Spin correlation in the

dileptonic decay of top quark
pairs at ATLAS
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The top quark

® Discovered in 1995 at the
Tevatron

® Heaviest Standard Model
particle™

® Strong coupling to Higgs
and new physics
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o Lifetime of 5x102° s
® Decays before hadronising

® Mainly produced in pairs
via strong interaction

® |HC is a top factory




Top quark pair production

Dominates at the LHC (90 %)
of ttbar pairs

Dominates at the Tevatron
(90 %) of ttbar pairs
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Production cross section

Standard Model : :
cross sections : . LHC
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VVhy measure the spin
correlation!?

® Jop quarks produced by the strong interaction
are unpolarised but have correlated spins

® Test of top quark production and decay
® Probe of a quark free of confinement effects

® Observation would place an upper limit on the
top quark lifetime

® New physics could affect the spin correlation

® Precision test of the Standard Model
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Spin correlation
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Strength of measured correlation depends on quantisation axis
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Defining a basis

® To measure the direction in which the spins (of the

top and antitop quarks) are pointing we need a
quantisation axis

® (Consider four different bases
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Beamline basis

T?[‘\’lal_tg)")” 0.777
were | oo

ﬁ h
p p I(-:g’vxllf;l-i\; 10.004
t'H";V'w“in\; -0.05|

® Use direction of one of the incoming beams
(approximately the direction of an incoming proton)

® Simple to construct

® Optimal for ttbar pairs produced at threshold
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Relicity basis

tbar

o by A D 1A =

g g > PRI
S T gl e A

SR ALRE M 3 S8 S E
i
] \

Tevatron
(NLO)

-0.352

LHC 7 TeV
(Herwigt++)

0.270

LHC 10 TeV
(Herwigt++)

0.299

LHC 14 TeV
(Herwig++)

0.347
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Off-diagonal basis

T(e[‘\’lal_t(")")“ 0.782
(;'lfwf;ff) 0.034

ﬁ h
p p '(':;V'v?gﬁ; 10.023
t'H";V'w“in\; -0.076

® |nterpolate between beam line basis and helicity basis
® Works for top quark pairs produced above threshold

® Optimised for ttbar from qgbar annihilation (not at
all optimised for the LHC!)
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P. Uwer
hep-ph/0412097

LHC maximal basis

Tevatron
(NLO)

LHC 7 TeV
a E (Herwigt++)
P P LHC 10 TeV

(Herwig++)

0.420

0.458

LHC 14 TeV

(Herwig++) R

® Create a basis optimised for top quarks produced by gg fusion (LHC)

® Requires information from the event (kinematics and angles for top
quarks)

® [Essentially an eigenvector problem based on the spin density matrix
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P. Uwer
hep-ph/0412097

LHC maximal basis

Tevatron
(NLO)

LHC 7 TeV

a E (Herwigt++)
p p

0.420

LHC 10 TeV

(Herwig++) Pt

Increase from 0.299 in
the Helicity basis at

® Create a basis optimised for tc 10 TeV ion (LHC)

0.479

® Requires information from the event (kinematics and angles for top
quarks)

® [Essentially an eigenvector problem based on the spin density matrix
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The top quark decay

® Top quark decay via t—= Wb l, q
almost always (99.9 %) W+

® Short lifetime: decays t
before it hadronises

® Spin information is
preserved in decay

Branching ratio

products
: W — ev 1/9
® Decay products determined -
by the W boson decay W = pv 119
® ttbar decays have two W W = v 119

bosons W — hadrons 2/3

Wednesday, 9 June 2010




® Traditionally three channels:

e dilepton:

® both W bosons decay to leptons

® ) leptons + 2 jets + missing Et

lepton + jets:

® one W boson decays
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1% muon+jets
electron+jets
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Dileptonic decays

® Events with electrons, and muons easily identifiable

® | ook for events that contain only those

o of ttbar events (including leptonic T decays)
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Spin analysing power

® Spin information can be accessed via l, g
the angular momentum of the top W+
quark decay products V, a’
® Amount of spin information a daughter t
particle carries from the parent top is
encoded in &; b

® Charged leptons and down type quarks

b quark \A% lepton dors o OF £

quark quark
i (LO) -0.41 041 | | -0.3 1
i (NLO)| -0.39 0.39 0.998 0.93 -0.3 1
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Measuring the top spin

* Information about the
direction of the top

o . quark spin is passed on
P >IN 3 to its decay products

- O
basis g e
| modulus of top

polarisation

L lstda 1
= — (1 ;- 0,
odcosO;, 2 Lo 8 08 0

spin analysing
power

in top quark rest frame
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2D distributions

Standard Model no Spi!’\
(Helicity basis) correlation

Herwig++ Monte Carlo 10 TeV
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Spin correlation

Herwig++ Monte Carlo 10 TeV
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Linear extraction
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Results from the Tevatron

® Runi

® DJ: A>-0.25 at 68 7% confidence level using
125 pb! at centre-of-mass energy of 1.8 TeV
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Expectations for the LHC

£ 14 TeV 14 TeV |0 TeV / TeV
M| (LO Calc) | Herwig++ | Herwig++ | Herwig++
Anelicity 0.33 0.35 0.30 0.27
ANyl 0.48 0.48 0.46 0.42
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Event selection
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The ATLAS detector

Tile calorimeters
LAr hadronic end-cap and
\ forward calorimeters
Pixel detector
Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker
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Event selection

® Dilepton channels:

® ee el UM

proton

® Advantages:
® Small background
® C(Clear signal
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® High efficiency from single
lepton (e, M) trigger,
pt > |5 GeV

® Veto events with lepton
invariant mass near Z peak

(ee and PM channels)
® Exactly 2 leptons pt > 20 GeV,

opposite charge ® Missing Er > 35 GeV (20 GeV

for e channel)
® At least 2 jets pt > 25 GeV
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signal background
el 645 93
ee 215 39
LI 301 55
combined | 161 |87

Expected number of selected events in 200 pb-' at 10 TeV (MC@NLO)




Invariant mass of the two leptons in the event

eun channel " L Channel.
) B
§ B tt dilepton §> [ ] 'lE dilepton
B [ tt other g [t o'(her
g B W-+jets '<T> [ ] ijets
Q [ ]Z+jets -CE) [ ]Z+jets
5 CWW/WZ/ZZ e CIwwwz/zz
= [ single top [ single top
o 0 = e P -
D 20 40 60 80 100120140160180200 20 40 60 80 100120140160180200

Invariant mass / GeV Invariant mass / GeV
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Event reconstruction
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Neutrino weighting

® Need full event topology for
spin correlation measurement

® Kinematics under-constrained
due to two neutrinos in the
final state

® FEach neutrino contributes three
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Neutrino weighting

Do not use the missing ET x and y components to solve
the event kinematics

Instead test many different assumptions for the neutrino
and antineutrino N’s

Multiple solutions per event

Calculate px and py for the neutrino and antineutrino in
the solution

Lolin A, A BT N Pt N 1 '1"—"i " b :
SR SRt o S tde s Ao A Ao he Ueei MY 13- ok i
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Distribution for one event

S
= 0.4
€ 0.35 :
= * Results from the neutrino
b weighting algorithm for a
R single event
0.2
0.15 * Probability density of
0.1 solutions
0.05

0-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

COs(8,)cos(6.)
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Results
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Template fits

® Distributions are distorted by the selection
and reconstruction — template fits

® Make templates for the background processes
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LHC maximal basis

Neutrino Weighting Algorithm

‘Data’ points represent

*5400 A _ C —— 200 pb™”' AcerMC |
S = B  dilepton (C=0) 200 pb' of AcerMC
o --- tt dilepton (C=1)
B B ot Monte Carlo
@ i : :
s E;VH;’;S contains correlation
B ez A = SM (0.46)
200 [ single top
150
100
50 — MC@NLO Monte Carlo:
o T e —— A = 0:red (no correlation)
1-0.8-0.6-0.4-02 0 02040608 1 A — |.dashed. hollow
. ’

cos(9,)cos(0.)
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A=C
® (Confidence interval
Neutrino Weighting Algorithm

® Maps measured value of 3 A AN AR MM A LA
A to parton level value el [ 68 % CL e

EONY || |95%CL

(diagonal line) 0504 |— Best Value
® Uncertainty is = 0.0 Y
systematic and statistical 0 --------------- ------------
for 200 pb-! 0.2 . RS e S £ S L —
; _04 ..........................................................................................................................
® J[akes into account that
-06 --------------------------------------------------------------------------------------------------------------------------
only -1 <A< 1 are 0. TN LV | R
physically allowed A
£0 gl © ausil o () 5 () gaa() 5 gl o
® Draw vertical line at Measured C__ . (X)
measured A and read off
200 pb-!

horizontal value + limits

A = 0.60%030 4 39
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Conclusions

Even though a measurement looks impossible, it isn’t!

First study using a ‘small-ish’ amount of data
(i.,e.not 10 fb-! at 14 TeV)

200 pb™! uncertainty is £0.35, D@ has £0.59 with 4.2 fb-!

‘Maximal basis better than Helicity basis (A=0.46 vs 0.30)
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Slides inspired by those of Tim Head

Didn’t talk about

® | HC Maximal basis implementation in detail
® Alternative dilepton reconstruction method

® (Can write the equations describing ttbar system as a

single quartic polynomial and solve analytically (no
numerlcal methods)
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[eft—-Handed W Longitudinal W Right-Handed W

0.304 0.695

0.695 - 0.304 = (W)
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Y

W direction

of flight

Left—-Handed W Longitudinal W Right-Handed W
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