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% Outline of a new NLO calculation in the

four-flavor scheme

N2

¢ Results and comparison with the traditional

five-tflavor approach

A

s¢ Conclusions
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VWHY STUDY TOP QUARKS™

24 It's a recent discovered fundamental particle
P
(CDF and D@ collaborations)

5¢ Pair production mm 1995

¢ Observation of EW production in March this year

N

¢ Direct measurement of Vi

€ It's heavy: 173.1 + 0.6(stat) = 1.1(syst) GeV

¢ It has a short lifetime ~5-10%°s

¢ Study of ‘bare’ quarks: spin correlations
unperturbed by hadronization

Rikkert Frederix, University of Zurich



TOP IS HEAVY

¢ Heavy top due to large Yukawa coupling
Mtop = Atopv/\/i

% Numerically A\, ~ 0.99

2 Large coupling to the Higgs boson

2 Large radiative corrections to the Higgs boson mass

w2 0 \2 2 2 2 2
% my = (my)° - (—4mt+2mw—|—mz—|—mﬂ—)

¢ This fine tuning 1s known as the ‘hierarchy problem’
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POSSIBLE SOLUTIONS TO..
THE HIERARCHY PROBLEM

0 Weakly coupled models at the TeV scale,
e.g. "Supersymmetry or Little Higgs”

¢ Strongly coupled models at the TeV scale,

e.g. Topcolor assisted technicolor” or “top see-saw”

¢ New space-time structures,

e.g. ADD" or “RS”

KA

% Other 1nteresting class of models relevant for top
quark phenomenology: extended quark sector, 1.e.

extended CKM matrix

Rikkert Frederix, University of Zurich







SINGLE TOP
PRODUCTION

Contrary to top pair production, single tops are not
produced via the strong force, but by the weak force

Al

¢ There are three distinct® production mechanisms, named
after the virtuality of the W boson

t channel

v § Chhannel

W associated single top production

* There are interferences between the three channels at (N)NLO, but they are color
suppressed and do not hamper the separation in (most) phenomenological studies
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T-CHANNEL SINGLE TOP

¢ Already thought of more than 20 years ago
Dicus e5 Willenbrock, PRD54, 155 (1986) q

t-channel enhancement over s-channel growth

b

¢ more available phase space

o IlHC' (1'4 TeV), CTEQ6.6 ]

wneen ] o Large cross section at LHC

o0 (2-3) [fb]

For very heavy quarks single top

dominates -- t’ searches

% Sensitive to Vi,, FCNC, ...

ey 5k NLO corrections by
0 Bordes ¢5 Van Egk (1995); Harris et al. (2002); Campbell et
t al. (2009); Q.-H. Cao et al. (2005); Frixwne et al. (2000)
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S-CHANNEL SINGLE TOP

q

s Just like Drell-Yan

—/

q
Falls off with increasing mass in a similar way to

top pair production

2 Sensitive to New Physics resonances

valence structure: relative enhancement due to
anti-proton
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Nt
Z
=

2¢ Irrelevant for Tevatron, due to gluon

luminosity and kinematics l
Belyaev et al., PRD59, 075001 (1999); Tact, PRD61, 059001 (2000)

2¢ Can play significant role at the LHC
(not least as background - e.g. to H = WW")

“¢ Very similar top pair production with possible large
interference effects between the two -- careful treatment at

NLO
Campbell ¢5 Tramontano, NPB726, 109 (2005); Frixione et al. JHEP 0807:029 (2008)

2¢ Ditferent from s- and t-channel production due to (hard)
strong coupling at LO
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HEAVY INITIAL STATE
QUARKS

¢ Both the t-channel as well as the Wt associated production
have a (heavy) b quark in the imtial state

q q g ‘ t
z J
b t 0 W
2t There 1s an equivalent description with a gluon splitting to

b quark pairs

q q g
g ‘ b g

b

t
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COLLINEAR LOGARITHMS

Al

¢ Both t-channel and Wt production are enhanced by a
collinear logarithm

Al

2 This results from integrating over a t-channel

propagator 1 1 q
2

t—my p%%—m% \])/[/
2

t = (ps — pg)°, PT = Pt

)

2
pT,max dp?r

5¢ Contribution to the cross section: / 5 5
0 pp + my

¢ Coethcient of the logarithm 1s: .

matrix elements

AP splitting 9 —a4q

: with splittin
function P S

removed
Rikkert Frederix, University of Zurich



RESUMMATION INTO PDF =

. do(qg — ¢'tb) g dx
S Puttlng 1t together legPT,maX ~ (%) / . Pg—>qqu X U(Qb — q/t)

s¢ But the first part resembles the evolution equation for a quark:

df dx
dloquQ - (27'(')/ . [ g—>qqu—|—Pq_>qgfq}

Al

¢ So when the logarlthms really dominate, we can replace this

description by (g9 — ¢'tb) ~ o(qb — ¢'t)

¢ Scale of the bottom quark PDF should be related p1max

Ay

2 At all orders both description should agree; otherwise, ditfer by:
% evolution of logarithms in PDF: they are resummed
“¢ ranges of integration (obscured here)

¢ approximation by large logarithm

Rikkert Frederix, University of Zurich



ACOT FORMALISM

¢ Sensible way to combine the two approaches was formally identified
some time ago: ACOT formalism  Aivazis, Colling, Olness &3 Tung, PRD50, 5102 (1994)

L Roughly use the bottom PDF ("5 flavor scheme”, 2 = 2) when the
“spectator b” 1s not important, otherwise keep 1t explicit (“4 flavor
scheme”, 2 = 3)

Al

¢ But what to do 1n the intermediate region?

Al

s Demdmg factor -- snnpler to calculate with one less external leg

q

Al

e All hlgher order calculations
so far have been performed

in the 5F (2 = 2) scheme b

¢ Terms from 4F (2 = 3) enter at NLO.
Properties of spectator b are only LO

Al

# All calculations presented so far set mp=0 in tinal state for simplicity
Rikkert Frederix, University of Zurich




BACKGROUNDS

2t Large backgrounds from W+jets and top pair
production -- much bigger than the original estimates

A
CDF Run Il Preliminary, L=2.2fb"

All detectors
[l s-channel .

[ t-channel a

A W+light

se A very challenging

measurement indeed

W+charm
I W+bottom | ]

Non-W T
B z4jets
I Diboson
it

¥ CDFData ||

'\E_vents
o
S

Detailed information

Candidate

about signal and

backgrounds is required

to extract a signal
W+1jet W+2jets W+3jets W+4jets

CDF Note 9711
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OBSERVATION!
(MARCH 4, 2009)

181%,
m=175 GeV m=170 GeV
\

.
.

CDF Run Il Preliminary, L = 3.2 fo"

(S}

DG 2.3 fb”

o measured

=3.94 +0.88 pb
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o €xpected

= 3.50*2-27 pb

o
-

Posterior Density [pb™]

°IIIIIIIIIIIIIIIIIIII

2
»
@
)
o B
2 F
=
S L
el
° £
o.
. £
o
| -
3
®
[
m —_—

(=

2 4. 6
tb+tgb Cross Section [pb]

Single Top Cross Section [pb]

arXw: 0905.0885 arXw: 0905.0850

Vi > 0.71(95% C.L.) Vi > 0.78 (95% C.L.)
assuming |Vip| >| Vis|, |Vial
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SIGNATURES OF S- AND
T-CHANNEL EVENTS

¢ To release this constraint q
we need to have a closer
look at s- and t-channel
signatures

Al

“¢ s-channel events have 1n general one more b jet 1n the final state,

roughly: /

b-tag: t-channel event

b-tags: s-channel event

Al

¢ In the CDF and D@ analyses it 1s assumed that these signatures
do not change due to non-standard CKM. This 1s what 1s meant

by: assuming |Vip| =>| Vis|, |Vidl

Rikkert Frederix, University of Zurich




MORE SUBPROCESSES

q/ - H/td‘QO_l:Z—ch 4+ |%S|20_g—ch 4+ |%b‘20_l‘g—ch

Enhancement due to
large d and s densities

~ (Vial® + [Vis|* + [V [*) o™

Signal becomes similar to
t-channel (only | b-jet)

['(t — Wb) Vip|?

R: p—
It — Wq(=d,s,0))  [Vial]® + [Vis]? + |V |?

Exp: R > 0.79 @ 95% C.L. =

o+
Rikkert Frederix, University of Zurich4» [



MORE SUBPROCESSES

q/ - H/td‘QO_l:Z—ch 4+ |%S|20_g—ch 4+ |%b‘20_l‘g—ch

Enhancement due to

RS > [VilPol™ " + 2(|Vigl* + |Vis[*)o® ™"

1=b,s,d
R H/tb‘Q O_S—Ch
t-channel (only T b-jet)

t g De—wh Viol?
\{ F(t — Wq(: d, s, b)) ‘V;td|2 _|_ ’%8‘2 _|_ |‘/tb’2
W q, V]
/

i . 0
Rikkert Frederix, University of Zurich4» Al EXP : R> 079 @ 95 /0 C L. 18




CONSTRAINTS ON 3RP

OF THE CKM MATRIX
Vea| vs [Ves| [Vea| vs [Veo|  [Ves| vs [Vs
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Vid i Vi

Alwall et al., Eur. Phys, J. C49 791 (2007); RE 1op2008 Conf. Proc. (2008)

Warning: theory plots, proper experimental analysis needed!
Rikkert Frederix, University of Zurich e




NEED FOR MATCHING IN T
SF (2 — 2) APPROACH

q q
¢ At LO, no final state b quark z

2 At NLO, effects related to the spectator b only enter at thls order and
not well described by correspondlng MC 1mp1ementat10ns

Al

¢ “Effective NLO approximation’: separate regions according to pt(b)

and use (N)LO 5F (2 = 2) + shower below and LO 4F (2 = 3) above
/ do/dP (b), pb/GeV dNyeni/dP7(b), GeV~! \

Sum
Booos et al., CompHEP, P;(b) > 20 GeV

Phys. At ! PYTHIA, P, (b) < 20 GeV
Nucl. 69, 1517
(2006)

matched
at 10 GeV

0 10 20 30 40 50 60 30 40 30
N Pr(b) (bin = 1.00 GeV)

Al

¢ Ad hoc matching well motivated, but theoretically unappealing

¢ Done 1n a formally consistent way in MC@NLO

Rikkert Frederix, University of Zurich




NEED FOR MATCHING IN T
SF (2 — 2) APPROACH

¢ All current single-top analyses are based on such a matching!

he need for matching builds on three “prejudices”

¢ Effects of the resummation are important: use the 2 = 2 calculation

prediction of the spectrum of the b to NLO

Rikkert Frederix, University of Zurich



NEED FOR MATCHING IN T
SF (2 — 2) APPROACH

¢ All current single-top analyses are based on such a matching!

he need for matching builds on three “prejudices”

¢ Effects of the resummation are important: use the 2 = 2 calculation

Matching (N)LO 2 = 2 and LLO 2 = 3 for the b’s promotes the
prediction of the spectrum of the b to NLO

Question: truths or myths?

Rikkert Frederix, University of Zurich






FOUR-FLAVOR SCHEME

2t Use the 4-flavor (2 = 3) process as
the Born and calculate NLO

s Much harder calculation due to
extra mass and extra parton

“¢ Spectator b for the first time at NLO

2t Compare to 5F (2 = 2) to asses logarithms and
applicability

2 Starting point for future NLO+PS beginning at (2 = 3)

Rikkert Frederix, University of Zurich



FACTORIZATION IN 2 — 2°

2 NLO 5F (2 = 2) simplifies greatly due to color:

q q

0

g

Vanishes: Tr[t*]=0 Interterence between t and s
channel vanishes: Tr[t*]=0

Rikkert Frederix, University of Zurich



FACTORIZATION IN2 — 3

¢ The same arguments still mostly apply to the 2 = 3

¢ No mixing between light and heavy quark lines
from the virtual corrections

Vanishes: Tr[t?]=0

Rikkert Frederix, University of Zurich



VIRTUAL CORRECTIONS

2 Corrections to the light quark line (same as for 2 = 2)

2 Three boxes

2 Six triangles \\%/:/
SR NI
% Two bubbles 5 \E
v +
T —

¢ Analytic computation of helicity amplitudes using

standard techniques -- top spin 1s available
Rikkert Frederix, University of Zurich
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FACTORIZATION IN 2 — 340
REAL EMISSION

¢ Most real corrections can also be uniquely assigned to

the light or heavy quark line, e.g.

q q q

t
g
b

) )
Correction to heavy line Correction to light line

Interference 1s zero due to color: Tr[t?]=0

Rikkert Frederix, University of Zurich



NEAR FACTORIZATION

S

¢ Not all real emission pieces

)

factorize so neatly, but
non-factorizing pieces are

always color-suppressed q

.

2« Split the (sub-leading) terms equally
% We can use different renormalization and
factorization scales for heavy and light quark
currents

Rikkert Frederix, University of Zurich



INTERFERENCES

%¢ s-channel and t-channel contributions mix at this order,
although color-suppressed. We have checked that the

interference 1s small (<0.5%) and can be dropped

/ q/
' g
N t ) %A<t
J %4
g b i b

2 There 1s also interference with top pair production, but this
vanishes in the narrow width approximation and 1s not

included

q ! : q
q 4

i W 4 | t
b q

Rikkert Frederix, University of Zurich



SUBTRACTION TERMS

Only the sum of real and virtual emissions 1s finite

2 For implementation in MC program we need to subtract
divergences 1n real and virtual emission separately

NO_ [ [awonqwon] o [ [[ gty [0
m+1 m | Jloop 1

¢ We use the dipole subtraction method
Catant e5 Seymour (1997); Catani et al. (2002)

2« Excellent agreement found with independent check
against Malepole RE Gebrmann ¢5 Greiner (2008)

Rikkert Frederix, University of Zurich



CHECKS OF THE
CALCULATION

Real emission including subtraction terms checked against

MadGraph & Malepole RE Gebrmann e Greiner (2008)

¢ Gauge invariance, CP + m¢ < my symmetry

7\

Two different reduction schemes

Most interesting check comes from crossing the whole calculation
/ 6_ b
Change couplings, 7

t m¢ — mbp, sign of

| boson virtuality \
g b et b
Navon ¢> Oleart, NPB 521, 257 (1998)

q q

¢ Excellent agreement found

Rikkert Frederix, University of Zurich



code

SETUP

¢ Process implemented in the MCFM parton-level NLO

% Use m¢=172 GeV and mp=4.7 GeV
2 For the 5F (2 = 2) scheme, use regular PDF

¢ For 4F (2 = 3) calculation, PDF’s need special treatment

for consistency

=

cou

=

#¢ the b quark should not enter the evolution of the strong

bling or the PDF: MRST2004FF4

R ]
»~ COUL

d also use a 5F PDF and pass to the 4F scheme

using transition rules by Cacciari et al., JHEPO5, 007 (1998)

¢ We use second option: CTEQG6.6 PDF set for both

Rikkert Frederix, University of Zurich



‘5 @?’

4 FLAVOR CALCULATION, .-
5 FLAVOR PDF

M. Cacciart, M. Greco, P Navon, JHEPO5, 007 (1998)

Al

2 To the calculation 1n the 4 flavor scheme add

Al

2t For each imitial state gluon include a term to compensate

for the smaller gluon luminosity in a 5F PDF:

1F
—o,— 1o

37

¢ For each QCD coupling in the Born compensate for the

running of the coupling:

T
_&S F lOg ILLR MBOTH
37T mb

Rikkert Frederix, University of Zurich



SCALE DEPENDENCE

I T T I T T T I I T \\V/

23 3 7 J
g**3 at NLO (solid) and LO (dashed) in pb | fI’ om [ O

2 5F (2 = 2) only mildly
sensitive to scales at NLO
(use m¢ in what follows)

2 4F (2 = 3) expected to be

worse, but 1sn’'t much

Al

¢ Hardly a region of overlap
between the two

2 AF (2 = 3) prefers smaller
Y ' scales than my, particularly at
u/m, the Tevatron

Rikkert Frederix, University of Zurich




2

S

heavy line, as expected

Preference for scales smaller
than m;¢

Choose central values:

pr =me/2, g = my/4

Rikkert Frederix, University of Zurich

SCALE DEPENDENCE 2 —

¢ Due to the near-factorization between the heavy and hght quark
lines we can vary the corresponding scales independently

s Expect smaller scale for heavy line due to g — bb splitting

heavy scales

<7l(2l |—> 3) at NLIO (solild) alnd |I_‘Ol(dlaslhlec;) in fb (,u,l"=1'nt/l4)

| o(2 » 3) at NLO (solid) and LO (dashed) in fb (u'=m,/2) | ﬁxed,

/ight varying

light scales
fixed,

{heavy varying




TOTAL RATES AND

THEORY UNCERTAINTIES

¢ Estimate of the theory uncertainty:
¢ iIndependent variation of renormalization and factorization scales by a factor 2
¢ 44 eigenvector CTEQ6.6 PDF's
% Top mass: 172 £ 1.7 GeV
% Bottom mass: 4.5 + 0.2 GeV

ol (t+ 1) 2 — 2 (pb) 2 — 3 (pb)

140.05 +0.20 4+0.06 +0.05 10.16 +0.18 40.06 +0.04
Tevatron Run 11 1.96 T5'07 L0716 ~0.06 —0.05 187 T5'51 L0115 —0.06 —0.04

LHC (10 Tev) 130 72 *3 +2 2 124 ¥2 2 2
LHC (14 TeV) YT - o = 234 1 2+

\

Fac. & Ren. scale b mass
top mass

Rikkert Frederix, University of Zurich PDF



Tevatron, mt=172 GeV LHC, mt=172 GeV

- 5F (2 » 2) 4F (2 » 3)

opolt+t) [pb]
oolt+t) [pb]

scale (dots)
+ PDF (dashed)

- scale (dots)
-~ + PDF (dashed)

Al

s Conservative combination of scale and PDF uncertainties
¢ PDF uncertainty dominant at Tevatron, but not at the LHC

s¢ Consistent at the Tevatron: logarlthms not so 1mportant?

¢ For the LHC, the minor difference could point to either

2 large logarithms being resummed

¢ the need for a NNLO calculation in the 5F (2 = 2) scheme
(for which the 4F (2 = 3) NLO already forms a part)

Rikkert Frederix, University of Zurich




TOP QUARK DlSTRlBUTlON

dashed daz-»z/ d'n top quark E _dashed doz"z/d'n 11ght ]et
F solid: do2*3/dn ] " [ solid: do?*8/dn
[ normalized ] " normalized

Tevatron
- LHC

dashed doz"z/ dp

solid: do?*3/ de
normalized

dashed daz"z/ dp
solid: do?*3/ de
normalized

Pr(t) (GeV)

Jet defined by: pr>15 GeV, AR > 0.7

p.(J) (GeV)

Some differences, but typically of the order of ~10% in the regions

where the cross section 1s large
Rikkert Frederix, University of Zurich




BOTTOM QUARK

s | R T — T e S A S B A B
F dashed: do®*%/dn - Spectator b - dashed: do®*?/dp, 0.06 [
- solid: do®*3/dn g ' solid: dg?*3/dp,, :
 normalized B ' normalized 0'04;

0.02¢

1 0.00° E
"0 5 10 15 20 25 -

[ Tevatron
—LHC

AN

(5) p(B) (GeV)

First NLO prediction for this observable

More forward and softer in 4F (2 = 3), particularly at
the Tevatron

¢ Dewviations up to ~ 20%

Rikkert Frederix, University of Zurich



MORE BOTTOMS IN 4F

A

¢ Event though b quarks in the 4F (2 = 3) scheme are more forward

and softer, we expect to see more b’s than in the 5F (2 = 2)

% In 8F (2 = 2) only a subset of real emission diagrams have a
final state b quark

Al

¢ Define “acceptance” as the ratio of events that have a central, hard
b over inclusive cross section:

a(|n(d)] < 2.5, pr(b) > 20 GeV)

Oinclusive

Rikkert Frederix, University of Zurich



i I ' ' T I
F Acceptance: o(jn(b)|<2.5, p(b)>20 GeV)/o in %

Al

2 Very large scale dependence
for 5F (2 = 2),
— effectively a LO quantity

% NLO 4F (2 = 3) much
stabler

2 = 3 LO underestimates
the uncertainty

— 2 - 2 at NLO (solid)
[ 2 5 3 at NLO (solid) and LO (dashed)

¢ Striking difference at the

Tevatron! 0.2 0.5 1.0
p/m,

Rikkert Frederix, University of Zurich



O
Q.

7

____MCFM
2—3 NLO

___ D0 CompHEP
+Pythia

___ DO CompHEP
parton level

___MCFM
2—-3 NLO

___ D0 CompHEP
+Pythia

D0 CompHEP
parton level

T

ac/ap [pn/uew\

IIIIIIII|IIII|IIII|IIII|IIII|lIII|IIII|III
I

| T T T T T Coa v v b b v b b Lo o 1

-4 -2 0 2 4 6 0 10 20 30 40 50 60 70 80 90 1
spectator b n , spectator b P, [GeV
)y

|
0
]
|

2 Results look pretty good!

RE Fabio Maltoni ¢5 Retnbard Schwienbhorst

43
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ACCEPTANCE

Al

2 Very large scale dependence
for 5F (2 = 2),
— effectively a LO quantity

CDF,
% NLO 4F (2 = 3) much

stabler ™

40t

2 = 3 LO underestimates
the uncertainty

¢ Striking difference at the
Tevatron!

Rikkert Frederix, University of Zurich

i I ' ' T I
F Acceptance: o(jn(b)|<2.5, p(b)>20 GeV)/o in %

30 |

— 2 - 2 at NLO (solid)
[ 2 5 3 at NLO (solid) and LO (dashed)

0.2 0.5 1.0
p/m,




CONSEQUENCES FOR
SINGLE TOP OBSERVATION?

\\/

2 Naively:
“* No change in total cross section (s +t channel)

% Measured t channel goes up, s channel goes down

[~

!
K

¢ More events that were considered s channel before are
in fact t channel, because more t channel events have
also a spectator b quark

q t
>«XVN<
q b

Rikkert Frederix, University of Zurich
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. - N ot P
O U AN WL A O

t-channel cross section [pb]

o

*

005
s-channel cross section [pb]

S AND T CHANNEL
SEPARATION AT CDF

N\

CDF Il Preliminary 3.2 fb™ Aln(L)

(part of) this 2 sigma

deviation?

%¢ We are in contact with
CDF and DO single
top groups to address

1152253354455 these 1ssue

CDF note 9716

Rikkert Frederix, University of Zurich



| 4 _ ‘\i _\_ .i:

Single top has just been observed with a significance larger than 5 S.D.

Simple improvement possible for a more model-independent
determination of |Vl, 1.e. relaxing the constraint that [Vipl>>IVil, [Vidl

# Comparison of NLO computations of t-channel single top (in the 4F
and 5F schemes) allows for the exploration of theoretical assumptions
and prejudice.

Al

% The two calculations are 1n excellent agreement at the Tevatron, but

marginal at the LHC.

% Spectator b distribution predicted at NLO throughout entire phase
space

Probably a significant impact on discrimination of t- and s-channel

events for CDF (D@ 1s probably in good shape)

Rikkert Frederix, University of Zurich






SPECTATOR B QUARK
MASS IN 2 — 2

Al

¢ A non-zero b quark mass can be used in real emission
diagrams

* Explicit logarithm cancelled using the ACOT

formalism

I
spectator b —

% Negligible effect on i 40(2 ~ 2)/apy(5) at NLO -

normalized to 1 at 20 bin _

total rate, distributions - 5 Y e
. . i massive b if final state (solid) 7
of top & light jet

Al

2 Significant effect on

the b quark -- “diverges”

for my=0 at zero pr

Rikkert Frederix, University of Zurich



PDF CORRELATION

PDF correlations, CTEQ6.6 o

Tevatron

—
0
Sy

—_

—~
2

U
a2
~

Q
-l
=

b

=
o o
LI | L | LI | LI | LI | 1

940 960 980 1000 1020 1040
ono(R>R) [fb]

PDF correlation between 2 = 2 and 2 = 3 (almost) 100%

Rikkert Frederix, University of Zurich



TEVATRON VS LHC

top pair (LLO)

Cross section 1n pb (percentage from gg)

1.96 TeV

14 TeV

2

1.08 (26.8%)

537 (86.7%)

ppbar

5.62 (5.07%)

554 (83.7%)

s-channel single top

(t+tbar) (LO)

Cross section in pb

1.96 TeV

14 TeV

21

0.578

3.29

ppbar

0.226

&%

Rikkert Frederix, University of Zurich




