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OUTLINE z

Many BSM models predict new heavy quarks: GUTSs, extra-
dimensions, little Higgs, new SM-like generations, efc.

Can be vector-like, can have flavor-changing neutral current
decays, including decays to a little Higgs, eftc.

Initial LHC searches focus mainly on new quarks that are pair-
produced & that decay much in the same way as top.

Benchmark model - simplest extension of SM: 4th sequential
generation of fermions.

In this talk:

Motivation, searches for SM4(-like) quarks (dilepton b’,
dilepton t', semileptonic t') and more exotic stuff

Not in this talk: Channels studied with MC, but not yet in data

Exotic Heavy Quarks @ LHC - V. E. Ozcan g
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Simplest extension of the SM:
Number of generations - not set in SM.

On the muon: "Who ordered that?” - 1.1. Rabi

But then we got two full generations of fermions. So the real
question: "Who decided not to order more?”

Incorrectly considered to have been overruled by EW precision
data, recently shown to still have large possible parameter space.

Many motivations for SM4:

Baryon asymmetry, dynamical EW symmetry breaking, SM flavor
structure, dark matter neutrinos, help SUSY/technicolor/... to
escape LEP/LHC limits, efc. etc.

From experimentalist POV: simple model - can provide benchmark
MC for signature-based new quark/lepton searches, clear
predictions, few free parameters, discover or reject at LHC...
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SEARCH CHANNELS

As with top production, pair-production x-section is larger than
that of single-production.

Exceptions: vector-like quarks, quarks with anomalous
couplings, large mixing with other generations, efc.

Commonly searched channels:

Down-type quark b": pp -> b’b’ -> tWtW -> bWWbWW
(because previous limits set my>mi+myy)

’. 1y
Up-type quark t: pp -> tt -> bWbW — =

(EW precision data favors Imy-myl<mw & =~ ,,,,,,,, _...4«.4,,,.;;j::j:::j:;:j:j;;-......4._.4‘_.“_.,_ Ju
particularly for light Higgs) W ) -

Prob(Ay?) [%]

Similar channels with 4th gen. mixing R /;f""'
with light generations.
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Delivered integrated luminosity (fb™!)

0.0

DATA

LHC 2011 RUN (3.5 TeV/beam)

3.0 H

—o— ATLAS 3.236 fb™!
—A— CMS 3.131 fb~!
—o— LHCb 0.850 fb™!

—0— ALICE 3.702 pb~!
PRELIMINARY

Month in 2011

(generated 2011-09-18 01:15 including fill 2117)
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LHC has already
delivered over 3fb~! of
data at J/s=7TeV to
ATLAS and CMS each.

The results here use

only a fraction of this
data:

Earliest analyses are
based on ~40pb-! of
2010 data.

Summer 2011 results
are based on 0.2-1fbL.



TOOLS z

Common tools used for the searches:

Signal generated with Pythia or MadGraph (particularly when additional
partons are considered)

Signal cross-sections are from HATHOR (approx. NNLO).
Backgrounds: CMS generates them also with Pythia, Madgraph.

ATLAS uses MC@NLO for tt background, Alpgen for V+jets, Herwig for
dibosons.

k-factors for x-sections from MCFM, FEWZ.

Pythia (Herwig+Jimmy) is used for hadronization, fragmentation, parton
showering, underlying event etc. by CMS (ATLAS).

Detector simulation is done with GEANT4.

When fake leptons are a source of background, data-driven deftermination
is common. Based on loosening lepton ID criteria and extracting tight vs.
loose efficiencies in control samples. => Common with many of top analyses.

Exotic Heavy Quarks @ LHC - V. E. Ozcan 6



2 CMS SEARCH FOR B’

PAS EXO-11-036

b'b’ -> tWtW -> bWWbWW
2 SS or 3 isolated l=e,u in final state (7.3% of total decays)
dilepton triggers (€=92-99% dependent on FS)
PeH>20 GeV, In®Hl<2.4 (also reject 1.44<|n%<1.57)
Lepton isolation: ®®=0.06-0.07 ; &H=0.15
[ ZEr(within AR=0.3) - pileup contribution ] < ae¥ X PTeH
For same-flavor leptons, Z-veto: |m;-mz[>10 GeV

Anti-kt R=0.5 jets with P/>25 GeV, |n’l<2.4
b-tagging based on IP significance (50% tagging eff., 1% mistag)

njet>=4(2) for 25S/3 lepton channel ; np_jet>=1

St = 2P+(le pto ns) My cross section | same-sign dilepton trilepton
EI0en) T e
e . . i : .
Yl e 400 1.41 136+017 22 | 0424006 67
450 0.662 1.51 +0.18 11 0.45 %+ 0.07 3.4
500 0.330 1.57 =0.19 59 0.48 £ 0.07 1.8
550 0.171 1.80 +0.22 30 0.57 = 0.08 1.1
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~  BACKGROUNDS FOR B'

PAS EXO-11-036

103 CMS 2011 Preliminary 1.14 fb’ CMS 2011 Preliminary 1.14 fb”
> E ® dat (1 M, 400 GeV/c? i > ® dat 1 M, 400 GeV/c?
© f mmg = xiwa) © F mmyg — ::iwm
(D E [ Single-top O Wk (D B [ Single-top O Wl
= P B z--r'r [ diboson - 02k B z--rT [ diboson i
8 10 E same-sign dilepton E 8 1 ; trilepton -
a | . 5 | . ] total BG in
S 10F i { § 10F | E signal region
> E - > E .
L s L .
1F = 1F ‘_\1 3
E : : 255 =4 41
il 1 1 3 |016+0.09
E — ] [ ] + [ ]
s o et I rroral B . S KPR IO PR o o B
200 400 600 8001000120014001 6001800 200 400 600 80010001200140016001800
S; [GeV] S; [GeV]

For 2-SS-lepton analysis: single-lepton events with an extra misidentified or non-
isolated lepton, dilepton events with a charge-misidentified electron, or events
with prompt same-sign dilepton ==> Main contribution from tt

For 3-lepton analysis: dominated by processes with 3 prompt leptons, ie. tt+W(Z)
Charge mis-id and “fake” lepton backgrounds estimated using data. (loose vs.
tight lepton ID)
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RESULTS FOR B’

PAS EXO-11-036

CMS 2011 Preliminary 1.14fb"' s =7 TeV

o) 10 SaE | r | T3
S - observed limit 20 ’
i 0 0 7
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Limit at 95% CL: M,, > 495 GeV/c’
e

. . P S T T N
350 400 450 500 550
M, [GeV/c?

Using a Bayesian method with log-
normal prior, and assuming
BF(b'->tW) =1 :

same-sign dilepton trilepton
Ae/e AB Ae/e AB
Accuracy of control-sample method - 1.02 - -
Control sample statistics - 0.49 - -
Integrated Luminosity 4.5% 0.03 4.5% 0.007
Background normalization - 0.39 - 0.059
Lepton selection 44-45% 003 |62-65% 0.010
b-tagging 10% 0.07 10% 0.016
Pile-up events 2.3% 0.35 3.4% 0.053
Jet energy scale 14-32% 012 | 04-4.3% 0.008
Jet energy resolution 08-24% 051 | 0.6-35% 0.010
Missing energy resolution 01-31% 010 |06-6.0% 0.014
Trigger 2.3% 0.07 2.3% 0.004
PDF 03-07% 0.06 |0.7-1.8% 0.005
Simulated sample statistics 31-40% 005 |56-74% 0.025
Total 12 -13% 1.4 14-17% 0.09
total BGin | observed
signal region | events
2SS| 4.4+14 5
3 | 0.16 £0.09 1

Exotic Heavy Quarks @ LHC - V. E. Ozcan

m(b’) > 495 GeV @ 95% CL

1.14 fb-1
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SS DILEPTONS @ ATLAS

arXiv:1108.0366

A generic search for two SS ee, ey, UM pairs (Limits on UED, SUSY, heavy
Majorana neutrinos & b’ quarks)

Selection very similar to CMS SS analysis, but without b-tag and St
requirements.

2 SS |=e,y, with tight lepton ID

single lepton trigger

PH>20 GeV, InH|<2.5, In®l<1.37 or 1.52«<|n%<2.47

Lepton isolation:

[ 2Er(within AR=0.2) ] < 0.15 X P*H

In ee channel, Z-veto: 80<|me.-mz|<95 GeV
Anti-kt R=0.4 jets with P>30 GeV, [nil«2.5

muons within AR=0.4 of b-tagged jets of P1/>20 GeV vetoed
ET™$$530 GeV

Exotic Heavy Quarks @ LHC - V. E. Ozcan 10
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arXiv:1108.0366
= T T T g s T T 1 = j T T 3
T Mo @®Data M ATLAS @ Data M 22F ATLAS @®Data 3
~ F © |Ldt=34pb’ @ Charge Fli X3 Mgt =34 pb™ ODiboson e € |Ldt=34pb" @Charge Flip 1
P gc Hip p 20 P g Hp
-.g 3 [ODiboson ..g 4 IQJCDrt g 8 [OJDiboson _:
5 71QCD ° e i 5] £3QCD ;
[5 25 = Uncert. F-E =d, 350 GeV I [5 16 = Uncert. r
=d, 350 GeV : i =d, 350 GeV 3

(Emlss> 30 GeV)

= 1 >2
(Emlss> 30 GeV) N. (Emss> 30 GeV)

jets Jets

Jets

Backgrounds:
QCD - jets faking/creating isolated leptons (mainly from dijet & W+ jets)
Charge Flip - electron charge mis-measurement

Diboson - irreducible SM background (mainly from WZ production)
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arXiv:1108.0366

SS DILEPTON RESULTS

Binned max likelihood fit,
in three jet multiplicity
bins (0, 1, 2+ jets).

Assuming BF(b'->tW)=1,
limits at 95% CL:

Expected limit:
m(b’)>330 GeV

Observed limit:

m(b")>290 GeV ey

up channel has recently got updated to 1.6 fb,
but the results have not been interpreted for a
heavy quark yet. See ATLAS-CONF-2011-126
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Fully-leptonic channel (@\

g SEARCH FOR T

PAS EXO-11-050

Much like a heavy top: 11" -> bWbW
Two decay channels: fully-leptonic, semi-leptonic

The cuts for the fully-leptonic channel is very similar to those used in the b’
search. For example, from CMS:

2 (or more) OS isolated l=e,u in final state
dilepton triggers (€=90-100% dependent on FS)
P#H>20 GeV, In®l<2.4, In¥l<2.4
Lepton isolation: [ 2Er(within AR=0.3) ] < 0.15 X P:#H
Z-veto: [M;-mz|>10 GeV

Anti-kt R=0.5 jets with Pr>30 GeV, Inil<2.5, separated from leptons
b-tagging based on IP significance (50% tagging eff., 1% mistag)

Njet>=4 ; Np_jet>=2

ErMs$>30GeV

Exotic Heavy Quarks @ LHC - V. E. Ozcan 1
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PAS EXO-11-050

After basic selection, fully-leptonic decays of tt dominate!

Sample - ee U  eu all }

F'F, My = 350 GeV/c2 563+ 041 563+038 1343+061 2469+083 | stat

¥F, M, = 400 GeV/c? 251+018 292+019 633+028 1176+ 0.38 T
FF, M, = 450 GeV/c2 1454009 153+009 327+014  625=0.19 i IR AR
o0 167.46 £ 585 17888571 44545+930 79179+ 1238 | only

'-'-' "‘I < it . | ] W L M LRSS S s w L e e S ——

Use invariant masses of lepton and b-jet pairs as discriminant.
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At gen. level, very
sharp distinction
between signal & ftt.

CMS Simulation
t'f' (M =350 GeV/c)) |

pu—

- - CMS Simulation
aook=: ».amse - 1T (M =350 GeV/c)

S
-1

C —t

At reco level, pair b
and | based on min(AR).

Generated M, (GeV/c?)
Reconstructed M,,,, (GeV/c?)

m(libi)>170GeV, i=1,2 : : N
5 100_ 5
ES|9 40% - N 7 1 - % o UL R ﬂ
01 0'.1,11....1.,,,11..11...1'

EH~ O(O OO].) 0 100 200 300 400 500 0 100 200 300 400 500

Generated M,,, , (GeV/c®) Reconstructed M., . (GeV/c?)
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CMS

RESULTS FOR T’

/
s

Sample Yield Prediction source
tt — 070~ 1.35 £ 0.67 Data
Fake leptons i1 B Data
DY— eteorptu— | 007705 Data
DY— 71~ 0.11 = 0.11 Simulation
Di-boson 0.02 == 0.02 Simulation
Single top 0.07 = 0.04 Simulation
Total prediction 1625
Data 1

f £ B SR PR R R

S CMS Preliminary * Do 1

D10 Creawinoupuiey oo

Other backgrounds -

10”

2
10 0

Signal Region

* D LY, M, =350 Gevic®

1

100 200 300

300 500

2
M.y, (GeV/c?) for M > 170 GeV/e
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Fully-leptonic channel
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PAS EXO-11-050

a e —

Q i CMS Preliminary 1.14 fb''\s=7 TeV |
2= ..+ NLO Theory

T 10 — sssses 95% CL8 Expected Limits —]

a - = 95% CL, Observed Limits

Q. B CL =10 “

5 I CL, = 20 i

1 =

10-1 ; | 1 | —:

400 500 600
M. (GeV/c?)

Largest background (tt->1l) estimated from
m(l;bi) sidebands.

Single event observed for 1.62 expected.

Assuming BF(t'->bW) =1 : m(t’) > 422 GeV
@ 95% CL G
1.14 fb1 |
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ATLAS Preliminary

True (MC) Q, 350 GeV A R(\,v)

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02 :
0Eu

ATLAS Preliminary

—— Q, 350 GeV

N
[Eiril B S tr & I

o

'I|IIII 111 1 111 L 2 )
100 200 300 400 500 600 700 800

8llllllll|III|III|III|III|III|III|III|III|III|III
o

IVICoIIinear [GeV]
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Fully-leptonic channel

N
BOGAS
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NGO

ATLAS-CONF-2011-022

No assumptions about quark mixing,
ie. the final state is: tt' -> qWqW

ATLAS tries to reconstruct two HQ
masses (Mcoliinear) iN the event, from 4-
momenta of jet+l+V.

high PT Ws => | & v are approx.
collinear.

Reconstruct |ANn(l,v)l and |AP(l,v)| for
each V is a free parameter, allowed to
vary in the range (0,1).

Assume Et™S solely from 2 vs.

Find |[An(l,v)l, |A®(l,v)| values and jet
assignment which minimizes difference
befween +WO mCollinear.


http://cdsweb.cern.ch/record/1336751
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600}

400}

200}

[T VIR VRRET VO T WOR WY VRSP VHN NP VR VHNST UEGST W MK VNN UNNT VORRT VAN NN WO Vit ST SO NN AP VRN WP VO RN W Sl
0 100 200 300 400 500 600 700
ATLAS Preliminary Background Collinear Mass
Triangular cut in Hr-mcoliinear

plane, optimized for various
my.

S:B improved to be around 1:2.
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Fully-leptonic channel ( \

T KINEMATIC CUTS

ATLAS-CONF-2011-022

600}

400}

200}

PUT VR SNV NP N VPR WP VNP NN TN (NP VIV VACTUN [NUSUAT SANC N W NS SHNP VN SRAP R PO W
0 100 200 300 400 500 600 700
ATLAS Preliminary Q 5 350 GeV Collinear Mass

i

Q4 Mass (GeV) Final selection

250 HT> 500 - 0.7 x Mcollinear
300 Ht> 600 — 0.5 X Mcouinear
350 Ht> 600 — 0.2 X Mcolinear
400 Hrt> 700 — 0.3 X M oliinear
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Fully-leptonic channel (@

A

B

53

A 2 <
L , \Hﬁ//
A RESULTS FOR 1
A
S
ATLAS-CONF-2011-022
" Q4 Mass [GeV/c?] 250 300 350 400
Total BG 404 +0.7+39 168+05+1.7 10.1+04+10 63+04+0.8
Signal 207+05+19 7.1 £02+03 30 +01+02 14+0.1+0.1
Observed 40 11 8 5
_,@ Frrrrrrrrrprrr T T T [rrrryrrrr T T T T T T T T T T T T T S I L AR S S PR S P o PR BRI BRI L
Lﬁ 4.5 f— ATLAS PreIiminarny =37 pb” _E =" 102 J-Ldt =37.0 pb’ 95% CL a
Z C . = c - =]
- B Bl single top = k=] _ i — NNLO from HATHOR 1
4 5_ [ diboson [z —ee _5 g N ATLAS Preliminary Median Expected Limit ]
3.5 ;— [(Jz—uu [[JFakes _; g : E Observed Limit :
= — 1T Q, M=300 GeV J t1o
3 E_ !éata = = 8 [ J+2¢ =
2.5 —
= = 10
2E E n
1.5F = 5
i - -
0.5F = |
E - RN [ N M T [N I Y T Y TN GO DN S fouler RN MU TROY TN N [N 0 T F [N M T
0O 100 200 300 400 500 600 700 800 900 L 260 280 300 320 340 360 380 400
M,y jinear [G€V] Q, Mass (GeV/c?)

Binned max. likelihood to derive: m(t’) > 270GeV @ 95%CL.
=> Limit applicable to other exotic quark searches.
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Eiis, Lepton+Jets Channel @
g SEARCH FOR T’

PAS EXO-11-051

Final state: t1" -> WbWb -> vbjjb
Cuts differ significantly from the dilepton case

P#>30-45 GeV , In¢<2.5 (excluding transition region)
or Pr#>35 GeV , In¥l<2.1

At least four jets with Pt/ > 120, 90, 35, 35 GeV
Jets within AR=0.3 of the lepton vetoed

At least one b-jet
ETmiss>ZOGeV

Exotic Heavy Quarks @ LHC - V. E. Ozcan 19
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. . FITTING

CMS Preliminary c+jets
" 80
3 * _Data 573 pb’
N 2 Single t
E Wijets
= Z+jets
2 ocD
B2 F .o 02 o=mm x3 11 400 GeV

40

100 200 300 400 500 600 700 800
m,, [GeV]

Lepton + Jets Channel (/@\

~
O
=)

\ *

FOR M(T)

PAS EXO-11-051

CMS preliminary 573 pb™ __CMS simulation_

%‘ 1200- e+jets %‘ 1200F e+jets | ?i
O, o =
1000/~ - == 1000F @
T 8005 - T 800 2
- — - r =
600 ?‘T = 6001 )
: - ; = , -
400~ %" - data 400~ tt production =)
200 400 600 800 200 400 600 800 2
mg, [GeV] mg, [GeV] &
CMS simulation ___CMS simulation o @

L e+jets - e+jets
%‘1200:— %1200:— 2 g
O, I O, =
== 1000 == 1000F &
T 800L - - T 800 £
[ e e g Q
soo}jﬁ - 6001 &
400F = W+jets 400 t't' 400 GeV ,_g
200 400 600 800 200 400 600 800 =

mg, [GeV] mg, [GeV]

Take four-jet combinations out of the hardest 5 jets.

Use W mass contraints and the fact that the 2 reco t' masses should be equal.

Perform kinematic fit minimizing the X? computed from the measured momenta
of all final-state particles and their resolutions.

Obtained 1’ mass (ms+) is used together with Hr for extracting yields.
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7 3cms preliminary CL: u+jets (821pb™")
: :
o 95% expected
68% expected

median expected
—e— 95% observed
.t ory

%0

!
400

|
450

o [pb]

CL.: e+jets (573pb™)
r .

95% expected
68% expected
median expected
—e— 95% observed
. o ory

e
en
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400

250 ; 500
M., [GeV]

500
M, [GeV]
3 CMS preliminary

2 RESULTS

CMS preliminary

o [pb]
)

Lepton + Jets Channel 4@7
FOR T

PAS EXO-11-051

CL.: e+jets (573pb™), u+jets (821pb™")
l . l :

F .
e
.....
e
-

50

95% expected
68% expected g
median expected

—eo— 95% observed
1 U rHEoRY

o

|
450 500
M, [GeV]

Simultaneous fit to the Hr-ms+ histograms of the e&p channels to obtain
limits with CLs. Nuisance parameters to take into account jet E-scale, O,

contribution from EW backgrounds, uncertainties on lepton ID eff, b-
tagging eff.

95%CL lower limit assuming B(t'->Wb)=1
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: m(t')>450 GeV

| 573 pb-1 e+je4v
821 pb-1 p+jets |



http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf
http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf

@_%

.\ 4G INCLUSIVE SEARCH

~BOGA
-:,@
ey
INERES

\"

[TTTT]
o 180

Inclusive analysis including single and pair- b | = x
production of degenerate 4th gen. quarks dl 120 i
100} o paigr'fm)x(s’;s) -
t'b -> bWb ; bt -> thwWbW ; s0f IR
tt -> bWbW ; b'b’ -> tpwWHwW i ]
40 -
Search carried in 6 subsamples, based on np_jet 2° ;
and nw.sqq, and with slightly different selection To1a03201250; 2003 SEDAD0 A0 20, S
requirements:

CMS Preliminary L = 1.1fb" Vs = 7TeV

> S RERE MR SRS RALRA RS RN REERA
{1,2+}B_OW: mainly single t’ production 8 "t &
. 1 1 ! g 1402— é';m —
1B_IW, 2+B_11,2,3+{W: mainly pair production 5™ =,
s B —— t' single (400) (x5) 7
Isolated muon with Pt*>40GeV and |nl<2.1, 100 e
80
vetoes on extra leptons. il
Ht is used as discriminating variable and a fit is » "
performed fo 6 subsamples together. T
‘POO 200 300 400 500 600 700 800 900

HT (GeV)
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4G INCLUSIVE RESULTS
P

© Results presented in the CMS Preliminary L=1.1fb" s =7TeV

— o0 p}bpmm—mMm™@™8™8™8™8™8m8m8m8m8m8m/™@™m ™ e e A™M™Mm™m™™——™—™
(A,mgqs) plane, where mqg4 © N ¢
is the degenerate mass g N °:"°°':':"';:::LL'
o 2 O st £
OF fhe qUGI"kS, A—IV'I'bI ) € 550 - s
I | : f
= 500/
L 5 £ 50|
i :
Tl e 450|
N e s

® Using CLs, obtained 95%
CL limit for minimal off-

: i 35 | | | |
d|agona[ m|x|ng (Azl): 8.3 0.4 0.5 0.6 0.7 0.8 0.9 1
my=mp > 490GeV i

For more details, see poster Pl
by Petra Van Mulders.
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FCNC TOP-LIKE T

PAS EXO-11-005

Vector-like quarks from composite Higgs models, little Higgs, extra
dimensions, etc. can have FCNC decays.

If m(H)>m(T)-m(t), the dominant (only) decay channel can be T->tZ.

Complex final state with low backgrounds.
pp -> TT -> tZ1Z -> bW bW ZZ
P%>20 GeV, Pi">15 GeV, well-measured,

isolated

One leptonic Z: OSSF leptons,
60 < |myl < 120 GeV

At least one additional lepton, and 2+ jets 10"

residual St = 2E1(jets beyond the hardest
two, leptons beyond the hardest two) >

80 GeV

2011 CMS 191 pb“\E=7Tev

| |
M(T) 350GeV/c?

—
o
N

*‘I 3 QI I |\1||||| T ||||||| I
NN
NNNNRNRY RRRRR

N

ARRRRLNRRRNRN
ARRRRNRRRRRS
iy
NN RN
g aagay
T L

(within cone AR=0.3)

Events/ 80 GeV/c
~ o

1072

| tt+W/Z+jets

| wW,Z+jets/diboson [ tt+jets

# data

L //’l v
0 100 200

300

|
400

Residual S_ [GeV/c]
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http://cdsweb.cern.ch/record/1367130/files/EXO-11-005-pas.pdf
http://cdsweb.cern.ch/record/1367130/files/EXO-11-005-pas.pdf

C.

®

Process Cross-section (pb) €[%] Yield
TT, M(T) = 250 GeV/c* 20.5 (NLO) 145+ 3.0 30.4
TT, M(T) = 300 GeV/c? 7.29 (NLO) 246+5.0 18.4
TT, M(T) = 350 GeV/c? 2.94 (NLO) 299 1+ 6.8 8.99
TT, M(T) = 400 GeV/c? 1.30 (NLO) 303 =69 4.03
TT, M(T) = 450 GeV/c? 0.617 (NLO) 338477 2.13
TT, M(T) = 500 GeV/c? 0.310 (NLO) 344£79 1.09
TT, M(T) = 550 GeV/c? 0.162 (NLO) 336+79 0.56

tt + jets 158 (CMS) (2.6 +-2.0)x10~* 0.08

Z +jets 29 x 10 (CMS) | (6.3 +5.4)x107° 0.35
WZ inclusive 18.0 (NLO) (3.3+0.5)x1073 0.12
ZZ inclusive 5.9 (NLO) (5.9 +0.6)x10~3 0.07

tt + W +jet 0.144 (LO) (1.3 £ 1.3)x10~2 0.004
tt+Z +jet 0.094 (LO) (544+13)x10~1 0.10
Expected background from simulated samples 0.71
Background with two real leptons (data-driven) 0.45+0.28
Background with three real leptons (simulated) 0.28 +0.11
Sum (estimated background) 073 =0.31
Data (191 pb™') 0

2 LIMITSON FCNC T

2
J

“B0G4
4N
~,
45
(S
NEERES

ENERRS

PAS EXO-11-005

CMS 191 pb'\s =7 TeV
L L L DL BN I

o(pp — TT) [pb;

10

10"

, >=..,. observed limit-
8% 20 N -
()(Bel‘.l.l.l~ :
10 gel‘(?l.I.’h -

ad ¢,
)

Limit at 95% CL: M, > 417 GeV/c”

P R — — PRI BT R 1
250 300 350 400 450 500 550

M, [GeV/c?]

Estimated background: 0.73 events. No observed events.

Bayesian upper limits computed with flat prior and assuming B(T->tZ) = 1:

m(T) > 417 GeV at 95% CL
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The results have just been updated to 1.14 fb-,
and the limit is now m(T)>475 GeV.



http://cdsweb.cern.ch/record/1367130/files/EXO-11-005-pas.pdf
http://cdsweb.cern.ch/record/1367130/files/EXO-11-005-pas.pdf
http://cdsweb.cern.ch/record/1384467/files/CMS-EXO-11-005-arxiv.pdf
http://cdsweb.cern.ch/record/1384467/files/CMS-EXO-11-005-arxiv.pdf

A word on exotic top partners that decay T->tAo.

Ao is a stable, neutral scalar; hence Ef™Mss,

In most models, T is quark-like (Q=%3, spin=)2, produced in

gluon-fusion & qq annihilation).

Ex: Little Higgs with T-parity conservation, UED models
with KK parity, stops decaying to t & neutralino.

Exactly one electron(muon) with Pr>25(20) GeV. Veto

leptons with P1>15 GeV, on isolated tracks with P>12 GeV.

At least 4 jets with Pt>25 GeV.
Et™s5100 GeV, m7>150 GeV.

Estimated bkg = 101%16
Observed events = 105

Assuming B(T->tAo)=100%, exclude at 95%

CL:
m(T )<420 GeV for m(Aop)<10 GeV.

330<m(T)<390 GeV for m(Ao)140 GeV. | 1.04 fb-' |

Exotic Heavy Quarks @ LHC - V. E. Ozcan
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TOP PARTNERS

\ 185~
arXiv:1109.4725
Source N(evts)
di-lept. tt| 62 +15
single-lept. tt / W+jets| 33.1 + 3.8
multi-jet| 1.2 +1.2
singlet 3.5+0.8
Z+jets| 0.9+0.3
dibosons! 0.9 £ 0.2
Data 105
— 1 | 1 1 1 1 1 1 | 1 1 1 1
E 200 & Sy
N° —
= ATLAS
n
©
= -1
& 150 L dt=1.04fb "' ]
s=7 TeV
%
100 { % N .
3 N % = == Expected Limit (x10)
NN NN A ,
N \\\\@\ NN 2 ZZZZ Obs, Limit (Theory Unc.)
soR RN A
\ §§§§§§§§\ §§§§§§§§§§§ ‘9 N\ CDF Exclusion
nlinaa -
LA\ peoxmmrmag,
300 350 400 450 500 550 600

T Mass [GeV]


http://arxiv.org/abs/1109.4725
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TOP QUARK CHARGE

ATLAS-CONF-2011-141

"Top” quark could be an exotic quark with Q=-4/3.
Measurement of top quark charge in high-purity tt sample.

Candidate semi-leptonic tt events chosen with the same criteria as
ATLAS 1t charge asymmetry note, ATLAS-CONF-2011-106.

electron events: P*>25 GeV, Et™>35 GeV, mtW>25 GeV

muon events: PtH>20 GeV, Et™520 GeV, Ef™S+mtW>60 GeV

4+ jets with Pr>20 GeV, at least one of which is b-tagged
Two fechniques:

Track charge weighting: Use correlation between charge of b-quark
and the charges of tracks in the b-jet. Require a 2" b-jet in event.
(About 2200 events with 90% tt purity).

Soft lepton: charge of lepton from semileptonic B-hadron decays.
Require a muon with Pr>4GeV that is within AR=0.4 cone of a jet.
(About 1700 events with 80% tt purity).

Exotic Heavy Quarks @ LHC - V. E. Ozcan il
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Track charge weighting

Ner«<>»

b-jet charge is defined as:

> ali - Bl
Z@' ‘J ‘p_ﬂﬁ

qi = charge, pi = momentum of
track i, that is within AR=0.25

of the b-jet axis, j. k=0.5

Up fo 10 fracks with Pr>1GeV
enter the computation.

ijet 3

Discriminating variable:
Qcomb = ije’r X Qlep’ron

Matching of the lepton and the
b-jet is based on checking the
invariant mass of lepton and b-
jet: m(l,b-jet), since this
cannot be larger than migp.

Exotic Heavy Quarks @ LHC - V. E. Ozcan

CHARGE DETERMINATION

ATLAS-CON

SONG:

)_

Soft muon tag

b-jet charge is based on the charge of a soft
muon identified:

A kinematic likelihood fitter determines event

topology.

Jet with highest likelihood of coming from
leptonically decaying fop is selected.

Search for a Y of P1>0.8 GeV in the

selected jet.

=
3 - ATLAS e+jets
= 70:— Preliminary
= N~ it -1
> eof % fL_O.7O fb
g -
1 50F 4
402 +

30—

20F

IIIII

10

e

ZZ

=T T T o7 TT TR I TV TR TR iTrjrrrrprrrgpoeTrdy —
B I I I I I T I ]

S e

e Data -
ez ]
Bl Single top -

Wjets (DD)
Z+jets .
Diboson |
B QCD (DD)
uncertainty |

i

O 0.5 1 1.6 2 25

3 35 4
P! [GeV]

Discriminating variable: Qeomb®f" = Qsofty X Qiepton

28
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— - P . ® Data 2011 ]
S - f|_ dt=0.70fb ) u+ets —Jtbar ]
o 30 B (| Sir?gle top
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S : ] W+jets (DD)
Lﬁ 25 uncertainty ]
201 E
15 E
10 E
51 I
O: ‘ ]
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N _| | T | T T T T | T T T T | T T T T | |_
. 35: -1 . ® Data 2011 7]
S C fL dt=0.70 fb e+jets [ wbar ]
o 30F I Singletop
= - 1 0 Z+jets .
o - [ W+jets (DD) ]
m 25 uncertainty —]
- * L____i exotic 7
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- 7 i 1 | ]
15__ y! 1”‘ i :’7 7
- 4’ ‘ !; ], N
10 P f + E
: g 5
SE o M + + (14 E
- u b “ -

1 1
Qcomb

Exotic Heavy Quarks @ LHC - V. E. Ozcan

@ 200F

C

CI>.) L

2] 180¢
160F
140F

120
100
80
60
40
20

RESULTS ON EXOTIC CHARGE

- \ \ \ \ =
ATLAS u+jets e pata
L imi i.{ Exotic
Preliminary E'g g .
-1 ingle top —|
f Ldt=0.701b Single top
— I Z+jets ]
Diboson ]
- 7 B QCD (DD) -
% uncertainty-
S I 2 % i E
54_ l_
-2 -1 0 1 2
soft
Qcomb
\ \ ] \
- ATLAS  e+jets | -
Preliminary i :Exotic
- 4 gt .
fL dt=0.70 fb W Single top ]
W+jets (DD) -
L W Z+jets B
Diboson
N + W QcD (DD) |
Juncertainty
L 7 _-
_______________ v
- Z: ]
-2 1 0 1 2
soft
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ATLAS-CONF-2011-141

Observed charge distribution is
in good agreement with SM.

Mean value of Qcomb and
Qeomb®°f is used to define a test
statistic.

Q=-4/3 hypothesis excluded at
more than 50.

<Qcombsoft>

SM —0.234 £ 0.011

Exotic +0.209 + 0.011
Measured —0.31 £ 0.07
<Qcomb>
SM —0.082 + 0.020
Exotic +0.083 + 0.020
Measured | —0.082 +0.015

070m]
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CONCLUSIONS

ATLAS and CMS is searching for new heavy quarks in multiple decay
channels.

Most stringent constraints so far on 4th generation quarks
(assuming dominant mixing with 3rd gen.).

M(t)>450 GeV ; M(b)>495 GeV ; M(qs)>490 GeV

Limits on (mr1,mao) plane for top-partners decaying to top+Et™ss:

m(T)=400 GeV for m(Ap)<100 GeV.

A “top” quark with exotic charge of Q=-4/3 has been excluded at
more than 50.

Some of these analyses are sftill with 2010 data, updates are in the
pipeline, and are likely to improve the search range significantly.

With 5fb-!, the 4th gen. limits can be pushed by another 50-80GeV.
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SM4, WHY NOT? :

Number of generations - not set in SM.
On the muon: "Who ordered that?” - LI. Rabi

But then we got two full generations of fermions. So the real
question: “Who decided not to order more?”

But why was it so unpopular for a while?

Pre-neutrino oscillation days: Neutrinos were massless & LEP found
N(neutrino lighter than mz/2)=3.

An extra generation of ordinary fermions is excluded at the }
99.95% CL on the basis of the S parameter alone, corresponding to

Np = 2.92 £ 0.27 for the number of families. This result assumes
that there are no new contributions to T" or U and therefore that From PDG 2004
any new families are degenerate. In principle this restriction can be |

R ww——
PDG thought EW oblique parameters were inconsistent with extra
generations - as the calculation assumed a fully "degenerate” 4th
generation. (In the meantime, there were papers showing the full EW

fit allowed a non-degenerate 4th generation!)
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Neutrino dark matter candidate in fourth generation scenarios TG S SEPREOR SR TR s
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' . . from a Fourth Generation Heavy Majorana Neutrino
Hye-Sung Lee, Zuowei Liu.* and Amarjit Soni*

2 2 . . s p ~e . s/\.(‘” ‘\ s AT 1¢ AN 1 O "\ IA' ‘
' Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA loabella MasINA end Francesco SANNING
“C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY 11794, USA !
(Dated: May 2011)

Dynamical Symmetry Breaking With a Fourth Generdtwuj
Wa rmvravsiilmr~s tha savarvainre s tha ltl!_o'p“f.r;\'}fn. nentrving dark varens.

i - - .
Three Extra Mirror or Sequential Families: | D. Delepine.® M. Napsuciale,” and C. A. Vaquera-Aranjo? ;
a Case for Heavy Higgs and Inert Doublet

rsidad de Guaenaiuato,
CAN NEW GENERATIONS E\PLAI\ \EL TRI\O \I \SSES"

Homero Martinez.! Alejandra Melfo.*# Fabrizio Nesti.! and Gor

'CEA, .'..'r ay, J\ 1. "Ut SI P, France A \l’\.Rl(l AN HkRRl—R()( \R(l\ \ RIUS and A \\\l\\ ARIA

Source of CP Violation for Baryon Asymmetry of the Universe , oot i

Proton stability from a fourth family

4 CHRISTOPHER SMITY
: Wei-Shu Houl,'2'3’4 tHiggs Properties in the Fourth Generation MSSM: [ vhmsa2z 1P,
! Department of Physics, ?Institute of Astrophysics, ® National Center fo Boosted Signals Over the 3G Plan- e Codex, FRANCE
“Leung Center for C’osmology and Particle Astrophy: !

e ——— Tesemmminneen  R.C. Cotta, J.L. Hewett, A. Ismail. M.-P. Le and T.G. Rizzo'

Mdny mO'l'iVCl'l'iOnS FOI" SM4: #i;ﬁéjtio:ml Accelerator Laboratorv ’

Baryon asymmeftry, dynamical EW symmetry breaking, SM flavor
structure, dark matter neutrinos, help SUSY/technicolor/... to escape
LEP/LHC limits, etc. etc.

From experimentalist POV: simple model - can provide benchmark MC

for signature-based new quark/lepton searches, clear predictions, few
free parameters, discover or reject at LHC...
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TRACK CHARGE WEIGHTING

ATLAS-COM-CONF-2011-163

Ob ot = EiQiU'ﬁi'K
jet —

b-jet charge is defined as:

i |J- Bil*

gi = charge, pi = momentum of track i, that is within AR=0.25 of

the b-jet axis, j. k=0.5

Up to 10 tracks with P1>1GeV enter the computation.

Discriminating variable: Qcomb = Qbjet X Qiepton

To match lepton and b-jef, look at
invariant mass of lepton and b-jef:
m(l,b-jet)

Take only those events in which
m(l,b-jet)>155GeV for one b-jet and

Events /1 GeV

m(l,b-jet)<155GeV for the other b-jet.
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SOFT MUON CHARGE

ATLAS-COM-CONF-2011-163

% SENES N RS FLE R SR RN AL [EELE RS

s 1200 ArLas e+jets .

= - Preliminary éqata A

A k. 1'. .k .h d 2100~ | _ b’ & Sing .
inematic likelihoo §1°L  frL-omo Singlo top

fitter determines event sof- 1} _ Dibason -
FAuncertainty-|

topology. | I} ;
Jet with highest likelihood
of coming from N I :

leptonically decaying top pof Mo [GeV]
IS selected.

3 °F Tarmas | esiets |

rel g 701 /Preliminary égafa g

Sear?h For a I"l OF pT. >O-8 % 60 % fL=O.7Ofb'1 ;E"Eg:}tg"é
GeV in the selected jet. g sof 1] * 225,
40 A uncertalnty_:

Then define discriminating o | | -
o - Z .
variable: 20- / :
Qcombs'OPr - QsoF’ru X Qlep’ron 10;3“1 ]
% 05 1 15 2 25 3 35 4

P [GeV]
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Lepton + Jets Channel

— . FITTING FOR M(T)

CMS Preliminary ct+jets CMS Preliminary utjets
- > 120
3 *  Data 573 pb" " * Data 821 pb’
i - t
4 & 100 + =) Single t
-~ ~ - Vv
5 K E B Wsjets
B = 801~ Z+jets
g g & ocp .
= = g x3 t'1' 400 GeV
60
aof
20f
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
my, [GeV] my, [GeV]
CMS Preliminary c+jets CMS Preliminary utjets
» 80 -
& *  Data 573 pb’ & *_ Data 821 pb”
3 70 t 3 43
£ Singlet C_J Singlet
o= . W+§):Ls = bk
] Zolets ] B Wajets
-~ Je c ZAjets
2 ot i 2 D
= o DMt 4 x3 11' 400 GeV n O e 89 9 v x3 't 400 GeV
30
20
10
1200 1200 1400
H, [GeV] H, [GeV]
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PAS EXO-11-051

Take four-jet
combinations out of
the hardest 5 jets.
(Slightly different
assignment for [
channel.)

Use W mass
contraints and the
fact that the 2 reco
t’ masses should be
equal.

Perform kinematic
fit minimizing the Xx?
computed from the
measured momenta
of all final-state
particles and their
resolutions.


http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf
http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf
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ToP PARTNERS (OLD)
ATLAS-CONF-2011-036
A word on exotic top partners that decay T->1Ao.
Ao is a stable, neutral scalar; hence Et™ss, Source. Yield
Single.-chton -tt/W 84+1.6
In most models, T is quark-like (Q=25, spin=)2, produced in Dl%;z" o
gluon-fusion & qq annihilation). Dibosons | 0.2 % <0.1
Single Top 044+0.1
Ex: Little Higgs with T-parity conservation, UED models QCD 02+06
with KK parity, stops decaying to t+ & neutralino. T°‘a‘B;:i‘a‘=’f°““d ‘7-2137‘- 26

Exactly one lepton with Pr>20 GeV. Veto on (loose) leptons
with Pt>15 GeV, on isolated tracks with Pr>12 GeV.

At least 4 jets with PT>20 GeV.

g 9 ATLAS Prel'iminary'l
ETMss580 GeV, m>120 GeV. i ‘7’

& o
Estimated bkg = 17.2 B
Observed events = 17

Exclude at 95% CL: B
m(T)=300 GeV for m(Ao)<10 GeV.
m(T)=275 GeV for m(Ag)<50 GeV.

5
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2
1
80
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%

N4, m >120 GeV

® Data(35pb)
B coco

B i (Single-Lepton)

@ i (Dilepton)
[ Single Top
Z +jets
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ATLAS-CONF-2011-036
A word on exotic tob partners that decay T->tAo.
> 90— | | | | | - . x
8 80E_ATLAS Preliminary e  Datas=7 TeV E ence ETm'SS. Source Yield
8 70% | dt=1.04 it W+ jets ] Single-Lepton t#/W | 84+ 1.6
&8 = ' ] ERR =24 in=V% produced in Dilepton #f 76+20
S ot |> I - E (Q=%, sp LY Z+jets 0.4+0.1
L 50’%%2 I oo sackgrounds = Dibosons 0.2+ <0.1
ﬁ;/;g o , B Single To 04+0.1
% 70 Background Uncertainty ] . g P
402/ Z; nmessocevmaecey ] cONS@rvation, UED models QCD 02+0.6
30 """" u — ~= L L | B | I T 1 T 7T T
2 m(T)=440 GeV, m(A )=100 GeV - 0 [ | | | | | | -
¥ WA i a2 %, ATLAS -
o, -
10 ......... — - "r.,,:'n',.::.u.,”.‘““ SR
o - ., = e } Lt T L dt=1.04 b~ -
100 150 200 250 300 350 400 - ,,,,,, \s=7 TeV
E™sS [GeV] é '
Et™5580 GeV, mr>120 GeV. 0
4 N\ m
X
es  Updated result: 5
0 —
m(T) > 420 GeV [ |5 ettt e i,
EX Observed Limit 1 o i
| ceeeeeees NNLO Spin-1/2 TT Theory =1~ ", i
{ |0 H =N e i e = =
m(T)=300 GeV for m(Ao)<10 GeV. === NLO Scalar TT Theory=lo "o,

m(T)=275 GeV for m(Ag)<50 GeV.
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