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1. Introduction

Because of its large mass and large Yukawa couplirig the Higgs boson H, the top quark
t lies at the boundaries of the standard model (SM) territory, and it is impio@amap as fully as
possible this area. The production at LHC of top quarks, either singlyrgpairs, is well measured
in terms of total and differential cross sections. This is to be complemented tsjutig of the
production of t pairs plus something else, which is interesting for theoretical and expeddimen
reasons.

Specifically, t+ jj (where j stands for generic jets) [1-3] anditbb production [4-6] repre-
sent important backgrounds faHt and for beyond-the-SM events. In addition, generic jets and
b-originated jets are associated to different energy scales and asbuwith different approaches
assuming massless or massive b quarks. So, a deeper characterifatieseoprocesses might
allow a better modeling of Monte Carlo (MC) simulations.

On the other handftt production is very rare, with a cross section of about 12 fb [7]. For
this reason it has not been observed yet, although a strong evidesidedia presented at this
conference by the ATLAS Collaboration [8]. The importance of this cleaigthat it can constrain
the t—H Yukawa coupling while being sensitive to new physics.

In this report, f+jets, t+bb, and ﬁproduction cross sections are measured, in different
decay channels, using recent data from pp collisions at the LHC collbgtdet CMS detector [9]
at\/s=13 TeV.

2. Cross section for tt+jj and tt+ bb, in the single-lepton and dilepton
channels (36fb™1)

For this measurement [10], standard single-lepton (SL) and dilepton ¢Blextions are ap-
plied, the important point being the identification of the additional jets (i.e. thosalinectly
associated tatand their possible association to b quarks (b-tagging), using the smoréded by
the combined secondary vertex (CSV) algorithm [11]. For the DL evertadiitional b jets are
chosen as those with the 3rd and 4th largest b-tagging scores, while ik tes8 a kinematic fit
to the t hypothesis helps the choice.

Two different phase space definitions are considered: the visible@mce (VPS), which
corresponds to a number of jets and leptons matching the selection, anglasd space (FPS),
where all decays having at least two additional jets are consideredb-Tdgging scores are used
in a maximum-likelihood (ML) fit to extract thdjf cross section and the ratlaﬁ)g/tﬁj of the thb
vs tijj cross sections. The resulting measurements are then extrapolated toSheskig MC
acceptances. Because of different phase space definitions agredifbackground compositions,
the two channels are fitted separately.

The measuredjj cross section in the VPS for the DL channel is shown in Big. 1-left along
with the cross section ratio which is about 30% larger than what expeaed MC generators,
with a 3o significance (which is slightly smaller for the SL case). Cross sectionsaitdat FPS
are shown instead in Fig. 1-right, with comparison to different MCs. Similatspdoe obtained
for the SL channel. The treatment of the systematic uncertainties as nusanaceeters in the fit
provided an improvement in precision with respect to previous measurements
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Figure 1. Dilepton channel [10]. Left: contour plot farg; vs Ry in the VPS. Right: measured values
of the tbb and tjj cross sections and their ratio in the FPS, compared ferifit MC generators.

3. Cross section for tt+ bb, in the all-hadronic channel (36 fb—1)

For this measurement [12], a baseline selection requiring at least 8 jetsylah b-tagged,
is strengthened with the help of multivariate discriminators which serve alsthéordentifica-
tion of the additional jets. One discriminator (quark-gluon likelihood ratio, ®Els based on
jet substructure and favors events produced from 4 quarks rataerftom 4 gluons; a boosted
decision tree (BDT) discriminator helps the selection of the correct jet getion; and an ad-
ditional weakly supervised BDT discriminator (CWolLa BDT) is trained for tbéuction of the
major multijet background.
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Figure 2: Left: distribution of the 2DCSV in the SR region [12]. Rigldtomparison of the measuretl
production cross sections with predictions from several §¢@erators, for the three phase space definitions.

Two different phase space definitions are considered: one paasedl(PB) which refers to
partons after radiation, and one which is parton-independent (Pulseaefers to stable particles
after hadronization. A 2-dimensional discriminator (2DCSV) is built fromhkagging scores of
the additional jets; its unrolling into one dimension is shown in [fig. 2-left for aadi¢SR) region.
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The data are fitted to the 2DCSV discriminators, in the SR and in three congionee
(CRs) defined in terms of QGLR and CWolLa BDT outputs, yielding crostsecvalues of
1.6+ 0.1(stat) *95(syst) pb both for the PB and the Pl phase space. The two values are numer-
ically equal at the quoted precision because of the large overlap betiveewo phase space
definitions. The total phase space cross section is then obtained appigiEptances to the PB
phase space and amounts t5£0.3(stat)ﬂjg(syst) pb. Comparisons of these cross sections to
different MC predictions are shown in F[g. 2-right. The measurementfoarel to be larger than
MC predictions by a factor of 1.5-2.4, corresponding to 1-2 standafdtiens. This is consistent
with what observed in the SL/DL measurements described above.

4. Search for tttt, in the single-lepton and opposite-sign dilepton channels (36 fb~1)

The production of four top quarks is searched for in SL events and ire@nts where the
leptons have opposite-sign charges [13]. The event selection foetistsis based on the number
of leptons and of jetd;, including those b-taggedy,. Figure[B-left shows as an example e
distributions from data and MC simulations for the SL channel.
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Figure 3: Left: distribution ofN, in the combined SL channels [13]. Right: postDﬁ# distribution in the
single-muon channel for events with = 7, and 2 3, > 4 tagged jets.

In order to improve the sample purity and to identify the top quarks, two BD&dramed
for the two channelsD% and D%, but to increase the sentitivity the events are also categorized
in terms ofN; andN,. The choice of the input variables has been optimized separately for the two
channels.

A simultaneous binned ML fit is carried to extract the signal strengtiefined as the ratio
between observed and theoretical cross sections. An example of this i&sthe fit is shown in
Fig.[3-right. The measured signal strengths amountgo7E for the SL channel and to'G 7 for the
DL case where no candidates are observed. The combination of the &nnelk giveg: = 0722,
corresponding to a cross sectiontttt) = 072° fb. The significance of this measurement is still
poor, and thus a 95% confidence level (CL) upper limit of 48 fb is quatedombination with a
previous measurement in the multijet channel [14] yields a cross sectioa wbllngl fb, with a

significance of 1.4 standard deviations.



Measurements of tt + XX at CMS Andrea Castro

5. Search for tttt, in the same-sign dilepton and trilepton channels (137 fb~1)

The production of four top quarks is searched also [15] in events witHdptons having the
same-sign charge, and in events with three leptons, using the standard regtirements. The
event selection requires also two generic jets and two b-tagged jets.

There are two analyses: one called 'cut-based’ which considers §4&iR2 CRs, and a sec-
ond one based on a BDT, which considers instead 17 SRs and 1 CRbathegrovide consistent
results, but the BDT analysis is expected to be more sensitive and predtds the one used for
the interpretation of the results. Observed and predicted yields, as sh&m-left, enter a pro-
file ML fit in which the parameter of interest is thegticross section, and all nuisance parameters
are profiled.

The obtained cross section amountstgT = 12.6f§;§ fb. Given the small (B0) significance
of this measurement, a 95% CL observed upper limit of 22.5 fb is assignezlexpgected upper
limit of 8.53:2 fb represents however a significant improvement relative to a previetesrdina-
tion by CMS in the same channel [14].

The dependence of the cross sectiorygras shown in Fig]4-right, enables us to contrain it,
yielding an upper limit of 1.7 times the SM value, at 95% CL.
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Figure 4: Left: observed yields in the control and signal regions foeg BDT analysis, compared to the

post-fit predictions [15]. Right: observesl(pp — tttt) and 95% CL upper limit shown as a function of
Iye/yeMl-

6. Conclusions

The production ofttpairs plus two generic jets, or plus two b-originated jets has been measured
by the CMS Collaboration in different decay channels. The cross ssctiorit + jj events are
consistent with SM predictions, while those fortbb production are approximately 30% larger,
as shown in Fid]5, begging for further experimental and theoreticalestud

As for tttt production, this rare process has not been observed yet andlimpipeof about 2—4
times the SM cross section have been set, along with a limit on the value of thev¥akapling
of the top quark to the Higgs boson relative to its SM value.
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