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Trying to explain the SM generational structure

Elementary Particles

The SM is a very successful model but leaves some
questions unanswered

%  Where does the symmetry between quarks and
leptons comes from!?

Why exactly 3 generations! Do we have reasons to
look for more!?

Leptons Quarks

Leptoquarks (LQ) are gauge bosons that carry both lepton and baryon numbers and
fractional electric charge

®  Introduced by many different extensions the SM (GUT theories, SUSY, Thechnicolor)
(our searches are model independent)

®  Experimental limits on flavor-changing neutral currents and lepton-family number violation
— LQ only couple to quarks and leptons of the same generation = 3 LQ generations

Search for fourth generation quarks (heavy quarks)
® The QCD asymptotic freedom limits the number of SM generations to be 9

®  Neutrino oscillations suggest the possibility of additional heavier neutrinos
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Experimental signatures

Leptoquark searches for Ist and 2nd generations in the dilepton and single lepton channels
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Object selection

Electrons

Good EM shower Spectrometer
(MS)

Track pointing to a EM cluster

Er > 20 GeV, |n| < 2.47 (exclude crack region)

neutrino

Isolated

Muons Hadronic
Calorimeter

Reconstructed by matching independent | oy ! N
tracks in the inner tracker and the muon photon\ / N
spectrometer "

pt > 20 GeV, |n| < 2.4, Isolated

Electromagnetic
(EM) Calorimeter

| A
CE b ireny s
\

K o O ATIAC
Inner detector (ID) Attt

Jets

Anti-kt with R parameter of 0.4
pt> 20 GeV,|n| < 2.8

Satisfy minimum dR(lepton, jet)

MET

Negative of the energy vector sum (corrected for
muon ptin the muon channels)

Pass quality criteria (timing, far from
detector problematic regions, etc)

Pass quality criteria: no low quality jets in the event
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Leptoquarks

Select a sample with high signal acceptance but dominated
by the major backgrounds

The background modeling is validated in control regions
with negligible signal contribution

The search is then performed in the signal region, defined
using an a priori optimization procedure based on the
expected signal and background yields




Event preselection WATLAS

-lEXPERIMENT
Z — pu~put + 3 jets

Run Number 158466, Event Number 4174272 |,
Date: 2010-07-02 17:49:13 CEST \

Only events collected with a fully operational
detector

Events must fire a single lepton trigger

At least one primary vertex with at least 3 tracks

pointing to it and |z| < |5 cm =
Date ZOi\J4 % o 16t 5:{::(_EZT T LAS

-49

Exactly one lepton for single lepton channels l_? EXPERIMENT

Exactly two leptons for dilepton channels ) =40 Ge¥
_ )= 20
E,™ =41 GeV

M. =83 GeV

At least 2 jets

Single lepton channels: MET > 25 GeV

Single lepton channels: Mt (lepton,MET) > 40 GeV

- W-pv candidate
in 7 TeV collisions
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Background estimation

Source Method

ALPGEN Monte Carlo in single lepton channels
V+tijets Semi data-driven in dilepton channels
Modeling validated in control regions

Simulated samples using MC@NLO and POWHEG
Modeling validated in control regions

ttbar

single top Simulated MC@NLO samples

Diboson Simulated Herwig samples

Multijet™ Data-driven, different methods depending on the channel

major backgrounds

* = includes fakes from W+jets events in dilepton channels
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Data-driven backgrounds

Multijet in the single muon channel

ABCD method with MET and the muon transverse impact parameter (do) for

he single muon channel
the single muon channe N4 N

Ngep =
Uncorrelated variables (less than 10% in the data) ¢ Np

The (MET, do) space is divided into four statistically independent regions

One of these regions is the signal region, and the others are used to
obtain the background yield and normalization

QCD in dilepton channels Multijet in the single electron channel
( ) Fit the Mr distributions to the total simulated

Fit isolation distribution to templates background and a QCD enriched sample

Signal templates obtained fr.om Zs, background The QCD enriched sample is formed with the
templates from a QCD enriched sample ) ,
. electrons that pass the trigger selection but not
the offline selection

\_

A matrix method is used to remove the shape of

) ) , the residual real electron contamination
Z+tjets in dilepton channels

The Monte Carlo Z+jets events in the signal region are scaled using
the yields obtained from the data under the Z peak mass

Different mass windows, generators, and jet multiplicity requirements

CAROLINA DELUCA - STONY BROOK LPCCWORKSHOP, CERN, 12 APRIL 201 |



Dilepton control regions
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ATLAS Preliminary e Data 2010 \Ns=7 TeV)

fL dt =35 pb’

Events / 20 GeV
Events / 20 GeV

Z+jets:
Events
under the Z 1o

mass peak
300 400 500 600 700 800

St [GeV]

ttbar: Events with one
electron and one muon

Events / 20 GeV

LR ) ALY R R

ST — I:)_I_Ieptonl + I:).I_IeptonZ + I:)_I_jetl.|.|:).|_jet2

@ Systematic uncertainties of the order of 20% not shown

@ Good agreement between data and SM predictions
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Single lepton control reglons

]’ L ] . L ] LB | L "
TLAS Prehmmary . Data 2010 (\3.7 TeV)

det_sspb‘ [Jaco
B V+ets

Top

ATLAS Prehmnnary Data 2010 \'s=7 TeV)

det-35pb' [ aco
B V+jets

Top

10*
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Events / 20 GeV
Events / 20 GeV
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W +jets: Events
under the W mass
peak and exactly 2 Lk

jets (also an inclusive 1
3 jets CR)
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ttbar: Events with
more than 4 jets
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Events / 20 GeV
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Signal contamination
is reduced by
requiring small St
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LQ mass is reconstructed from
the minimum AM between all

the possible (lepton,jet) pairings m  Good agreement between data and SM predictions

@ Systematic uncertainties of the order of 30% not shown




Optimization and signal region

Events / 50 GeV

Obtain the cut combination that results in the highest signal

Events / 120 GeV

significance combining as few variables as possible

We use a Random Grid Search where the grid points are all
the signal events, and the signal significance is calculated as
the Poisson probability that the predicted bkg fluctuates to at

least the signal + bkg yields (no shapes taken into account)

Use reconstructed eejj and pujj

evjj pvij

boson and LQ
masses and ST to
distinguish signal
from bkg

M;; > 120 GeV
Mipq > 150 GeV
P > 30 GeV
SE > 450 GeV

I

e Data 2010 Ns=7 TeV)
B V+jets
Top

B oiboson
LQ (m=250 GeV)
w— LQ (Mm=300 GeV)
v LQ (M=350 GeV)

ATLAS Preliminary
f L dt = 35 pb"

.’LJLlLliL
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Events / 50 GeV
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LQ M(u, jet) [GeV]
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Mr > 200 GeV | Mt > 160 GeV
Myq > 180 GeV |Myq > 150 GeV
M, > 180 GeV | Mg > 150 GeV
S% > 410 GeV | S% > 400 GeV

Events / 120 GeV

. R B =

e Data2010s=7TeV) =

B V+jets -
Top

B Diboson
LQ(Mm=250GeV)

— LQ(m=300 GeV)
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ATLAS Preliminary
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ATLAS Preliminary

fL dt=35pb’
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ATLAS Preliminary
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| "
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No hint of LQs:
Good agreement
between data and
SM expectation
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Results

Limits are calculated using a modified Frequentist approach (CLs method) with a 25 GeV
binning and using the St for the dileptons, and the mLQ for the single leptons

1
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ATLAS
Preliminary

B(LQ — nq)

B =B(LQ—eq)

B

\s=7TeV \s=7TeV

f Ldt =35 pb

f Ldt =35 pb

0.3 — - eejj + evjj (Exp.)
0.2 w— €]] + evjj (Obs.)
: DO (1 fb™)

0.1 CMS (33 pb™) CMS (34 pb™)
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g g g L P Lla PR 1 1 USRS YRIOY WO OO RN DY WY TOOY | Lla P P
500 250 300 350 400 450 500 55 900 250 300 350 400 450 500 550
M, [GeV] M, [GeV]

Exclude 376 (319) GeV Exclude 422 (362) GeV
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DO (1 fb™)
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Vy ql.lar/(s

Initial selection and control regions to validate
backgrounds

Use of the Ht and reconstructed mass to (;1
reject background and define the signal region ’

Search for heavy quarks in the signal region




Event selection and background estimation

Only events collected with a fully operational
detector

Events must fire a single lepton trigger

At least one primary vertex with at least 5
tracks pointing to it

Exactly two opposite charged leptons

At least 2 jets

Same flavor leptons must fall outside a Z
mass window of 20 GeV

MET > 40 GeV for same flavor leptons

Hr = P.I_Ieptonl + I:).I.IeptonZ .|.P_|_all ies+MET > 130 GeV

Used to validate the backgrounds and to
reduce the Z/y* + jets background
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ATLAS Preliminary [L =37 pb’

. i . single top
D diboson . Z— ee
D Z < up D Fakes
. 21t ® Data

BG-only y° = 18.7, 20 DOF

._‘
BRI EEREIE EEEI BRI EEEE EEeie e L1k

sl 1 1

50 100 150 200 250 300
Missing Transverse Energy [GeV]

ttbar (dominant), single top, Z + jets and
diboson backgrounds are estimated with
Monte Carlo

Background from jets mis-identified as a
leptons coming primarily from W+jets and
single lepton ttbar events is estimated
using a data-driven matrix method
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Background validation
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ATLAS Preliminary rl =37pb’ 1 nus proumumryJ L= 37 po’
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Good agreement
within limited
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Ht < 500 GeV 3 All jets Pt < 60 GeV

H1<500 GeV : prlies<60 GeV -

EtMiss < 60 GeV
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el s ookl

|

50 100 150 200 250 300 0 100 200 300 400 500 600 700 800 9001000 0 100 200 300 400 500 600 700 800 9001000
Leading Lepton Pt [GeV] Ht < 500 GeV Ht [GeV] Ht [GeV]

All the distributions show the sum of the ee, UJ and el channels
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Mass reconstruction

Used to separate the signal from the ttbar decays

P, of W [GeV]

The mass cannot be fully reconstructed, as the
neutrinos escape the detector, but the largely
boosted decay products allows the assumption
that the neutrinos will be approximately collinear
with the charged leptons

AT T 1'1
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0.02f
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True (MC) tt A R{l,v)
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Optimization

Use the reconstructed mass and the Hrt
observables to increase the signal significance

The cut is chosen by doing a significance scan
on a triangle cut on the Hrand the
reconstructed mass

Significance defined as S/(S+B)'”2 oo o N

" | - L1 1 L L L
100 200 300 400 500 600 700
ATLAS Preliminary Background Collinear Mass

Q4 Mass (GeV) Final selection

250 Ht> 500 - 0.7 X M otiinear
300 Ht> 600 — 0.5 X M, 1iinear
350 Hr> 600 - 0.2 x Mo
400 Ht> 700 - 0.3 X M, iincar

ATl KT R B RO TS he i O SN
Ht > 600 - 0.2Mcoliinear 100 200 300 400 500 600 700
(Mcoliinear=350 GeV) ATLAS Preliminary Q, 350 GeV Collinear Mass
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Signal region
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5. 8" No hint of Qu:
o e /Good agreement
mQs=400 Gev . between data and

SM predictions

100 200 300 400 500 600 700 800 900
[GeV]

MCCI near

Q4 Mass [GeV/c?] 250

300 350 400

Total BG

404 + 0.7+ 3.9

168+05+1.7 10.1+04+10 63+04+038

Signal 2070519 71 0203 30 =x01x02 14301 x01

Observed 40

11 8 5
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Results (A

Expected limits are calculated by finding the maximum theoretical cross section for a hypothetical
measured cross section of 0 pb by using the Neyman 95% Confidence band

Observed limits are calculated L
by measuring the cross section in JLdI =37.0 pb" 95% CL

data, replacing the hypothetical o ——— NNLO from HATHOR
signal + bkg shapes with the data ATLAS Preliminary —— Median Expected Limit

shape. If the measured cross —— Observed Limit
. . . . - B3
section is consistent with 0,

[ J+2¢
upper limit are set using the
Neyman 95% Confidence band

-
o
n

III]III]

Cross Section (pb)

Excluded a
mQ4 < 270 GeV 260 280

]

P go 3o gl g i piang
360 380 400
Q, Mass (GeV/c?)

]

300

l

320

|

340

]

These limits are directly applicable to us quarks as well as other exotic quark models of quarks
with charges —1/3, —4/3 decaying to light quarks, Q4 = W(gq, including d4 = W(q
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Summary and conclusions

Presented LQ and Q4 searches in ATLAS using the 2010 dataset

8 Good control of the backgrounds evidences an excellent detector performance, from data-
taking to the last step in the reconstruction chain

LHC sensitivity to LQ already surpassed that of the Tevatron with the 2010 dataset
8  New possibilities opening up for this coming year !

O  The |0x statistics will allow to perform more ambitious searches — Targeting ~800
GeV LQ for | fb'! of data!

O  Extend searches to MET+jet channels and 3rd generation LQs
First searches of heavy quarks at the LHC using dilepton channel (not available from Tevatron)
® The approach presented in this talk will be combined with searches in other decay channels

®  With additional data from the LHC, this analysis method will provide excellent sensitivity
to new quarks in a wide mass range

In conclusion: very exciting times are quickly approaching for searches at the LHC !
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Systematic uncertainties

Dominant sources of systematic uncertainties come from:
® Jet energy scale and resolution: ~ 20% (dileptons) and 30% (single leptons)
® V+jets modeling: ~ 40%
® ttbar modeling: ~ 35%

Others

® Lepton-related (energy/momentum scale and resolution, reconstruction and ID) are
< |10% for single lepton channels and < 20% for dilepton channels

® Pileup < 5% for single leptons, negligible for dileptons
®  Luminosity: | 1%

Total systematics is of the order of 50% for the major backgrounds ttbar and V+jets,
while it is of around 20% for dibosons and the signal (major contributor for the signal is
the production cross-section with |8%)

Impact on the limits is between 5 and |0 GeV at maximum sensitivity
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Cross section limits

1 1
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Tevatron limits

Latest results from Tevatron:
%  Nothing was found, so limits were set

®  Scalar LQ pair production for both generations set limits ~ 300 GeV for a
branching fraction of ~1/2 (similar acceptance for muons and electrons)
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T
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=
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/D@, L=11b"

$ o i + nEj
(lower edge th.)

:

e jj + wE_Jjj
(central thJ
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Hera limits

e ey
LQ
q q

@ Single LQ searches — The LQ production cross
section largely depends on the Yukawa coupling A

p

p(e u—e u)

A=0.1 A\=0J3
L] ] "] L] ] LA 'r] .« §F T

(e d—e d)

ep collisions = only sensible to direct searches | s ame3
of Ist generation LQ (if search for LVF can look Y .
for other generations)

Ble*d—e’d)

| ' |
SCALARLQ

eu—->LQ-seuvd .

--=-=  H1NConly .

H1CConly -

77/ DO limit . M, (GeV)

B(e'u—>eu)

240 260 280 300

Exclude LQs up to masses of
~275 to 325 GeV for A ~ Oem

(b) -
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Systematic uncertainties

Table 6: Summary of systematic uncertainties for backgrounds and 350 GeV signal. The percentages
quoted are the effect on the yield; where the uncertainty varies (eg as a function of 7), a minimum and
maximum are quoted.

Source Effect Size [%]
Electron trigger and reconstruction Yield 1.6%
Electron ID Yield 2-9%
Muon ID and reconstruction Yield 0.3%
Muon trigger Yield 0.1-1.3%
Electron energy scale Shape 0.6%
Muon momentum scale Shape 0.1%
Jet energy scale Shape and Yield 12%
Gluon radiation Shape and Yield 15%
Signal cross-section Yield 14%
Background cross-sections Yield 5-30%
Fake lepton background Shape and Yield 50%
Luminosity Yield 11%
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Tevatron limits

L L] 1

CDF Run 2 (5.6 fb")

Preliminary : Most recent CDF limit is M_u4 > 356 GeV
t'—Wb, = 4 jets

Hy vs. Migco vS. Njet| ®  |+jets channel with 5.6 fb-! of integrated
| luminosity at Tevatron
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Most recent DO limit is M_u4 > 296 GeV

obszarved 5% CL upper limits

10°¢ cxpected 95% CL upper limits

®  |+jets channel with 4.3 fb"! of integrated
luminosity at Tevatron
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