
Search for BSM particles coupling to 3rd generation 
Fermions in CMS
Alexander Schmidt
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result of LHC run I: the standard model

• Bs meson decay 
predicted  3.66 x 10-9  

measured 2.8 ± 0.7 x 10-9  

• countless other SM precision 
tests 

B(Bs ! µµ) = 2.8+0.7
�0.6 ⇥ 10�9

• confirmation of the SM BEH 
mechanism
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the problems of the SM

H Ht
t• hierarchy problem

• why is the Higgs boson so light?
• why is gravity so weak?
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the problems of the SM

 

• dark matter, dark energy
• the SM explains only 5%  

of the energy in the universe  

• matter-antimatter asymmetry
• the SM predicts that matter and antimatter are  

created (almost) equally

• several others
• strong CP problem, number of SM parameters,  

neutrino masses

H Ht
t• hierarchy problem

• why is the Higgs boson so light?
• why is gravity so weak?
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the problems of the SM

 

• dark matter, dark energy
• the SM explains only 5%  

of the energy in the universe  

• matter-antimatter asymmetry
• the SM predicts that matter and antimatter are  

created (almost) equally

• several others
• strong CP problem, number of SM parameters,  

neutrino masses

H Ht
t

➡we expect answers from the LHC at 13 TeV

• hierarchy problem
• why is the Higgs boson so light?
• why is gravity so weak?
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beyond the standard model models

SUSY

non-SUSY BSM

H Ht

t
HH

~
• add superpartner for each SM particle
• solves hierarchy problem
• provides dark matter candidates
• gauge coupling unification
• not covered in this talk
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beyond the standard model models

SUSY

non-SUSY BSM

H Ht

t
HH

~
• add superpartner for each SM particle
• solves hierarchy problem
• provides dark matter candidates
• gauge coupling unification
• not covered in this talk

→high resonance masses

• similar motivations as SUSY
• examples: 

• extra dimensions: warped extra 
dimension models where fermions 
propagate in the bulk

• Composite Higgs: Heavy Vector 
Triplet model, with new W’±, Z’ states

• contributions to S and T 
parameters must be small

[Gfitter group, EPJC 72, 2205 (2012)]
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higher energy: huge boost

8 TeVσ/13 TeVσ
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Z’

top jet

b
Wu

d

b

W μ
ν

leptonic top

Z’
W μ

ν

b

b

Wu

d

b jet

b jet

jet

jet

topology of a tt resonance

heavy resonances 
(M ~2 TeV):
• decay products pT~1TeV
• large Ɣ factor (>5 -10)
• jets overlap and merge
• special reconstruction 

techniques needed !

light resonances  
(M ~ 500 GeV): 

• “classical” event topology
lepton
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Compact Muon Solenoid
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Compact Muon Solenoid
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particle flow event reconstruction

HCAL
ECAL

Tracker

• jet composition: • charged hadron 
subtraction:

• PF combines information from all subdetectors to 
optimise resolution:

[CMS DP-2012/012]
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boosted bosons

2-body decay  
 
 
 

• angular separation  
 ΔR≈2M/pT 

• efficiency for 2 jets drops 
with pT 

• how to distinguish from QCD:

[CMS-PAS-JME-13-006]
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James Dolen Special B2G meeting - Fermilab - April 7, 2016

Jet grooming

3

7

Trimming, Filtering - Recluster jet with smaller distance 
parameter. Condition based subjet removal.

61

Recluster
small R

Remove soft 
subjets

Recluster
small R

Keep N 
hardest

Redo clustering
remove soft 
large angle
constituents

J. Dolen

4

Recluster 
small R

Trimming: 
Remove soft 

subjets 

Filtering: 
Keep N 
hardest 

Pruning - Recluster jet. Remove soft large angle particles. 

BDRS, MMDT, Soft Drop, JHU top tagger, CMSTT - 
Recursively decluster jet. Remove sub-clusters not 

satisfying algorithm condition. Stop declustering when 
both subjets satisfy condition.
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Decluster 
iteratively

Stop when 
both subjets 
satisfy soft 

drop  
criterion
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satisfy soft 
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Decluster 
iteratively

Remove sub-
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ATLAS CERN-PH-EP-2015-204  
arxiv:1510.05821

CMS HIG-13-008 
H → WW → lνqq

Boosted W jet mass 
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QCD jet 
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Number of Reconstructed Primary Vertices

5 10 15 20 25 30

 [
G

e
V

]
〉

M〈

0

50

100

150

200

250

300
ATLAS Simulation

=8 TeVs

| < 1.2Truthη|

 < 500 GeV
Truth

T
350 < p

 R=1.0 jets
t

anti-k

=0.2)
sub

=5%,R
cut

Trimmed (f

W-jets Ungroomed

Slope=1.9 GeV/vertex

Multijets (leading jet) Ungroomed

Slope=1.7 GeV/vertex

W-jets Groomed

Slope=0.1 GeV/vertex

Multijets (leading jet) Groomed

Slope=0.0 GeV/vertex

Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.

22

Algorithmic jet substructure techniques designed to remove isolated 
soft radiation in jets (contamination from ISR, UE, pileup)
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jet shapes

energy patterns within a jet:
• characterise multi-prong properties
• many definitions and varieties 

n-subjettiness: 
 

• how consistent is jet with  
having N subjets

• ratios discriminate hypotheses: 𝜏2/𝜏1

many other on the market:
• energy correlation functions
• Q-jet volatility
• …
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calibration with data
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boosted t tagging

similar approach as boson-tagging:
• try various grooming methods and jet shape variables
• scan their parameters, optimise

[CMS-PAS-JME-15-002]
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boosted t tagging

performances:
• several variables scanned 
individually

Sε
0 0.2 0.4 0.6 0.8 1

Bε

4−10

3−10

2−10

1−10

CMS
Simulation Preliminary 13 TeV

| < 1.5η < 1000 GeV, |
T

800 < p
R(top,parton) < 0.6∆

η and 
T

flat p

CMSTT min. m
CMSTT top m
Filtered (r=0.2, n=3) m

RecHTT V2 f
HTT V2 m

=0.5) m
cut

Pruned (z=0.1, r
Q-jet volatility

=0) mβSoftdrop (z=0.1, 
=1) mβSoftdrop (z=0.2, 

Trimmed (r=0.2, f=0.03) m
2τ/3τUngroomed 

) (R=0.2)χlog(

1

10

210

 48  68  78  63 412  57 187 136 120 203 130 200 604

 37  77  55 359  48 149 116  99 176 112 185 561

 47  85 393  59 210 136 114 243 121 209 581

 41 395  52 173 129 105 214 105 202 609

 61 101 416 123 256 218 360 193 429

 13  84  39  46  72  73  55 369

 70 181 126 223 229 274 556

 23  44 133 117  95 454

 19 147  87 100 479

 65 204 204 430

 50 205 571

 30 794

385

=0
.5

)
cu

t
 (z

=0
.1

, r
Pr

.
m

 (r
=0

.2
, n

=3
)

Fi
lt.

m

=0
)

β
 (z

=0
.1

, 
SD

.
m

 (r
=0

.2
, f

=0
.0

3)
Tr

.
m

2τ/ 3τ
U

ng
ro

om
ed

 

Q
-je

t v
ol

at
ilit

y

H
TT

 V
2 

M
as

s

R
ec

H
TT

 V
2 

f op
t

 R
∆

H
TT

 V
2 

C
M

ST
T 

m
in

. M
as

s

C
M

ST
T 

to
p 

M
as

s

su
bj

et
 b

-ta
g

) (
R

=0
.1

)
χ

lo
g(

=0.5)
cut

 (z=0.1, rPr.m

 (r=0.2, n=3)Filt.m

=0)β (z=0.1, SD.m

 (r=0.2, f=0.03)Tr.m

2τ/3τUngroomed 

Q-jet volatility

HTT V2 Mass

RecHTT V2 f

opt R∆HTT V2 

CMSTT min. Mass

CMSTT top Mass

subjet b-tag

) (R=0.1)χlog( CMS
Simulation Preliminary

13 TeV

| < 1.5η < 1000 GeV, |
T

800 < p
η and 

T
flat p

 R(top,parton) < 0.6∆

z-
sc

or
e

• background rejection at 
30% efficiency

[CMS-PAS-JME-15-002]



18

boosted t tagging

modeling of variables at 13 TeV:
• semi-leptonic top selection
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b-tagging in boosted topologies

Caterina Vernieri (FNAL)

b-tagging, a revised approach

15

Sub-jets SV

b-tagging observables for 
each sub-jet 

observables from SV and 
tracks associated to the fat-
jet 

dR<0.8

SVτ

dR<0.8

τ1 τ2

observables from SV and 
tracks associated to each 
τ-axis

new

notice
• τ-axes come from from minimization of N-jettiness 
• τ-axis are not sub-jet axis, still do not rely on sub-jet definition

fat jet

several approaches:

• run standard b-tagging 
algorithm on wide jets 

• not able to distinguish 
two from one b jets

• run standard b-tagging 
algorithm on subjets 

• can distinguish two 
from one b jets

• dedicated double 
tagger 

• specialised for 
boosted H→bb

subjets

Caterina Vernieri (FNAL)

b-tagging, a revised approach

15

Sub-jets SV

b-tagging observables for 
each sub-jet 

observables from SV and 
tracks associated to the fat-
jet 

dR<0.8

SVτ

dR<0.8

τ1 τ2

observables from SV and 
tracks associated to each 
τ-axis

new

notice
• τ-axes come from from minimization of N-jettiness 
• τ-axis are not sub-jet axis, still do not rely on sub-jet definition
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b-tagging in boosted topologies

performance of new H→bb tagger
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measurements with boosted top

first cross-section measurement  
of boosted top quarks:

• semi-leptonic top quark events

• three categories:
• 0 top-tag 0 b-tag (background)
• 1 top-tag 0 b-tag
• 1 top-tag 1 b-tag (signal)

[CMS-PAS-TOP-14-012]

→boosted top algorithms 
useable in precision 
measurements
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search for exotic resonances

appear in many extensions of the standard model

q or g

q or g

X

anything

anything
mjj

QCD
new physics
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tt resonances: semi-leptonic

Z’

top jet

b
Wu

d

b

W μ
ν

leptonic top• top tagging
• subjet b-
tagging

• b-tagging
• lepton isolation

lepton isolation:
• mini-isolation: 
 
 
 

• 2D isolation:

chosen
empirically

desired value

[CMS-PAS-B2G-15-002]



tt resonances

event categorisation:
• t-tagging, b-tagging
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tt resonances
Ev

en
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Mtt distributions
• background shapes from simulation 

(not possible to derive  
tt background from data) 

• likelihood fit, free parameters: 
three background x-sections,  
t-tagging scale factor

[CMS-PAS-B2G-15-002]
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tt resonances: semi-leptonic

8 TeV  
combination
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tt resonances: hadronic

Z’

top jet

b
Wu

d

• top tagging
• subjet b-tagging

b
W u

d

top jet

• 13 TeV analysis not yet ready 

• 8 TeV used CA jets and different top-tagging approaches 
(CA8 CMSTopTagger and CA15 HEPTopTagger)

[Phys Rev D 93 (2015) 012001]
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tt resonances: hadronic background estimation

• invert substructure selection criterion on one jet 
→QCD enriched control region

• measure mistagging probability of other jet
• parameterised in bins of b-tag and 𝜏32

• apply mistag rate in single t-tagged sample to predict background 
in signal region  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tt resonances: hadronic
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tb resonances: semi-leptonic

b

W μ
ν

leptonic top
• b-tagging
• missing energy
• lepton isolation

b
W’

b jet

• b-tagging
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exceeds 8 TeV results already now

[CMS-PAS-B2G-15-004]
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popular for many years:
•chiral fourth Fermion generation
•exact replication of  
three SM generations

•small caveat: assumes minimal  
Higgs sector!

(September 2012)

arXiv:1209.1101

now ruled out!
•connection with Higgs through loops
•use CKMfitter for combined fit of  
SM parameters

•first thing after Higgs discovery...

➡SM4 ruled out at 5.3σ

extra fermions



33

vector-like quarks

what are vector-like quarks: 

•they are quarks: coloured, charged, spin 1/2 particles

•no difference between chiralities: they couple to left- and 
right- handed charged currents (in the same way)

➡VL quarks can have mass terms without violating gauge 
invariance!

•not constrained through 
Higgs discovery 

•new motivation through  
di-photon excess

g

g

T’

T’
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vector-like quarks
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vector-like quarks: pair production

X5/3 in same-sign di-lepton final state:
• first VLQ result at 13 TeV
• clean same-sign lepton selection
• backgrounds from opposite-sign  
events with charge mis-measurements 

 (GeV)lep
TH

0 500 1000 1500 2000 2500 3000

 / 
12

0 
G

eV
Ev

en
ts

N

2−10

1−10

1

10

210

310

Di/Tri-Boson
TT + X
ChargeMisID
NonPrompt
LH_X53X53_M-700
RH_X53X53_M-700
Data

CMS Preliminary  (13 TeV)-12.2 fb

All Channels

 (GeV)lep
TH

0 500 1000 1500 2000 2500 3000

σ
(o

bs
-b

kg
)

2−
0
2

[CMS-PAS-B2G-15-006]



36

vector-like quarks: pair production

X5/3 in lepton+jet final state:
• first VLQ result at 13 TeV
• high lepton/jet momentum
• many jets
• event categorisation  

based on W/b-tags
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vector-like quarks: pair production

X5/3 combined result:

• exceeds Run I limits already now!

[CMS-PAS-B2G-15-006]
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T2/3 in lepton+jets final state:
• inclusive search for all possible  
decay modes (many!)
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vector-like quarks: pair production
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• this looks good now, but it was 
a headache (see next slide)

[CMS-PAS-B2G-16-002]
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T2/3 in lepton+jets final state:
• jet pT reweighting

vector-like quarks: pair production
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• used to derive jet pT reweighting factors

[CMS-PAS-B2G-16-002]
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T2/3 in lepton+jets final state:
• divide events in 16 categories (lepton, b-tag, W-tag)
• analyse min[M(l, j)] spectrum
• background model validated in control regions

vector-like quarks: pair production
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• limits competitive with 8 TeV

[CMS-PAS-B2G-16-002]
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vector-like quarks: single production

Z/W

T

q

g

q

H

t

b,t

forward jet

production cross-section:

• higher cross sections at high masses
• allows to set limits on model parameters
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vector-like quarks: single production T→tH
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vector-like quarks: single production T→tH

background estimation
• entirely data-driven (shapes and normalisation)
• background region: no forward jet, subjet b-tag veto

region signal sideband
number of subjet b-tags (H cand.) exactly 2 exactly 1
number of forward jets at least 1 exactly 0

[CMS-PAS-B2G-15-008]
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vector-like quarks: single production T→tH

result:

T quark mass / GeV
0 500 1000 1500 2000

ev
en

ts
 / 

80
 G

eV

10

20

30

40

T quark mass (GeV)
0 500 1000 1500 2000

M
C

D
at

a-
M

C

0
1

Data
tH→(1700)lhT
tH→(1200)lhT

tH→(700)lhT
Stat. uncert. Bkg
Bkg. post-fit

 (13 TeV)-12.3 fb

CMS
Preliminary

electron+muon
channel

limits:

T quark mass (GeV)
1000 1500

|
RtZ

|c

2

4

6

Obs 95% CL 
Exp 95% CL 

 1 std. deviation ±
 2 std. deviation ±

 (13 TeV)-12.3 fb

CMS
Preliminary

[CMS-PAS-B2G-15-008]



45

conclusions

• run II is ongoing (until end of 2018) 

• many great results already now
• precision measurements
• searches for new physics 

• standard model still rules 

• now probing unknown territory 

• many new results expected for summer
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backup
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X5/3 in same-sign di-lepton final state:



48

X5/3 in lepton+jet final state:
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T2/3 in lepton+jets final state:


