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Top Quark properties

Top quark, when it was discovered at Fermilab in 1995, completed
the three generation structure of the SM and opened up the new
field of Top quark physics.

With the mass of 175 GeV/c2 , Top quark is the heaviest
discovered elementary particle which breaks the electroweak

gauge symmetry maximally among the other observed particles of
the SM.

Contrary to other quarks, Top quark decays rapidly via weak
interaction without forming any hadronic bound state.

Top quark almost exclusively decays to a W-boson and a b-quark.

BR(t—>W+b) ~ 0.99
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Top quark

Rb has a very strong sensitivity to top mass
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Importance of the top quark mass
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All observables include the combined effect!

— m, plays a key role in precision test of the SM
= to predict the Higgs mass
= and once the Higgs is discovered to check

the consistency of the model



Importance of the top quark mass

Direct measurements:
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Top quark and Higgs boson

Top quark plays a key role in Higgs boson production

The largest source
of SM Higgs

Higgs production in hadron collisions
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Cross Section of Various SM Processes
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The LHCisab, W, Z, top, Higgs, ...
factory!
The problem is to detect the events!



Top quark production at the LHC

Top quarks are produced at the LHC mainly via Strong

interactions in two sub-processes:
q t

Quark-anti quark annihilation qq — it

q t

g t g t 9 t
Gluon-gluon fusion, N:;ir\ + 3}< + }ﬂﬂﬂ< gg — tlT
g I g i g t

Cross section (pb) qq —> 1t gg — A

LHC (pp/s=14TeV) | 833 10% 90%

— approx. 1 tt-pair per second at 1033/cm?/s
LHC is a top factory!



Top quark production at the LHC

= Proton beam can be seen as beam of quarks and gluons with a wide band of energies
= The proton constituents (partons) carry only a fraction 0 < x <1 of the proton momentum

xF -
p, — f

center-of-mass energy (S):
S=(P+P) =2P.P,, NS =14 TeV

Partonic center-of-mass:
§=(x,P+x,P,)" =2x,x,PP, = x,x,S

To produce a ttbar at rest: 5
dm,,,

S

A 2 _
s24m,, ,xx,=—2

C/J|fa>

To estimate a typical value of x:
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The gluon distribution function is much larger than all quarks z



Top quark mass at the LHC
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— total top mass error <1 GeV possible with O(10 fb-!) of well understood data



Spin and polarization studies

Top quark decays before hadronization via weak interaction therefore
the spin information is transferred to its decay products

(Wb = jjb /1v b)
-We can determine the spin and polarization by looking at the
angular distributions of its decay products

-Test SM couplings with clean probe

The angular distribution of the final particles: A ‘;y
dl 1 5 P
d 6 B 5 s ¢; COS Hl) e daughter i
COS . \ R “’
l o

Top rest frame
Particle || b-jet | W || 1T | ji=d-jet, s-jet | jo=u-jet, c-jet | lej
0; (LO) |[-041 041 1 1 -0.31 0.51




Spin and polarization studies

Top quarks produced in ttbar pairs are scarcely polarized, therefore in order to study
the spin and polarization of the top quarks the correlation between top spin and
anti-top spin is considered.

q t
Near threshold, top and anti-top tend
g f to have their spin aligned
g t g t .
Near threshold, top and anti-top tend
to have their spin opposite
g I g i

G. Mahlon and S. Parke ,hep-ph/9512264



Spin and polarization studies

@ it = produced (almost) unpolarised but It
their spins are correlated

rest frame

double distribution in helicity basis
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Spin and polarization studies

! oo = 1—(1 +C v, COS fy cos Ay, )
odcosfydcosby 4 axax X X/

X from t decay
compare distribution of _ B
X' from t decay

¢ = N(tptp +trtg) — N(tptg + tgtr)
Ntpty +tptr) + N(tptp + trip)

= 0.332

C =0.3321+0.023




Study of the W-polarization in Top quark decay

The W-boson from a top quark, t=>W+b, can be produced with a longitudinal,
left-handed or right-handed helicity. According to the SM expectation, the
corresponding probabilities are as follows:

2

Fy=——2%—=0.703 —— Longitudinal
M, +2M,
2
F, = 22M W ~-=0.297 —> Left-handed
M, +2My
F, =0.000 » Right-handed

Consider t>Wb=2>1+n+b, This can be seen in angular distribution of the charged
lepton coming from W boson in the rest frame of the W-boson:
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Study of the W-polarization from CDF
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Study of the W-polarization in ATLAS

Results of 10fb” {-1} data:

Semileptonic (Lstattsyst)
F1 0.299 £ 0.003 £ 0.024

Fy 0.699 = 0.005 = 0.023
Fr 0.002 = 0.003 = 0.012

W-polarization will be measured very
precisely at the LHC, the analysis is
systematically dominated.
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Study of the Wtb vertex

A model independent extension of the SM is to introduce new interactions:

Most general Wtb vertex

g : _
L = —=b~»*" (VP + VPt W
\/EAJ’[(LL H'FI') [

g A ot q,
ve o Mw

Vi = Vip ~ 1 (within SM)
VR. 9r, 91 = anomalous couplings

(9. PL+ 9grPRr)t W#_ + h.c.

Tevatron - —0.18< g, <0.55 , -0.24< g, <0.25
LHC - -0.052< g, <0.097 , -0.12< g, <0.13

M. Beneke et al., Top Quark Physics, hep-ph/0003033




W-Polarization can be used to test the Wtb vertex

Presence of anomalous couplings > deviation in W-helicity fractions
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Top charge

W
Standard g
Model Exotic-Charge .
Top Quark Top Quark q

b (+1/3) b (+113)



Top charge

Radiative production : t

pp—ity
o proportional to Q|2

o(pp —1ty,10,, |=4/3e) A
o(pp —1ty,10,, |=2/3e)

event [10fb™"

ATLAS
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Electroweak (Single) top quark production

Another source of top quark at the LHC is Single top quark production. Top quarks
are produced via electroweak interaction. Single top quarks are produced via
three processes which can be listed by the virtuality of the involved W-boson:

g q

t-channel, W-boson is space-like
cross section = 245 pb, the largest qé, <0

source of Single top W
b t
q t
W +
2
g’ qy 20 hy

s-channel, W-boson is time-like tW-channeil, W-boson is real
cross section = 10 pb cross section = 60 pb



Single Top Quark at Tevatron

The D0 collaboration at Tevatron claimed the first evidence for discovery of
single top in December of 2006. In the D0 search, the t-channel and s-channel

Single top events are combined to one single top signal. According to the SM

the cross section of 1+S channel single top at Tevatron with the center of energy
0f 1.96 TeV is:

o(pp— th+ X, tgb+X) = 29404 pb € SM prediction
The measured cross section by D0 is:
o(pp — tgb+ X, th4+ X)) = -':LEﬂ:g pb
This result is consistent with the SM. The Signal Significance of this discovery

is 3.4 which means that the probability that the events considered as signal are
due to background fluctuation is 0.035%.

CDF has not claimed the discovery of Single Top yet.



One t-channel single top event at CDF
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Single Top Quark at LHC
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Single top quark production as a window to Physics Beyond SM

2
V,| -

The cross sections of single top processes are proportional to
These processes provide the only way to measure directly V. -
1

Unitatrity of the CKM matrix

CKM entry Value Source 0 7 7
|Veud| 0.97377 £ 0.00027 Nuclear 3 decay [7] | Vub| -|— | Vﬂb| -|— | Vt{. | — 1
0.9746 -+ 0.0019 n— peie [7] -
0.9728 -+ 0.0030 1t o ety [62] Via Vie Vi \*4
e 1] Vil = 09991 to 0.9994
e ' ' C ‘ed 1'}:9 yr:h
0.2220 4+ 0.0033 T decays [52] c )
0.2226 T 3000 Kt/rt = ptu,, Vi [7,53-55]
0.226 = 0,005 Hyperon decays [64—66] Fourth
0.2230 + 0.0015 average - Generation
Vg 0.213 +0.022 Dol [7] "
0.230 £0.011 vd— cX [7] -
|V 0.957 +0.095 D = Kig [7] -
. v [l (6] 10
097440013 Wt — had., Vi, Ved, Vs [29,30] d :
\A 0.0392 + 0.0016 B — D*liz [7,67] V V V V , Y
0.0417 £ 0.0007 b— el [7,67)] u us u ub .
0.0413 - 0.0006 average V V V V Vtb deviates
[Vas 0.0039 + 00008 Dol [T cd Ves Veb Vb Considerably from 1
0.0045 = 0.0003 b— uliy [7.67]
0.0044 = 0.0003 i
i th Vts th th
Vsl [4/3, Vedl? >0.78 t = bW/gW [68,69]
\% >068 ; <1 p— th+ X [70 , , , .,
Vel i 7o) Vi Vie Vi 'V




The rates of the s- and t-channel modes are sensitive
to different types of new physics.
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Spin correlation in t-channel Single top quark
XI'The t-channel single top quark production provides the possibility to study

the spin and polarization of one isolated quark.

Because single top quarks are produced via weak interaction, they are highly
polarized.

fj; spin 4-vector

\

S).P,)(P,.P,)

q

W GOC‘M\Z o< (P —m
b t

In top rest frame~> S = (O, S) Where' s is unit vector which defines the spin
quantization axis.

top

In top rest frame, the spin of the top is aligned with the momentum direction of the light
Quark in the final state (q)



Spin correlation in t-channel Single top quark
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Single top quark production as a window to Physics Beyond SM
Non-SM top interactions

L = —%5’}-’” (VLPL + VrPR)t W;
g BIc:r””qf,

V2 My

(9.PL + grPRr)t W; + h.c.

1 do 1
=—(1+a, cos@
o dcosé, 2( ’ 2

At the LHC the uncertainty on « is 5%




Single top quark production as a window to Physics Beyond SM
Extra Gauge Boson

Some BSM theories ! J q t
(LH,ED ...) predict >wv< + >,W<
new gauge bosons (W',Z°) W - . w’ .

(Larger gauge group)
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Extra Gauge Boson (W’)

SM prediction with
theoretical uncertainty

PRD63, 014018 (2001) [hep-ph/0007298]
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FCNC (Flavor Changing Neutral Current)

BR(t — W +b)=0.99 o {wm""’g .

BR(t = Z +¢)~107" o l&? B

In SM, at tree level is impossible

Experiment = BR(t > Z +c¢) <0.33

C
t _

“ k7 <041@95%C.L




Cross Section Calculation

= sum over initial states a,b
= f.(x;,Q?) = parton density functions

= Example: W production in leading order

Y > we  s(epoW)=150nb~ 21056,

d



Luminosity

Rate of produced events for a given process

6 cross section [barn =102 cm? ]
L luminosity [1/cm?/s]

N=ocL

* Juminosity depends on machine parameters:
number of protons stored, beam focus at the interaction point, ...
= Juminosity should be high to achieve acceptable rates for rare processes

Comparison of colliders:
10°%/cm?/s  LEP

-2:10%%/cm?/s  Tevatron Run II design

- 10%/cm?s  LHC initial phase (= 3 years)
10°%/cm?/s  LHC design luminosity (> 2010)
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