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Introduction 1

Top quark heaviest known elementary particle
Yukawa coupling X\, ~ 1 = link to EW symmetry breaking:

e top-loop corrections to My = hierarchy problem

= top-partners in BSM models (stop in MSSM, T in Little-Higgs... )

Top established at Tevatron:
plethora of measurements (r., spin correlations, charge asymmetry. ..)
room for new phySiCS (Vip, FCNC tcZ -couplings, heavy resonances in tt...)

Top quark precision physics: Mass of e Top Quatk
COF-diepton  — 167.4+114cws:4s
Ao-tt_/o-tt ~U 7% . Amt/mt < 1% D!D-Idl\eptpon—.— 168.4 +12 81235 26)
COF-ildiepton* 1706+ 3.8 22231
= Challenge for theory! (Focus of this talk) |0 — 17"
D@l lepton+jets T T 1800 5.3 cass o
CDF-ll leptonjets * 173.04 1.2 o721y
Large LHC cross section o,;(14TeV) ~ 900 pb otintert i
-1 alljets 186.0 £11 56100551
CDF-Il alljets B 1748+ 25 @129
+ Plenty of tops to study Ol e
X/dof = 6.1/10 (81%)
| | | | | |

Background for other processes w e wp
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Top quarks at hadron colliders 2

Top-pair production

QCD production, two LO subprocesses:

- ) 90% - ) 10% Tevatron
qq — tt : , gg — tt
20 — 10% 80 —90% LHC7 - 14
(NLO QCD corrections (Nason, Dawson Ellis 88,Beenakker et.al. 89/91,...)
EW corrections (Bernreuther/Fuecker/Si; Kithn/Scharf/Uwer, 05/06)
Parton shower matching (Frixione/Nason/Webber 03, Frixione/Nason /Ridolfi 07) )
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Top quarks at hadron colliders 2

Top-pair production

QCD production, two LO subprocesses:

_ = ) 90% -] 10% Tevatron
qq — tt : , gg — tt
20 — 10% 80 —90% LHC7 - 14
(NLO QCD corrections (Nason, Dawson Ellis 88,Beenakker et.al. 89/91,...)
EW corrections (Bernreuther/Fuecker/Si; Kithn/Scharf/Uwer, 05/06)
Parton shower matching (Frixione/Nason/Webber 03, Frixione/Nason /Ridolfi 07) )

Single top production

EW production ~ V;,, LO Production channels

+ - 0. 1.1 14 TeV
i Y 0.54pb bg — 7 5pb b — Wt 0.14pb e
7.8pb 150pb 44pb LHC14
(NLO QCD (Smith/Willenbrock 96; Giele et.al. 96; Stelzer et.al. 97...)
EW corrections (Beccaria et.al. 06)
Parton shower matching (Frixione et.al. 05; Alioli et.al. 09; Re 10))
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Top quarks at hadron colliders 3

Hadron collider cross sections from QCD factorization

(Collins, Soper, Sterman)

onn'(s) = Z/dib‘ld@ Inp (@i, pp) Iy (T2, pof) Gppr (ST122, f1f)
pp’

® 5,,:. partonic cross section: compute in perturbation theory

e f,n(z): Parton distribution function for parton p in hadron N :
fitted to experiment
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Top quarks at hadron colliders 3

Hadron collider cross sections from QCD factorization

(Collins, Soper, Sterman)

onn'(s) = Z/dwldw Inp (@i, pp) Iy (T2, pof) Gppr (ST122, f1f)
pp’

® 5,,:. partonic cross section: compute in perturbation theory

e f,n(z): Parton distribution function for parton p in hadron N :
fitted to experiment

PDF uncertainties for top: (e.g. Guffanti/Rojo arXiv:1008.4671 [hep-ph] )

| CTEQ6.6 | MSTW2008 | NNPDF2.0 || ABKMO09 | HERAPDFL.0
N0 (7TeV)(pb] ‘ 147.7 + 6.4 ‘ 159.0 + 4.7 ‘ 160.0 + 5.9 H 131.9 4 4.8 ‘ 136.4 + 4.7

e Different o, values

e Differences in gluon pdf at Iarge  ( impact of Tevatron jet-data)
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Total ¢t cross section

Experimental knowledge of ¢t cross section:
Tevatron: Ao, =6.8% ; LHC Goal: Aoy ~ 5%

Sensitivity to m;, gluon PDFs,

Theory

YTY‘YTY‘Y/TY‘YX'V‘Y

—@— Measured g
Nadolsky et al., PRD 78, 013004 (2008)
Cacciari et al., JHEP 09, 127 (2008)

Moch and Uwer, PRD 78, 034003 (2008)

TTT

TTT

DG, L=1fb"

L ‘1‘80‘ L ‘]é()‘
Top Mass (GeV)

Assume m=172.5 GeV/c’

Dl\e(ri‘:g1 ) 7.40+0.58 +0.63£0.45

Lepton-jets (topological
46

(L= 7.82+0.38£0.37 £0.15

Lepton+jets (b-tagged)
a3t 7.32+0.36 £0.59+0.14

(L=

AH-I(wfgrzﬂ.;iib,‘) 7.21£0.50+1.10+0.42
MEE:?;‘?H“) 7.99+0.55+0.76 + 0.46
ME(T::zlss.j;;?) 7.11+0.49+ 0.96 + 0.43

(stat)  (syst)  (lumi)

o(pp — tf) (pb)

status: NLO + higher-order soft gluons = Ac,; ~ 10%
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Total ¢t cross section

Experimental knowledge of ¢t cross section:
Tevatron: Ao, =6.8% ; LHC Goal: Aoy ~ 5%

Sensitivity to m¢, gluon PDFs, ...

Q
2 4

12

10

—@— Measuredg,
Nadolsky et al., PRD 78, 013004 (2008)
Cacciari et al., JHEP 09, 127 (2008)

Moch and Uwer, PRD 78, 034003 (2008)

DG, L=1fb"

DDDDDDDD

All-hadronic

S

MET+2/3jets |

Assul

7.40+0.58+0.63 £

7.82+0.38£0.37 £

7.32+0.36£0.59+

721+£050+1.10+

7.99+055+0.76 +

7.11+£0.49+0.96 +

me m=172.5 GeV/c?

0.45

0.15

0.14

0.42

0.46

0.43

(stat)  (syst)  (lumi)

PRI SRR
150 160 170

T80 190"
Top Mass (GeV)

— 8_
o(pp — tt) (pb)

Theory status: NLO + higher-order soft gluons = As,; ~ 10%
Building blocks for NNLO:

[ tWO—lOOp tt, (m: — 0: Czakon/Mitov/Moch 07;
qq : Czakon 08; Bonciani et.al. 08/09)

e one-loo

e tree

p tt+j
tt squared
(Korner et.al. 05-09,

tt + jj

(Dittmaier/Uwer/Weinzierl 07)

Anastasiou/Mert-Aybert 08)

(IR subtraction: Czakon 10)
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Soft-gluon resummation 5

NLO corrections to otot enhanced for g = /1 —4m?/3 — 0

Soft corrections: (Resummation in Mellin space: Sterman 87; Catani, Trentadue 89,
Kidonakis,Sterman 97, Bonciani et.al. 98, ...)

Coulomb gluon corrections (Fadin, Khoze 87; Peskin, Strassler 90, NRQCD,. . .)
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Soft-gluon resummation 5

NLO corrections to otot enhanced for g = /1 —4m?/3 — 0

Soft corrections: (Resummation in Mellin space: Sterman 87; Catani, Trentadue 89,
Kidonakis,Sterman 97, Bonciani et.al. 98, ...)

Coulomb gluon corrections (Fadin, Khoze 87; Peskin, Strassler 90, NRQCD,. . .)

Counting of threshold corrections:

Gpp X o0 exp {lnﬁgo(as IngB)4+gi(asInfB)4+ asg(asIn3) + .. ]

N~

(L) (NLL) (NNLL)
X Z (E) « {1(LL,NLL); as, 8 (NNLL);...},

k=0
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Soft-gluon resummation 6

Application of p-summation to ¢t
e NLL summation of Ing3 terms (Bonciani et.al. 98)

e Development of NNLL resummations:

— 2-loop soft anomalous dimension (Becher/Neubert; Kidonakis;
Mitov/Sterman/Sung; Beneke/Falgari/CS; Ferroglia et.al. 09)

— soft/Coulomb factorization (Beneke, Falgari, CS 09/10)
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Soft-gluon resummation 6

Application of p-summation to ¢t
e NLL summation of Ing3 terms (Bonciani et.al. 98)

e Development of NNLL resummations:

— 2-loop soft anomalous dimension (Becher/Neubert; Kidonakis;
Mitov/Sterman/Sung; Beneke/Falgari/CS; Ferroglia et.al. 09)

— soft/Coulomb factorization (Beneke, Falgari, CS 09/10)
® NNLOapprOX (also implemented in HATHOR, Aliev et.al. 10 )
— a? expansion of NNLL (Moch, Uwer (Langenfeld) 08/09)

+ all potential corrections ( Beneke, Czakon, Falgari, Mitov CS, 09 )

3.61 1
e.g.ol? = =t ( —140.4In 3% +32.1 In 5 + 3.95)
2)

4910.21n 8* — 1315.51n 8° 4+ 592.31n 3% + 528.6 In 3 + C,f,q

e Combined 1n3, 5~ NNLL summation

( Beneke, Falgari, Klein, CS, in progress)
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Soft-gluon resummation 7

Resummation for other observables:

e Pair invariant mass cross sections (Kidonakis,Sterman 97)
do (tt log" (1 — M2
(tt) j{og( 2)] oz = Att
dM .z 1—z i S

e One particle inclusive cross sections: (Laenen, Oderda, Sterman 98)

do(t + X) log" (s4/m?) o, 5
d84 = [ S4 y S4 = pX mt
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Soft-gluon resummation 7

Resummation for other observables:

e Pair invariant mass cross sections (Kidonakis,Sterman 97)
do (tt log" (1 — M2
(tt) j{og( 2)] oz = Att
dM .z 1—z i S

e One particle inclusive cross sections: (Laenen, Oderda, Sterman 98)

do(t + X) jllogwsél/m%] =2 m
9 — MX t

d84 S4
Applications to top-pairs: 100
. N
® O(a?) expansion (Kidonakis etal. 01/03, A\
\
Ahrens et.al. 09, Kidonakis 10) \\
- [] [] 1 N
e NNLL As; distribution (Ahrens et.al. 10)
Single Top: v cordan
I NLO+NNLL
o O(Oé?) eXpanSion (Kidonakis 06-10) 00— 200 400 600 800 1000 1200

) Ahrens et.al. 10
e NNLL resummation (Zhu et.al. 10 ) ( )
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tt cross section at Tevatron and LHC 3

o (pb) Tevatron LHC7 LHC10 LHC14

+0.32+40.33 +184-8 +444-17 +97430
NLO 6.50 —0.70—-0.24 150—19—8 380 —46—17 842 —97-32

+0.004-0.36 +349 +11+17 +29+31
NNLO e (8) 7.1310004036 1o +3+9 o7 HLLELT g5 +2948
NNLO.pprox (8) + NNLL 71410131030 162 F249 407 TMHET 896 130181
(Beneke, Falgari, Klein, CS in progress )

+0.17+0.32 +7+8 +20+419 +50+30
(Ahrens et.al. 10)

0.00+0.36 7+9 17418 50+33

NNLOapprox(s4) 7.08 7021 0y 1631570 4157510y 92015575

(mt:173; Kidonakis 10)

(m; =173.1 GeV, uy = mt, MSTWOSNNLO)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

16

Application: (Moch, Langenfeld, Uwer 09)

Tevatron

MSTW 2008 NNLO
NLO

[__IN\ LOappmx

14 |

Comparison to Tevatron data: ,

o [pb]

10

mi(MS) = 160.0733 GeV Ny

= m(pole) = 168.915% GeV i t \

““““““““““““““““““““

4 LV
140 145 150 155 160 165 170 175 180
m(m)

C. Schwinn Top quark theory LHC Days Split



Including top decay 9

Top quark unstable: ¢t — oW+ — bff’

Narrow-width approximation (NWA):

) 21

= §(p® — m?
p? —m? + im 1y 21 my (p )

Civifo Limsbgsra
I'y I'y

Opp' —bbdf = Opp'—tf X

expect finite width corrections O(TI'; /m;) ~ 1%
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Including top decay 9

Top quark unstable: t — bW+ — bff’
Narrow-width approximation (NWA):

1 27
§(p* —m7)

2 2 ; =
pT —my + am 'y 20 my

Civifo Limsbgsra
T, T,

Opp’ —bbaf = Opp! —tT X

expect finite width corrections O(TI'; /m;) ~ 1%
Radiative corrections:

Sl

(Double) pole approximation

e Factorizable corrections to production/decay

e Nonfactorizable corrections

(Cancellations for oyot: Melnikov, Yakovlev; Fadin et.al. 93)

Sl

(For eme™ — W~WT™ — 4f see Berends et. al. 98; Denner et.al. 99,

Jadach et.al 99, Beneke et.al 07/08)
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Including top decay 10

Top pairs My+y: (Melnikov/Schulze 09)

e Factorizable corrections,

spin correlations, NWA oo |

[fb/GeV ]

(Bernreuther et.al. 04/10,

102 |

dMg+,

do

Melnikov/Schulze 09)

e Nonfact. corrections ( parton

1o ¢ NLO (LO decay) |
level: Beenakker, Berends, Chapovsky 99) . o " o
Single top o
e Factorizable corrections, Mino: (Falgari, Mellor, Signer 10?
NWA ol
(Campbell /Ellis/ Tramontano 04, ;E& -4f
spin-correll.: Cao et.al. 04/05) %—6 o
e Nonfactorizable corrections i
(Falgari, Mellor, Signer 10) e 140 160 180 200
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Top as background 11

Higgs production:
H—WT™W~, Hqg — WTW qq

e Background from tt, tt+ jets

o [fb] pp — tthb + X
. — 9000 —_—
o NWA underestimates tt background s} Jo ]
7000 b
(Kauer/Zeppenfeld 01) so0o |, ua:gﬂo
HEF = SHO

5000 |
4000 F
3000 F
2000 f

my = 172.6GeV |

Associated ttH production:

® t{bg, tt+ jets baCkground T
I I
. 0.125 0.25 0.5 1 2 4 8
Recent NLO-multileg progress: ¢
o [fb] pp — tthb+ X
® (tj (Dittmaier/Uwer/Weinzierl 07); e ID
5000 1
® (thb (Bredenstein et.al. 08-10); oo |5 PR /PTPTRE |
Hi = Mi/PTHPT 5§
T - 5000 b myp > 100 GeV i
® tt77 (Bevilacqua et.al. 10)
2000 f
® (1-loop amp bW TW~: v.Hameren et.al. 09) 1000 |
Complicated multiscale processes: b0 05 1y
scale choice? (Bredenstein et.al. 10)
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Summary

12

(Selected) recent theory activities for production cross sections
e Total it cross section: towards NNLO, NNLL resummation

e Corrections to top-production ®decay:

NLO-+spin correlations, nonfactrizable corrections
e Top as background: tt+j, tt +j5 at NLO
Not discussed (= TOP2010 proceedings)

e top-mass definitions

(see e.g. Hoang/Stewart arXiv:0808.0222 [hep-ph]; Corcella arXiv:1008.4498 [hep-ph])

e Charge asymmetry (BSM e.g. Ferrario/Rodrigo arXiv:1007.4328 [hep-ph];

higher order SM: Almeida/Sterman/Vogelsang 08; Ahrens et.al.; Bernreuther/Si 10)
e Spin correlations (Mahlon arXiv:1007.1716 [hep-ph] )

o TOp and BSM (tttt final states in strong EWSB, light Q = 5/3 top partners,...)
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