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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction

Processes with top quarks produced at low rate in the SM
- tt + W/Z (13 TeV), tt + γ (8 TeV) 
- t + Z (13 TeV), t + γ (13 TeV, NEW) 
- Four top quarks (13 TeV) 
- Rich phenomenology of anomalous couplings of top and vector bosons 

(top-boson, FCNC, triple gauge coupling…): see talk from A. Grohsjean
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- A test of top quark - vector boson coupling, 
- Irreducible background to ttH multi-lepton searches

tt+W/Z
arxiv:1711.02547, submitted to JHEP
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- Measure ttW with 2ℓss events: 
use kinematics in 3 BDT categories

- Use charge asymmetry

- ttZ with 3ℓ,4ℓ : counting events 
classified by jets/b-jets multiplicity

- Non-prompt lepton background: 
measured relaxing isolation in a QCD 
data sample (30% uncertainty)

- Charge mismeasurement (ee channel 
only): estimated from DY events in data 
(20% uncertainty)

2ℓss

3ℓ
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- Main systematics: lepton identification / trigger selections, non-prompt background 
- ttW with 2ℓss: 4.5σ (5.3σ) observed (expected) 
- ttZ with 3ℓ/4ℓ: ≫5σ

17

Table 2: Predicted and observed yields in the SS dilepton channel for the D < 0 region, i.e. the
nonprompt lepton control region. The total uncertainty obtained from the fit is also shown.

Process Nj = 2 Nj = 3 Nj > 3
Nonprompt 136.5 ± 13.9 110.3 ± 11.3 57.3 ± 6.1
Total background 192.1 ± 15.6 137.7 ± 11.7 74.0 ± 6.4

ttW 13.1 ± 0.3 17.6 ± 0.3 13.8 ± 0.3
ttZ 1.6 ± 0.4 3.1 ± 0.7 4.4 ± 1.0

Total 206.8 ± 15.7 158.4 ± 11.8 92.3 ± 6.5
Observed 229 144 92

Table 3: Predicted and observed yields in the SS dilepton final state. The total uncertainty
obtained from the fit is also shown.

Nj Nb Background ttW ttZ Total Observed

`�`�

0 < D < 0.6

2 >0 18.1± 1.8 2.2± 0.4 0.5± 0.1 20.8± 1.9 17

3 1 8.3± 0.9 2.1± 0.4 0.5± 0.1 10.9± 0.9 9
>1 10.9± 1.1 3.5± 0.6 0.8± 0.1 15.2± 1.3 17

>3 1 10.1± 1.1 2.8± 0.5 0.7± 0.2 13.7± 1.3 8
>1 22.2± 2.0 7.6± 1.2 2.7± 0.4 32.5± 2.4 27

D > 0.6

2 >0 6.8± 0.9 2.0± 0.3 0.4± 0.1 9.2± 0.9 10

3 1 4.1± 0.6 1.6± 0.3 0.3± 0.1 6.1± 0.6 11
>1 7.8± 0.9 3.8± 0.6 0.7± 0.1 12.3± 1.1 10

>3 1 5.6± 0.7 2.9± 0.5 0.7± 0.2 9.2± 0.9 5
>1 15.3± 1.5 12.0± 1.9 3.2± 0.5 30.5± 2.5 32

`+`+

0 < D < 0.6

2 >0 17.9± 1.8 4.9± 0.8 0.3± 0.1 23.1± 2.0 26

3 1 10.2± 1.3 3.7± 0.6 0.4± 0.1 14.4± 1.4 11
>1 10.2± 1.2 6.9± 1.1 0.8± 0.2 17.9± 1.6 18

>3 1 10.7± 1.2 4.9± 0.8 0.8± 0.2 16.4± 1.4 16
>1 22.4± 2.0 13.3± 2.2 3.0± 0.5 38.7± 3.0 42

D > 0.6

2 >0 8.0± 1.1 4.3± 0.7 0.4± 0.1 12.7± 1.3 18

3 1 4.8± 0.7 3.2± 0.5 0.3± 0.1 8.4± 0.9 7
>1 5.4± 0.7 7.1± 1.2 1.0± 0.2 13.5± 1.4 10

>3 1 6.3± 0.8 5.6± 0.9 0.9± 0.2 12.8± 1.2 12
>1 16.5± 1.5 22.5± 3.7 3.1± 0.5 42.1± 4.0 46

lepton channel both the expected and the observed significances are found to be much larger
than 5 standard deviations. The expected (observed) signal significances for ttW+ and ttW�
processes are calculated as well, being 4.2 (5.5) and 2.4 (2.3), respectively.

The measured signal strength parameters are found to be 1.23+0.19
�0.18 (stat)+0.20

�0.18 (syst)+0.13
�0.12 (theo)

for ttW, and 1.17 +0.11
�0.10 (stat)+0.14

�0.12 (syst)+0.11
�0.12 (theo) for ttZ. These parameters are used to multiply

the corresponding theoretical cross sections for ttW and ttZ mentioned in Section 1, to obtain
the measured cross sections for ttW and ttZ:

s(pp ! ttW) = 0.77+0.12
�0.11 (stat)+0.13

�0.12 (syst) pb,

s(pp ! ttZ) = 0.99+0.09
�0.08 (stat)+0.12

�0.10 (syst) pb.
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tt+γ
JHEP 10 (2017) 006
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Target semi-leptonic final states
- Measure tt+γ over tt ratio 
- Normalize the number of ttbar events (including tt+γ) with a fit of the 3-jet mass

- Increase purity with photon shower shape cut 
- Extract the signal with a fit of charged-hadron isolation
- Signal template from random cone method (same η, 

random Φ)

Background template from 
cluster shape sideband

Measure prompt photon purity >50%
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tt+γ
JHEP 10 (2017) 006
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- Normalize relative ttγ, Vγ and fake photon contributions with a likelihood exp(-χ2):

11

Table 2: Simulated samples categorized by reconstructed photon origin, after photon selection
in the µ+jets channel. The data-based multijet sample is not expected to have signal photons or
electrons. All uncertainties combine statistical and systematic contributions.

Sample Genuine photon Misid. electron Nonprompt photon Total
tt+g 407 ± 23 0.4 ± 0.3 11 ± 1 418 ± 24
tt+jets — 31 ± 5 291 ± 16 322 ± 17
W+g 140 ± 41 — 9.0 ± 6.7 149 ± 45
W+jets — — 57 ± 14 57 ± 14
Z+g 21 ± 7 — 1.4 ± 0.9 23 ± 7
Z+jets — — 9.6 ± 5.8 10 ± 6
Single t 12 ± 3 1.5 ± 1.3 25 ± 13 38 ± 14
QCD multijet — — 36 ± 20 36 ± 20
Total 580 ± 48 33 ± 5 440 ± 33 1053 ± 61
Data — — — 1136

cesses predominantly produce genuine photons, while the tt and V+jets processes contribute
to the nonprompt-photon or misidentified-electrons categories. The breakdown of the number
of events in the three reconstructed photon categories from each of the different simulated pro-
cesses as well as the total number of expected and observed events are shown in Tables 1 and
2 for the e+jets and µ+jets final states, respectively.

The modeling of misidentified electrons has been corrected using the scale factor described in
Section 8, but the modeling of nonprompt photons from jets remains uncorrected. The normal-
ization of the tt+jets, W+jets, Z+jets, and QCD samples have been cross-checked and corrected
as described previously in Sections 6 and 7. The contribution from single top quark processes
is expected to be small and accurately modeled, and is left normalized to the theoretical cross
sections. This leaves three major contributing sources, which have so far not been constrained
and for which scale factors still need to be measured: tt+g, V+g, and photons originating from
jets.

The three remaining scale factors, the scale factor on tt+g simulation (SFtt+g), on V+g simu-
lation (SFV+g), and on simulation of photons originating from jets (SFjet!g), are derived by
defining a likelihood function based on the three previously measured quantities: the photon
purity, pdata

eg ; top quark purity, pdata
tt ; and the number of events in data after the photon selec-

tion, Ndata. The likelihood function is defined as L(SFtt+g, SFV+g, SFjet!g) = e�c2/2 where c2 is
the sum of three terms:

c2(SFtt+g, SFV+g, SFjet!g) =
(pdata

eg � pMC
eg )2

s2
peg

+
(pdata

tt � pMC
tt )2

s2
ptt

+
(Ndata � NMC)2

s2
N

, (1)

where pMC
eg , pMC

tt , and NMC are the photon purity, top quark purity, and the number of events
expected from simulation, and speg sptt , and sN are the statistical uncertainties in the measured
quantities. The value of the photon purity from simulation is taken to be the fraction of events
in which the reconstructed photon originates from either a genuine photon or a misidentified
electron. Similarly, the top quark purity in simulation is found as the fraction of the total simu-
lated events coming from either the tt or tt+g processes. Because these three values depend on
the relative contribution of events from the different processes, they are functions of the three
scale factors, SFtt+g, SFV+g, and SFjet!g. For example, the photon purity would be increased for
larger values of SFtt+g or SFV+g whereas SFjet!g would increase the number of nonprompt pho-
tons and have the inverse effect on the photon purity. Similarly the top quark purity would be
increased for larger values of SFtt+g or SFjet!g (since tt is the largest contributor of nonprompt

- Main systematic uncertainties: 

14 12 Results

Section 7). The systematic uncertainty due to the scale factor for Z+jets simulation (described
in Section 6) is applied by adjusting the scale factor up and down by its uncertainty.

The uncertainty in the efficiency of the b tagging algorithm is taken into account by varying
the b tagging scale factors up and down by their uncertainties [37]. Differences between the
distribution of the pT of the top quarks in data and simulation are taken into account by ap-
plying a reweighting based on the pT of the generated top quarks and treating the difference
from the nominal sample as a systematic uncertainty (“top quark pT reweighting”) [40]. The
uncertainty in the pileup correction is found by recalculating the pileup distribution in data
with a plus and minus 5% change to the total inelastic proton-proton cross section [41], and
using these new distributions to reweight the simulation.

The uncertainty in the factorization and renormalization scales is taken into account by sim-
ulating the tt+g and tt+jets processes with the scales doubled and halved compared to the
nominal value of µF = µR = Q =

p
m2

t + Sp2
T (where the sum is taken over all final state

partons). The uncertainty in the matching of partons at ME level to the parton shower (PS) is
found by simulating tt+g and tt+jets processes with the threshold used for matching doubled
and halved from the nominal value of 20 GeV. The uncertainty arising from the choice of the
top quark mass used in simulation is measured by simulating the samples with a value of mt
varied up and down by 1 GeV from its central value of mt = 172.5 GeV.

Table 4: Uncertainties in the cross section ratio R for the combination of the e+jets and µ+jets
final states.

Source Uncertainty (%)
Statistical likelihood fit 15.5
Top quark mass 7.9
JES 6.9
Fact. and renorm. scale 6.7
ME/PS matching threshold 3.9
Photon energy scale 2.4
JER 2.3
Multijet estimate 2.0
Electron misid. rate 1.3
Z+jets scale factor 0.8
Pileup 0.6
Background normalization 0.6
Top quark pT reweighting 0.4
b tagging scale factor 0.3
Muon efficiency 0.3
Electron efficiency 0.1
PDFs 0.1
Muon energy scale 0.1
Electron energy scale 0.1
Total 20.7

12 Results

The ratio of the fiducial cross section of tt+g to tt production is found to be R = (5.7 ± 1.8) ⇥
10�4 (stat+syst) in the e+jets final state and R = (4.7 ± 1.3) ⇥ 10�4 (stat+syst) in the µ+jets final
state. The value of the fiducial tt+g cross section can be extracted from the cross section ratio

15

using the measured tt cross section of 244.9 ± 1.4 (stat)+6.3
�5.5 (syst) ± 6.4 (lumi) pb [24]. Multiply-

ing the cross section ratio by the measured tt cross section results in values for the tt+g fiducial
cross section of 138 ± 45 (stat+syst) fb in the e+jets final state and 115 ± 32 (stat+syst) fb in the
µ+jets final state.

The value of the cross section times the branching fraction in the lepton+jets final states can
be extrapolated from the fiducial cross section by dividing by the kinematic acceptance. The
kinematic acceptances (as given in Section 10) are found to be 0.2380 ± 0.0014 and 0.2551 ±
0.0014 in the e+jets and µ+jets final states. This gives a cross section times branching fraction
of stt+g B = 582 ± 187 fb in the e+jets final state and 453 ± 124 fb in the µ+jets final state. These
values are in agreement with theoretical prediction of 592 ± 71(scales) ± 30 (PDFs) fb for the
cross section times branching fraction of each of the semileptonic final states [42].

The combination of the e+jets and µ+jets channels results in a cross section ratio per semilep-
tonic final state of (5.2 ± 1.1) ⇥ 10�4 (stat+syst). This results in a value of 127 ± 27 (stat+syst) fb
for the fiducial tt+g cross section. When extrapolated to the cross section times branching frac-
tion by dividing by the kinematic acceptance, the result is stt+g B = 515 ± 108 fb per lepton+jets
final state, in good agreement with the theoretical prediction. Table 5 summarizes the measured
ratios and cross sections for the e+jets and µ+jets final states as well as the combination.

Table 5: Cross section ratios, as well as fiducial and total cross sections per semileptonic final
state.

Category R sfid
tt+g

(fb) stt+g B (fb)
e+jets (5.7 ± 1.8) ⇥ 10�4 138 ± 45 582 ± 187
µ+jets (4.7 ± 1.3) ⇥ 10�4 115 ± 32 453 ± 124
Combination (5.2 ± 1.1) ⇥ 10�4 127 ± 27 515 ± 108
Theory — — 592 ± 71 (scales) ± 30 (PDFs)

The distributions of the transverse momentum and absolute value of the pseudorapidity of
the photon candidate are shown in Figs. 7 and 8, scaled to the results of the likelihood fit.
While the statistical precision of this analysis currently limits the ability to perform a differential
measurement of the tt+g cross section, there is the potential to measure the differential cross
section in the future in both of these variables.

13 Summary

The results of a measurement of the production of a top quark-antiquark (tt) pair produced in
association with a photon have been presented. The measurement is performed using 19.7 fb�1

of data collected by the CMS detector at a center-of-mass energy of 8 TeV. The analysis has been
performed in the semileptonic e+jets and µ+jets decay channels.

The ratio of the tt+g to tt production cross sections has been measured to be R = stt+g/stt =

(5.2 ± 1.1) ⇥ 10�4. By multiplying the measured ratio by the previously measured value of the
tt cross section, the fiducial cross section for tt+g production of 127 ± 27 fb has been found for
events in the e+jets and µ+jets final states. The measured values are in agreement with the
theoretical predictions.

Results:

- Fiducial volume at generator level as 
close as possible to reconstructed level, to 
minimize unfolding effects
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MEM improves the analysis significance by 20%

Analysis performed in 3ℓ final state (e or μ)
- Makes use of the forward jet in tZq to discriminate signal from 

background 
- Build BDT discriminants using kinematic information 
- Include MEM weights and MEM kinematic fit as input to the BDT

tZq MEM weight

6 5 Signal and background modeling and systematic uncertainties

The Hj discriminator is designed to identify jets originating from the Higgs decay products.
The classifier is trained against a background of jets in ttW/ttZ events in the 2LSS category,
and uses jet identification (CSV discriminator, quark-gluon jet likelihood) and geometric (DR
with respect to the leptons) properties as input variables. It is not evaluated on jets compatible
with top decay products according to the previous discriminator.

In the 3L event category only, the kinematic variables listed above are complemented by matrix
element weights. A weight wi,a is computed for each hypothesis a (where a is either ttH, ttW,
or ttZ) and for the event i as follows:

wi,a(F0) =
1
sa

Z
dFa · d4

⇣
pµ

1 + pµ
2 � Â

k�2
pµ

k

⌘
· f (x1, µF) f (x2, µF)

x1x2s
·
���Ma(pµ

k )
���
2
· W(F0|Fa),

where sa is the cross section; F0 are the 4-momenta of the reconstructed particles; dFa is the
element of phase space corresponding to unmeasured quantities with momentum conservation
enforced; f (x, µF) are the parton density functions, computed using NNPDF3.0 LO [26]; |Ma|2
is the squared matrix element, computed with MADGRAPH 5 AMC@NLO standalone [27] at
LO in the narrow-width approximation for t, t and H; and W are the transfer functions for
jet energy and Emiss

T , relating parton to reconstructed quantities, estimated from simulated ttH
events.

The two jets with the highest CSV tagging output are assigned to the two b quarks in the matrix
element. Among the remaining jets, the pair with dijet mass closest to mW is selected. In ttH,
for semileptonic decays of the Higgs daughters, the pair with lowest dijet mass is selected. If
one or two jets needed to evaluate |Ma|2 fail to be reconstructed, the weight is recovered by
extending the integration phase space for the missing jets.

The final weight for each hypothesis a is taken as the average of the weights computed for each
lepton and jet permutation. The MEM weights of signal and backgrounds are combined in a
likelihood ratio that is used as an input variable to the BDT. Including the MEM weights in the
BDT training against ttW/ttZ improves the background rejection power by about 10% for the
three lepton category.

The plane spanned by the outputs of the two BDT classifiers is binned using a method based
on the likelihood ratio between signal and background. Starting from a fine binning allowed
by considerations on the signal and background statistical uncertainties in each bin, the joint
likelihood is approximated by the signal-to-background ratio in each bin, and then smoothed
using gaussian kernels. Each background event is associated to the value of the likelihood
ratio in the bin the event belongs to; the cumulative distribution of the likelihood ratio for
background events is then partitioned, based on its quantiles, in a certain number of regions
of equal background content. The number of regions is chosen using a recursive application of
the k-means clustering algorithm [28]. The resulting regions are finally interpreted as bins of
a one-dimensional distribution, which features in a natural way a roughly constant number of
background events and an increasing number of signal events.

The distributions obtained in this way for each category are simulaneously fit to extract the
signal normalization. Figures 2, 3, 4, and 5 show distributions of event observables and BDT
classifier outputs in data, compared to the predicted background processes.

5 Signal and background modeling and systematic uncertainties
Signal ttH events are generated using the MADGRAPH 5 AMC@NLO package (version 5.222) [27],
which includes up to one additional hadronic jet at next-to-leading order (NLO) QCD accuracy.
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Signal extraction: simultaneous fit in 3 categories

Observation 3.7σ (3.2σ expected)
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CMS-TOP-16-020

Measurement of the associated production of a single top
quark and a Z boson in pp collisions at

p
s = 13 TeV

The CMS Collaboration⇤

Abstract

A measurement is presented of the associated production of a single top quark and a Z
boson. The study uses data from proton-proton collisions at

p
s = 13 TeV recorded by

the CMS experiment, corresponding to an integrated luminosity of 35.9 fb�1. Using
final states with three leptons (electrons or muons), the tZq production cross section
is measured to be s(pp ! tZq ! Wb`+`�q) = 123+33

�31 (stat)+29
�23 (syst) fb, where `

stands for electrons, muons, or t leptons, with observed and expected significances
of 3.7 and 3.1 standard deviations, respectively.

Published in Physics Letters B as doi:10.1016/j.physletb.2018.02.025.

c� 2018 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix B for the list of collaboration members
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The top quark couplings to the Z boson and the triple gauge-boson couplings are sensitive
to new physical phenomena. In particular, measurements of tZq production are sensitive to
processes beyond the SM that have similar experimental signatures, such as flavour-changing
neutral currents (FCNC) involving the direct coupling of the top quark to a Z boson and an up
or charm quark, at the top quark production or decay [12, 13]. Within the SM, FCNC processes
are forbidden at LO and suppressed at higher orders [14]. Deviations from the expected SM
tZq production could therefore be indicative of beyond-SM FCNC processes.

The next-to-leading-order (NLO) cross section for tZq ! Wb`+`�q, considering only the lep-
tonic decays of Z bosons (to electrons, muons, or t leptons, generically denoted by `), is calcu-
lated for pp collisions at a centre-of-mass energy of 13 TeV, using the Monte Carlo (MC) gen-
erator MADGRAPH5 aMC@NLO 2.2.2 [15]. The calculation, which includes lepton pairs from
off-shell Z bosons with invariant mass m`+`� > 30 GeV, uses the NNPDF 3.0 set of parton
distribution functions (PDFs) [16] in the five-flavour scheme. The result is sSM(t`+`�q) =
94.2+1.9

�1.8 (scale)± 2.5 (PDF) fb, with the “scale” and “PDF” uncertainties estimated, respectively,
by changing the quantum chromodynamics (QCD) renormalization and factorization scales by
factors of 0.5 and 2, and by using the 68% confidence level (CL) uncertainty on the NNPDF3.0
PDF set. This cross section is used as the reference in this analysis. Another calculation, in-
cluding all Z boson decays, gives a compatible cross section when the branching fraction to
charged leptons is taken into account [17]. Previous searches for tZq production at 8 TeV by the
CMS Collaboration [18] reported a signal with a significance of 2.4 standard deviations. The
ATLAS Collaboration recently reported a measurement of the tZq production cross section at
13 TeV [19] with a significance of 4.2 standard deviations.

This Letter presents a search for tZq production in pp collisions at
p

s = 13 TeV, using data
collected in 2016 by CMS, corresponding to an integrated luminosity of 35.9 fb�1. The signa-
ture for tZq production consists of a single top quark produced in the t channel, a Z boson, and
an additional (“recoiling”) jet emitted at pseudorapidity |h| < 4.5. The analysis uses events
where the Z boson decays to e+e� or µ+µ�, while the W boson, produced in the decay of the
top quark, decays to a neutrino and an electron or a muon, resulting in four possible final-state
leptonic combinations: eee, eeµ, eµµ, and µµµ. There will also be a small contribution from t
leptons decaying into electrons or muons. The final result reflects an extrapolation to include
all decay modes involving t leptons. The measurement is based on a multivariate analysis,
where boosted decision trees (BDTs) [20] are used to enhance the signal-to-background separa-
tion. Several control regions are defined to better constrain the backgrounds, each containing
different contributions from signal and background processes.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. The electron momentum is evaluated by combining the energy measurement
in the ECAL with the momentum measurement in the tracker. The momentum resolution for
electrons with transverse momentum, pT, around 45 GeV from Z ! ee decays ranges from
1.7% for nonshowering electrons in the barrel region to 4.5% for showering electrons in the
endcaps [21]. Muons are measured in the range |h| < 2.4, with detection planes made using

2 2 The CMS detector

The top quark couplings to the Z boson and the triple gauge-boson couplings are sensitive
to new physical phenomena. In particular, measurements of tZq production are sensitive to
processes beyond the SM that have similar experimental signatures, such as flavour-changing
neutral currents (FCNC) involving the direct coupling of the top quark to a Z boson and an up
or charm quark, at the top quark production or decay [12, 13]. Within the SM, FCNC processes
are forbidden at LO and suppressed at higher orders [14]. Deviations from the expected SM
tZq production could therefore be indicative of beyond-SM FCNC processes.

The next-to-leading-order (NLO) cross section for tZq ! Wb`+`�q, considering only the lep-
tonic decays of Z bosons (to electrons, muons, or t leptons, generically denoted by `), is calcu-
lated for pp collisions at a centre-of-mass energy of 13 TeV, using the Monte Carlo (MC) gen-
erator MADGRAPH5 aMC@NLO 2.2.2 [15]. The calculation, which includes lepton pairs from
off-shell Z bosons with invariant mass m`+`� > 30 GeV, uses the NNPDF 3.0 set of parton
distribution functions (PDFs) [16] in the five-flavour scheme. The result is sSM(t`+`�q) =
94.2+1.9

�1.8 (scale)± 2.5 (PDF) fb, with the “scale” and “PDF” uncertainties estimated, respectively,
by changing the quantum chromodynamics (QCD) renormalization and factorization scales by
factors of 0.5 and 2, and by using the 68% confidence level (CL) uncertainty on the NNPDF3.0
PDF set. This cross section is used as the reference in this analysis. Another calculation, in-
cluding all Z boson decays, gives a compatible cross section when the branching fraction to
charged leptons is taken into account [17]. Previous searches for tZq production at 8 TeV by the
CMS Collaboration [18] reported a signal with a significance of 2.4 standard deviations. The
ATLAS Collaboration recently reported a measurement of the tZq production cross section at
13 TeV [19] with a significance of 4.2 standard deviations.

This Letter presents a search for tZq production in pp collisions at
p

s = 13 TeV, using data
collected in 2016 by CMS, corresponding to an integrated luminosity of 35.9 fb�1. The signa-
ture for tZq production consists of a single top quark produced in the t channel, a Z boson, and
an additional (“recoiling”) jet emitted at pseudorapidity |h| < 4.5. The analysis uses events
where the Z boson decays to e+e� or µ+µ�, while the W boson, produced in the decay of the
top quark, decays to a neutrino and an electron or a muon, resulting in four possible final-state
leptonic combinations: eee, eeµ, eµµ, and µµµ. There will also be a small contribution from t
leptons decaying into electrons or muons. The final result reflects an extrapolation to include
all decay modes involving t leptons. The measurement is based on a multivariate analysis,
where boosted decision trees (BDTs) [20] are used to enhance the signal-to-background separa-
tion. Several control regions are defined to better constrain the backgrounds, each containing
different contributions from signal and background processes.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. The electron momentum is evaluated by combining the energy measurement
in the ECAL with the momentum measurement in the tracker. The momentum resolution for
electrons with transverse momentum, pT, around 45 GeV from Z ! ee decays ranges from
1.7% for nonshowering electrons in the barrel region to 4.5% for showering electrons in the
endcaps [21]. Muons are measured in the range |h| < 2.4, with detection planes made using
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Figure 5: Template distributions used for signal extraction. Left: BDT discriminator in the
1bjet region; centre: BDT output in the 2bjets control region; right: mW

T in the 0bjet control
region. More details are given in the caption of Fig. 3.

Table 1. The post-fit number of tZq events in the 1bjet region is 32.3. The 0bjet and 2bjets con-
trol regions (not shown) also contain tZq events, with post-fit yields of ⇡23 and 19 events,
respectively.

Table 1: Observed and post-fit expected yields for each production process in the 1bjet region.
The yields of columns 2–5 correspond to each channel, and column 6 displays the total for all
channels. The last column displays the ratio between post-fit and pre-fit yields.

Process eee eeµ eµµ µµµ All channels Npost-fit/Npre-fit

tZq 5.0± 1.5 6.6± 1.9 8.5± 2.5 12.3± 3.6 32.3± 5.0 —
ttZ 3.7± 0.7 4.7± 0.9 6.1± 1.2 8.0± 1.5 22.4± 2.2 0.9± 0.2
ttW 0.3± 0.1 0.3± 0.1 0.7± 0.2 0.6± 0.2 1.9± 0.3 1.0± 0.2
ZZ 4.8± 1.3 3.2± 0.9 9.0± 2.5 7.8± 2.2 24.7± 3.6 1.3± 0.3
WZ+b 3.0± 0.9 3.4± 1.1 4.6± 1.4 5.5± 1.7 16.6± 2.6 1.0± 0.2
WZ+c 9.0± 2.4 13.7± 3.7 18.0± 4.9 24.2± 6.5 64.8± 9.3 1.0± 0.2
WZ+light 12.2± 1.6 16.6± 2.0 22.4± 2.8 29.1± 3.4 80.3± 5.1 0.7± 0.1
ttH 0.6± 0.2 0.9± 0.3 1.0± 0.3 1.5± 0.4 4.0± 0.6 1.0± 0.2
tWZ 1.0± 0.3 1.3± 0.4 1.7± 0.5 2.4± 0.7 6.5± 1.0 1.0± 0.2
NPL: electrons 19.2± 3.1 0.6± 0.1 17.9± 2.8 — 37.7± 4.2 —
NPL: muons — 7.2± 2.3 31.1± 9.9 15.3± 4.9 53.6± 11.3 —

Total 58.8± 4.8 58.4± 5.5 121± 12 107± 10 345± 18

Data 56 58 104 125 343

The observed tZq signal strength is

µ = 1.31+0.35
�0.33 (stat)+0.31

�0.25 (syst),

from which, using the reference NLO cross section, the measured cross section is found to be

s(t`+`�q) = 123+33
�31 (stat)+29

�23 (syst) fb,

for m`+`� > 30 GeV, where ` stands for electrons, muons, and t leptons. The best-fit signal
strength and cross section, as well as an approximate 68% CL interval, are extracted following
the profile likelihood scan procedure described in Ref. [48]. The fit is redone without including
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

N. Chanon - Rare top quark processes at CMS - ICHEP2018 -  9
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First evidence for tγq: 
Observation 4.4σ (3.0σ expected)
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Search for top+photon production in pp collisions at 13 TeV
in the muon+jets channel

The CMS Collaboration

Abstract

A search for events with a single top quark produced in association with a photon
is performed. The analysis is based on data corresponding to an integrated luminos-
ity of 35.9 fb�1 of pp collisions at

p
s = 13 TeV recorded by the CMS experiment at

the LHC in 2016. The events are selected by requiring the presence of a muon (µ),
a photon (g), an undetected neutrino (n), and at least two jets (j) from which one
is identified as a b jet. A multivariate analysis based on topological and kinematic
properties is employed to discriminate the signal from the background processes. An
excess above the background-only hypothesis is observed, with a significance corre-
sponding to 4.4 standard deviations. A fiducial cross section is measured for photons
with transverse momentum greater than 25 GeV and in the central region of the de-
tector that are well separated from muons and jets. The measured cross section times
branching fraction is B(t! µnb)s(tgj) = 115± 17(stat)+33

�27(syst) fb, which agrees with
the standard model prediction.

- Build a BDT discriminant using kinematics  
- Most important variable forward jet η
- Template for tt+γ obtained from data control region with additional b-jet 
- Non-prompt from fake ratio method

5

vary in the likelihood fit within the systematic uncertainties. A test statistic is constructed by
generating pseudo-data for the background-only and for the signal-plus-background hypothe-
ses. The sensitivity to the single top quark production in association with a photon is calculated
from the likelihood of the test statistic. The BDT output distribution for data and SM prediction
after the fit is presented in Fig. 3 The estimated number of tt + g after the fit is 1221 ± 121.
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Figure 2: Distributions of some of the input variables to the BDT: DR(light jet, g) (top-left), co-
sine of the angle between the muon candidate and the light jet in the top quark rest frame (top-
right), pseudorapidity of the light jet (bottom-left), and reconstructed top quark mass (bottom-
right) after the final event selection for data (points), and the SM prediction (histograms). The
hatched band shows the statistical and systematic uncertainties in the estimated signal and
background yields and the vertical bars on the points represent the statistical uncertainties in
data.

All systematic uncertainties apply to both normalization and shape, except for the integrated
luminosity, photon energy scale, pmiss

T and background rates. The main systematic uncertainties
come from JES, signal modelling, Zg + jets, and b tagging and mistagging rates on the signal
cross section, and amount to 12%, 9%, 8%, and 7%, respectively. The uncertainty from each
source is calculated by removing all the sources but the one considered.

An excess of events above the expected background is observed with a p-value of 4.27 ⇥ 10�6,
which corresponds to a significance of 4.4 standard deviations (s). The median expected signifi-
cance is 3.0s and the 68%, 95% ranges for the expected significance are [1.5, 4.0] and [0.0, 8.7], re-
spectively. A cross section times branching fraction of B(t! µnb)s(tgj) = 115±17(stat)+33

�27(syst)
fb, is measured in the region of transverse energy ET,g GeV, |h| < 1.44, and DR(X, g) > 0.5,
where X = µ, b jet, light jet. The SM predicted cross section is 81 ± 4 fb, which is in agreement
with the measured one. This is the first experimental evidence for single top quark production
in association with a photon at hadron colliders.

- Simultaneous fit of tγq and tt+γ regions

Dominated by systematics: jet energy 
scale, b-tagging, tγq modeling
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Analysis in 2ℓss and ≥3ℓ final state
- Take advantage of large multiplicity: 

- Require HT>300 GeV 
- Categorize in the number of jets and b-jets

- Construct ttZ and ttW control regions
- Charge misidentification and non-prompt leptons: same 

techniques as in ttW/Z analysis 
- Main systematics: lepton identification, QCD scale and pdf, ISR/FSR
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Table 3: Summary of the sources of uncertainty and their effect on signal and background
yields. The first group lists experimental and theoretical uncertainties in simulated signal and
background processes. The second group lists normalization uncertainties in the estimated
backgrounds.

Source Uncertainty (%)
Integrated luminosity 2.5
Pileup 0–6
Trigger efficiency 2
Lepton selection 4–10
Jet energy scale 1–15
Jet energy resolution 1–5
b tagging 1–15
Size of simulated sample 1–10
Scale and PDF variations 10–15
ISR/FSR (signal) 5–15
ttH (normalization) 50
Rare, Xg, ttVV (norm.) 50
ttZ/g⇤, ttW (normalization) 40
Charge misidentification 20
Nonprompt leptons 30–60

cance of the observation relative to the background-only hypothesis, and the upper limit on
s(pp ! tttt). The experimental and theoretical uncertainties described in Section 6 are in-
corporated in the likelihood as “nuisance” parameters and are profiled in the fit. Nuisance
parameters corresponding to systematic uncertainties are parameterized as log-normal distri-
butions. The fitted values of the nuisance parameters are found to be consistent with their ini-
tial values within uncertainties. The nuisance parameters corresponding to the ttW and ttZ/g⇤

normalizations are scaled by 1.2 ± 0.3 and 1.3 ± 0.3, respectively, while other background con-
tributions including ttH are scaled up by 1.1 or less. The signal and control region results after
the maximum-likelihood fit (post-fit) are shown in Fig. 4, with the fitted tttt signal contribution
added to the background predictions, which are given in Table 4. The tttt cross section is mea-
sured to be 16.9+13.8

�11.4 fb, where the best-fit value of the parameter and an approximate 68% CL
confidence interval are extracted following the procedure described in Sec. 3.2 of Ref. [52]. The
observed and expected significances relative to the background-only hypothesis are found to
be 1.6 and 1.0 standard deviations, respectively, where the expectation is based on the central
value of the NLO SM cross section of 9.2+2.9

�2.4 fb [17]. The observed 95% CL upper limit on the
cross section, based on an asymptotic formulation [53] of the modified frequentist CLs crite-
rion [54, 55], is found to be 41.7 fb. The corresponding expected upper limit, assuming no SM
tttt contribution to the data, is 20.8+11.2

�6.9 fb, showing a significant improvement relative to the
value of 27 fb of Ref. [23].

The pp ! tttt process has contributions from diagrams with virtual Higgs bosons, as shown
in Fig. 1. Experimental information on s(pp ! tttt) can therefore be used to constrain the
Yukawa coupling, yt, between the top quark and the Higgs boson. We constrain yt assuming
that the signal acceptance is not affected by the relative contribution of the virtual Higgs boson
diagrams. As the cross section for the ttH background also depends on the top quark Yukawa
coupling, for the purpose of constraining yt the fit described above is repeated with the ttH
contribution scaled by the square of the absolute value of the ratio of the top quark Yukawa
coupling to its SM value (|yt/ySM

t |2), where ySM
t = mt(

p
2GF)1/2 ⇡ 1. This results in a depen-

dence of the measured s(pp ! tttt) on |yt/ySM
t | which is shown in Fig. 5 and is compared to its
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Abstract

A search for standard model production of four top quarks (tttt) is reported using
events containing at least three leptons (e, µ) or a same-sign lepton pair. The events
are produced in proton-proton collisions at a center-of-mass energy of 13 TeV at the
LHC, and the data sample, recorded in 2016, corresponds to an integrated luminosity
of 35.9 fb�1. Jet multiplicity and flavor are used to enhance signal sensitivity, and ded-
icated control regions are used to constrain the dominant backgrounds. The observed
and expected signal significances are, respectively, 1.6 and 1.0 standard deviations,
and the tttt cross section is measured to be 16.9+13.8

�11.4 fb, in agreement with next-to-
leading-order standard model predictions. These results are also used to constrain
the Yukawa coupling between the top quark and the Higgs boson to be less than 2.1
times its expected standard model value at 95% confidence level.
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8 8 Summary

theoretical prediction. The prediction is obtained from the LO calculation of Ref. [16], with an
NLO/LO K-factor of 1.27 [18]. The LO calculation is used instead of the NLO one, as Ref. [16]
provides a breakdown of the contributions to the cross section according to powers of yt. The
prediction also includes the uncertainty associated with varying the renormalization and fac-
torization scales in the LO calculation by a factor of 2. The central, upper and lower values
of the theoretical cross section provide respective 95% CL limits for |yt/ySM

t | < 2.1, <1.9 and
<2.4.

Table 4: The post-fit background, signal, and total yields with their total uncertainties and the
observed number of events in the control and signal regions in data.

SM background tttt Total Observed
CRZ 31.7 ± 4.6 0.4 ± 0.3 32.1 ± 4.6 35
CRW 83.7 ± 8.8 1.9 ± 1.2 85.6 ± 8.6 86
SR1 7.7 ± 1.2 0.9 ± 0.6 8.6 ± 1.2 7
SR2 2.6 ± 0.5 0.6 ± 0.4 3.2 ± 0.6 4
SR3 0.5 ± 0.3 0.4 ± 0.2 0.8 ± 0.4 1
SR4 4.0 ± 0.7 1.4 ± 0.9 5.4 ± 0.9 8
SR5 0.7 ± 0.2 0.9 ± 0.6 1.6 ± 0.6 2
SR6 0.7 ± 0.2 1.0 ± 0.6 1.7 ± 0.6 0
SR7 2.3 ± 0.5 0.6 ± 0.4 2.9 ± 0.6 1
SR8 1.2 ± 0.3 0.9 ± 0.6 2.1 ± 0.6 2

8 Summary

The results of a search for standard model (SM) production of tttt at the LHC have been pre-
sented, using data from

p
s = 13 TeV proton-proton collisions corresponding to an integrated

luminosity of 35.9 fb�1, collected with the CMS detector in 2016. The analysis strategy uses
same-sign dilepton as well as three- (or more) lepton events, relying on jet multiplicity and jet
flavor to define search regions that are used to probe the tttt process. Combining these regions
yields a significance of 1.6 standard deviations relative to the background-only hypothesis, and
a measured value for the tttt cross section of 16.9+13.8

�11.4 fb, in agreement with the standard model
predictions. The results are also re-interpreted to constrain the ratio of the top quark Yukawa
coupling to its SM value, yielding |yt/ySM

t | < 2.1 at 95% confidence level.
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Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7 Processes with top quarks produced at low rate in the SM
- tt+W and tt+Z are observed at 13 TeV

- Processes very important to understand ttH signal extraction 
- Data is in agreement with SM at NLO 
- ttZ has a large signal: we can hope to perform differential measurements  

- tt + γ (8 TeV): 
- First measurement at CMS, to be performed at 13 TeV  

- tZq at 13 TeV:
- tZq is observed at CMS with 3.7σ (3.2σ expected) 
- Matrix element method improves expected significance by 20% 
- Can improve further lepton identification and non-prompt estimate 

- tγq (13 TeV, NEW!):
- New measurement: evidence of tγq at 4.4σ (3.0σ expected)

- Four top quarks (13 TeV) 
- Takes advantage of ttH and ttW/Z analyses 
- This very rare process is not yet observed, but is very sensitive to new physics 
- Allow to constrain top-Higgs coupling (although less precisely than ttH) 

through virtual Higgs diagrams
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Matrix Element Method

6 5 Signal and background modeling and systematic uncertainties

The Hj discriminator is designed to identify jets originating from the Higgs decay products.
The classifier is trained against a background of jets in ttW/ttZ events in the 2LSS category,
and uses jet identification (CSV discriminator, quark-gluon jet likelihood) and geometric (DR
with respect to the leptons) properties as input variables. It is not evaluated on jets compatible
with top decay products according to the previous discriminator.

In the 3L event category only, the kinematic variables listed above are complemented by matrix
element weights. A weight wi,a is computed for each hypothesis a (where a is either ttH, ttW,
or ttZ) and for the event i as follows:

wi,a(F0) =
1
sa

Z
dFa · d4

⇣
pµ

1 + pµ
2 � Â

k�2
pµ

k

⌘
· f (x1, µF) f (x2, µF)

x1x2s
·
���Ma(pµ

k )
���
2
· W(F0|Fa),

where sa is the cross section; F0 are the 4-momenta of the reconstructed particles; dFa is the
element of phase space corresponding to unmeasured quantities with momentum conservation
enforced; f (x, µF) are the parton density functions, computed using NNPDF3.0 LO [26]; |Ma|2
is the squared matrix element, computed with MADGRAPH 5 AMC@NLO standalone [27] at
LO in the narrow-width approximation for t, t and H; and W are the transfer functions for
jet energy and Emiss

T , relating parton to reconstructed quantities, estimated from simulated ttH
events.

The two jets with the highest CSV tagging output are assigned to the two b quarks in the matrix
element. Among the remaining jets, the pair with dijet mass closest to mW is selected. In ttH,
for semileptonic decays of the Higgs daughters, the pair with lowest dijet mass is selected. If
one or two jets needed to evaluate |Ma|2 fail to be reconstructed, the weight is recovered by
extending the integration phase space for the missing jets.

The final weight for each hypothesis a is taken as the average of the weights computed for each
lepton and jet permutation. The MEM weights of signal and backgrounds are combined in a
likelihood ratio that is used as an input variable to the BDT. Including the MEM weights in the
BDT training against ttW/ttZ improves the background rejection power by about 10% for the
three lepton category.

The plane spanned by the outputs of the two BDT classifiers is binned using a method based
on the likelihood ratio between signal and background. Starting from a fine binning allowed
by considerations on the signal and background statistical uncertainties in each bin, the joint
likelihood is approximated by the signal-to-background ratio in each bin, and then smoothed
using gaussian kernels. Each background event is associated to the value of the likelihood
ratio in the bin the event belongs to; the cumulative distribution of the likelihood ratio for
background events is then partitioned, based on its quantiles, in a certain number of regions
of equal background content. The number of regions is chosen using a recursive application of
the k-means clustering algorithm [28]. The resulting regions are finally interpreted as bins of
a one-dimensional distribution, which features in a natural way a roughly constant number of
background events and an increasing number of signal events.

The distributions obtained in this way for each category are simulaneously fit to extract the
signal normalization. Figures 2, 3, 4, and 5 show distributions of event observables and BDT
classifier outputs in data, compared to the predicted background processes.

5 Signal and background modeling and systematic uncertainties
Signal ttH events are generated using the MADGRAPH 5 AMC@NLO package (version 5.222) [27],
which includes up to one additional hadronic jet at next-to-leading order (NLO) QCD accuracy.
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FIG. 1: Left: Normalized distributions of events with respect
to the MEM-based observable D for the di-lepton (top) and
single-lepton (bottom) channels. Right: Efficiency of selecting
signal vs. background using a D > Dmin cut.

IV. RESULTS

For a generic event i with kinematics xi the MEM-
based observable Di is defined as follows:

Di =
P (xi|S)

P (xi|S) + P (xi|B)
. (2)

Expected (normalized) distributions of signal and back-
ground events with respect to this observable are named
DS and DB, and are shown in Fig. 1 (left). The plots
show that for the same number of signal events the MEM-
based observable delivers a higher discriminating power
in the case of the di-lepton channel. This is manifest in
the right-hand plot of the same figure where the ϵs ver-
sus ϵb efficiencies resulting from a cut on the observable
D > Dmin are shown. This may seem surprising at first
sight, given that the di-lepton channel is characterized
by two missing particles in the final state, against only
one in the single-lepton channel. However, the di-lepton
channel is much cleaner, with only b-jets required in the
final state, a lower probability of erroneously including
extra QCD radiation and, eventually, a more manage-
able combinatorial background.
In order to assess the significance that can be achieved

at the LHC
√
s = 14 TeV for a given luminosity L,

we consider a large number of pseudo-experiments, each
with a number of events set to N = σrec

bg L (with σrec
bg the

reconstructed cross section, see Table I, last column). In
the B-only hypothesis, the number of signal and back-
ground events are set to s = 0 and b = N . In the S +B
hypothesis, s and b are generated under the constraint
s+ b = N according to the product of Poisson distribu-
tions with mean values Ns0/(s0+ b0) and Nb0/(s0+ b0),
respectively. Here s0 and b0 are the expected number of
reconstructed events after rescaling the signal cross sec-
tion by a parameter µ, i.e. b0 = σrec

bg L and s0 = µσrec
sig L.

For each event, the corresponding Di value is generated
according to the probability law DS (in the case of a sig-
nal event) or DB (in the case of a background event)
shown in Fig. 1. This procedure is used to generate
104 pseudo-experiments under each hypothesis (B-only
or S+B) at a given luminosity L.
For each pseudo-experiment the likelihood ratio LR is
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FIG. 2: Left: Log likelihood profiles in the case of the di-
lepton channel, assuming a luminosity of 32 fb−1 at 14 TeV
and setting µ = 1 (SM cross section). Right: Expected upper
bound on the tt̄h cross section (in units of SM cross section)
at 95 % C.L.

calculated as follows:

LR =
N
∏

i

r0P (xi|S) + (1− r0)P (xi|B)

P (xi|B)

=
N
∏

i

r0Di + (1− r0)(1−Di)

(1 −Di)
, (3)

with r0 = s0/(s0 + b0). The resulting B-only and
S + B distributions of pseudo-experiments with respect
to ln

(

LR
)

are shown in Fig. 2 (left) in the case of the
di-lepton channel, with L =32 fb−1 and µ = 1. The
two distributions are shifted towards positive values of
ln
(

LR
)

, which indicates that the MEM weights do not
exactly describe the phase-space distributions of back-
ground and signal events. This bias originates from the
approximations inherent to the calculation of the weights,
e.g., the assumed parametrization of the transfer function
and the effective treatment of beyond-leading-order QCD
radiations.
By smearing the value of b0 according to a log-normal

distribution (mean=b0, std=0.2b0) before generating s
and b in each pseudo-experiment, we also verified that
systematic uncertainties on the background normaliza-
tion have a negligible impact on the distributions of
pseudo-experiments with respect to ln

(

LR
)

. On the
other hand, already a 20% uncertainty on b0 hampers
a counting analysis based on the number of events to be
available at LHC, unless s/b ≫ 0.2.
We repeat this exercise with different values of µ until

the median of the B-only distribution cuts 5% of the left-
hand tail of the S + B distribution. Such a value of µ
provides us with the estimate µ× σ(tt̄h) of the expected
upper bound on the signal cross section at 95 % C.L. in
the absence of signal. Fig. 2 (right) shows our estimate
of the parameter µ as a function of the luminosity L,
separately for the di-lepton and single-lepton channels.
We observe that the sensitivity achieved in the di-lepton
channel is slightly better than the one in the single-lepton
channel at large luminosities.
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Reducible: mainly tt+jets,  
- shape obtained from data,  
- O(30%) uncertainty 

- Jets faking leptons: fake rate 
computed from QCD control region 
with loosened identification 

- Charge mis-assignment (2ℓss only): 
flip rate from Z→ℓ±ℓ± data

Irreducible: tt+W/Z/γ*  
- from Monte Carlo,  
- O(10%) uncertainty

ttH, multilepton 
•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 

–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 
•  Taken from theory predictions, with O(10%) uncertainty 

–  reducible backgrounds, mostly from tt + jets with  
non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 
ttH, multilepton 

•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 

–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 
•  Taken from theory predictions, with O(10%) uncertainty 

–  reducible backgrounds, mostly from tt + jets with  
non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 
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Four tops: rare backgrounds

N. Chanon - Rare top quark processes at CMS - ICHEP2018 -  17

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Four tops: ttW composition
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Rare top quark processes: summary

N. Chanon - Rare top quark processes at CMS - ICHEP2018 -  19

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Status after LHC Run 1: Rare Top
Rare, but within LHC reach: SM cross section larger than O(fb) 

❖ Measurements: ttW (±30%), ttZ (±27%), ttγ (±22%), tΖ (±80%) 
❖ Limits: tttt (95% CL upper limit: σtttt < 25 * σSM)  

Very Rare: FCNC, σSM smaller than O(10-6 fb), but large BSM enhancements 
❖ Limits on top BR (t→H, γ, g, Z) between 10-2 and 10-5
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