 0.42 (0.80) +0.15
Pull, po = Eq/2 172.19 + 1.34 1.05 0.39 (0.90) +1.01
Full, po = my 173.86 + 1.39 1.42 0.21 (1.20) —0.66
NWA, po = mgy 175.22 £ 1.15 1.38 0.23 (1.20) —2.02
NWAProd., po = ™y 169.39 + 1.46 1.12 0.35 (0.9¢0) +3.81
25 fb—!
Full, po = Hr /2 173.06 £ 0.44 0.97 0.44 (0.80) +0.14
Full, po = E1/2 172.36 + 0.44 1.38 0.23 (1.20) +0.84
Full, po = my 173.84 + 0.42 5.12 11074 (3.90) —0.64
NWA, po = my 175.23 £+ 0.37 5.28 7 -107° (4.00) —2.03
NWAPod., o = My 169.43 + 0.50 2.61 0.02 (2.30) +3.77

Table 1: Results of the template fits for the Z2(m?”"* py) distribution for the LHC at /s = 13 TeV. m?
and §m?" refer to the mean and the 10 statistical uncertainty of the 1000 pseudo-data experiments. The
averaged y?/dof and the p-value indicate the quality of the performed fit. In the last column, the mass shift
mi" — m?" with m" = 173.2 GeV is presented.

173.2 GeV, which yields a good cross check that the fitting procedure works. Using the full off-
shell calculation but different central scales L for the templates yields a shift in the extracted top
quark mass of the order of 1 GeV, as can be seen in the last column of Tab. 1. Furthermore, if we
compare the obtained mass shifts for Full and NWA for the fixed scale Ly = m, we see, independent
of the considered integrated luminosity, a difference of 1.4 GeV, which has to be attributed to
off-shell effects and continuum contributions. Adressing scale uncertainties by a simultaneous
rescaling of the renormalization and factorization scale yields an uncertainty of 0.6 — 1.2 GeV for
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Theory, NLO QCD mgut & Smgw Averaged  Probability = mi™® — mgut
CT14 PDF [GeV] x2/d.o.f. p-value [GeV]
2.5 fb—!
Full, po = Hp /2 173.09 + 0.48 1.05 0.38 (0.90) +0.11
Pull, po = Er/2 173.01 % 0.50 1.06 0.37 (0.95) +0.19
Full, po = my 173.07 &= 0.49 1.22 0.18 (1.30) +0.13
NWA, pg = my 173.90 + 0.50 1=11 0.30 (1.00) —0.70
NWAprod., to = ™4 172.56 + 0.54 1.64 0.01 (2.60) 10.64
25 fb~!
Pull, o — Hr /2 173.18 + 0.15 1.02 0.42 (0.80) +0.02
Pull, po = Er/2 173.23 + 0.15 1.03 0.41 (0.80) —0.03
Full, po = my 173.22 £ 0.16 1.78 0.005 (2.80) —0.02
NWA, pg = my 173.98 4 0.16 2.56 5-107% (4.60) —0.78
NWAprod., to = s 172.62 + 0.17 8.23 0 (> 50) 10.58

Table 2: Results of the template fits for the My,+ distribution for the LHC at /s = 13 TeV. m¢* and dm?™
refer to the mean and the 1o statistical uncertainty of the 1000 pseudo-data experiments. The averaged
212 /dof and the p-value indicate the quality of the performed fit. In the last column, the mass shift m!" —mo
with mi" = 173.2 GeV is presented.

the dynamical scales and 2.1 —2.8 GeV for the fixed scale. The uncertainty related to different PDF
sets amounts to 0.4 — 0.7 GeV. In Tab. 2, the corresponding results obtained for the normalized M}, +
distribution are shown. Overall, one can say that this observable is more sensitive to the top quark
mass parameter than the % (m/ Ole, ps) distribution by looking at the resulting statistical uncertainty
on the extracted top quark mass om?", the fit quality as well as the obtained mass shifts. The
choice of the central scale Ly does not have a strong impact on the extracted top quark mass and
only amounts to a 10 MeV uncertainty, as can be seen from the mass shifts of the full off-shell
calculation. The impact of off-shell and non-resonant contributions on the extracted top quark
mass amounts to a mass shift of around 800 MeV which is perfectly consistent with the results
obtained in the recent publication [36]. Uncertainties related to missing higher order corrections
are estimated to be of the order of 50 MeV for dynamical scales and 1 GeV for the fixed scale. PDF

uncertainties are also very small, namely of the order of 30 MeV.

4. Conclusion

We have studied the impact of off-shell effects on the top quark mass extraction using tem-
plate distributions. To this end we performed a systematic comparison at fixed-order NLO QCD
between the full off-shell ¢7j calculation and the description of the process within the NWA. In this
contribution, we focused on two observables to highlight the findings of our more detailed study in
Ref. [28], where also additional distributions are discussed. Our findings are that off-shell effects
can have an impact on the top quark mass extraction but this question has to be answered on the
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case-by-case basis. For example, large off-shell effects as in the case of M;,+ do not play an im-
portant role because they are only visible in kinematic regions which are less important for the top

quark mass extraction. On the other hand, we found off-shell effects of less than 15% in the top

mass sensistive region of the Z(m/ 016, ps) distribution. Therefore, these effects have an impact on

the extracted value of the top quark mass. In this case, we find that fits based on the narrow width
approximation lead to large mass shifts.
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