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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 Lagrangian.



Top quark has been found by the Fermilab CDF and D0 collaborations.

RUN1 results:

• Mt = 174.3 ± 3.2(stat) ± 4.0(syst)

• λt(Mt) = 1.00 ± 0.03

• σtt̄(CDF Mt = 175GeV ) = 6.5+1.7
−1.4pb

σtt̄(D0 Mt = 172GeV ) = 5.9 ± 1.7pb

• The 95% Confidence Level Limit on single top production cross section :

13.5 pb by CDF

39 pb (17 pb Neural Network) (s-channel) and

58 pb (22pb Neural Network) (W-gluon fusion) by D0

SM prediction: σSM = 2.43 ± 0.32 pb

• FCNC coupling limits

Br(t → Zq) < 33%(95%CL) Br(t → γq) < 3.2%(95%CL)



Top quark is the heaviest elementary particle found so far with a mass slightly

less than the mass of the gold nucleus.

• Top decays (τt ∼ 5 × 10−25 sec) much faster than a typical time-scale for

a formation of the strong bound states (τQCD ∼ 3 × 10−24 sec). So, top

provides, in principle, a very clean source for a fundamental information.

• Top is so heavy and point like at the same time. So, one might expect a

possible deviations from the SM predictions more likely in the top sector.

• Top Yukawa coupling λt = 23/4G
1/2
F mt is very close to unit. Studies of

top may shed a light on an origin of the mechanism of the EW symmetry

breaking.

Top quark physics will be a very important part of research programs for all

future hadron and lepton colliders. Processes with Single Top Quark production

play a special role.



Maximal value of the CP even light Higgs in MSSM is about 135-140 GeV

(not MZ) due to large top quark mass
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At hadron and lepton colliders, top quarks may be produced either in pairs or

singly.

Top pair:
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Three mechanisms of the single top production:

t-channel (Q2
W < 0)

s-channel (Q2
W > 0)

associated tW (Q2
W = M2

W ) Q2
W - W-boson virtualityq q0W tb t-hannel

q q0W tg �b qq0 W t�bs-hannel
b

g
W

t
Wt assoiated prodution



Same classification for LO, NLO ... QCD corrections

Consistent way to make computation and generate events

However different channels may lead to the same final states in some kinematical

regions:

tb - s-channel + t-channel if light jet has small pt

tbj - t-channel + s-channel with extra hard jet



The main goals to search for single top:

• Independent electroweak channel of the top quark production

• Direct |Vtb| CKM matrix element measurement

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

cesses

• Unique spin correlations properties

• Process of interest for “New physics”

– Wtb anomalous couplings

– FCNC

– Searches for W ′ (Kaluza-Klein excitation of W-boson)

– Searches for new strong dynamics ( πT , ρT )

• New delicate analysis techniques to extract small signals



Basic production processes cross sections

σNLO (pb) qq̄ → tt̄ gg → tt̄

Tevatron (
√

s = 1.8 TeV pp̄) 4.87 ± 10% 90% 10%

Tevatron (
√

s = 2.0 TeV pp̄) 6.70 ± 10% 85% 15%

LHC (
√

s = 14 TeV pp) 833 ± 15% 10% 90%

s channel t channel Wt

Tevatron (
√

s = 2.0 TeV pp̄) 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 0.4 of the top pair rate



|Vtb| measurements

At LHC and Tevatron Run2 via single topq q0W tb t-hannel
q q0W tg �b qq0 W t�bs-hannel

b
g

W
t

Wt assoiated prodution

V 2
tb could be measured with an accuracy of 10% dominated by systematics

At ILC (1 TeV, 500 fb−1) in eγ collisions -

2-3 % accuracy dominated by statistics



|Vtb| measurements

If CKM unitarity and 3 generations are assumed

|Vtb| = 0.9991+0.000034
−0.00004

Without the 3-generation unitarity constrain |V tb| is left practically uncon-

strained

|V tb| = 0.07 − 0.9993

From top quark loop contributions to Γ(Z → bb̄)

|Vtb| = 0.77+0.18
−0.24

From measurements of R = |Vtb|
2

|Vtb|2+|Vts|2+|Vtd|2
by D0 and CDF analysing top

pair production

R = 1.03+0.19−0.17 => |Vtb| > 0.78

Measurements from the single top: Production*Decays => |Vtb|2 |Vtb|
2

|Vtb|2+|Vts|2+|Vtd|2+(Exotics)

Assumptions ( no 3-generation unitarity constrain):

* V-A interaction

* |Vtb|2 >> |Vts|2 + |Vtd|2 + (Exotics)



In SM top decays to W-boson and b-quark practically with 100% probability

t

b

W ν

l

dΓ ∼ |M|2 ∼ (t+ms) · ℓb · ν, where in the top-quark rest frame, the spin four-

vector is s = (0, ŝ), and ŝ is a unit vector that defines the spin quantization axis

of the top quark

In the top quark rest frame:
1
Γ

dΓ
d cos θℓ

= 1
2 (1 + cos θℓ)

Hence the charged lepton tends to point along the direction of top spin.



Mahlon,Parke; E.B.,Sherstnev



New Physics via Single Top (examples):

• Wtb anomalous couplings

• FCNC

• W ′

• ...



Anomalous Top Couplings

The top quark interactions of dimension 4:
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where |f |2 + |h|2 = 1.



Present constrains come from

• Low energy data via loop contributions

KL → µ+µ−, KL − KS mass difference, b → l+l−X , b → sγ

• LEP2

• Tevatron Run1

• HERA

• Unitarity violation bounds



Anomalous Wtb Couplings

• Lagrangian

L =
g√
2
Vtb

[

W−
ν b̄γµP−t − 1

2MW
W−

µν b̄σµν(FL
2 P− + FR

2 P+)t

]

+ h. c.

with W±
µν = DµW±

ν − DνW±
µ , Dµ = ∂µ − ieAµ,

σµν = i/2[γµ, γν ] and P± = (1 ± γ5)/2. The couplings FL
2 and FR

2 are

proportional to the coefficients of the effective Lagrangian

FL2 = 2MW

Λ κW
tb (−fW

tb − ihW
tb ),

FR2 = 2MW

Λ κW
tb (−fW

tb + ihW
tb ), |FL2,R2| < 0.6 from unitary bounds

• |Vtb| is very close to 1 in SM with 3 generations. (|Vtb| is very weakly

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

• A possible V + A form factor is severely constrained by the CLEO b → sγ

data to 3 × 10−3 level



Wtb anomalous couplings limit on TEVATRON and LHC:

(E.Boos,L.Dudko,T.Ohl,EPJ99)
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Uncorrelated limits on anomalous couplings from measurements at different

machines.

FL
2 FR

2

Tevatron (∆sys. ≈ 10%) −0.18 ÷+0.55 −0.24 ÷+0.25

LHC (∆sys. ≈ 5%) −0.052÷+0.097 −0.12 ÷+0.13

γe (
√

se+e− = 0.5 TeV) −0.1 ÷+0.1 −0.1 ÷+0.1

γe (
√

se+e− = 2.0 TeV) −0.008÷+0.035 −0.016÷+0.016



FCNC couplings

• Couplings: tqg, tqγ, tqZ, where q = u, c

∆Leff =
1

Λ
[κγ,Z

tq et̄σµνqFµν
γ,Z + κg

tqgst̄σµν
λi

2
qGiµν ] + h.c.

Information on FCNC couplings come from either top pair production with sub-

sequent decays to rear modes t → q V , where V = γ, Z, g

or from additional contributions to the single top production

t

cq̄ → tq̄

t

qq̄ → tc̄

t

cg → tg

t

gg → tc̄



All present and expected limits are presented in terms of Br fractions:
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Current constraints

CDF LEP-2 HERA

BR(t → gq) ≤ 29% – –

BR(t → γq) ≤ 3.2% – ≤ 0.7%

BR(t → Zq) ≤ 32% ≤ 7.0% –



Future expectations

Tevatron LHC e+e−

t → Run II decay production
√

s > 500 GeV

g q 0.06% 1.6 × 10−3 1 × 10−5 –

γ q 0.28% 2.5 × 10−5 3 × 10−6 4 × 10−6

Z q 1.3% 1.6 × 10−4 1 × 10−4 2 × 10−4



Searches for W ′

q

W ′

q̄′ t

b

W

b̄

L =
Vqiqj

2
√

2
gwqiγµ

(

aR
qiqj

(1 + γ5) + aL
qiqj

(1 − γ5)
)

W ′qj + H.c. , (1)

The notations are taken such that for so-called SM-like W ′ aL
qiqj

= 1 and aR
qiqj

= 0.
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Signatures for both t- and s- single top production channels: pp̄ → lνlbb̄(q)

isolated charged lepton + missing energy + one or two b-jet(s)

+ zero or one “forward” hadronic light jet

The problem of background reduction is significantly more serious in single top

searches comparing to the top pair

- smaller invariant mass (ŝ) threshold and therefore larger backgrounds

- less number of final high Pt jets and therefore stronger W±+multi-jet back-

ground

- rather soft second b-jet which makes its tagging less efficient

- top pair production itself gives a significant background contribution

One needs to generate signal and background events as accurate as possible



Problems and requirements for a generator for the single top signal:

• Double counting and negative weights

• Matching of various NLO 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 used for the single top signal:

SingleTop - generator based on CompHEP (PYTHIA and NLO computations)



LO order and representative loop and tree NLO diagrams to the t- and s- channel

single top production



s-channel at NLO and LO times a K-factor of 1.54 (Zack Sullivan)
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t-channel

Splitting on pt of the b-jet (b-jet not from top decay)

2 → 2 with ISR at ”small” pt region

(CompHEP + ISR from PYTHIA)

2 → 3 at ”large” pt region

(CompHEP)

( for both cases with spin correlated 1 → 3 top subsequent decay)

The separation parameter (P0)
b
t of ”small” and ”large” pt regions is turned such

that:

1. The total rate is normalized to the NLO rate

σ2→2 |P b
t <(P0)b

t
+σ(2→3) |P b

t >(P0)b
t

= σNLO

2. The distributions are smooth



Matching CompHEP&PYTHIA(2 → 2) and CompHEP (2 → 3) distributions (P q
T

> 20 GeV)

including deays 2 → 4 and 2 → 5 (LHC )

CompHEP (tqb+ISR) and Pythia (tq+ISR) processes, PTb cut = 20 GeV
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Matching CompHEP&PYTHIA(2 → 2) and CompHEP (2 → 3) distributions (P q
T

> 10 GeV)

including deays 2 → 4 and 2 → 5 (LHC )

CompHEP (tqb+ISR) and Pythia (tq+ISR) processes, PTb cut = 10 GeV
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Comparisons with MCFM for top decay products (t-channel):

Transverse momentum and pseudorapidity of l and νl from top decay
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Часть II: Экспериментальное 
наблюдение одиночного 
рождения топ кварка на 
детекторе D0

Коллаборация DZero: 600 человек, 90 институтов, 19 стран

Группа DZero Single Top:   Группа DZero Single Top:   
E. Aguilo,E. Aguilo,  P. BaringerP. Baringer,  ,  A. Bean,A. Bean,  C. Belanger-Champagne,C. Belanger-Champagne,  J.A. Benitez,J.A. Benitez,
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L.V. Dudko,L.V. Dudko,  M. Erdmann,M. Erdmann,  T. Gadfort,T. Gadfort,  A. Garcia-Bellido,A. Garcia-Bellido,  C. Gerber,C. Gerber,
D. Gillberg,D. Gillberg,  G. Gutierrez,G. Gutierrez,  P. Gutierrez,P. Gutierrez,  A.P. Heinson,A.P. Heinson,  U. Heintz,U. Heintz,  S. Herrin,S. Herrin,
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M. Perflov,M. Perflov,  C. Potter,C. Potter,  H.B. Prosper,H.B. Prosper,  R. Schwienhorst,R. Schwienhorst,  E. Shabalina,E. Shabalina,
J. Steggemann,J. Steggemann,  T. Tim,T. Tim,  C. Tully,C. Tully,  M. Vetterli,M. Vetterli,  B. Vachon,B. Vachon,  G. Watts,G. Watts,  M. WeberM. Weber  





Историческое введение
schannel     tchannel   

Theory NLO cross section:                                          0.88 pb      1.98 pb

                                                                95% CL upper cross section limits [pb]:
Run I (100 pb1)
  D0 (Phys.Rev.D63:031101,2001; Phys.Lett.B517:282294,2001)      17               22
  CDF (Phys.Rev.D65:091102,2002)                              18               13
Run II
 CDF (160 pb1; Phys.Rev.D71:012005,2005)                13.6           10
 D0 (230 pb1; Phys.Lett.B622:265276,2005)                 6.4             5
         D0 230 pb1, Comparison of the analysis methods:
                             Cut based analysis                               10.6           11.3
                             Decision Tree                                        8.3             8.1
                             Neural Net                                             6.4             5



Предварительный отбор событий



Моделирование и Данные
● Сигнал: NLO генератор SingleTop
● Фон:

– ttbar (l+jets, ll+jets), ALPGEN, MLM matching, NLO 
нормировка

– W+jets (Wjj, Wbb, Wcc, ...), ALPGEN, MLM matching, 
нормировка на данные

– Multijets Fake (jbb, jjbb, ...) одна из струй (j) 
идентифицируется как лептон, фон оценивается из 
данных

● Данные (предварительный отбор, без btagging)
– echannel 913 pb1, 39762 события 
– muchannel 871 pb1, 27738 событий



Определение фракции W+jets и
QCD Multijets Fake событий в Данных
● Matrix Method определяет фракции событий с 

реальным и ложным лептоном до btagginga, 
вероятности ложной идентификации определяются 
из анализа событий Z>ll

Loose, tight 
критерии 
идентификации
лептона



W+jets (зеленый), Multijet fake (коричневый), ttbar (красный), Данные



Результаты первичного отбора



Оптимизация регистрации сигнала

Angular Correlations     



Method of Optimal Observables
● Provides general receipt how to choose most effective     

variables to separate Signal/Background
● Based on the analysis of Feynman diagrams which          

contribute to signal and Background
● Described in different examples:

✗ Higgs search hepph/0406152 p.6971 
(E.Boos and L.Dudko)

✗ Single Top search AIHENP'99 (E.B. and L.D.),              
hepph/9903215  and D0 publications on                          
Single Top Search

✗ Proceedings of TEV4LHC workshop



Three Classes of Variables
● “Singular” Sensitive Variables
    (denominator 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 corresponding distributions will differ 
most strongly
schannel singularities tchannel singularities



Three Classes of Variables

● “Angular” variables, Spin effects
   (numerator of Feynman diagrams)

● “Threshold” variables
   s_hat and Ht variables relate to the fact that various signal and 

background processes may have very different energy thresholds















Constrain |Vtb| to physical region
and integrate: 

First direct measurement:
|Vtb| = 1.3 +/ 0.2






