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Vector-Like Quarks

VLQ are colored, fractionally-charged fermions, nonchiral under SU(2) -
why these particular particles?

- appear in many BSM models that address the naturalness issue (Little 
Higgs, extra dimensions, Compositness etc)
- (maybe) explain fermion mass hierarchy

Candidates:

2

VLQs @ LHC 5

How do they appear in our 4 dimensions?

– Exotic charge partners

– Some of the states are predicted to be degenarated depending of the specific reprerentation 

In multiplets of the strong symmetry = as Quark Partners 

 In a minimal composite scenario = only one SU(2) Higgs = the global symmetry is SO(5):

[1] Notation of: Andrea De Simone, Oleksii Matsedonskyi, Riccardo Rattazzi, Andrea Wulzer'12 

- In the minimal spinorial representations of SO(5), we can write a list of the possible candidates :  

Nomenclature: Q' it stands generically to any flavour 

Exotic charge partners



Considering a given benchmarks couplings

Production/Decay

Pair production cross section falling 
very quickly and single production 
dominates as soon as 800 GeV for T 
and Y. 3

Pair-production:
Strong mechanism, the cross section depends 
only on the VLQ mass
Single production:
Electroweak mechanism, the cross section 
depends on VLQ mass and on its couplings 
with SM particles

Figure 1. Representative Feynman diagrams for the pp ! ht + X process in the four-flavour-number
scheme. We illustrate both resonant s-channel (left) and non-resonant t-channel (right) exchange topologies,
when induced by a heavy vector-like quark T .

• pp ! {W,T} ! Wbbj, Ztbj, htbj correspond to processes where the T quark is singly produced
in association with a jet, via its interaction with the W -boson and the bottom quark. The
specification of the entire final state then allows for the explicit identification of the relevant
VLQ decay channel. The propagation of the W -boson is also reflected by the presence of the
bottom quark in the final state, arising from gluon splitting.

• pp ! {Z, T} ! Wbtj, Zttj, httj correspond to processes where the T quark is produced via
its interaction with the Z-boson and the top quark, which is analogously reflected by the
presence of the final-state top quark.

This notation is redundant as we treat all processes in the four-flavour-number scheme, i.e. without
any initial b quarks. The set of final state particles indeed includes the VLQ decay products, so
that it would be already uniquely determined by the considered VLQ interactions. However, we
keep this too detailed labeling for clarity.

In the vector-like quark model of section 2, new physics contributions to the considered processes
arise both from the s-channel resonant production of a heavy quark T that further decays into a
ht, Zt or Wb system (together with jets), as well as from non-resonant t-channel exchanges of
the heavy quark. As an illustration, representative leading-order (LO) Feynman diagrams for the
pp ! ht process are shown in figure 1 for the two classes of contributions, assuming four active
quark flavours. Similar diagrams can be obtained for the other processes under consideration, with
the Higgs boson being replaced by the relevant boson, and all internal and final-state top quarks
being replaced by bottom quarks in the case of Wb +X production and W -boson-mediated VLQ
production.

3.1 Comparison between different schemes to treat the vector-like quark (large) width

We are interested in scenarios featuring a vector-like quark T with a large width. One of the leading
systematic theoretical errors on the predictions could therefore stem from how we treat the unstable
particle T in the amplitudes, as discussed already in section 2.2. The most obvious distribution
useful to assess such an error is the invariant mass of the T decay products. Examples of such
comparisons can be found in figure 2 for the three considered processes. We do not include in the
figures the invariant mass distribution in the NWA, as it consists of a pure Dirac delta function
located at the pole mass MT . We consider instead four different finite-width schemes at LO, that
are summarised as follows.

• Breit Wigner. Within this scheme, we replace the T propagator in the amplitude by

i
�
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�

p2 �M
2
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Can decay: (equivalent for Y/X) 
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Signal

4

Looking for:
Top+bb final state, all hadronic, resolved

TPrime
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boson 
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M(bb), ΔR(bb)
M(jj), ΔR(jj) ~100%

~57%

M(jjb), ΔR(b,(jj))

~66%

àChallenges: high background from multijet/ttbar
àOpportunities: full possibility to reconstruct each of the invariant 

mass and 3 b-tags can be used to constraint multijet events

àM(Top+bb), main variable, and look for a bump!



Signal Reconstruction

5

Input chi2 values obtained in M=700 GeV samples 
with matching to MCTruth after trigger + kinematics selection

2-step Chi2 minimization: first Higgs/Z, then W/Top:
• b-tag jets: select 2 à Higgs/Z candidate
• Remaining jets: select 2 à W-candidate 
• Remaining b-tag jets: merge 1 with 

W-candidate à Top-candidate
è 30% gain on S/N (wrt 1 step)

4. Event selection 5

The algorithm first minimizes c2
H/Z, defined as
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where m
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H/Z is the invariant mass of a given pair of b-tagged jets and µMC
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the expected mean and standard deviation mass values drawn from Gaussian fits to simulated
signal samples. The minimization is performed over all possible pairs of b-tagged jets. The
chosen b-tagged jets are removed from consideration for the subsequent steps.

The remaining jets are considered for forming a W boson candidate, consisting of two jets, and
a top quark candidate, consisting of the W boson candidate plus an additional b-tagged jet. For
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with the analogous definitions of m
meas, µMC, and sMC, for each resonant particle type. Finally,

the total c2 function
c2 = c2

H/Z + c2
W + c2

t (4)

is minimized using all possible jet combinations for the W boson and top quark candidates.
This multistep procedure improves the signal-to-background ratio in the search by 30% com-
pared to simply choosing the jet combination with the best total c2.

The values used for the particle mass mean and standard deviation are given in Table 1 and
vary slightly for each run period. Using masses fitted from the signal MC improves the signal
efficiency by 1–3% compared to using world average values.

Table 1: Mean and standard deviation values from a Gaussian fit of the Higgs, Z, and W boson
and top quark mass distributions in the 700 GeV T quark sample, requiring the jet kinematic
criteria described above and matching to generated particles. All quantities are in units of GeV.
The year-to-year variations are within the jet energy scale uncertainties.

2016 2017 2018
Particle µMC sMC µMC sMC µMC sMC

H 121.9 13.5 118.9 14.7 120.2 14.3
W 83.8 10.9 82.5 12.6 83.9 10.8
t 173.8 16.0 172.8 18.9 175.9 17.2
Z 90.9 11.4 89.2 12.0 90.9 11.3

4.2 Event selection

We impose additional selection criteria to reduce the background contribution and ensure cor-
rect identification of the Higgs, Z, and W boson and t quark candidates. In addition to the
kinematic selection described above, the “baseline selection” includes the following criteria.

• The total c2  15.
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Figure 4. The background-only post-fit invariant mass distributions for the tZ candidates (left)
and tH candidates (right) for each region fitted: 2M1L (upper row), 3M (middle row), and 3T
(lower row). The signal hypothesis shown is a T with a mass of 0.7TeV, narrow width, and a
product of the cross section and branching fraction of 600 fb for the tZbq and tHbq channels. The
data are represented by the black points with error bars, the signal hypothesis is represented by the
red dashed line, the blue histogram gives the fitted background, and the light blue band represents
the uncertainty in the background fit.

the tH channel. The local significance is 3.0 standard deviations for a T quark mass of

0.68TeV. For the same T quark mass the local significance is 0.2 standard deviations in

the tZ channel. In a search for a vector-like quark, one expects similar branching fractions

for the tH and tZ channels. No overall excess is measured when considering the fit of all

six distributions.
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The published previous analysis induces a shaping of the main 
variable, defined a second selection to remove the shaping 
è more robust analysis

Define 2 regions of selection:
- low mass selection (m(top+bb)<~800 GeV)
- high mass selection (m(top+bb)>~800 GeV)

Two Selections
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Figure 2: The five-jet invariant mass distribution in the 2M1L region after the high-mass (green
crosses) and low-mass (black circles) selections in 2018 dataset. The low-mass selection results
in a mass distribution that is smoothly falling, unlike the high-mass selection. The high-mass
selection is more efficient for signal T masses above 700 GeV.

5 Background estimation and validation

While signal events form a resonance in the five-jet invariant mass, SM background events
form a smoothly falling distribution. The background distribution in the 3T signal region is
estimated from regions with relaxed b-tagging requirements. As described previously, the
high-mass selection sculpts the mass distribution. The validation of the background estima-
tion method is mainly conducted in this region as it has a more complex shape.

As the selection variables are not correlated with the b-tagging criteria, the shape of the five-jet
invariant mass distribution for the SM backgrounds can be modeled from data in regions with
loosely b-tagged jets without introducing a bias.

The background-dominated regions are defined by relaxing the b-tagging requirements on
three of the jets used to form the T candidate. The 3M region contains events with three
medium b-tagged jets, but no events with three tight b-tagged jets. The 2M1L region con-
tains events with two medium and one loose b-tagged jets, but no events with three medium
b-tagged jets. These conditions create three mutually exclusive regions. The 2M1L region
is enriched in background events, while the 3M region provides a transition region between
background- and signal-enriched regions. Both regions have kinematic distributions similar to
the 3T region. With the large sample sizes in the 2M1L region, the background distributions
are determined with high statistical precision.

The background shape estimation method is validated in validation samples enriched in mul-
tijet or tt events where similar subsamples with different b-tagging criteria are defined. Both
samples include events with total c2 < 50. The multijet sample requires the maximum individ-
ual particle c2 to be in the range 5–20, while the tt sample requires the maximum individual
particle c2 to be in the range 3–5. Both validation samples are mutually exclusive from the
signal regions where the maximum individual particle c2 < 3. Additionally, the multijet sam-
ple requires c2

t > 1 to reduce the number of tt events, while the tt sample requires c2
t < 1.5

along with an inverted c2
H/Z > 1.5 (1.0) requirement for the tH (tZ) channel. The multijet



High Mass Selection

7

Top+Z: in chi2, M(bb) is set at mass(Z), in the overall selection, 
Higgs Mass<100 GeV AND chi2_Higgs < 1.0 (instead of 1.5)

Some Top+H can be reconstructed 
in top+Z final state (~15%)
èLook at top+H, top+Z and top+H reconstructed in top+Z
èIf bb resonance not a Higgs, more events could migrate



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Cut Variable

0

200

400

600

800

1000

1200

1400

1600

1800

Remove Selection Bias
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The same criteria than before are used, simply modify the cut value: 
Define a cut as function of the main variable to keep a quantile of 
events from the previous cut
è Preserving the shape as just reducing the shape by a given quantile
How to design the new cut value:
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Nbins:        TMass:     Quantile:     Percentile
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1- Cutting this plot in 
slices & ProjectionY for 
each bin interval

2- derive quantile values for each bin interval & find the percentage 

● Design a cut on Y (DR_bbH) depending on variable X (TprimeMass) in order to 
keep a percentage of the input distribution ⇒ No shaping of input distribution

○ Get the Projection DR_bbH for each bin of TprimeMass
● Determine the appropriate quantile value for the chosen X range based on the 

desired percentage to be kept.
○ to preserve same efficiency as previous cut
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bin22  LE:740  a:1.09477    b:0.7
bin23  LE:760  a:1.08877    b:0.7
bin24  LE:780  a:1.08122    b:0.7

● DR(bb)<1.1 → find percentage in order to have M=700, Quantile_DR(bb)~1.1. 
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➔  Close to 

DR_bbCut~1.1
b
in

1
 

b
in

2
 

b
in

3
 

1- Cutting this plot in 
slices & ProjectionY for 
each bin interval

2- derive quantile values for each bin interval & find the percentage 

● Design a cut on Y (DR_bbH) depending on variable X (TprimeMass) in order to 
keep a percentage of the input distribution ⇒ No shaping of input distribution

○ Get the Projection DR_bbH for each bin of TprimeMass
● Determine the appropriate quantile value for the chosen X range based on the 

desired percentage to be kept.
○ to preserve same efficiency as previous cut

%50 { %65 { %70 {

DR_bb{Higgs} vs TPrimeMass

TprimeMass (GeV)

3 RECALL: Quantiles Principles and first example with DR_bb{higgs} New_cut3
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Define cut value to keep a 
X-quantile of the 

distribution
The value of cut will differ 

depending on the bin

”Shaping cut”

Fit is performed to 
remove potential 

statistical fluctuations



Low Mass Selection
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B.2 Definition of the new criteria 133

that the changes in the fit function induces a change smaller than the statistical error. The fit913

functions have been chosen in agreement with the B2G conveners in 2023.914

Figure 117: 2018UL: Various DR(b, b) value determined by the GetQuantile method from
ROOT as a function of invariant mass (top+Higgs) from the 2M1L region weighed as 3T af-
ter cut2 in Mtop=140 region. Three different fits are used to approximate the points.

The same procedure is reproduced for each of the remaining criteria. It has to be noted that the915

procedure is applied after all previous cut applied: for cut4, all criteria up to cut3 have to be916

applied. The table 12 indicates the fraction of the distribution kept for each of the new criteria.917

It can be noticed that the relative HT criteria is barely rejecting events after the other criteria.918

It is known as this criteria was set to reject mainly the QCD which is strongly reduced by the919

various c2 selection. Moreover, the value of the criteria was kept low in order to keep efficiency920

for the case where the VLQ is produced with a top quark.921

Table 12: Fraction of the distribution kept by the GetQuantile method in order to have the same
efficiency than the cut based for MT0=700 GeV/c

2. It can be noticed that the relative HT criteria
is barely rejecting events after the other criteria. It is known as this criteria was set to reject
mainly the QCD which is strongly reduced by the various c2 selection. Moreover, the value of
the criteria was kept low in order to keep efficiency for the case where the VLQ is produced
with a top quark.

Cuts Fraction of events kept
3: DR(b, b) 35%

4: DR(jW , jW) 20%
5: Relative HT 99.5%
6: DR(Top, W) 15%

The various functions defining the new criteria are presented in figure 119.922

à Fraction designed to keep the same efficiency than the high 
mass cut at M=700 GeV (value used for cut designed)

This two variables are 
kept as is, the others 
induce a shaping

For the other cuts, polynomials 
from order 5 to order 7 are used 
to apply the cut

Why keeping 2 selections?
The same criteria are used for top+H and top+Z channels, as low 
mass selection is always preserving a given fraction of the input 
variable à it is cutting tighter at higher mass 
è lower efficiency than the high mass selection, for example, at 
M=900 GeV, high-mass selection is 46% efficient while the low-
mass is 36% for top+H channel



Background Estimation

10

Correlation less than 10% between variables

Bkgd
Dominated

Signal

3T2M1L veto 3M 3M veto 3T

Start to see
signal

TFTF

• Use shape of 2M1L/3M to estimate background, transition 
between regions done via Transfer Function (TF [b-tag weights]) 
• Normalisation of the shape done in combine
• Hypothesis: the shape of background in 2M1L==3M==3T 
• Define validation regions to validate the hypothesis
à Produce pre-Fit plots
• Use Combine for background shape and final results
è Independent of the selection (identical to previous publication)

B-tagging WP

M
(5

J)



Like doing a matrix inversion:
Signal: clustered in a few bins
In each b-tagging region, the bin content is 
either S+B or B only: (r=µ, signal strength)

Signal à known (gaussian from MC)
Background links between regions by b-tag efficiency:

èTransfer Function (TF): change of b-tag eff. as function of M(H/Z+top) [later] 
èNormaXY: overall b-tag efficiency from region X to Y

èNormaXY à determined by the fit method in bins without signal
èSolvable system,  fitting [                     ]  by taking into account all the 
parameters' errors (bin statistics + systematics)

Background Shape in the Fit

11
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given number of background and an µ⇥ number of expected signal events. In equation:

n
data

3T
(bin) = B3T(bin) + µ ⇥ S3T(bin)

n
data

3M
(bin) = B3M(bin) + µ ⇥ S3M(bin)

n
data

2M1L
(bin) = B2M1L(bin) + µ ⇥ S2M1L(bin)

(5)

Where n
data

Y
(bin) represents the observed number of data in the bin “bin” of the distribution in

the region Y ; BY(bin) is the number of background events in bin “bin” of the same distribution
in the region Y ; µ is the expected signal strength (µ = 0 no signal is observed) ; SY(bin) is
the number of expected signal events in bin “bin” of the same distribution in the region Y.
The various SY(bin) are determined from a gaussian parametrised from MC fit in each of the
b-tag region. Because the shape of the background is the same modulo the transfer function
correction in the three b-tag regions, the BY(bin) can be expressed as:

B3T(bin) = Norma
3T

3M
⇥ TF3Mto3T(bin)⇥ B3M(bin)

B3M(bin) = Norma
3M

2M1L
⇥ TF2M1Lto3M(bin)⇥ B2M1L(bin) (6)

Where Norma
Y

X
is a normalisation factor going from X region to Y, it does not depend on the

bin of the distribution. Putting things back in perspective with physics, it represents the mean
value of the b-tag efficiency going from X to Y region. TFXtoY(bin) represents the value of
the transfer function going from X to Y for the bin “bin”. The signal is only in a given set of
bins and it is not present outside of such bins, so the two normalisation parameters, as being
independant of the bin, can be determined in the bins where there is no signal. Looking at bins
outside the signal regions allow to constraint also the parameters of the transfer function. The
system can be then written as function of B2M1L(bin) as follow:

n
data

3T
(bin) = Norma

3M

2M1L
⇥ Norma

3T

3M
⇥ TF2M1Lto3M(bin)⇥ TF3Mto3T(bin)⇥ B2M1L(bin) + µ ⇥ S3T(bin)

n
data

3M
(bin) = Norma

3M

2M1L
⇥ TF2M1Lto3M(bin)⇥ B2M1L(bin) + µ ⇥ S3M(bin)

n
data

2M1L
(bin) = B2M1L(bin) + µ ⇥ S2M1L(bin)

(7)

The remaining unknown are the two normalisation parameters, the B2M1L(bin) and µ. All in all624

the system/matrix is fully solvable. Combine fits the values as all the parameters are coming625

with associated errors and it considers the various errors to derive the best approximation. The626

error considered are by definition the statistics uncertainties on n
data

Y
(bin), the uncertainties on627

the signal shape parametrisation, the errors on the transfer function parameters (TF). The two628

normalisation as well as the µ parameters are directly determine in combine.629

With the above equation system, the signal is not simply looked for in the 3T region but taken630

into account some potential signal in 3M and 2M1L region even if the background is larger in631

such regions. The methodology relies on the fact that the signal is present only in a few bins of632

the overall distribution but clearly, the shape distribution in itself does not matter.633

5.1.2 Cross check with shape only634

In order to be certain that there is no bias in the Combine methodology used, another method-635

ology is used below. The analysis was moved from a pure shape only fit (used over Run 1) to636
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given number of background and an µ⇥ number of expected signal events. In equation:

n
data

3T
(bin) = B3T(bin) + µ ⇥ S3T(bin)

n
data

3M
(bin) = B3M(bin) + µ ⇥ S3M(bin)

n
data

2M1L
(bin) = B2M1L(bin) + µ ⇥ S2M1L(bin)

(5)

Where n
data

Y
(bin) represents the observed number of data in the bin “bin” of the distribution in

the region Y ; BY(bin) is the number of background events in bin “bin” of the same distribution
in the region Y ; µ is the expected signal strength (µ = 0 no signal is observed) ; SY(bin) is
the number of expected signal events in bin “bin” of the same distribution in the region Y.
The various SY(bin) are determined from a gaussian parametrised from MC fit in each of the
b-tag region. Because the shape of the background is the same modulo the transfer function
correction in the three b-tag regions, the BY(bin) can be expressed as:

B3T(bin) = Norma
3T

3M
⇥ TF3Mto3T(bin)⇥ B3M(bin)

B3M(bin) = Norma
3M

2M1L
⇥ TF2M1Lto3M(bin)⇥ B2M1L(bin) (6)

Where Norma
Y

X
is a normalisation factor going from X region to Y, it does not depend on the

bin of the distribution. Putting things back in perspective with physics, it represents the mean
value of the b-tag efficiency going from X to Y region. TFXtoY(bin) represents the value of
the transfer function going from X to Y for the bin “bin”. The signal is only in a given set of
bins and it is not present outside of such bins, so the two normalisation parameters, as being
independant of the bin, can be determined in the bins where there is no signal. Looking at bins
outside the signal regions allow to constraint also the parameters of the transfer function. The
system can be then written as function of B2M1L(bin) as follow:

n
data

3T
(bin) = Norma

3M

2M1L
⇥ Norma

3T

3M
⇥ TF2M1Lto3M(bin)⇥ TF3Mto3T(bin)⇥ B2M1L(bin) + µ ⇥ S3T(bin)

n
data
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(bin) = Norma
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⇥ TF2M1Lto3M(bin)⇥ B2M1L(bin) + µ ⇥ S3M(bin)

n
data

2M1L
(bin) = B2M1L(bin) + µ ⇥ S2M1L(bin)

(7)

The remaining unknown are the two normalisation parameters, the B2M1L(bin) and µ. All in all624

the system/matrix is fully solvable. Combine fits the values as all the parameters are coming625

with associated errors and it considers the various errors to derive the best approximation. The626

error considered are by definition the statistics uncertainties on n
data

Y
(bin), the uncertainties on627

the signal shape parametrisation, the errors on the transfer function parameters (TF). The two628

normalisation as well as the µ parameters are directly determine in combine.629

With the above equation system, the signal is not simply looked for in the 3T region but taken630

into account some potential signal in 3M and 2M1L region even if the background is larger in631

such regions. The methodology relies on the fact that the signal is present only in a few bins of632

the overall distribution but clearly, the shape distribution in itself does not matter.633

5.1.2 Cross check with shape only634

In order to be certain that there is no bias in the Combine methodology used, another method-635

ology is used below. The analysis was moved from a pure shape only fit (used over Run 1) to636
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Figure 3: Weights from b tagging efficiency ratios (open markers) as a function of the five-jet
invariant mass in 2018 data for the low-mass (upper) and high-mass (lower) selections. The left
graph shows weights connecting the 2M1L and 3M regions, and the right graph shows weights
connecting the 3M and 3T regions. The red line corresponds to the central value of the transfer
function and the shaded area represents the 95% confidence level uncertainty band. For the
low-mass (high-mass) analysis only signals with mass below (above) 800 GeV are tested, so
primarily the lower (upper) part of the distribution contributes to the final result. In the tZ
channel and other years, similar functions are derived.

Transfer Function
Physics concerns: 
 B-tagging efficiency is not flat with respect to 𝛈 x pt
 Looser b-tagging prefer jets at high 𝛈 (wrt to medium b-tag)
à Selected 4-vector jets à slightly different in b-tag regions 
è Calculated b-tagging weights to correct each of the b-tag region 
è = Transfer Function 

12

Per jets, ratio of loose/medium 
selected b-tag as function 
of momentum/ 𝛈
àfitted function for each 

histograms
The weight for 3M à 3T is: 
(Wmomentum

Medium * Wη
Medium)3

The weight for 2M1Là 3M is:
 Wmomemtum

Loose * Wη
Loose

Low mass selection

High mass selection



Validation Regions
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Each region is dominated (>70%) by the expected background 
Up to Cut2, QCD 2M1L and tt2M1L are almost identical

+Mtop=140 GeV:
In the chi2, instead of Mtop from MC, fix it to 140 GeV
Produce VR SR/QCD/ttbar with this new chi2
+Mtop=250 GeV (lower stat)
è 45 validation regions exist… Performed in high mass selection are 
more complex shape
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Signal Parametrisation 
and Systematics

Thanks to full hadronic final state, signal shape is gaussian!
Parametrize signal shape (mean and sigma of the gaussian) for each 
of the b-tag regions/each selection as function of Mgen
à Linear dependance, simple parametrisation

Systematics:
Background is coming from data à no systematics
Systematics error on the transfer function (from the fit parameter and 
also flavor composition in the sample used for the determination)

For the signal, most of them are simply rate errors (luminosity/b-
tagging/PU/PDF etc), some of them are slightly changing the 
parametrisation (JES/JER)
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Figure 12: Five-jet invariant mass distributions after a background-only fit (blue histogram)
to the 2017 dataset (black markers) in the 2M1L (upper), 3M (middle), and 3T (lower) regions
for the low-mass (left) and high-mass (right) selections. The dashed blue band represents the
uncertainty on the fitted background estimate, and red dashed line shows the best-fit signal
distribution from a 700 GeV T. The fit is performed on the combined data from all three years
in the all-tH channel. The dashed vertical line denotes the division between the low-mass and
high-mass selections.
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Figure 11: Five-jet invariant mass distributions after a background-only fit (blue histogram)
to the 2016 dataset (black markers) in the (top) 2M1L, (middle) 3M, and (bottom) 3T regions
for low-mass (left) and the high-mass (right) selections. The dashed blue band represents the
uncertainty on the fitted background estimate, and red dashed line shows the best-fit signal
distribution from a 700 GeV T. The fit is performed on the combined data from all three years
in the all-tH channel. The dashed vertical line denotes the division between the low-mass and
high-mass selections.

high mass selectionlow mass selection
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Single Tà tH/Z
B2G-19-001

high mass selectionlow mass selection

2016 2017

http://cms.cern.ch/iCMS/analysisadmin/get?analysis=B2G-19-001-paper-v6.pdf
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Figure 13: Five-jet invariant mass distributions after a background-only fit (blue histogram)
to the 2018 dataset (black markers) in the (top) 2M1L, (middle) 3M, and (bottom) 3T regions
for the low-mass (left) and high-mass (right) selections. The dashed blue band represents the
uncertainty on the fitted background estimate, and red dashed line shows the best-fit signal
distribution from a 700 GeV T. The fit is performed on the combined data from all three years
in the all-tH channel. The dashed vertical line denotes the division between the low-mass and
high-mass selections.
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=B2G-19-001-paper-v6.pdf
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A tiny visible excess 
at lower mass than 
top+Z, but 
compatible with 
top+H linking in the 
top+Z channel, 
nevertheless 
combination of All 
top+H channel 
excess is 3 sigma 
local
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Figure 17: Five-jet invariant mass distributions after a background-only fit (blue histogram) to
the complete dataset (black markers) in the 2M1L (upper), 3M (middle), and 3T (lower) regions
for low-mass (left) and the high-mass (right) selections. The dashed blue band represents the
uncertainty on the fitted background estimate, and red dashed line shows the expected signal
distribution for a 700 GeV (low-mass selection) and a 900 GeV (high-mass selection) T. The tZ
channel is shown when the fit is performed on the combined data from all three years in the tZ
and tH channels.
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Limits
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P-Value
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P-Value plot can be included in the paper instead of the text 
(commenting on the 2016 excess not observed in the other years)
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Conclusion
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The excess observed in the previous publication was checked:
A new low mass selection have been made in order to avoid potential 
statistics fluctuation in the raising edge part of the spectrum
The excess remain clearly visible in 2016 data but it is not confirmed 
in the other year
à No overall excess is observed
à Limits are set on the VLQ mode reaching less than 2 the Singlet 

model cross section and improving by the 3 the previous ones



Back Up
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History: 2012 Data
Analysis performed over 2012 data for my habilation thesis 
à Arrived too late for publication so ONLY thesis endorsed, 
analysis cuts tuned at M=500 GeV mass point
• Basic Selection:
Trigger: QuadJet50, HT > 500 GeV 
≥ 3 b-tag Medium (CSV>0.679)
At least 6 PFLoose ID AK5 Jets within |η|<4.5
Jets pt ordered: pt > 120/100/60/60/50/20 GeV
ChiSquared<30 (Not done with Higgs priority at that time)
Top_From_Higgs_Chi2->M()>250 
• Full selection:
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History: 2012 Data
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Fit preferred width below resolution (~5% = 35 GeV)
r is computed for cross section = 290fb (no BR)

Background+signal fit18.9 fb-1Background only fit



Region enriched in ttbar
• The analysis selection is removing ttbar events by requesting that 

M(Higgs + remaining leading jet ) = 2nd top mass > 250 GeV
è Inverse that criteria and event tighten it to [150,200] GeV
è Look at event after Full selection

è Compare Data for 
3M and 2M1L B-tag WP 2018 

Prompt
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3 GeV 
between 

data and MC


