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op Quark in SM
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In the Standard Model top quark couplings are uniquely fixed by the principle
of gauge invariance, the structure of the quark generations, and a requirement
of including the lowest dimension interaction operators.



Top quark is the heaviest elementary particle found so far
with a mass slightly less than the mass of the gold nucleus

* Top decays (7; ~ 5 x 10" sec ) much faster than a typical time-scale for
a formation of the strong bound states ( 7 ~ 3 x 10-%" sec). So, top
provides, in principle, a very clean source for a fundamental information.
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* Top is so heavy and point like at the same time. One might expect a
possible deviations from the SM predictions more likely in the top sector.

* Top Yukawa coupling ( )\, = 2¥/*¢/*m, ) is very close to unit. Studies of
top may shed a light on an origin of the mechanism of the EW symmetry
breaking.

What is a role of the Top quark in nature?

- No top hadrons
- Chiral anomaly cancellation in SM
- MSSM is alive because of heavy Top (light Higgs mass < 135-140 GeV)
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At hadron colliders top quarks may be produced either in pairs or singly
Two mechanisms of top pair production:
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Single tOp coupling in production

Three mechanisms of single top production:
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Ty — s-channel Wt associated production

t-channel (Q%, < 0)  s-channel (Q%, > 0) associated tW (Q3F, = M3,)

Q% - W-boson virtuality

In SM top decays to W-boson and b-quark practically

+

q, 1 with 100% probability

v T(t— bW)ro = 1.53 GeV, T'(t = bW )ecorrec = 1.42 GeV



Basic top pair production cross sections

onro (pb) | q@g — tt | g9 — tt
Tevatron (/s = 1.8 TeV pp) | 4.87 £ 10% 90% 10%
Tevatron (/s = 2.0 TeV pp) | 6.70 + 10% 85% 15%
LHC (s =14 TeVpp) | 833+15% | 10% 90%

Basic single top production cross sections

s channel | t channel Wt
Tevatron (/s =2.0 TeV pp) | 0.90 £5% | 2.0+ 5% | 0.1 +10%
LHC (/s = 14 TeV pp) 10.6 £5% | 250+ 5% | 75 £ 10%

The single top rate is about 40% of the top pair rate

Cross sections at ./S=1.96TeV
t-channel (tgb)

s-channel (tb)
onLo = 0.88 £0.11 pb

Gy o = 1.98 £ 0.25 pb

3 pb

335 pb



Serious problem (specially for single top) - Backgrounds
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» Top pair is a background to single top!



Top quark discovery in top pair production — 1995

Single top observation (5 sigma effect) — March 2009

vS = 1.96 GeV

Peak luminosities > 3x107 cms™

Main tasks - studies of Top properties and BSM physics via Top



Single top

- Independent electroweak channel of the top quark production
- Direct |Vitb| CKM matrix element measurement

- Significant background to Higgs and many “new physics” (MSSM)
processes

- Unique spin correlation properties

- Process of interest for "New physics”
- Wtb anomalous couplings

- FCNC
- Searches for W' (e.g. Kaluza-Klein excitation of W-boson)
- Searches for new strong dynamics ( 7, pr )

- New delicate analysis techniques to extract small signals

Single top phenomenology:

Willenbrock, Dicus; Yuan; Cortese, Petronzio; Jikia, Slabospitsky; Ellis, Parke; Kane, Ladinsky, Yuan; Heinson,
Belyaev,Boos; Stelzer, Willenbrock; Tait, Yuan; Belyaev, Boos, Dudko; Stelzer, Sullivan, Willenbrock;
Boos, Dudko, Ohl; Tait, Yuan; Beccaria, Macorini, Renard, Verzegnassi; Cao, Wudka, Yuan.....



Multivariate Analysis Strategy

Full data set
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Discriminating signal/background variables

Boosted Decision Trees Nueral Network (Bayes) Matrix Element




Method of Optimal Variables

Boos, Dudko; Boos, Dudko, Ohl

. Provides a general receipt how to choose most effective variables to

separate Sighal/Backgrounds
. Based on analysis of Feynman diagrams which contribute to the Signal

and Backgrounds
Three Classes of Variables

-“Singular” Variables (denominators of Feynman diagrams)

Most of the rates of signal and background processes come from the integration
over the phase space region close to the singularities. If some of the singular
variables are different or the positions of the singularities are different the
corresnondina distributions will differ most strongly
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- “Angular” Variables (numerators of Feynman diagrar 7 dcffse; = =

- “Threshold” Variables
s-hat and Ht variables relate to the fact that various signal and background

processes may have very different energy thresholds



Spin correlations in single top

V-A vertex structure in SM AL ~ M2 ~ (t+ms) - lb-v

b : :
where in the top-quark rest frame, the spin four-

vectors = (0, $) is a unity s vector that defines the
spin quantization axis of the top quark. In the top
quark rest frame: | 1 1

T dcosO, — 5(1 + COS Qﬁ)
Hence the charged lepton tends to point along the direction of top spin

. . . . Mahlon, Parke;
Single top production as top decay back in time Boos, Sherstnev
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Best spin correlation variable -
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Problems and requirements for a generator for the single top signal:

* Double counting and negative weights

* Matching of various contributions at the generator level. One should have the
correct NLO rate and correct shapes of the NLO distributions

* Matching to showering programs

» Correct spin correlations

* Finite top and W widths

- Separation Top and antiTop since the rates are different (for the LHC)

- Anomalous Wtb and FCNC couplings

Generators: MADGRAPH, TopRex, MC@NLO, ONETOP

Stelzer, Maltoni Slabospitsky  Frixione, Webber C.-P.Yuan
In DO analysis:

SingleTop — NLO generator based on CompHEP

Boos, Bunichev, Dudko, Savrin, Sherstnev



Kinematic distributions of DO data and MC events after preliminary selection
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MC model of data works well

Single top signal smaller than total background uncertainty
Counting experiment hopeless!!



¥ield [counts]

Cross check examples

W-+jets, HT < 175 GeV
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Event Yield
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Tevatron observation
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First direct measurement of |V, |

If CKM unitarity and 3 generations are assumed: |/, —=(0.999100 3999934

-0.000004

Without the 3-generation unitarity constrain |V ;.| is left practically unconstrained:

0'~

Posterior Density

V| = 0.07 + 0.9993

Assumptions:
|V fL |2 ‘thlz # * V-A interaction
P WV P+ Ves P+ Vea 2+ (Exotics * [V, |2 2 V12 1 (Erotics
' “’(-b‘ > > H/!"-»‘ + H f-u" + (b:}_.-(_)tl.(_,b)
No assumptions on:  cKM unitarity and
3 generations
CDF Run Il Preliminary, L = 3.2 6"
o DG 2.3 fb- 3F
' 2 IV, >0.71 (95% C.L.)
ZE
Vipf|=1.07 £ 0.12 3
1ol VeofL | g
9 I
i flat prior=0 o
g
0.5 £ 3
I gF
i N | : 95%
% 0.5 1 1.5 2 2.5 3 S — v a— ,‘:o.ls' 1
IVenfi 12 IV,

|Vipfi1| = 1.07 +£0.12,

|Vip| = 0.91 +0.11,
|V,5| > 0.78 at 95% CL

|Vip| > 0.71 at 95% CL



Vi3] measurements

At LHC and Tevatron Run2 via single top
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V72 could be measured with an accuracy of 10% dominated by systematics
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Why do we need precise measurement of the Top mass?

In SM W-boson, Top quark and H boson masses are connected to each other

via loop contributions to W and Z propagators
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This one-loop correction depends quadratically on the top-quark mass.

A _ 11GpMZc%, mi
fif JHiggs =~ 24./272 l .-U_}.;

This one-loop correction depends only logarithmically on the Higgs-boson mass,
so Ar is not as sensitive to my as it is to my.




Mass of the Top Quark (*Preliminary)
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CDF Run Il Preliminary July 2008

" T Cacclan et al., arkiv D804 2800 (2008)
Kidonakis & Vogt, arXiv-0805 3844 (2008)
[T Moch & Lwer, ardiv:BR0T. 2794 (2008)
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LHC is a real Top factory

for £L=11fb ' we will have 8 x 10° t{-pairs and 2.5 x 10° single tops
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Top Yukawa coupling #1H measurements

For the LHC complete NLO com

(LO diagrams are shown)
W. Beenakker et al.
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Top Yukawa could be measured with an accuracy from 16% at low Lumi to 11%

at high Lumi regime




New Physics via Top

- New Particles
new resonances (KK states, W’,Z°, 1, pr )
charged Higgs
stop, sbottom, heavy T or B decaying to top

- New/anomalous interactions
Wtb anomalous couplings
FCNC
SUSY contributions



Resonances in top pair production
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DO searches for W’ resonance in single top

Boos, Bunichev, Dudko, Perfilov
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Tevatron Limits on W' boson mass (900 pb-1): MW’ > 710 (730-770) GeV L(R)

Expected LHC limits: 2-3 TeV (Detail CMS study in progress)



Production of top quark partner T predicted in many BSM in accord with
“naturalness” argument to cancel quadratic scale dependence in loops
(stop, Little Higgs Top, KK top mode...)
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Charged Higgs in Top Decay (impact of tau polarization)

diagr.1

diagr.2

In the rest frame of top t — bR — brv, — bu,iym
where a resonance R is W boson or charged H

1 dI° — 1
r dy'n' Imaxz — Tmin
(1'_'}%JZOQ?' ' +_2P%UW(,,1 - = L )n 0'{:Uﬂ < Tmin
Lmin - Lmin Imax "’ -
' Tmax 1 _ _Ym ‘ : -
(l-—-}%JZOg—EE—-+-2f%(l mmam), Tmin < Yr
top E?nin pmazx . M2 _ _
J— i — T . — T min __ 54 max
where 1, = Miop’ Tmin = Miop ’ Lmax = Miop ’ ET = 2Mtop’ E7

Pr = —1 for W boson and P- = 1 for charged Higgs

(M.Nojiri; E.B.,G.Moortgat-Pick, M.Sachwitz, A.Sherstnev, P.Zerwas;
E.B., S.Bunichev, M.Carena, C.Wagner)

_ Miop



ete™ — tt — Tv.bb + 2jets
Simulations are performed for eT e~ collisions at 500 GeV cms
and for 500 fb—! integrated luminosity

m-meson energy spectrum for the MSSM point
tan 8 = 50, p = 500, M+ = 130 GeV with Br(t — H+E}) — 9.19

E.B., S.Bunichev, M .Carena, C.Wagner

L in Top rif

One of the most
precise way to measure
charged Higgs mass:
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W b
n [ == )
[=] [=]
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M+ = 129.4 +/- 0.9 GeV
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Anomalous Top Couplings

The top quark interactions of dimension 4:

Iy 1 1 g T
Lo = —oBPTUGE = S5 0 Bl — all e
g—d,s.b
—gefﬁ;“t}l# -7 D (v — afyvs)aZ,
3 2 cos Oy gt E e

The dimension 5 couplings have the generic form:

g W
ht T 1 . 1 .g t e k
L5 = —gs § P tot T (ff, + ihi,vs)aGs, — —= E - —ZLio f‘“’(ftq +zhtq v5)gW T,
“ A V2 A
g=1u,c,t g=d,s.b
i g Ky,
q v 4 v
—e E —tot +ih] vs)qA, — ————— E —tot + ihZ VA
P A (Frg + thigys)aAu — 5= 2. 3 (Fia + ihia5)aZpur
g=u,c,t g=u,c,t
Present constrains come from
e Low energy data via loop contributions
Kr — pt , K1 — Kg mass difference, b — 171 X, b — s~

e LEP2
e Tevatron Runl,2

e HERA

e Unitarity violation bounds



Anomalous Wtb Couplings

e Lagrangian

1
W= ba'(FEP_ + FFP)t| + h.c.

g r T—T1
L= vy Wby, Pt -
tb v 2l DMy

/2
with W= =D ,W* —D,W=* D, =0, —icA,,

v o

o' = 1/2[v,, W] and P. = (1£~5)/2. The couplings £ and Fi* are
proportional to the coefficients of the effective Lagrangian

_2Mw W _ (W W
Fro==3%ry (= f — ihy, ),

Fro = 21{“ kyy (—fly +ihy ), |Fr2 el < 0.6 from unitary bounds

o |V is very close to 1 in SM with 3 generations. (|V| is very weakly

constrained in case of 4 generations, e.g.)

e A possible V' 4 A form factor is severely constrained by the CLEO 6 — s~

data to 3 x 1072 level



Expectations for Wtb anomalous couplings for the Tevatron and LHC

E.B., L.Dudko, T.Ohl

0.6 AN 4
0.5 ; ------------------- -~ coTrﬁ;;-\r:dol?lmit h_,,ﬁ 0-0032 . \\\\{:___-———-Wbbj LH(?//
0.4 F 7 0_(;15 E N combined limit e
0.3 2 0.01 B
0.2 t 0.005 - , -
0.1 ¢ 0 II."
0 F 0.005
-0.1 s -0.01 — Wbb
-0.2 0.015 . . | P . | L .
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
FRZ
DO limits based on 900 pb-' data
Scenario Cross Section Coupling
(L. Lo) 14755 pb Vo fi [ = 14755
Vo fE 12 < 0.5 at 95% C.L.
(L1, R:) 5.22375 pb Vo f[* = 1.8%15
Vio fit]? < 2.5 at 95% C.L.
2.9 L2 0.9
(L1. R2) 15555 pb Vi fi |* = 1415
Vi f31? < 0.3 at 95% C.L.




FCNC couplings

e Couplings: tqq, tqvy, tqZ, where ¢ = u, c

1 " J T LV q T )\i ,
> Y . 9 AL
Aﬁtff B _X [h“tiq t.:tgquFj;:Z + h"tqgﬁtg,tuf ?QGWU] + h.c.
DO Limits on FCNC 3
- ' : % 0.003 D@ 230 plj1 %95% CL
couplings 230 pb-': = E90% cL
_ 68% CL
ﬁ:{lgl’ /A < 0.037 T@V ! gqg — tc cg — tg ? 0.002k
o~ T t :&m
kS/A < 0.15 TeV ™! § H
0.00
cq — tg gg — tc
W' boson and FCNC MC event samples from
SingleTop (CompHEP) generator 0.03 0.04
(5 /A [TeV?]
SM two-Higgs SUSY
BR(t - cg) 5-107" 10° 10~°
W W BR(t —+e¢y) 5-107"2 10~° 107°
BR(t - cZ) ~107" 1077 10~
FCNC decays are highly suppressedinSM ¢ —> 49, t —qy, t—qZ



To compare FCNC limits from top decays and top production
one can express limits on FCNC couplings in term of Br fractions

g\ 2 YN 2
't —qg) = (%) %a-s-m? . 't —q~) = (h—ff> 200m;
1 vz e
_ Z 2 Z |2 3 1 _ 2 Z Tz
Pt —=aZ)y = ('L*‘?| T latg ) o 4MZ sin® 20w (1 m; ) (1 i my ) ?
Z N\ 2 . w2\ 2 e
Cazy = (MY e L (o MEN (M
Lt —qZ)s = ( A ) e sin? 20y, (1 -m'f) (2 T -Irnf)
Tevatron LHC TESLA
t — Run II | decay production
gq 0.06% | 1.6x10"° | 1x10"" -
v q 0.28% | 2.5x107° | 3x10~° 4x107°
Z q 1.3% | 1.6x10"* | 1x10"° 2x10" "

Interesting process to be studied:
like top (tt or tt) pair production: pp — tt X pp — ttX
T o(tt) o (kg)"

g+y+Z

no background from ¢t or from single-top
————o



Conclusions

1. Single top observation at 5 sigma level oh %
6&9&@" 9[- N
Combined Results __"{.J__ i, Sﬁb?
e Significance Ostt /": 2 .
[(b-!] Exp. Obs.  [pb] -'*ﬁ.;ﬂ;{ w&g “X
BO 23 45 500 3.9%%% "*
@ 2 59 500 23108
‘}e‘f fake A\}«'
Theory (NLO) : 0 =2.9%0.3 pb ol i
2. First direct V,, measurement 3. Pair production cross section measurement
w |Vipf1| = 1.07 £0.12, DO0: 6.6 + 0.9 (stat.+syst.) * 0.4 (lumi)
(¥l A St CDF: 7.0 £ 0.3 (stat.) 0.4 (syst.) £ 0.4 (lumi)
. |Vip| = 0.91 £0.11, Theory (NLO+ NLL) : 0 =6.7 + 0.7 - 0.9 pb
|Vis| > 0.71 at 95% CL

4. Top mass (March 2009) M,,, = 173.1%0.6 (stat.)t 1.1(syst.)

5. LHC as a top factory has great prospects to perform accurate measurements
and to search for BSM via top improving Tevatron limits

6. ILC/CLIC being complementary to the LHC allow to get significant

improvements in accuracy (top mass, V,,, anomalous couplings...) and observe

new objects like paraphoton, if exist, which would be impossible at the LHC
(ILC: AM,,,~ 0.1 GeV from the threshold scan)
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« Top decays:

I*,q - jet

» Top pair signatures:
- lepton + jets
- dilepton
- all jets

antiproton

=MET
b — b-jet

Top Pair Branching Fractions

"alljets™ 46%

tHjets 15%

— b-jet
5 — bijet
? Tt 102”:/0
T %o
ok 2\% utjets 15%
¥ 07‘}\?’1 '
¢ etjets 15% )
"dileptons"” "leptontjets"

proton

antiproton



Significance

sets of pseudo-data (“ensembles”)
Wonderful tool to test the analyses! Like running D@ many 1,000’s of times

Each pseudo-dataset is like one D@ experiment
up to 68,000 pseudo-datasets per ensemble

Decision
Trees

2.9 pb
Zero-
signal
ensemble

Zero-signal ensemble, o,.,, = 0 pb

Fraction of the ensemble of zero-signal pseudo-datasets

give a cross section at least as large as the SM value,
the “expected p-value”

For a Gaussian distribution, convert p-value to give
“expected signficance”

Pseudo-datasets / 0.4 pb

0 1 2 3 45 6 7 8 9
tb+tdb Cross Section [pb]

Fraction of the ensemble of zero-signal pseudo-datasets

give a cross section at least as large as the measured value, the “measured p-value”
For a Gaussian distribution, convert p-value to give “measured signficance”

p - VC[ZZ[(? - f do—fb+;qb]3[)(o-,fb+fqb)

obs
th+tgh

SM ensemble, o, ., = 2.9 pb

How consistent is the measured cross section with the SM value?

Fraction of the ensemble of SM-signal pseudo-datasets give a cross
section at least as large as the measured value to get “consistency with SM”



Cross section measurement

N = Data -+
_ 2 : b > tb+tqb
d =0 A L + . = ttm
' 1 Wijets
d — predicted number of events w Multijets

b,— predicted number of i-component background events

A — signal acceptance, L — integrated luminosity,
a= AL - effective luminosity

0.4 0.6 0.8 1
Discriminant

Binned likelihood from discriminant distribution using Poisson statistics:
Prob(D|d) = Prob(D|o,a,b) = [[,21"° Prob(D;|d;)

Posterior Probability Density(o|D) o
. J;, Prob(D|o,a,b) Prior(a,b) Prior(c) da db

0 0.2

0.4
C Position of peak
- = o(tb+tqgb)
0.3
- 68.27% of area
- =% Ac

Posterior probability density using Bayes theorem.

Flat positive-defined prior for o,,,,,, : ©( tb+tgb)

Posterior Probability Density [pb~"]

Systematic uncertainties in b, are treated as Gaussian nuisance T
parameters. Single Top Cross Section [pb]

Cross section and uncertainty from peak position of Bayesian posterior probability density



