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Discovery of the top quark

e Introduction: hunt for top-quark.
* Signatures of top-quark.

e CDF and DO at Fermilab.

* Events with top-quark.

e Data analysis and simulations.

* Results.

* Conclusions.
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A hunt for top-quark.

After the discovery of the b (bottom) quark, it became obvious that there
should be an isospin partner of b-quark — ¢ (top) quark, to complete the third
generation of quarks. Initial prediction for #-quark mass - 15 GeV.

The hunt started at SLAC and DESY, continued at CERN with higher energy
beams (SppS and later at LEP) and moved to Fermilab in 1988 when the new
accelerator giving 900 GeV protons and antiprotons became operational.

At that time the lower limit on #-quark mass was 41 GeV, that was moved up
to about 77 GeV 1n 2 years. It became obvious that top could not be produced
in a decay: W" — t + b. So top could only be found if created in pair with
anti-top: this required the energy twice the top mass.

Since 1990 only Fermilab with the highest energy beams was capable to
produce top-quarks, which can be detected with CDF - Collider Detector at
Fermilab, and DO.
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Predictions for top events

*  Only 1 out of 10'° collisions generates tt-pair: production cross-section -
5 pb, compared to the total cross-section of 60 mb.

* Very short lifetime - <10-2* s; it will decay before it can hadronise.
* Charge = 2/3e.

* If heavy enough, top will decay into W* and b, so #t-pair will produce a
pair of Ws and bb.

* Both W and b are unstable with b living much longer (~10-!2 s for B-
mesons) - difficult to detect. Moreover, quarks are never seen
individually, always joint in hadrons - jets; b-quarks travel as parts of
mesons or baryons.

* W can decay 1nto a pair of leptons (for example, electron + electron
neutrino) or a pair of quarks (pair of jets); bb-pair will give a pair of jets.
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Top signatures

Signature:

. 2 leptons + missing energy +
2 jets (bb) - dilepton
channel;

- 1 lepton + missing energy +

Figure L: Trec lovd Lop quark produclion by g7 aunibilation fallowed by the Standard 4 jets (bb W) - Single_lepton
Model top quark decay chain. -

channel;
Decay mode Brauching ratio .
L—(at)(a7t) /AL - 6 jets (bW W).
1 — (gg'b)( v b) 12/81
£ — (b)) 12/ efq F
i e Sy * 6 jets is the most probable case
i — (wh)(pob) 2/8L but has a large background.
1t — (crb)(rvb) 2/81
i — (prb)(rrb 2/81 :
A s i S = *  CDF searched for single-lepton
i —s (pob(t) L1 _
P v and di-lepton channels.
Lable L Docay modes [or a i pair and Lheir approximale branching ratios (o lowesl
order) amumning charged-current decays. The symba g slands for a Lighl quark:
wd,s.
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Energy for particle production

Centre-of-momentum (mass)
energy:

Two particles A and B collide:
the total four momentum squared
of the system is:

- . —
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p2 =(l_5A +ﬁ3)2 -(E, + EB)2 =_mi _mz +2ﬁA °l_53 -2E,E,

The centre-of-momentum (mass) system (cms) is
defined as the reference frame in which the total 3-
momentum is 0. Suppose s is the total energy squared
in cms. Then p? = -5 - invariant parameter.

Colliding beams: s=4 E, Ezit E,, Ez >> m,, my.
Fixed target: s=2 E, mgit E, >> m,, my, Eg =my.
Important for determining the energy available for
particle production.
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CDF

Muon Detectors

* Key issue: to track
particles in jets very
precisely to find the
point where b-quark
decayed and identify it
as b-quark (using its life
time).

* Important part of the
detector: Silicon
Microstrip Detector -
vertex detector,

Tracking chambers precision 15 microns.

Silicon Vertex Detector  Calorimeters
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CDF and DO

CDF - Collider Detector at Fermilab DO at Fermilab
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CDF Collaboration
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Top events: single-lepton channel

e + 4 iet event . flt neutrino |et :#S |et #1

40758_44414
24-September, 1582

pseudorapidity: 1 =-In(tan(8/2))
SVX tag - reconstruction of

TWO jets tagged by SVX secondary vertices from b-decay

fit top mass is 170 +- 10 GeV

SLT tag - additional leptons from
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Top events: dilepton channel

Calor imeter Lega - Elcctromagnctic Encrgy
Hadrenic Encrgy
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Top events: dilepton channel

Tagged Dilepton Event
57621_45230

Zb-Narch, 1994

*  Two leptons with £, (P;) >
20 GeV with opposite charge

19 GeV -- e«
and |n|<1.0 (central region); 25 Gev - nuan-
one le ton for Sll’l le_le tOIl 26 GeV == Jet '1 (tagged by SUX and SLIT )
p g p 25 Gev -- Jet ¥z
Channel, 51 CeV -~ HNiaaing Tranaverae Energy ( NET )

Jet %1

e Large missing energy: £,
> 25 GeV.

e At least two jets with £,>10
GeV and n|<2.0; at least 3

jets for single-lepton channel. te ustron
hean pipe

 SVXor SLT tag for single-
lepton channel.

*  Background: Drell-Yan
lepton pair production, WW,

bb - different signature but 2 .. f
e eq L \\ Secaondary
some possibility of l Ver tex
.. o g o E Ellipse
mimicking still remained. {i Vo
~— § centineters - 1 nn >
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Data and simulations
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Results

Channel: SVX SLT Dilepton
observed 27 tags 23 tags 6 events
expected background 6.7+21 154+£20 13+£0.3
background probability 2x107% 6x10* 3 x 1079

The numbers of tags or events observed in the three channels along with the expected
background and the probability that the background would fluctuate to the observed

number or more.
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Reconstruction of the mass of top-quark

Mass distributions

T
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* Top mass was reconstructed using kinematics of 19 single lepton events (W + >4 jets):
- Energy and momentum from CTC and calorimeters.
- Adding missing neutrino energy, lepton energy and 4 highest energy jets.
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Mass of the Higgs-boson
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Conclusions

* [t took almost 2 decades to observe the top-quark after its existence became
apparent with the discovery of the bottom-quark.

* The discovery required advances in accelerator and detection technology to
achieve energies high enough to produce the top-quark and to tag events using
vertex detector.

* In 1990’s, CDF and DO ran side-by-side at Fermilab looking for the top quark.

* They both observed single-lepton and dilepton decay channels of the top-
quark decay as a proof of its existence.

° M,,,=176+£8 GeV and 199+£30 GeV according to CDF and DO, respectively; at
the end of Tevatron operation: 178.0+4.3 GeV.

* More accurate measurements of the top mass have been done at LHC.
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