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PRECISE PREDICTIONS FOR tt + EX* AT THE LHC*
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Triggered by ongoing dark matter searches in the t¢ + EF™** channel,
we present state-of-the-art predictions for the Standard Model background
process pp — ttZ(Z — vi) with leptonic top-quark decays. Our calculation
is accurate at next-to-leading order in QCD and includes for the first time
off-shell and non-resonant effects for the decays of top quarks and heavy
bosons. We show predictions for the LHC at 13 TeV for several observables
of phenomenological interest, together with a full estimate of the theoretical
uncertainties stemming from variation of scales and parton distribution
functions.
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1. Introduction

Despite the spectacular success so far achieved, the Standard Model
of particle physics (SM) leaves several important questions unanswered.
Among others, it does not provide any viable dark matter (DM) candidate
with all the required properties deduced from cosmological observations.
The evidence for the existence of DM, although indirect, is quite convincing
and is driving a very active program of research. Depending on the typology
of experiment, the signal to look for may come from the interaction between
DM and SM particles, or from the annihilation of DM particles into SM
ones. The first kind of experiments aims at a direct detection, while the
second one is designed to catch indirect signals. There is yet another type
of search, where one looks for signals of DM production via annihilation of
SM particles. The latter approach is typical of high-energy colliders like
the currently operating LHC. Since DM particles do not interact with SM,
they cannot be detected directly. The observation of events with a large
amount of missing transverse energy (E%liss) is thus a typical signature of
dark matter at colliders.

* Presented at the XLIII International Conference of Theoretical Physics “Matter to
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Several theories predict candidate DM particles that could be produced
at the LHC. They are massive and weakly interacting, so they escape detec-
tion. Supersymmetric neutralinos are well-known examples of such particles.
Alternatively, one can study dark matter in the framework of simplified mod-
els [1] where it is assumed the existence of a mediator particle — whose CP
nature is to be determined — that couples to both SM and DM sectors. The
couplings of the mediator to the SM fermions are strongly constrained by
precision flavor measurements. The hypothesis of Minimal Flavor Violation
(MFV) is often invoked [2], according to which the coupling between any
new neutral spin-zero state and SM fermions must be proportional to the
fermion masses. Thus, in models with MFV, dark matter couples preferen-
tially to top quarks. The process of top-quark pair production in association
with missing energy (¢t + ErTniSS) is an interesting channel to search for.

Several SM processes play the role of backgrounds to ¢t + DM produc-
tion at the LHC. Due to the presence of undetected neutrinos, the pro-
cess pp — ttZ(Z — vi) represents an irreducible background. There
are also sources of reducible background, such as pp — tt, pp — ttW,
pp = WW/WZ/ZZ or pp — Z + jets, which are relatively easier to control.
A precise modeling of these processes, particularly of the t£Z background, is
a key ingredient for determining the nature of the DM mediator in simplified
models (see e.g. Ref. [4]). With this motivation at hand, we have performed
a complete NLO QCD calculation for the SM process pp — ttZ(Z — vi)
in the dilepton channel. This work improves the current state-of-the-art de-
scription of ttZ [7-13| by including for the first time complete off-shell and
non-resonant effects for top-quarks, W- and Z-boson decays at NLO QCD
accuracy. We report on the results of this calculation, as presented in [3].

2. Calculational framework

We perform an NLO QCD analysis of the process pp — bl_aeJrVe/fﬂuuTDT +X
at the perturbative order O(a®a?). This process entails the production of
ttZ final states with leptonic top-quark decays and invisible decays for the
Z boson, including off-shell and non-resonant effects. A few representative
examples of Feynman diagrams contributing to the amplitude are shown
in Fig. 1. All fermions with the exception of the top quark are considered
massless. Due to the presence of unstable top quarks, the complex mass
scheme [27] is adopted. Further technical details can be also found in our
earlier work on tt, ttj and ty production [28-32]. Scale uncertainties are
estimated by varying the default values of the renormalization and factor-
ization scales independently by a factor of 2 and taking the envelope of
the resulting predictions. Following the PDFALHC recommendations for
LHC Run 2 [33], we consider the PDF sets CT14 [34], MMHT14 [35] and
NNPDF3.0 [36] for our predictions.
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Fig.1. Representative examples of double-resonant (a), single-resonant (b) and
non-resonant (c), (d) diagrams entering the amplitude of the process pp —
bbe T vep” vy, 07 at the leading order.

On the technical side, our results have been obtained with the help of the
package HELAC-NLO [17], which comprises HELAC-1LOOP [18] and HELAC-
DIPOLES |24, 25]. The virtual contributions are calculated according to the
OPP method [14] using the programs CutTools [15] and OneLOop [16] as cor-
nerstones. Real-emission contributions are calculated using the Nagy—Soper
scheme [25] and cross-checked against Catani-Seymour subtraction [19, 20].
Phase space integration is performed by use of KALEU [21]. The final re-
sults are available in the form of events in either Les Houches Event File
format [22] or ROOT Ntuples [23| that can be directly used for experimen-
tal studies at the LHC. Each event is stored with additional matrix-element
and PDF information to allow on-the-fly reweighting for different scale and
PDF choices [26]. A user-friendly program, called HEPIot, is available to
obtain predictions from these Ntuples for user-defined observables and kine-
matical cuts, including a thorough assessment of the uncertainties stemming
from scale and PDF dependence. The Ntuple files are available upon request
to the authors.

3. NLO predictions for the LHC at 13 TeV

We present selected results of interest for the LHC Run 2. Our predic-
tions are based on the following set of cuts:
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pr.e > 30 GeV,  prp>40 GeV,  pP™ > 50 GeV,
ARgy > 0.4, ARy, > 04, ARy > 04,
lye| < 2.5 | < 2.5, (3.1)

where b, ¢ denote respectively any b-jet and charged lepton. We require
exactly two b-jets, two charged leptons and missing pr in the final state. Jets
are defined according to the anti-kt clustering algorithm [37] with resolution
parameter R = 0.4.

With the goal of finding an optimal scale choice for the modeling of our
observables, we have considered five different prescriptions:

po = my+mz/2, (3:2)
po = Hr/3 = (Pre+ +prp +015+ 005 +PE5) /3, (3.3)
po = Er/3 = (mT,t + mT,{—i-pTz) /3, (3.4)
po = E1/3= (mrs+mrz+mrz) /3, (3.5)
po = E7/3= (mry+mr;) /3, (3.6)

where mt; = \/pT,; + mf We will refer to Eq. (3.2) as to our fized scale

choice, while the remaining ones are dynamical scales (i.e. phase-space de-
pendent). The prescription of Eq. (3.3) makes use of the final-state momenta
and is blind to any possible intermediate resonance, while Eqgs. (3.4)—(3.6)
make use of the momenta of the intermediate top quarks and Z bosons
reconstructed with flavor information.

In Table I, we report our findings for the integrated cross section of the
process pp — bl;e+V€M_DMVTDT + X as obtained with different scales and
PDF sets. The complete cross section for the dilepton channel (¢ = e, )

TABLE 1

Integrated cross section of the process pp — bl_)eJrl/eu*D#VTDT +X at /s =13 TeV,
as obtained with different scale and PDF choices. The reported errors denote
theoretical uncertainties as obtained from scale variation. The last column reports
the difference among various PDF sets.

oNLO [fb] CT14 MMHT2014 | NNPDF3.0 | dppr
fo = my +mz/2 | 01266700 | 0.1275711% 10,1309 7L 1% | 3.4%
po = Hr/3 0.1270T0-7% | 0.1278 T0T% | 0.1312 707 | 3.3%
po = Et/3 0.1272755% | 0.1279 T15% | 0.1313 7557 | 3.2%
po = El/3 0.1268 735% | 0.1280 TL5% | 01315715 | 3.7%
1o = ElL/3 0.1286 739% | 0.1295719% | 0.1330 7105 | 3.4%
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can be obtained by multiplying the numbers in the table by a factor 12.
The result is of the order of 1.5 fb and is comparable in size with typical
expectations for DM signals (see e.g. Refs. [4-6]). We observe that cross
sections based on different scale choices agree very well with each other. No
substantial reduction of the scale uncertainties can be observed when using
dynamical scales. This should not come as a surprise, since the importance
of the dynamical scale does not lie in the calculation of the integrated cross
section — a quite inclusive observable given our selection cuts — but rather
manifests at a more exclusive level.

In the next step, we analyze a few differential cross sections relevant for
phenomenological analyses. In Fig. 2, four different observables are shown:
the variable cos 0;; = tanh(Anyy), the invariant mass between the two charged
leptons (my;), the averaged transverse momentum of the charged leptons
(pr,) and the transverse energy (Hrt) defined as in Eq. (3.3). The first ob-
servable has been proven effective for determining the CP nature and mass
of the DM mediator in simplified models [4]. It is crucial, to this end, a
good control over the shape of the distribution other than a precise knowl-
edge of the overall uncertainties. Looking at the cos 0;; distribution, one can
see that the differential K-factor (middle panel) is far from being constant
over the entire plotted range. The dynamical scales Eq. (3.3) and Eq. (3.6)
perform better, yet shape distortions from LO to NLO up to O(15%) can
be observed in the tail of the distribution. Thus, for the observable at hand,
the procedure of rescaling LO predictions by a global K-factor cannot guar-
antee reliable predictions as far as the shape is concerned and a full NLO
calculation is recommended. Similar conclusions hold for the other observ-
ables reported in Fig. 2. We note, in particular in the cases of pr; and Hr,
that the fixed scale choice, Eq. (3.2), leads to NLO predictions which do not
fit well within the LO uncertainty bands in the whole range. Here is where
adopting dynamical scales shows its advantages in terms of improved pertur-
bative stability, given that the process under consideration has an intricated
structure of resonances and a genuine multi-scale nature.

Among all the infrared-safe observables that can be studied, the total

missing transverse momentum (pl“r’iss) plays a special role. The observation

of an excess in p' is indeed one of the most important signatures of DM
and a very precise modeling is of course desirable. Our predictions for the
p%liss distribution are shown in Fig. 3. Looking at the middle panel, we note
that results based on the fixed-scale choice exhibit the flattest K-factor. This
behavior contrasts with the case of the observables previously examined, for
which dynamical scales performed better. Typically, one expects that the
fixed scale would describe more adequately the phase-space regions close to
the threshold m;; ~ 2m,, so a possible explanation of this behavior could be
that contributions near threshold dominate the p%iss distribution. We have
checked, however, that this is not the case (see Fig. 4, left plot). To address
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Fig. 2. Differential cross sections for pp — bl_)e"‘l/e,u_ﬁ#wﬁ,- + X as a function of
cos 6y, my, pr, and Hr (defined in the text). Upper panels: absolute NLO QCD
predictions for different scale choices. Middle panels: differential K-factors. Lower
panels: uncertainty bands obtained from scale variation. The LO band refers to
the scale choice ug = pp = my +myz /2. Results are based on the CT14 PDF set.
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Fig.3. Differential cross section for pp — bl_JeJrz/E,u*DHI/TDT + X as a function of
the total missing transverse momentum. The description is the same as for Fig. 2.

the interpretation of this behavior, we have examined the following two
pseudo-observables: the transverse momentum of the v, system (pr z)
and of the v.-7, system (p’TmiSS). The first one corresponds to the pp of
the Z boson reconstructed from its invisible decay products, the second
one is the missing pr restricted to the neutrinos originated by top-quark
decays. Although not directly measurable, these variables could help to
shed light on the different behavior of the total missing pt under fixed and
dynamical scales. We note that the latter observable is not given as a simple
sum of pr z and p’TmiSS but rather as a convolution of some kind. Since
the neutrinos involved in the definition of pt 7 and p’TmiSS have different
origin, we expect different kinematics for the two variables. This is somehow
confirmed by Fig. 4 (right plot), which shows the NLO distributions of p%iss,
p’TmiSS and pr z. The first two variables exhibit a softer pr spectrum than
pr.z, more specifically (p/fUiss) < (pmiss) < (pr 7). In Ref. [3], we have
explicitly checked that the behavior of pt 7 agrees with the other observables
examined, namely it is better described by dynamical scales. On the other
hand, for p'TmiSS dynamical scales result typically in too large scale values
and the fixed-scale choice is simply more adequate in the end, as for the
case of the observable p%iss.
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Fig. 4. Left plot: distribution of piiss for various ranges of m,z. Right plot: distri-
butions of pr miss, p'T,miss and pr z (defined in the text). The upper panels show
absolute NLO QCD predictions. The lower panels show ratios. Results are based
on the scale ug = pup = my + mz/2 and on the CT14 PDF set.

4. Conclusions

We have presented the first full calculation of the SM process pp —
bl_)e+veu_z7ﬂy7-l77 + X at NLO QCD accuracy. This provides the most com-
plete description of the process of ttZ(Z — vi) production in the dilepton
channel at fixed perturbative order. We have discussed predictions for the
LHC Run 2 at the energy of 13 TeV, with special emphasis on observables of
interest for dark matter searches in the ¢t + E%liss channel. The theoretical
uncertainty of the NLO cross section, as estimated from scale variation, is of
the order of 6%, whereas PDF uncertainties are at the level of 3%. We have
also examined a few differential cross sections, finding that QCD corrections
induce relevant shape distortions. Given that a good control over shapes is
a key in certain DM analyses, using full NLO predictions is important for a
correct interpretation of the signals that may arise from the data. Further-
more, in the quest for an optimal scale choice for our predictions, we have
found that p10 = Hr/3 and po = E7/3 ensure a good modeling for most of
the observables examined. The total transverse momentum p%liss, however,
turns out to be better described by the fixed scale pug = my + mz/2. We
interpret this behavior as a consequence of the fact that our dynamical scale
choices result in too large scales for this observable, as evinced from the
analysis of the two pseudo-observables p’T]miSS and pr 7.

On the technical side, we remark that the results of our calculation are
available in the form of event Ntuples. These might be directly used for
experimental analyses at the LHC as well as to get accurate SM predictions
in BSM studies, and are available under request.
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