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Heavy Partner of the Top

® Can be divided into two main categories

»  Sequential Fourth fermion generation (SM4)

- A simplest extension of the SM3, adding another fermion generation

- Direct limits on t'/b” production

- M. S. Paul H. Frampton, P.Q. Hung Phys. Rep. 330 (2000) 263 ' +2/3e
. —1/3e
»  Vector-like quarks
- Transforms as (3,1,+2/3) under SU(3)c x SU(2)wx U(l)y would mix with the top quark
- Rakhi Mahbubani et.el, JHEP 0906:001 (2009) o
08} N'.|
Branching fractions of ¢/: <" e ' >Wbh |
(M, = 125 GeV, sinf; = 0.1) < 047 ! >ht 1
02} emmmmm e = —— =
’,ﬂ—-"’ t'—>Z7Zt ]
00—
300 400 500 600 700 800
m, [GeV]
®  We need new physics at TeV scale to stabilize its mass |
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http://arxiv.org/abs/hep-ph/9903387
http://arxiv.org/abs/hep-ph/9903387
http://arxiv.org/abs/0902.0792
http://arxiv.org/abs/0902.0792

4th Generation

® A sequential family of the heavy quarks and leptons has

been an imPOrtant tOPiC = G.D.Kribs,T. Plehn, M. Spannowsky and T.Tait, PRD 76,

075016(2007); P. Q. Hung and M. Sher, PRD 77,037302 (2008); H. He, N. Polonsky and S. Su, PRD 64,
053004 (2001); M. Chanowitz, PRL 87,231802 (2001) V.A. Novikoy, L. B. Okun,A. N. Rozanov and M. .
Vysotsky, PLB 529 (2002);... B. Holdom, PLB 686(2010); J. Erler, P. Langacker, PRL 105,031801 (2010), ...

® |f exist,

p It can enhance CP violation significantly to explain the

matter anti-matter asymmetry in the Universe -w.Hou,FLee,C.
Ma PRD 79, 07302 (2009)

p It can induce a heavy neutrino as a candidate for dark
matter

p expect small mass splitting between the t" and b" masses -
M.Baak et al., arXiv:1107.0975

|mt/ — mb/\ < mw
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4th Generatlcn
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Vector-like Quark

® Vector-like fermions (non-chiral fermions) can be found in models like:
»  Little Higgs model - Nucl.physProc.suppl.117 (2003)40
»  Warped extra dimensions - Phys.Rev.Lett83:3370-3373,1999

® These models provide an explanation to the large difference between the Plank and the
electroweak scale, the so called hierarchy problem in the SM

® Production: pp— T, BB --- pair produced
° pp— Tt, Bb --- singly produced

® Decays: bW or B—tW as in the 4th Gen case, but also flavor changing neutral current
(FCNC) decays as

» Tt tH or B—bZ bH where H couples to fermions and bosons, but with non SM
couplings

-  heavy Higgs is not excluded (weaker couplings than in SM case)
-  more Higgs-like bosons are possible (one light, one heavy...)

® Different final states are possible:

»  Pair production: TT— bWbW, bWtZ, bWtH, tZtZ, tHtH, tZtH
»  Singly produced: Tt = bWt, ttZ, ttH
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Vector-like Quark

® At /7 TeV most heavy quark, Q searches assume|00% BR for a given
channel

® Michael Peskin’s slogan #2

» ExcludeTriangles not Points, a vector-like heavy quark would have the
following decay modes

https://indico.fnal.gov/getFile.py/access?contribld=49&resld=0&materialld=slides&confld=5256

Wb

JA ht
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https://indico.fnal.gov/getFile.py/access?contribId=49&resId=0&materialId=slides&confId=5256
https://indico.fnal.gov/getFile.py/access?contribId=49&resId=0&materialId=slides&confId=5256

Vector-like Quark

® What does it mean!
» T decays into different final states
- T-bW
- TI-tZ
-  T—tH
» There is one triangle for every T mass

» Every point in the triangle corresponds to a different set of these branching fractions

bW

tZ tH
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Vector-like Quark

® What does it mean?

» T decays into different final states
- T-bW
- T—-tZ
-  T—tH
» There is one triangle for every T mass

» Every point in the triangle corresponds to a different set of these branching fractions

bW

0.4

t/ E———————————u tH
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Vector-like Quark

® What does it mean?

» T decays into different final states
- T-bW
- T—-tZ
-  T—tH
» There is one triangle for every T mass

» Every point in the triangle corresponds to a different set of these branching fractions

Thursday, January 17, 2013



Vector-like Quark

® What does it mean?

» T decays into different final states
-  T-bW
- T—-tZ
- T—tH
» There is one triangle for every T mass

» Every point in the triangle corresponds to a different set of these branching fractions

B(bW)=0.4
B(t2)=0.2
B(tH)=0.4
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Status @ 7 TeV

» t pair search

lepton+jets channel

dilepton channel

» b’ search

lepton+jets channel

» Inclusive t” and b” searc

singly produced

pair produced

» T vector like pair

leptontjets

trilepton channel

» B vector-like pair

CMS 4th generation searches @7 TeV

same sign dilepton + trilepton channel

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

PLB.2012.10.038, EXO-11-099

Tt — WoWb — lubbq_%
b

't — WbWb — lubli PLB.2012.07.959. EXO-11-050

Qv - WIWt - b(WWIWW) [Xiv:1210.7471

B2G-12--004

HEP

arXiv:1204.1088 (sub to JHEP)

N

(b — bIVb
b't — tWbW — bWWbW

arXiv:1209.1062 (accept by PRD)

o't — tWoW — bWWbHW
t't — bWbHW

\b, b — tWitW — bWWbWMQ
(TT — tZt7Z — bbWWZZ )

rXiv:1210.7471
B2G-12--004

PRL.107.271802
EXO-11-005

HEP

CBB — bZbZ CMS-PAS-EX0O-11-066
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Theory Cross sections

® Use HATHOR (HAdronic Top and Heavy quarks

crOss section calculato R) http://arxiv.org/abs/1007.1327
/ TeV
My (GeV) | Cross section (pb)
400 1.41 E nf:l | | | '_EE _ ?I'Te\f Ml
425 0.96 EI . - s =10 TeV
450 0.66 g P s=14TeV
475 0.46 & b
500 0.33 E
525 0.24 E
550 0.17 gﬁwz -
575 0.13 > f :
600 0.092 < 10° 300 700 500 500 700 500 300
625 0.069 Heavy Quark Mass [GeV]
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http://arxiv.org/abs/1007.1327
http://arxiv.org/abs/1007.1327

Where are

T — bWbW 2
o
~
PLB.2012.10.038, EXO-11-099
t't — 1+ jets
N
PLB.2012.07.959. EX0-11-050 1
t't’ — dileptons y
1T — tLtL 2
t't — 1+ jets E
|3

we now!

CMS Vs=7TeV p+jets (4.9 fb), e+jets (5.0 fb™)
- | | | ' —e— observed | ]
expected

| £10 expected
126 expected

— t't’ predicted
l
600

M, [GeV]
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CL, 95 ‘7|0 CL upper limits
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400 550
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Theory (HATHOR)
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Limits on Branching Fractions

max(B) = max(o)
N2
400 GeV 1.406pb  0.473pb 0.58 0.48 pb 0.58
450 GeV 0.662 pb 0.246 pb 0.61 0.45 pb 0.82
500 GeV 0.330pb  0.213 pb 0.80 0.48 pb
550 GeV 0.171pb  0.148 pb 0.93 0.44 pb

PLB.2012.10.038, EXO-11-099
[ UF U+ ets J -
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For T mass = 450 GeV

T — bWboW
~
[ t't — 1+ jets EEE)ZV;Q;%?
PLB.2012.07.950, EXO-11:050 B(tH)=0.25
t't — dileptons y

Il — t/4t4
arXiv:1210.7471, B2G-12--004
t't — 1+ jets J

)

Thursday, January 17, 2013


http://arxiv.org/abs/1210.7471
http://arxiv.org/abs/1210.7471
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
http://www.sciencedirect.com/science/article/pii/S0370269312010921
http://www.sciencedirect.com/science/article/pii/S0370269312010921
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
http://www.sciencedirect.com/science/article/pii/S0370269312008106
http://www.sciencedirect.com/science/article/pii/S0370269312008106
http://prl.aps.org/abstract/PRL/v107/i27/e271802
http://prl.aps.org/abstract/PRL/v107/i27/e271802
http://arxiv.org/abs/1210.7471
http://arxiv.org/abs/1210.7471
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012

CMS Detector

| MUON CHAMBERS
A

| INNER TRACKER | | CRYSTAL ECAL. |
o 'ﬂl ] L
- | [ HCAL

(VEELYF'C')’?}VE_(TAHD N M oo
CALORIMETER AEI i
: ; & R i i
=g i ‘_.4 S ,
iy e, e L bl o A B M

e

Total Weight . , - _
Overall diameter: 14.60 m
Overall length : 21.60 m
Magnetic field : 4 Tesla

Thursday, January 17, 2013



CMS Detector

s MUON , iron return yoke instrumented
== electron hadron supercondt.Jctmg with muon chambers
== Charged hadron calorimeter solenoid

- == neutral hadron gpg calorimeter

- == photon

-
%
=

silicon tracker

..........

.........

--------

® The top-like physics require all sub-detectors

® Significant improvement due to Particle Flow Algorithm that uses information from all sub-
detectors, starting from particle traces in each sub detector to

» muons, electrons, photons, charged and neutral hadrons
» the list is used to reconstruct higher level objects like jets, MET

— electrons: tracks matched to clusters in EM calorimeter

—~ muons: minimum ionizing tracks, penetrate deep into muon system

— Jets / H;: constructed with combined tracking + calo info

— MET: constructed with combined tracking + calo info, hermetic detector
|7
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Particle Flow overview o)
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Selected Analysis




Search for t' = bW(l+jets)

PLB.2012.10.038, EXO-11-099

Selection
[

® Alepton e/p with pt>30 GeV

=

® > 4jets, > |b-tagged jet

[ ISSI > /7 T T
Missing Er > 20 GeV 't — WbWb — lubbqq
q
Strategy
® Apply kinematic fit for mass reconstruction (Msy with 1
constraints
> m(IV) = m(qq) = Mw o 200
oy + A® ° : ) : ° -
—_ (D ° “ ° 'Ao‘ A A o 4 A °
» m(lvb) = m(qqb) = 1000} et . |
. I IR TS SR epoe,d 4 .
»  2-C fit = minimize X? IR 541
8O0  fapipoddinel t Whee 1
® Define Ht (scalar sum of transverse energies of the fitted final objects) . “?fi-l-f&?t'. .
Aa A“.ﬁ-“’“‘£ X W'y :r K
. . 600} .. ﬁﬂg‘-:’{{ﬂ terss - -
___lepton miss jets AA% £am s hell s g e t' (400 GeV)
Hr = Pr + pr + ZPT i :: ‘ Hﬂk_‘}ﬁf““ KN s+ ttbar 1
: /zoo- LA fee Wtjets |-
® |ook at the Ht and Mg of the tt—Ivbqgb event tails for e —
signs of a massive quark decay 200 400 600 800
M, (GeV)

® Dominant backgrounds: ttbar and W+jets

T

20
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D i S C ri m i n ato rs PLB.2012.10.038, EXO-11-099

— 2000_ CMS \/g — 7 TeV 5.0 fb-l

% : e+jets
O 1500F
ot [
m 1000
soo i Data__

200 400 600 800 1000
M. [GeV]
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Discriminators

Signal towards high Hr, Ms¢

CMS

= 2000

= 2000

«P] [

O 1500F /

ot K

m 1000

S0 R
200 400 600 800 1000
M, [GeV]
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— 2000
>

b :
O 1500¢

o i
= 1000}

s=7TeV__ 5.0 fb’ of
e+jets '

CMS simulation

PLB.2012.10.038, EXO-11-099

Vs =7 TeV
e+jets

_t't (550 GeV)

200

400 600 800 1000

M, [GeV]
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Discriminators

Signal towards high Hr, Ms¢
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500F
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W
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-
== 1000}
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PLB.2012.10.038, EXO-11-099

Vs =7 TeV
e+jets

CMS simulation

— 2000
v :
O 1500}

=
= 1000}

_t't (550 GeV)

200 400 600 800 1000
M, [GeV]
CMS simulation Vs =7 TeV
[ e+jets
?h. e ttproduction
200 400 600 800 1000
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2 _b I Re bi n n i ng PLB.2012.10.038, EXO-11-099

® The 2D Ht vs Mg histograms have empty or low occupancy bins
» incorrect statistical inferences
® Rebin the 2D Ht vs My histograms
» Project 2D histograms into a I D by ordering the bins in descending S/B ratio

» Merge neighboring bins into I D histogram until fractional uncertainty in the
combined bin falls below 20% for both the background and signal events

2000 CMS simulation Vs =7 TeV t't' (550 GeV) 60 CMS /s =7 TeV L=5.0fb"
> e o= P D
S S A | e+jets ata
<] 50 S Lt
= 2 g7 E ]
= 1500 40 2 S Other Bkg
| ] 2 T (550 GeV) x50
2 —_—
1000 10°E
500 10

| o 4 . - 0
200 400 600 800 1000 0 60
M, [GeV] s/b Rank

® Fach color becomes a single bin in the |D template

® Same procedure for every simulated t” mass point
23
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R e S u It PLB.2012.10.038. EXO-11-099

Sources Syst. Unct

background normalization 50%

Luminosity 2.2%

lepton Trigger/ID 3%
Q2 (renorm. and fact. scale) +0(nom)
Matrix-element to parton matching | +0(nom)
ISR/FSR +0(nom)
Jet Energy Scale +0(nom)
Jet Energy Resolution +0(nom)

Systematic Uncertainties

24
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R e S u It PLB.2012.10.038. EXO-11-099

Sources s Systematic Uncertainties
background normalization 50%
Luminosity 2.2%
lepton Trigger/ID 3%
Q2 (renorm. and fact. scale) +0(nom)

Matrix-element to parton matching | +0(nom)

ISR/FSR +0(nom)
Jet Energy Scale +0(nom)
Jet Energy Resolution +0(nom)

® Given that no hint of new
Physics is observed, the
rebinned |D distributions are
used to set the limit on t’ pair
production cross section

24
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R e S u It PLB.2012.10.038. EXO-11-099

Sources s Systematic Uncertainties
background normalization 50%
Luminosity 2.2%
lepton Trigger/ID 3%
Q2 (renorm. and fact. scale) +0(nom)

Matrix-element to parton matching | +0(nom)

ISR/FSR +0(nom)
Jet Energy Scale +0(nom)
Jet Energy Resolution to(nom) | _ CMS /s = 7 TeV M"’Jlets (4 9 tb )9 e+Jets (5 0 b’ )
= L —e— observed 1
& u BR(t _’bW) -------- expected _
©
e Given that no hint of new 1 [ tlo expected
Physics is observed, the 126 expected

— t't' predicted

rebinned | D distributions are

used to set the limit on t’ pair -
production cross section 101
- CL, 95% CL upper limits | T |
B ! I ! I ! !
400 450 500 550 600
M, [GeV]
Observed limit: m¢ > 570 GeV/c? @ 95% CL
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Search for t' —bW(dilepton)

Selection PLB.2012.07.959, EXO-11-050
® Two opposite sign high pt leptons (ee, el,M)
® Z/Y—ee/Ul veto
® > )jets,> |b-tagged jet
® Missing Er > 50 GeV

Strategy

® |nvariant mass of the lepton and the b-tagged jets:

My, = \/(E; 4+ Ey)? — |p) + py?

't — WbWb — lublob

® For atop decay M2 < M2 — M2,
® Combine the two leptons and two b-tagged jets

» 4 possible values of M,

» Choose the minimum Af7w™
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Search for t' = bW(dilepton)

PLB.2012.07.959, EXO-11-050

Backgrounds
Samples Yield
Misidentified b-jet(s) and prompt lepton (from data) 0.7+0.8
Fake lepton(s) and real b-tagged jet(s) (from data) 0.0%04 0
2 real b-tagged jets and 2 real leptons (from MC) 1.0£0.7
Misidentified b-jet(s) and fake lepon 0.0+0.0
Total predicted |.8+1.1
Data 1.0
26
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Search for t' = bW(dilepton)

PLB.2012.07.959, EXO-11-050

Result

P ~ I I I I | I I I I | I I I I I = — T T T T | T T T T T T T T T T T T T T T T T T
O - CMS, 5.0 fb™” at \/s=7 TeV 1 8 10-BR(t"=bW)=100% CMS,5.0fb"at\s=7TeV ~ —
S Events with ee/uuw/eu Data ~ " F a
D 10% & = —~ T Y Theory (HATHOR) [25] -
Q) - . tt (dileptonic) E = e 95% CL expected limits 7
< N T —— 95% CL observed limits
(ap)] 103 — Other backgrounds= Q. | -, . 1 Expected limits = 10 |
\\c;; S 1 2 1 el Expected limits = 20
2 - tt, M, =450 GeVic2 | O N |
2107 E e E
LI Signal Region ; ,,,,,,,,, E
10 >170 GeV =
1 = w0’
] 350 400 450 500 550 600
-1 — M. (GeV/c
107, 100 200 300 _ 3 )
er{)"” (GeV/c)
Exclude m¢ < 557 GeV @ 95% C.L. on the
production cross section
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Search for Q—tV (l+jets)

arXiv:1210.7471, accepted by |HEP

b"—tW T-tZL

q

q
z T

.
I

b’y — WitWt - WWbWWb — lvggbqqqgb TT — tZtZ — WbggWbqq — lvbqqqqbqq

® one isolated lepton (muon or electron) ® We have similar Njes in the final

state and therefore our selection is

O >4 i I I .. .
>4 jets (accounting for jets merged and also sensitive to it

out of our fiducial acceptance)
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Search for Q—tV (l+jets)

arXiv:1210.7471, accepted by |HEP

Selection SM Backgrounds
® A lepton e/p with pt>30 GeV ® tthartjets
® > 4jets, > |b-tagged jet ® non-ttbar+jets

® Jet Et thresholds 100, 60, 50, 35 GeV »  WHjets

® Missing Er : PFMET > 20.0 GeV »  Single top quark

e DileptonVeto b LHjets
» Diboson (WW/WZ/ZZ)
» QCD Multijets

Strategy
ST _ T_l_zpjet _|_Emzss

® The signal features events with high St and Njecs

® Perform fit on St distributions for different jet multiplicities (Njets

= 4,5,6,>7) to search for a fourth generation massive quark Q
29
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Search for Q—tV (I+jets)

arXiv:1210.7471, accepted by |HEP

® Extremely important to model the backgrounds
accurately in the high tails of the St

Systematic Uncertainty

. Parameter type Source Uncertainty (%)

Befo re Flt nEvenia e Data (5.0 ) Q’ scal.cs for tt+jet §7

| I Distribution Matching partons ::.b

Jet energy scale 5.4

|l Other background b-tagging efficiency 5.1

10’ Lepton ID /reco/trigger 3.2

Luminosity 2.2

tt cross section 12

Normalization Niets = 4 3.5

10° | Niets = 5 16

= Niets = 6 23

& Niets > 7 22

U 1 A Other backgrounds 50

10 |
\ I/ ° The shape parameters are quoted based on their
o 20 20 30 20 50 — effect on the acceptance only

Bin Number

° Due to the correlation between the fit
parameters, the combined number is not the sum
of the squares of the contribution
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Search for Q—tV (l+jets)

arXiv:1210.7471, accepted by |HEP

After Fit

CMS Vs=7TeV L=50fb"'

' —
= - —e— Data ( 5.0 b
2 {1000 QQ > tZiZ (M =500 GeV)
[ QQ — tWiw (M, =500 GeV)
o o
B Other backgrounds
6 jets ¥ = 7 jets
] 3 L
-~ X
10° g -
[ “% ]
= ]
= -
[
i T
10 : jillze
; 7
]
1]
: s ' ' ]
2z [ . . .
- ' ] ]
215 |— . . . i
= - ' ' J_ _|°i' .-"-
a 1 o [ e u.l‘-.“.tl‘ i == = P 3 -A :
2 ' v . ST R
os - + : :
-~ y ' . N :
300 900 1500 330 930 1550 400 1600 500 1700
S, (GeV)
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b'—=tW

Results

Combine
CMS 1s=7TeV L=50f"
2 - —— Observed 95% CL
—_ - BQ—=tW)=10%  ..... Expected
'8 : - 68% Expected
L [ ] 95% Expected
%- ~—— Theory (HATHOR)
10"

I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l L 1 1 | l 1 1 1 1 l

450 500 550 600 650 700

M, (GeV)

o(pp — QQ) (pb)

Combine

CMS

\s=7TeV

arXiv:1210.7471, accepted by JHEP

T—Z

L=501f"

lllllll

lllllll

|

p—
-

B(Q — tZ) = 100%

1 1 I L L

1 1 l 1 I L 1

—&— Observed 95% CL

- 68% Expected

[ ] 95% Expected
~—— Theory (HATHOR)

l 1 1 L 1

l 1 1 1 L l

400

450

500

550

600 650
M, (GeV)

® We exclude at 95% C.L, mp—ew < 675 GeV/c?and for mt -z < 625 GeV/c?
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Theorist Excitement!

arXiv:1210.7471, accepted by |HEP

® As soon as this result was public, theorist get excited to claim the
method! :)

[NOTE ADDED: Not So! in another talk at HCP, the following search by CMS
was briefly mentioned: http: //arxiv.org/pdf/1210.7471v1.pdf . See in particular
Figure 1; this is almost exactly the method that we recommended. This search
needs to be more widely studied and interpreted; it rules out many more variants

of many more theories than the ones analyzed in the paper.]

Blog by Matt. Strassler(Rutgers, US) during HCP

http://profmattstrassler.com/2012/1 1/13/theory-killers-at-the-hcp-conference/#more-4928

® Requests are made to provide limits in light of vector quark-like
models for an inclusive search for T and B decays (expected for

Moriond)

® The method is very suitable for low Missing Et natural SUSY !
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Suppress Z events, |[Mi-M;

for the same-sign dilepton
(trilepton) channel

4

> b-tagged jets

R —

Leptons (e/M) with pt > 20 GeV

> 10

Reject events with < 4(2) jets

dilepton

- @ data

-

[ WiZivviSingle Top
' CMS L=49 " at Vs =7 TeV
- Same-charge dilepton events

0 ttew(2)

Events

1M, 500 Gevic®

3
%10 - @ data

L
[ [ WI/ZIVViSingle Top

| CMS L=4.9 " at Vs =7 TeV
[ Same-charge dilepton events

3

[ Im, 500 Gevic®
0 ttew(2) |

Events / 200 G
S

107}

500 1000

150

arXiv:1204.1088, submitted to JHEP
EXO-11-036

For each event scalar quantity, St
is determined

mess et
St = |EF** |+ > 1ol + > Ip)

St > 500 GeV

S —

Strategy

T

trilepton
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B t+w(2)

o data

I

[ Wizivvisingle Top
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0 +w(2) ]

>

—__-

1500
S; [GeV]

1000

Thursday, January 17, 2013


http://arxiv.org/abs/1204.1088
http://arxiv.org/abs/1204.1088
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012

Search for b"—=tW(di/tri-lepton)

® Backgrounds (mostly from ttbar)

»  Sources for same sign dilepton channel

-  Type | (data driven) -- Fake lepton
- Type |l (data driven)-- Charge Misidentification
- Type lll (from MC) -- Prompt dileptons

»  Sources for trilepton channel

- Dominated by 3 prompt leptons events (ttW)

CMSL=49fb" at\s=7TeV

arXiv:1204.1088, submitted to JHEP
EXO-11-036

Sources Same-charge Trilepton
Typel+Typell |7.8 +2.8
Typelll 3.6 £ 0.6 0.78 £ 0.21
Background sum|11.4 + 2.9 0.78 £ 0.21
Observed yield 12 I

. | | | | FCL N SR (R
'8_ observed limit 20
= e = === expected limit 1G: 3
Xeo! s -.=:=:= Theory (HATHOR) :
Q -~ v". §.~. -
Q -
. e
B 10 &
| M, <611 GeV/c’ is excluded at 95% CL 1
10-2 | | L | y ) 3 N | L 3 | N ) |
450 500 550 600 650
M, [GeV/c?
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Search for inclusive b'/t’
° arXiv:1209.1062 (accept by PRD)
production -

® Why not look for b’/t” at the same time?! What about single
productions!?

® Assuming degenerate states: 174/ = MMy = My

® Simplifying CKM4 with one free parameter: A = |[Vy|? = [Vip|?

(Vud Vus Vub Vub’\ (1 0 0 0 \

CKM4 = chd Vcs Vcb Vcb L 0 1 0 0
| Vie Ve Ve Ve | | OO0 VA JVI-A
\ Vea Ves Voo Vew )] \0 0 VI—A VA )

® Assuming the branching fractions to be ~100% / b’ : [i%
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Selection and Classification

arXiv:1209.1062 (accept by PRD)

® Baseline selection

» Lepton (e/M) with pt > 40 GeV (o b — bIVD h
» > | jet of pr>30 GeV and > | b-tagged |* " 7 oVW
o V't - tWbW — bIWWDW
» Missing ET > 40 GeV o bt — tWbW — bWWbBW
: : : o V'V — tWIW — b(WWDWW
® Final state topologies contains \ J

» 1-4W bosons (= | W decay leptonically)
» 2 b-quarks

The events can be categorized according

o :
Search is Performed to number of W bosons

» Single lepton(e/l) + jets

t'b t't b't+b't b'b’

p Same-sign dilepton + jets
» Trilepton + jets
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arXiv:1209.1062 (accept by PRD)

Search for inclusive b'/t" production

Discriminator: Scalar sum of reconstructed objects (St) and hadronic top mass (mpw)

N
Sr=Fr+pr+pr+prt+)pr”

SN\ 0N
lepton pr ) ( b-jetpr ) [ prof2nd b-jetor | (PTofWhag) &
C ) C ) jet not from Whad C_) %300
® 2blW box :single t’ T::
»  exactly 2 b-tagged jet
® [b2W box (2b2W box): t't’
» exactly | (2) b-tagged jet(s)
»  exactly | hadronically decaying W >
® |b3W box (2b3WV box): single b° %ZZZ
»  exactly | (2) b-tagged jet(s) %500
»  exactly 2 hadronically decaying W ’ zzz
® |b4W box (2b4W box):b’b’ 200
» exactly | (2) b-tagged jet(s) v
»  atleast 3 hadronically decaying W

2bIW

CMS prellmlnary 5 fb at \F_ 7 TeV

IIIIIIIIIIIIIIIIIIIIIIII I T T 1T 14
N Iepton+1ets 2b 1W tf ]
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arXiv:1209.1062 (accept by PRD)

Search for inclusive b'/t" production

EXO-11-098

Model-dependent exclusion limit on
my = mp’ as a function of A

» t'b’ production « A

» t'band tb’ production « |-A
»  mq < 685 GeV excluded at 95% CL

Effect of mass diff: m¢ - mp’ = 25 GeV is

studied
» Limit shifts about 20 GeV

The electroweak t'b” process is omitted
» Less stringent limit for m¢ = my’

39

Thursday, January 17, 2013


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
http://arxiv.org/abs/1209.1062
http://arxiv.org/abs/1209.1062
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012

Future Aspects

® On going analysis at 8 TeV
% T pair search (bWbW, bWtZ, bWtH, tZtZ, tHtH, tHtH)
> B pair search (EWtW, tWbZ, tWbH, bZbH, bZbZ, bHbH)

p Single T and B search

p Inclusive search to extract couplings and
branching ratios
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Search for Vector-like B quark (I+jets)

On going analysis at 8 TeV

® Need new strategies to gain sensitivity, since we
have excluded the heavy quark masses so high.

® Exploiting boosted topologies

» BB—2tWitWV, tWb/, tWbH, bHbZ, bHbH, bZbZ

» The decay products being highly boosted will be
collimated and clustered into single jet

p Categorize events based on b-jets and number of
bosons (V-tagging)

- Use CA Algorithm to tag a W/Z/H

41

Thursday, January 17, 2013



Search for Vector-like B quark (I+jets)

On going analysis at 8 TeV

b dR_Waqq_ Wpt
e e < Entries 100618
1% y <3 r "] " Mean x 306.2
+ E‘ 5 s ® [ : n - Meany 0.9204
W n fﬁ ‘ [ - [ RMS x 147.1
" / ,f J i RMSy 06385
f 3.5
9 b f j
l" |/]/ N 2 5_
~) 00000C 2_1:
. :
“‘ B, |/|/ _|_ V 1.5+
g 1F e m
Van 0.5

LAl 1

11111

W pt{GeV)

b aR_Waqq
Entnes 100618

Mean 0.9197

12000 | RMS  0.6386
10000 —

'y — WtWt — bWWbIW W

6000—
b = 700 GeV .
4000—
2000 1
- L_
» Ty, SRR
0 ll.llllll[ A Il lllllll]“.H.h—.—ll ILIJJIJ‘
0o 0.5 1 1.8 2 2.8 3 3.5 4 4.5 =5

AR(q.q). W->qq
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Search for Vector-like B quark (l+jets)

by — WitWt — bWWbWW

nEvents — BBTotWIW 700
B rTJets
B I ot
B ZJets
] NJets W STop
= TTVJets
- v
B B Oata QCOD
10°E
10}
1 ™ l '

Z 3 4 5 6 7 8 9 10
Jet Multiplicity

Using Multidimensional fit using
Njets, Nb-tags and NVtags gives
sensitivities to high mass signal
region

On going analysis at 8 TeV

— BBTotWIW 700
B 7T7Jets
I W.oets
ZJets
TTVJets

I vV
B Data QCD

nEvents

b

10°

10

Lol.l lllll 1
0.5 1 L 2 2.5 3 i B 4 4.5 5 5.5
CSVM b-Tags

— BBTotWtW 700
B 7TJets
I Wets
NVtags ZJets
2 STop
TTVJets
s vy
B Data QCD

.

nEvents

10°

10°

10
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Summary (7 TeV)

Search Channel Lower mass limit

lepton+ijets 570 GeV/c?

t"—bW pair
dileptons 557 GeV/c?
lepton+ijets 675 GeV/c?

b —=tW pair
trilepton and same-sign dilepton 611 GeV/c?
lepton+ijets 625 GeV/c?

T—tZ pair
trileptons 475 GeV/c?
B—bZ pair two leptons 550 GeV/c?
Model-Dependent t'/b’ lepton(s)+jets 685 GeV/c?
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Conclusions

® CMS has the most stringent limits on the existence
of 4th generation quarks

® \We have reached the critical mass of ~550 GeV/c?
at which fermion’s weak interactions become non-
Pe I’tU I"bative M.S. Chanowitz, M.A. Furman, |. Hinchcliffe, Phys. Lett.B78, 285 (1978)

® Many interesting analysis are awaited for Moriond
exploring the territories that were not explored
before!

» overlap with top Physics
» overlap with SUSY
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Thank you!




Extra material




Backgrounds

® Backgrounds (mostly data driven)

» Category | - misidentified b-jet(s) and prompt leptons

- use data control regions for events passing all but b-tag jet
requirement.

*  Nimisag = with| b-tag, weight each untagged jet by mistag rate (ri)

. No untagged jets passes Mipmin selection —event weight=0
. For each untagged jet passing Mibmin selection = event weight is increased
by ri / (I‘i -|)

Sample Yield
Category I (from data) | 0.7 0.8
Category II (from data) 0.0105

*  Namistag ~*Weigth each untagged jet by ri / (ri-1) * rj/ (rj-1)

® Nmistag = N | mistag - N2mistag Category I11 (Simulated) 1.0+ 07
) Total prediction 1.8+1.1
» Category Il - fake lepton(s) and real b-tagged jet(s) Data 1

- use data control region of lepton passing loose selection of
electron |ID

Fraction of loosly identified electron passing the event ref selection = 0
» Category lll - 2 real b-tagged jets and 2 real leptons (obtained from MC)
- require to match the jets and leptons at generator level particles
» Category IV - misidentified b-jet(s) and fake lepton(s) (negligible)

- no double counting possible as shown by Category Il
48
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Global Event Description

®  Charged-based separation of components making best use of
2 field integral BxR=49T-m
3 calorimeter granularity ~ An x A@|gcaL ~ 0.0172
An x Adlucar ~ (5 - An) x (5 - Ag)|ecaL

2 iterative tracking(progressively relaxing constrains/removing hits)
» linking algorithm yields blocks sub-detector elements called particle
candidates
®  Particle flow provides a global description of each event Particle
e : flow
® A reconstructed jet is “again” a cluster of particles
\/
Algorithm Calorimeter-based Particle Flow 4 2
Composition Towers Charged Hadrons Photons #”| Neutral hadro neutral
hadron
Energy fraction 100% 65% 10% '
Energy EncaL + Egpcat
k:hi,ho"y,t
Resolution (o) 120% VE 1% pr 1% VE 120% VE
Direction biased by B vertex-based good resolution -

® crucial for b-jets (e.g. reduce material budget uncertainty on energy scale)

miss

® crucial for missing transverse energy pr1° = - z PT,k
=h* hO ¢
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Search for vector-like T—=tZ(trilepton)

B.F = 5.4% for (e/M)

(1.14 fb-l)

Decay mode BF 5
» > 3 leptons (e/[) AL+2-4 QWIv+1ZI) | 18/900 i n,,bv
) = 2jets 4L+6J (2Z11) 4/900 I
» (60 <my <120) GeV SL+4] (1WIv+2Z11) 4/900
J— 6L+2J 2WIv+2Z11) 1/900 TT — t7ZtZ — bbWTW 77
Strategy
° Construct the variable RT _ ( leptons + Z pJets L ptTvvo leading leptons + Z two leading Jets) > 80 GeV
et S RT>80-GeYV—
e CMS 114" i5=7TeV CMS 114 1" s=7TeV CMS 114 fb" (=7 TeV
010°F LITT (350Gevic’yz > 10° (7T (350GeVics 2. 3 TT (350GeV/c?)
G F W,z 1w w2 : 910 W2 ‘
(2} B [lw/z/diboson ] [Jw/z/diboson ] = W/Z/diboson
4\9102 = .- M E 102 Z .ﬁ E B 107{ __,’ Hu
g | 1 8 | > 2 jets & Rr>80 GeV
- 107% E 10 E “ 10 |
7 . E E
1 e 70 1 _E 1 o * :
5 i |
10™ 107" E 10" : |
60 70 80 90 100 110 120 0 > 4 6 8 10 0 100 200 300 400
M., [GeV/c] N(Jets) R, [GeV/c]
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Search for vector-like T—=tZ(trilepton) (L1an)

PRL. 107,271802(201 I)

Yields CMS 1.14 fb" (s =7 TeV

T°(350 GeV)  57.8%11.0 ol el | ) | —
Background 4.60+1 04 - }‘;m' — observed limit 10 E
| i Qe - - expected limit 20 -

DATA 7 | I‘J, ‘ i

o(pp — TTX) [pb]

Assuming a branching
fraction of 100% T—tZ 107

i
[ |

00,009 .9:%% %% 2% R
KRR RSEREEEREREERERREEREEEREREEERREERESARRREERELEE LD
Limit at 95% CL: M, > 475 GeV/c”
°
imit at 95 % : M > ev/c

T IR R R T N T R R ! —_ —
250 300 350 400

55
M. [GeV/c]
® With the observed upper limit at 95% CL on the

production cross section, we excludes a T quark with a
mass < 475 GeV
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Search for vector-like B—bZ(dilepton) (5o )

® (lean signature includes -
» = 2jets, > | b-tag (pt > 65 GeV) ,q,v
»  Z Cand: (60 < my <120) GeV, pr > 95 GeV A%L

T — . -~
Strategy /

/l\/
Z
Wtb”v]
l+
® Search for resonance peak of mass spectrum of the bZ

candidate BB — bZbZ

0o |
T —>3te— T
09

» Reconstruct B® candidate using leading pt Z boson and the
leading pT b-tagged jet

R — .U
CMS Prehmmary 2011,L =49 fb" Ns=7TeV o _ICII\I/ISI llj}’t?lirlnlilllellrx .2|0|11.’ ILI = 4..9.f.b1. _ I\ﬁ =.7. ’II‘Ie\i
(\10220_|||||||| |||||||| |||||||||||||||||||||||||_ O B I | | | | [ [ [ |_
> 200 —— Data E S 3000 —— Data E
& 180E B' (350 GeV/c?) & - B' (350 GeV/c?)
- . 250 , —
R 1602— - Z+jets ~ R [ - Z+jets ]
yai 1405— - ti+jets _E é 200;— - tt+jets —;
9 120p Dibosons E 2 - Dibosons ]
M 100F . . M 1501 ]
sofF Uncertainty on Bke3 - Uncertainty on Bkg]
60F E 100F -
40F g soL
20 -

200 300 400 500 600 700 800 900 1000 ™300 300 400 500 600 700 800 900 1000
M(e"e+b-jet) (GeV/c?) 52 M(wHw+b-jet) (GeVi/c?)
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Search for vector-like B—=bZ(dilepton) (50 )

EXO-11-066

Yields

CMS Preliminary 2011, L =49 fb! Ns=7TeV
Z—ee Ul g é o I#(Sbslerlvecllhlmiltl | %
i A~ T e Expected limit .
B (350 GeV) 22216 34519 I% Expected Iimitil()' ]

B Expected limit +20
Total Pred 648+ 15 999126 - — Theory (HATHOR)
DATA 604+24 928+30 d ________ .
Sl e e S .|

oL N T

= e R
Assuming a branching |
fraction of 100% B'—bZ T :
L I I I 1

| | | | | | | | | I
500 550 600
M(B" (GeV/c?)

® With the observed upper limit at 95% CL on the production
cross section, we excludes a B'quark with a mass < 550 GeV
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