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PHENOMENOLOGICAL 
BACKGROUND



Motivation
arXiv:1306.0572

Why are we searching for them?

• Such particles might help to solve the fine tuning problem and stabilize the Higgs 
boson mass 

• Their masses are expected to be appear at the TeV scale and are independent on the 
Higgs boson coupling → not disfavored by the Higgs discovery and its measured 
production cross sections and decays

Many extensions of physics beyond the standard model suggest the existence 
of fermionic partners of bottom/top quarks (Vector-Like Quarks, VLQs)

What are vector-like quarks?

• Spin 1/2, electric and color charged particles

• L and R-handed chiralities transform in the same way under SU(3)C⊗SU(2)L⊗U(1)Y 
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production
• in pair:  strong interaction, σ dependent on VLQ 

mass  
• singly:  ewk interaction, σ dependent on VLQ 

mass and on the couplings with SM particles 
• becomes dominant for high VLQ masses

arXiv:1306.0572, arXiv: 1505.04306

single productionpair production

mVLQ (GeV)

Phenomenology

in this search we focus on the single production
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decay
• in a gauge boson and a third-generation SM quark 
• BRs depend on the isospin multiplet 

• both singlet and doublet models are considered
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• single production of vector-like B quark 
• ewk mechanism, cross section dependent on VLQ mass and couplings to SM particles 

• fully hadronic signature (and several b-quarks in the final state!) 
• main background is QCD multijet production

• minor contributions from TT, W+jets and Z+jets 
• boosted topology, B is massive (~ O(TeV)) 
• the VLQ B can be resolved and its mass reconstructed

b

b

B →bH, fully hadronic

b
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ANALYSIS STRATEGY 



AK4 forward-jet multiplicity
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additional feature of the signal:  
• typically one jet emitted into the forward region (|η|>2.4) of the detector 
• enhances discrimination between signal and background 

two categories in place:
• cat0: 0 fwd jets 
• cat1: at least 1 fwd jet

• cat1 is the most pure in signal  

• cat0 also improves the sensitivity as it 
is expected to be populated by a 
large amount of signal events

the combination of the two brings an 
improvement of 10/20% on the final 

sensitivity of the analysis, with respect 
to considering cat 1 only

Forward jets
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} }
b-jet Higgs  

candidate

ΔR(b, H) > 1.2

• pT > 450 GeV  
• HT* > 900 GeV

Online Selection

• ≥ 1 large-cone jet 
• ≥ 3 narrow jets 
• ≥ 1 b-tagged jet  
• lepton veto

Preselection

• pruned mass in [105, 135] GeV 
• 2 b-tagged subjets

(boosted) Higgs tagging

• using the H jets and the leading 
b-jet satisfying ΔR(b, H) > 1.2

B reconstruction

• HT > 950 GeV (for mB<1.5 TeV, low mass analysis)  

• HT > 1250 GeV (for mB≥1.5 TeV, high mass analysis) 

Analysis workflow

* hadronic activity, scalar sum of the jets pT 

9

Hadronic Activity mB (GeV)1500

high mass 
analysis

low mass 
analysis
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1. shape taken from region C  
2. background normalization expectation in signal region (A): 

3. multiple closure tests performed on simulation and on special validation 
regions in data to check the validity of the method

N(A)= N(C) ⨉ N(B) / N(D)

• ABCD method is employed to derive QCD 
multijets background from data  

• 3 regions enriched in QCD are defined by 
inverting two signal requirements: 

• mass of the Higgs-tagged jet 
• b-tagged subjets multiplicity
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RESULTS AND INTERPRETATION



• a binned maximum likelihood 
fit is performed:

• systematic uncertainties are 
included and treated as nuisance 
parameters  

• post-fit distributions of the 
reconstructed B mass 

• all categories are shown 
• very good agreement between 

data and MC within uncertainties  
• no excess of data over the SM 

prediction

Results

bprimemass

600 800 1000 1200 1400 1600 1800 2000 2200

Ev
en

ts
 / 

18
0 

G
eV

0

100

200

300

400

500

600
Data Multijets tt
W + jets Z + jets Stat + syst unc.

 = 1.8TeV x 500Bm

  (13 TeV)-135.9 fb
CMS

No forward jets
High mass analysis

After fitting

 [GeV]bHm
600 800 1000 1200 1400 1600 1800 2000 2200D

at
a 

/ B
kg

0
0.5

1
1.5

2

bprimemass

600 800 1000 1200 1400 1600 1800 2000 2200

Ev
en

ts
 / 

18
0 

G
eV

0

500

1000

1500

2000

2500 Data Multijets tt
W + jets Z + jets Stat + syst unc.

 = 1TeV x 500Bm

  (13 TeV)-135.9 fb
CMS

No forward jets
Low mass analysis

After fitting

 [GeV]bHm
600 800 1000 1200 1400 1600 1800 2000 2200D

at
a 

/ B
kg

0
0.5

1
1.5

2

bprimemass

600 800 1000 1200 1400 1600 1800 2000 2200

Ev
en

ts
 / 

18
0 

G
eV

0
20
40
60
80

100
120
140
160
180
200
220

Data Multijets tt

W + jets Stat + syst unc.  = 1.8TeV x 500Bm

  (13 TeV)-135.9 fb
CMS

At least one forward jet
High mass analysis

After fitting

 [GeV]bHm
600 800 1000 1200 1400 1600 1800 2000 2200D

at
a 

/ B
kg

0
0.5

1
1.5

2

bprimemass

600 800 1000 1200 1400 1600 1800 2000 2200

Ev
en

ts
 / 

18
0 

G
eV

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Data Multijets tt
W + jets Z + jets Stat + syst unc.

 = 1TeV x 500Bm

  (13 TeV)-135.9 fb
CMS

At least one forward jet
Low mass analysis

After fitting

 [GeV]bHm
600 800 1000 1200 1400 1600 1800 2000 2200D

at
a 

/ B
kg

0
0.5

1
1.5

2

12

Se
ar

ch
 fo

r s
in

gl
e 

pr
od

uc
tio

n 
of

 v
ec

to
r-l

ik
e 

qu
ar

ks
 d

ec
ay

in
g 

to
 a

 b
 q

ua
rk

 a
nd

  a
 H

ig
gs

 b
os

on

arXiv:1802.01486, CMS-B2G-17-009

Giorgia Rauco

https://arxiv.org/abs/1802.01486


 [GeV]bHm
600 800 1000 1200 1400 1600 1800

 b
H

) [
pb

]
→

(B
 

Β × 
σ

-310

-210

-110

1

10

210
95% CL upper limits

Observed
Median expected
68% expected
95% expected

 (LO), singletσTheoretical 
 (LO), doubletσTheoretical 

 (13 TeV)-135.9 fb

/M = 10%Γ

CMS

Both forward jets categories

 

 [GeV]bHm
800 1000 1200 1400 1600 1800

 b
H

) [
pb

]
→

(B
 

Β × 
σ

-310

-210

-110

1

10

210
95% CL upper limits

Observed
Median expected
68% expected
95% expected

 (LO), singletσTheoretical 
 (LO), doubletσTheoretical 

 (13 TeV)-135.9 fb

/M = 20%Γ

CMS

Both forward jets categories

 

 [GeV]bHm
800 1000 1200 1400 1600 1800

 b
H

) [
pb

]
→

(B
 

Β × 
σ

-310

-210

-110

1

10

210
95% CL upper limits

Observed
Median expected
68% expected
95% expected

 (LO), singletσTheoretical 
 (LO), doubletσTheoretical 

 (13 TeV)-135.9 fb

/M = 30%Γ

CMS

Both forward jets categories

 

 [GeV]bHm
600 800 1000 1200 1400 1600 1800

 b
H

) [
pb

]
→

(B
 

Β × 
σ

-310

-210

-110

1

10

210
95% CL upper limits

Observed
Median expected
68% expected
95% expected

 (LO), singletσTheoretical 
 (LO), doubletσTheoretical 

 (13 TeV)-135.9 fb

/M = 1%ΓNarrow width approximation, 

CMS

Both forward jets categories

 

• no deviation from SM expectation observed 

• upper limits on the signal production cross 
section times the branching ratio are set as a 
function of the VLQ B mass  

• regime of narrow width approximation considered 
• but also more realistic resonance width/mass 

scenarios are investigated 

• results both for singlet and doublet B quark 

σ > 0.07 - 1.28 pb

σ > 0.08 - 1.97 pb σ >  0.11 - 1.32 pb  σ >  0.10 - 1.22 pb 

Interpretation

13

Se
ar

ch
 fo

r s
in

gl
e 

pr
od

uc
tio

n 
of

 v
ec

to
r-l

ik
e 

qu
ar

ks
 d

ec
ay

in
g 

to
 a

 b
 q

ua
rk

 a
nd

  a
 H

ig
gs

 b
os

on

arXiv:1802.01486, CMS-B2G-17-009

Giorgia Rauco

https://arxiv.org/abs/1802.01486


• This search extends existing knowledge on VLQs

1) by interpreting the results in a new theoretical framework with non-
negligible resonance widths 

2) investigating the final state with a bottom quark and a Higgs boson for  
the first time 

• Upper limits on the production cross section times branching ratio are set 

• similar sensitivities obtained in the two resonance width models  
• both singlet and doublet B quark models considered

Conclusions

14
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Thanks for your attention!



ADDITIONAL MATERIAL



VLQs expected to appear at the TeV scale 

• their decay products get high boost → small opening 
angle between the two b-quarks from the H decay

• we use large-cone jets and grooming algorithms             
(pruning: PhysRevD 81 094023)

Boosted Higgs-tagging
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Higgs candidates used to reconstruct B mass 
• large-cone jets with pT > 300 GeV and |η| < 2.4 
• mass in [105, 135] GeV,             
• 2 medium b subjets 
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Pruning
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CMS-HIG-14-008

• Pruning removes soft and wide-angle 
radiation 

• Jet pruning reclusters each AK8  jet 
starting from all its original constituents, 
through the implementation of the 
Cambridge- Aachen algorithm to discard 
“soft” recombinations in each step of the 
iterative  CA procedure. It removes the 
recombination if 

• the pruned jet mass is computed from 
the sum of the four-momenta of  the 
constituents that are not removed by the 
pruning

 PhysRevD 81 094023

https://cms-physics.web.cern.ch/cms-physics/public/HIG-14-008-pas.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.094023


Interpretation framework
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Cross section for the single production and decay of a B quark with final state X: 

production and decay couplings 
corresponding to the interactions  

 through which a B quark is 
produced and decays

reduced cross section for a 
resonance of arbitrary width (AW) 

The equation is valid in all regimes, but when ΓB/mB approaches zero, it is possible to 
factorize production and decay and to write the cross section as:  

Giorgia Rauco
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Interpretation framework
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Our assumptions have the B quark decaying into Hb, Zb, and Wt with branching 
fractions  that are specified in the model. The couplings of the B quark to SM bosons 
and quarks can be parametrized as: cZ = e/(2cwswκZ), cW = e/( trength that can be fixed 
to obtain the desired width. Numerically, e/(2c s ) = 0.370, and  2swκW), and cH = 
(mBκH)/v, where e is the ww  electric charge of the proton, v = 246 GeV is the vacuum-
expectation value for the field of the Higgs boson, cw and sw are the cosine and sine 
of the weak mixing angle θW, and κ is a coupling cW = e/(  2sw) = 0.458. For the 
process under consideration, we can set C1 ≡ cZ and C2 ≡ cH.  

Giorgia Rauco
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Cross sections, NWA
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Cross sections, AW
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• systematics on the backgrounds: 
• shape uncertainty due to the MC statistics in the control region C, obtained by a bin-by-bin variation 
• normalization uncertainty as the difference between expected and predicted yields in the closure test 

• corrections to account for the b-tagging efficiency difference between data and 
simulation 

• the reconstructed jet pT of jets are varied within the uncertainty on  jet energy scale 
and resolution

• mass corrections are also applied to large-cone jets 

• additional uncertainties applied to account for discrepancies on the modeling of 
forward jets 

• theoretical uncertainties are considered for factorization and normalization scale 
and as well for Parton Distribution Functions 

• more systematics (trigger, integrated luminosity, minimum bias cross section, etc)

uncertainties on the event yield and on the mbH distribution are taken into account in the 
statistical inference procedure and are treated as nuisance parameters

Systematic Uncertainties 

22Giorgia Rauco
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Systematic Uncertainties 

23

Summary of systematic uncertainties 
in background events. 

• The quantification of the effects 
quoted in the table reflects the 
uncertainties in the event yields. 

• All uncertainties are considered in 
the simulated background events, 
except the one on background 
estimation that affects only the data-
based estimate of the multijet 
process.  

• All the systematic uncertainties apply 
to both categories of forward-jet 
multiplicity, except for the case of the 
modelling of the forward jets, where 
the first entry corresponds to the 
category with no forward jets, and the 
second entry to the category with at 
least one jet in the forward region. 
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