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« Possible explanations given by: little Higgs models, extra dimensions
models, composite Higgs models

* These theories predict existence of

heavy vector-like quarks (VLQ)

 Vector-like quarks are hypothetical new
spin-1/2 particles: left- and right-handed
chiralities transform in the same way under
the standard model symmetry group

* In this talk, VLQ pair production
searches at CMS will be shown
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VLQ searches @ CMS

T3 search (8 TeV and 13 TeV)

VLQ production

pp — T5i3T553

VLQ decay

tWtw

T,,5 search (8 TeV)

VLQ
production PP — Tyl o3
VLQ decay |bWbW | tZtz | tHtH | bWtH | bwtZz | tZtH
B_,,; search (8 TeV)
VLQ
production PP — B_1/3B.1/3
VLQ decay | tWtW | bZbZ | bHbH | tWbH | tWbZ | bzZbH




Search for pair production
of VLQ T’ with charge 2/3

T,,5 search (8 TeV)

VLQ
production PP — Tyl o3
VLQ decay |bWbW | tZtZz | tHtH | bwtH | bwtZ | tZtH




CMS-PAS-B2G-12-015: Inclusive search for a vector-like T quark by CMS

Single lepton
* One isolated electron or muon

top-jets
» BDT: jet/b-jet multiplicities, H,
E.Mss, lepton p+, p;of the third

W-jet: number and p; of W jets
and the number of top-jets

« Count additional jets, W-jets and

and fourth jets. For events with a

Multilepton

» Opposite sign dilepton from or not
a Z boson (6 categories)

« Same sign dilepton (3 categories)
» Three leptons (3 categories)

Results

* Limits for for T,,; mass between
687 and 782 GeV
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e CMS-PAS-B2G-14-002: Search for top-Higgs resonances in all-hadronic final states using jet
substructure methods
» CMS-PAS-B2G-14-003: Search for vector-like top quark partners produced in association with Higgs

bosons in the diphoton final state 1CMS Simulation (8 TeV)
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~ AR(AK5,CA15) < 1.1

tH fully hadronic

* One top-jet, from HEPTopTagger algorithm,
with M(jet) in [140,250] GeV and subjet b-
tagging

« One or two H-jet with two subjet b-tagged
and with M, , > 60 GeV

» Likelihood ratio obtained starting from H-
and m,, distributions
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Ty 193 — DWDW

CMS-PAS-B2G-12-013: Search for pair-produced vector-like top quark partners decaying to bW in
the fully hadronic channel using jet substructure at 8 TeV

19.7 ! (8 TeV)

‘3_ M8 Preliminary l“’ﬁ‘(g)  Fully hadronic final state: 2 W-jets and 2 jets
Hlaco (at least one is b-tagged)

7z Total Unc.

« tt background from simulation, QCD from
7. data-driven method
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CMS-PAS-B2G-12-017: Search for vector-like quarks in final states with a single lepton and jets in
pp collisions at \s=8 TeV

1971 (8 TeV)

8 7L CMS 1 bwow o e
» One isolated electron or muon T m
* At least 4 jets or 3 jets + 1W-jet L3 -

« Kinematic fit for hypothesis o
TT—-bWbW—/vbggb to find the mass of
the resonance
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T, T, - Combination

o(pp— TT) (pb
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-PAS-B2G-13-005: Search for vector-like charge 2/3 T quarks in proton-proto
8 TeV

19.7 b (8 TeV)

sions at Vs =
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| I Central 68% exp

N 100% T->bW  CMS §

| » The 5 searches are combined
together

* The 2 single-leptonic analyes
are considered exclusively
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'« Lower mass limits between
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Search for pair
production of VLQ B’
with charge -1/3

B_,,; search (8 TeV)

VLQ
production PP — B_1/3B.1/3

VLQ decay | tWtW | bZbZ | bHbH | tWbH | tWbZ | bZbH




B3B3 — Lepton+Jets

CMS-PAS-B2G-12-019: Search for pair-produced vector-like quarks of charge -1/3 in lepton + jets final

state in pp collisions at \'s

* One isolated lepton and at least four jets (at

=8 TeV

least one is b-tagged)

« Events divided in 0, 1 and 22 V-jets (either W,

Z or H boson)

Normalized Distribution

* V-jets identified with pruning algorithm and

mass drop

CMS Preliminary,Ns = 8 TeV, e + jets

CMS Preliminary,Ns = 8 TeV, e + jets
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To discriminate B
quark signal from
background, S;
(scalar sum of
jets, leptons and
missing energy
pt) is used
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B_ 5B — Multilepton

» CMS-PAS-B2G-12-020: Search for pair-produced vector-like quarks of charge 1/3 in
same-sign dilepton final state

» CMS-PAS-B2G-12-021: Search for pair-produced vector-like quarks of charge -1/3 in
dilepton+ijets final state in pp collisions at Vs = 8 TeV

» CMS-PAS-B2G-13-003: Search for Vector-Like b' Pair Production with Multilepton
Final States in pp collisions at Vs = 8 TeV

Same sign dilepton Opposite sign dilepton | | Multilepton
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four jets boson « Number of opposite-
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‘ CMS PAS-B2G-14-001: Search for pair-produced vector-like quarks of charge - 1/3

decaying to bH using boosted Higgs jet-tagging in pp collisions at Vs = 8 TeV

At least one H-tagged jet: jet mass, N-subjettiness and subjets b-

tagging
At least one additional b-jet (two categories on number of b-jets)
 H; distribution used to discriminate signal and background

« tt background from simulation, QCD estimated from data-driven
method
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B_5B.13 - Combination

‘ CMS-PAS-B2G-13-006: Search for pair-produced vector-like B quarks in proton-proton
collisions at Vs = 8 TeV

Expected limit on o{BB) [pb]

Expected limit on o(BB) [pb]

Expected limit on o(BB) [pb]
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* The 5 searches are combined together
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T3 search (8 TeV and 13 TeV)
VLQ production pp — Tei5T55
VLQ decay tWitWw

Search for pair
production of VLQ with
charge 5/3
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Phys Rev. Lett. 112 (2014) 171801: Search for Top-Quark Partners with
Charge 5/3 in the Same-Sign Dilepton Final State

Same-sign dilepton signature:
* two leptons from W decays
* top-jets and W-jets are reconstructed

* minimum number of constituents: leptons,
jets, W-jets, top-jets

—Pl Background:

1. SM irreducible

2. charge
misidentification

3. Non-prompt
leptons

513 = TW'W™ - FF* + X) (pb)
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» CMS-PAS-B2G-15-006: Search for top quark partners with charge 5/3 at

\Vs=13 TeV

Same-sign dilepton signature:
 Similar selection as before
* Re-optimized for 13 TeV data

Lepton+jets (only 13 TeV)

* One lepton from W decay

 at least 4 jets, 1 b-jets,
categories with 0 or 1+ W-jets

CMS Preliminary, 2.2 fb™ (13 TeV)
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— improved with
respect to Runl
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Conclusions

« CMS has a robust programme focused on
search for VLQ

« Search for pair production of VLQ Tz,
T,/3, B_1/3 performed during Run 1:

= [imits up to ~850 GeV

* First result for pair production of T/, at
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BBBBB (dilep)
BBBBB (semilep)
—sbH(semilep)
EEEEE (semilep)
'—bH(had ) : : :
IIIIIIIIII|IIIiIIIiIIIiI
0O 02 04 06 08 1 1.2 14
Excluded Mass (TeV)
10‘15'\{""""'"'I"'I"'I"'I""
N m PHYSICAL -- QQ
10° - N @v) REVIEW D 88, Yff -
E 094010 (2013) - T‘_’J
X — Bbj
s F A
e —
DE
10F
F
%
N I T TP R R P B

Run 2:
= extend limits up to ~950 GeV

Run 2 perspective:

» Extend sensitivity of previous analyses

» Single production of VLQ become
sensitive

» Boosted techniques are being
Improved
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Jet grooming techniques
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ref. JHEPOS (2013) 090

Designed to separate between jet from heavy particles and jet from
QCD

Jet mass highly depends on grooming techniques
Understand the dependence for the jet mass with the pileup
Three algorithms can be used:

1. Filtering algorithm = the constituents of the jet are reclustered
with CA 0.3 and only the three hardest subjets are considered

2. Trimming algorithm = the constituents of the jet are reclustered
with ki 0.2 and particles at low pt are ignored

3. Pruning algorithm = remove constituents that are at large
angles or soft

21



Pruning algorithm

Developed by S.Ellis et al: [Phys. Rev. n D80 (2009)]

Main idea -» add a set of requirements during the clustering

algorithm

—> o prune the jet: remove constituents that are

at large angles or soft

Starting point: jets clustered with CA algorithm and distance

parameter of 0.8

Steps of the algorithm:

1. rerun the clustering sequence
2. two more requirements are asked:

_ min(pt g-pj ) > remove soft
® Zij s > Zcut particles

’QEJ — }_]?j)—'

o AR < -mjet/ pr%f ! —_—

remove large
angle particles

22



W-tagging algorithm: pruned mass
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CMS Preliminary Simulation, (s = 8 TeV, W+jets
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pruned jet mass (GeV)

* Signal with real hadronic W peaks at W mass
* QCD jets peak at lower value
» Pileup and detector effects results in
broadening the W mass and shift it at higher
value
» Different pileup scenarios have not effects,
due to the pruning
» data/MC comparison in three different
samples: W+jets, dijet and ttbar
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Normalized Distribution
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W-tagging algorithm: N-subjettiness

CMS Preliminary Simulation, (s = 8 TeV, W4jets
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The discriminant variable is the ratio
between 2- and 1-subjettiness

High correlation between 121 and m(jet)

Disagreement between generator and
simulation level from pileup

Data/MC comparison in two different
samples: W+jets and dijet

Data/MC disagreements motivate
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W-tagging algorithm: mass drop

Normalized Distribution

Data /1 5im

=]

L I I I I i - I I I I i
o
- P — — X —= W, W, Pythlag - = —e X — W Wy, Pythlag
0'4__ gmfii_:iaev —— +<PU>=22+sim. | li — ﬁ?l/ﬂzjtnf _S L gﬁufiiﬂfnaev — +<PU>=22+:2im. |
i <24 +<PU>=12 +sim. ] = <24 T +<PU>=12+sim. |
[ — — W+jets, MG+Pythlaé | L 00| Bo<m,<i00Gev  —-- WHjets, MG+Pythiaé |
0.3p — +<PU>=22+4sim. ﬁ o =] — +<PU>=22+sim. |
- +<PU>=12+sim. 1 E ------- +<PU>=12 +sim. |
0.0k 1 | after the pruned | 5
i mass cut: E L )
m:_ 1 160 <m(jet) <100 <=
T GeV
- L . = L L - — I I ] i r I I
UD 0.2 0.4 0.6 0.8 1 DD 1
Weaiet | «10° CMS Preliminary, 19.6 ft", [z = 8 TV, dijsts Mass erp
et sampie = CA Rl data
v [ o It peaks at low value for the
AF L : L B k2.4 —--- QCD MlgH .
e e O o oen signal
: o dijet sample High correlation between
2 W fjeco:on mass drop variable and m(jet)
g Data/MC comparison in two
o] different samples: W+jets and
o dijet
o [ E E . .
A s N R Best agreement with herwig++
IZI:1 02 03 04 05 06 07 08 08 E1 g EE-': - - - + . I
. 553~ e o (W+jets) and pythia8 (dijet) |l

CMS Preliminary Simulation, |s = 8 TeV, W+jets

CMS Preliminary Simulation, (s = 8 TeV, W+jets




top-tagging algorithm (I)

* Developed by Kaplan et al. [Phys. Rev. Lett. 101, 142001 (2008)]

* Main idea: look for the three partons that come from the top
decaying hadronically

e Starting point: jets clustered with CA algorithm and distance
parameter of 0.8

e Steps of the algorithm:

1. the clustering sequence is examined in reverse...
2. ... till two subjets satisfy two requirements
3. repeat the decomposition on the two subjets

o V(AN +(Ap)2>04—-A -pg

N hard jet remove subclusters

cluster )
® P > O0p * Pr that are too close
\ remove low-

pt subclusters
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top-tagging algorithm (1)
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Three variables used to tag top-quark:

mass of the four-vector of all

 Mass of the jet / the constituents of the jet

* N-subjettiness

* Minimum pairwise —
subjets

number of subjets found
by the algorithm

i minimum invariant mass

|ref. cMS PAS JME-13-007 | between two of the three subjets |




