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Theory at LHC

— Introduction to QCD and Electroweak Physics Monday, August 03, 2009

— Higgs Physics, Supersymmetry and beyond Tuesday, August 04, 2009

Lecture 1

# The big questions

# Basics of perturbative QCD
QCD factorization for hard scattering
Parton luminosity
Jet cross sections at hadron colliders
W= and Z-boson production at LHC
Hadro-production of Top-Quarks
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Things we do know

# Elementary particles

o fermions (leptons, quarks)
(constituents of matter)

» bosons
(carrier particles of forces)
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Things we do know

# Elementary particles

o fermions (leptons, quarks)
(constituents of matter)

# bosons
(carrier particles of forces)
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The Nobel Prize in Physics 2008
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Things we want to know

The Big Questions

# What is the origin of mass?

® What is 96% of
the universe made of?

# Why is there no more
antimatter?

# Do extra dimensions
of space really exist?

Sven-Olaf Moch
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Things we want to know

The Big Questions

» Whatis the origin of mass? é ran frul"tcl' All[lf]

# What is 96% of
the universe made of? ZEITUNG FUR DEUTSCHLAND

# Why is there no more
antimatter? Verschwinden wir |

1 Loch?

# Do extra dimensions
of space really exist?
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Highest energies at colliders until 201x

Energy frontier

# Search for Higgs boson, new massive particles at highest energies
2
E=mc

Hadron colliders
# Proton—(anti)-proton collisions reach TeV-scale
s Tevatron v/S = 1.96TeV (until 2009), LHC with /S = 14TeV

# Proton: composite multi-particle bound state
» collider: "wide-band beams" of quarks and gluons

# Protons are heavy

4
» no significant synchrotron radiation ~ <—> /T
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First event in ATLAS detector

2008-09-10 10:19:10 CEST avent:JiveXML_87764_40050 run:87764 ev:40050 geometry: <default: Atlantis

an Nl Bl 55 = I
[ & ]
IRy — s - I
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Theoretical predictions for the LHC

Challenge

# Solve master equation

new physics = data — Standard Model

# New physics searches require understanding of SM background

# LHC explores the energy frontier
» theory has to match or exceed accuracy of LHC data
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Theoretical predictions for the LHC

Challenge

# Solve master equation

new physics = data — Standard Model

# New physics searches require understanding of SM background

# LHC explores the energy frontier
» theory has to match or exceed accuracy of LHC data

Tools

# LHC is a QCD machine

» perturbative QCD is essential and established part of toolkit
(we no longer “test” QCD)

# Electroweak corrections important for precision predictions
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Proton-proton scattering

# Large rates expected for many
Standard Model processes
® ow ~ 150 nb
o BR(W — e+ pu)~20%
10 fb—! gives 300M leptonic events
rate(10%° cm—2 s~ 1) ~ 30 Hz
rate(10°* cm™2 s71) ~ 300 Hz
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Proton-proton scattering

# Large rates expected for many
Standard Model processes
® oy ~50nb
s BR(W — ee+ up) ~ 6.6%
10 fb~! gives 33M leptonic events
rate(10%° cm2 s~ 1) ~ 3.5 Hz
rate(10°* cm™2 s71!) ~ 35 Hz
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Proton-proton scattering

# Large rates expected for many
Standard Model processes
® 0,7 ~ 800 pb
o BR(W — e+ pu)~ 30%
10 fb~—! gives 2.4M leptonic events
rate(10%? cm=2 s 1) ~ 0.2 Hz
rate(103* cm=2 s7!) ~ 2 Hz

Sven-Olaf Moch

o (nb)

10 Elll

10
10
10
10
10
10
10
10
10
10

10

10

10

10

10° E

10° E

proton - (anti)proton cross sections

Lo

E o

= o (E. > 100 GeV)

F  Higgs : :
IIII 1 1 IIIIIII ‘I 1 IIIIIII 1

tot

Tevéttron LHC

jet

G,

o (E/ > vs/4)
(M,, = 150 GeV)

Higgs

(M, = 500 GeV)

0.1 1 10
Vs (TeV)

Theory at LHC —p.11

33 -2 -1
10"cm”s

events/sec for L


http://www-zeuthen.desy.de/~moch

Proton-proton scattering

Large rates expected for many

Standard Model processes

o,z ~ 800 pb

s BR(W — e+ pu)~30%
10 fb~—! gives 2.4M leptonic events
rate(10%% cm=2 s 1) ~ 0.2 Hz
rate(10%* cm™2 s71) ~ 2 Hz

New physics signals

# Cross section predictions
Onew physics ™ 0(1 - 10) pb
# superpartners in MSSM

(neutralinos, charginos, squarks,
gluinos, ...), KK modes

» searches often assume 100 fb—!
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Asymptotic freedom in QCD

0.6 T

» Effective couplung constant o | | | | 2|
depends on resolution, momentum scale Qg s [t ag(Q)
- - - 4-loop

0.4 [ —e== 3-loop ]

— 2-loop

y 0.3 - T 1-loop ]

— screening (like in QED) bb
0.2 - ! Z tt™

01 [ ]

A‘% % L a(M2)=0.115 ]

1 10 10° 10° 10*

— anti-screening (color charge of g) Q2 (GeVZ)

# At large scales: application of perturbation theory (but as > aqgp)
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Feynman rules
# Propagators

» fermions, gluons, ghosts

& covariant gauge
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Feynman rules (cont'd)

# \ertices
a,
—lg <ta)jyj o
i J
b,v
r —g [ ((p—)g" + (g —1)'g" + (r —p)’g")
a, W G p
a? b
H by ] g2 fIaCfCEbd <gu1/gpa . g/wgyp>
- 92 fzradfxbc (g/wgpa o g,u,ogya>
—i 92 f:rabfxcd <gupgl/a o g,uagyp>
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Perturbative QCD at colliders

# Hard hadron-hadron scattering
» constituent partons from each incoming hadron interact at short
X

Dy,

Bl B e
TR Ty

# QCD factorization [ ¢ (4

» Separate sensitivity to dynamics from different scales

~ 2 2 2 2
UppﬁX—Zfz ®f] )®Uij—>k (as(/'l/ )7Q y K ) ®Dk—>X(:u )
17k
» factorization scale ., subprocess cross section 4;,_,;, for parton
es 4, 7 and hadronic final state X
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Hard scattering cross section

# Standard approach to uncertainties in theoretical predictions

. L d
» Vvariation of factorization scale p: T 20— X = O(ijl)
n [t

2 : A 2 2 2 2
17k

# Parton cross section 4,;;_,;, calculable pertubatively in powers of o

» constituent partons from incoming protons interact at short
distances of order O(1/Q)

o Parton luminosity f; ® f;
» proton: very complicated multi-particle bound state
» colliders: wide-band beams of quarks and gluons

# Final state X: hadrons, mesons, jets, ...

s fragmentation function Dj,_, x (%) or jet algorithm
» Interface with showering algorithms (Monte Carlo)
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Approaches to the calculation of  op,44
# LO (leading order)

o Automated tree level calculations in Standard Model, MSSM, ...

(Madgraph, Sherpa, Alpgen, CompHEP, . ..)
o LO + parton shower
» String inspired techniques

# NLO (next-to-leading order)

» Analytical (or numerical) calculations of diagrams yield parton
level Monte Carlos (NLOJET++, MCFM, ...)

o NLO + parton shower (MC@NLO, VINCIA)

#» NNLO (next-to-next-to-leading order)
» selected results known (mostly inclusive kinematics)

® N°3LO (next-to-next-to-next-to-leading order)
s veryfew...

Sven-Olaf Moch Theory at LHC — p.17
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Approaches to the calculation of  op,44
# LO (leading order)

easy o Automated tree level calculations in Standard Model, MSSM, ...

(Madgraph, Sherpa, Alpgen, CompHEP, . ..)
o LO + parton shower
» String inspired techniques

# NLO (next-to-leading order)

» Analytical (or numerical) calculations of diagrams yield parton
level Monte Carlos (NLOJET++, MCFM, ...)

o NLO + parton shower (MC@NLO, VINCIA)

#» NNLO (next-to-next-to-leading order)
» selected results known (mostly inclusive kinematics)

® N°3LO (next-to-next-to-next-to-leading order)
s veryfew...

difficult
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Approaches to the calculation of  op,44
# LO (leading order)

easy o Automated tree level calculations in Standard Model, MSSM, ...

(Madgraph, Sherpa, Alpgen, CompHEP, . ..)
o LO + parton shower
» String inspired techniques

# NLO (next-to-leading order)

» Analytical (or numerical) calculations of diagrams yield parton
level Monte Carlos (NLOJET++, MCFM, ...)

n shower (MC@NLO, VINCIA)

— level of talk here
o NNLO (next-to-next-to-leading order)

» selected results known (mostly inclusive kinematics)

® N°3LO (next-to-next-to-next-to-leading order)
s veryfew...

difficult
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Parton luminosity

N N

# Proton in resolution 1/Q —

sensitive to lower momentum
partons

Sven-Olaf Moch

# Feynman diagrams in leading order

Xp
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Pya(X) —@
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Paq(X) 4’—<§§ <
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P
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Parton luminosity

\:7 \q # Feynman diagrams in leading order
_> D Xp D Xp
Paa(X) W Pag(x) @m<
# Proton in resolution 1/Q — p e p e
.. Paq(X) Pag(X)
sensitive to lower momentum
partons

# Evolution equations for parton distributions f;
» predictions from fits to reference processes (universality)

iz 1) = 2 [Pttt @ feh)] @)

# Splitting functions P
P = a;P9 4 2P0 1 3pR)

NLO: standard approximation (large uncertainties)
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Parton distributions in proton

# Valence ¢ — ¢ (additive quantum numbers) sea (part with ¢ + q)

30
25
20
15
10

5

0

x f(x,Q%) at Q° = 10 GeV

vaence [110

\/

“_.

4

10

107

10°° 107 1
X

# Parameterization (bulk of data from deep-inelastic scattering)
» structure function F, — quark distribution
» scale evolution (perturbative QCD) — gluon distribution

Sven-Olaf Moch
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Parton distributions in proton

# Valence ¢ — ¢ (additive quantum numbers) sea (part with g + q)
30 1 Frrrri

e x f(x,Q%) at Q° = 10* GeV

20

15

10 valence [110

107 107> 10°° 107 1
X

# Parameterization (bulk of data from deep-inelastic scattering)
» structure function F, — quark distribution
» scale evolution (perturbative QCD) — gluon distribution
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Inelastic electron-proton scattering

electron(E")
electron(E) o Virtuality of photon: resolution
Q? = —¢* = 4EE’sin%(0/2)
quark
# Bjorken variable: inelasticity
proton(P) o Q2 o
X ~ 2P.gq

» Cross section (X inclusive): proton structure function F”

do  lab o cos? %
dQdE’  4E2sin® g

{F3(,Q) +oan® § (0" }

Mott-scatteriﬁrg (point-like)
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Inelastic electron-proton scattering

electron(E")
# Virtuality of photon: resolution

electron(F)
Q? = —¢°* = 4EE'sin*(6/2)

quark

# Bjorken variable: i2nelasticity

Q
= — 1
N T 2P-q <

proton(P)

» Cross section (X inclusive): proton structure function F”

do  lab o cos? %
dQdE’  4E2sin® g

{F3(,Q) +oan® § (0" }

Mott-scatteriﬁrg (point-like)

» Deep-inelastic scattering (Bjorken limit: Q* — oo and x fixed)
Parton modell (quasi-free point-like constituents, incoherence)

Fy(z,Q°%) ~ Fy(z) = Zfﬁ? zfi(z)

s xf;(x) distribution for momentum fraction x of parton ¢
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QCD corrections in deep-inelastic scattering

electron

# Structure function F, (up to terms O(1/Q?))
» Renormalization/factorization scale u = O(Q)

2
e R (2, Q%) Z/ —%( m,%) FP(E 1)
® Coefficient functions ¢,
Cq = ag’ [ ()—i—oz c(l) + a2 82) —|—}

A\ 7

~~

NLO: standard approximation (large uncertainties)
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PDFs from HERA to LHC

HERAF,
<
S ¥632E5,0 000102 _
> x=0.000161 == ZEUS NLO QCD fit
" x=0.000253
o —— H1 PDF 2000 fit
. i
§ '
w5 e H194-00
s H1 (prel.) 99/00
= ZEUS 96/97
,AA
[ A
4 [
A
A
7A
A
3 [
2 -
s ..-_.=-°:i. 5+ x=0.13
gy NN g rYYy PY F
1- ¥ - .:.?f;;(=018
Jomuenl ¥ ﬁ ;;T ~0.95
o - : x=0.4
F e " . x=0.65
0 | | | | | |
3 4 5
1 10 10 10 10 10
2 2
Q(GeV’)

#® Precision HERA data on I
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LHC parton kinematics

T T T TTIm
[N

= (M/14 TeV) exp(zy)
M M=10TeV

nm

'—\
OCXJ
O X

T T T
ol L1

T T T
Ll

10* M = 100 GeV

Q (Gev?

|

y= /6

M =10 GeV

fixed
target

10> 10"

10*

100 1 IIIIIIII L1 L1111l
-6

10

'
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10
X

#® Scale evolution of PDFs in (Q over

two to three orders

Theory at LHC — p.22


http://www-zeuthen.desy.de/~moch

Perturbative stability of evolution

® Scale derivatives of quark and gluon distributions at Q? ~ 30 GeV?

04 T T T T T T T T T T T UL L L I R AL N R R LLL N AR
i 2 =
- ding/dInQ” { 04 Fee dIng/dInQ
i o= =~ ~ ) : Q. -
02 — ~ . ] | \-\ i
'_r .................. T\ : 02 - \\ ]
i -..\.\\ | : \\\ :
0 B v 1 of N _
. — \ —
L ceeen LO \'\ - L \\ _
0.2 | --- NLO \.i-_: -0.2 — \‘.—
i - 4
L 7 B L
B - R (g
_ i o4l 0502, N;=4 5
'04 1 llllllll 1 llllllll I llllllll 1 11111111 1 1111‘
5 4 3 2 - 5 4 3 2 -
10 10 10 X 10 10 1 10 10 10 X 10 10 1
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Perturbative stability of evolution

® Scale derivatives of quark and gluon distributions at Q? ~ 30 GeV?

0.4 T TTTTTT LI IIIIIII LI IIIIIII LI IIIIIII T TTTTT T TTTITn LI IIIIIII T IIIIIII T IIIIIII T TTTIm
i 2 7 .. 2 .
—~ ding/dInQ” { 04 FEx:... dlng/dInQ” -

02 |- TN 4 0 ' 1
RECRRRRRIITITI 102 ]

0 - 1 o0 B i
L e e e e LO i B _

02 === NLO ]-02 ~
- —— NNLO - .
_ 04l 9s=02 Ne=4 ‘

1 llllllll 1 llllllll lllllllll lllllllll I 1111

-5 -4 -3 -2 -1 -5 -4 -3 -2 -1

10~ 10 10 « 10 © 10 1 10 10 10 « 10 © 10 1

» Expansion very stable except for very small momenta =z < 10~*
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Parton cross sections

How precise are the predictions?

# |solation of new physics signal from background

o |look for deviations from the Standard Model
(if possible data driven)

» e.g. R-parity conserved SUSY with cascade decays into LSP
multiple jets, leptons and missing £

Perturbative QCD

# NLO QCD corrections are essential NLO (important for rates)

» large K-factors, new parton channels may dominate beyond tree
level

s e.g.pp — Z(— vi) +4jetsis O(al) and A(at®) ~ 10% gives
A(c™9) ~ 40%
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SUSY searches

# Typical selection cuts

o | i

T F Osu3 ] s Nijet>4

> 103? — SMBG -

S | o : s Er) > 100GeV

o C ]

S 2l léCD n o ET(2,3,4) > 50GeV

P 10 - Di-boson ]

s L ATLAS - o Mgt = MET + > B,

> i b (2

® 10 E -
- -% 1 ® Example: mSUGRA, point SU3
e e ﬁi{h ) ®» mp = 100 GeV, m1/2 = 300 GeV,
'5" 500 {000 1500 2000 3500 3000 3500 4000 tan B =6, Ag = —300, & > 0

Effective Mass [GeV]

# Discrimination of BSM signal from background requires precise
predictions (exact LO matrix elements)

# SM background in high-end tail of missing E
e.g. pp — Z(— viv) + 4jets

# Significance of potential disagreement between data and
MadGraph/Sherpa/Algen/... ?
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LHC “priority” wishlist

process
(Ve {y,W=,2})

background to

accomplished

pp — VV + 1jet
pp — H + 2jets
pp — ttbb

pp — tt + 2jets
pp — VVbb

pp — VV + 2]ets
pp — V + 3jets
pp — VVV

ttH, new physics

H production by vector boson fusion (VBF)
ttH

ttH

VBF — V'V, ttH, new physics

VBF — VV

various new physics signatures

SUSY trilepton

WW + 1jet
H + 2jets
ttbb

W + 3jets
777, WWZ

Les Houches 2005 [hep-ph/0604120]

Sven-Olaf Moch
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Why are one-loop corrections difficult ?

# Outline of a generic NLO calculation

Real corrections Virtual corrections
- subtractions (IR-divergent) + subtractions (IR-divergent)

Cancellation of singularities
Finite partonic cross sections
Phase space integration

Convolution with PDFs
Monte Carlo

# All conceptual issues solved (“just” technical work)

°

However, no general libraries available

# Speed and stability are the important criteria in practice
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Jet definitions

# Historically: Sterman-Weinberg criterium for two-jet event
» energy fraction 1 — ¢ in cone of half angle §
» not practical for multi-particle events
# Modern modelling of jets
® cone- or kg-algorithms
Yeut Yeut Yeut

VS b

min (p; —|—pj)2 = min2F;E; (1 — cos ;) > yeut S

# JADE algorithm

» combines also soft gluons at large relative k; (disadvantage)
e.g. potential three-jet event
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Jets in hadronic collisions
# Cone algorithm

» define cone of radius R inn, ¢ for R = \/(An)2 + (Ag)?

(Some) uses of hadronic di-jets

# Hadronic di-jets: large statistics even with high-p; cuts
o experimental calibration (HCAL uniformity, establish missing E;)
» (gluon jets constrain gluon PDF at medium/large =«
» searches for quark sub-structure (di-jet angular correlations)
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Kinematics (differential)

# Proton-proton scattering (two broad-band beams of incoming partons)
» cms of parton-parton scattering boosted wrt incoming protons

# Final state variables (simple transformations under longitud. boosts)

pM — (E7p$7pyapz) — (thOSh y,ptsin ¢7ptCOS ¢7 mtSiHh y)

s rapidity y = %ln <§+pz>
_pz

s transverse momentum p; and mass m: = y/p? + m?
o azimuthal angle ¢
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Kinematics (differential)

# Proton-proton scattering (two broad-band beams of incoming partons)
» cms of parton-parton scattering boosted wrt incoming protons

# Final state variables (simple transformations under longitud. boosts)

pM — (E7p$7pyapz) — (thOSh yaptSin ¢7ptCOS ¢7 mtSiDh y)

s rapidity y = %ln <§+pz>
_pz

s transverse momentum p; and mass m: = y/p? + m?
o azimuthal angle ¢

# Differences in rapidity Ay and azimuthal angle A¢
invariant under boosts

# In practice (for E > my)

» pseudo-rapidity n = —Intan <g> with angle from beam axis
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Jets at Tevatron

— 10* _
o~ , Midpoint, R=0.7, [y**?|<1, L =1.13 b’
§ 10 R —e— Data
[¢b) 2 99 ——o— NLO: NLOJET++, CTEQ6.1M
o 10 o
N ., corrected to hadron level
~~ meany; -
8_ 10 '&‘_ p= pre(jet1,2)/2, Reep=1.3
= ',_. [ ] Systematic uncertainties
s 1 .-
S, -
- 10 _.__._
o)
T 102 .
_._
107 .
10_4 j— -
10° CDF Run Il Preliminary -
10'6 L I L L L l L L L l L L L l L L L l L L L l L L L I L

200 400

600 800 1000 1200 1409
M”. [GeV/c ]

# Di-jet invariant mass distribution
» agreement with perturbative QCD over eight

orders of magnitude

s larger uncertainites for high M3

Sven-Olaf Moch

Data / Theory

w

N
al

15

0.5

jet1,2

Midpoint, R=0.7, |y “|<1, L, = 1.13 fb™
——e— Data/NLO (CTEQ6.1M, u=p7**"(jetl,2)/2=p, Rgep=1-3)

|:| Systematic uncertainties

PDF uncertainty from CTEQ

--------- o(MRST2004) / o(CTEQ6.1M)
0(2 x ) 1 o(u,)

.................. o(without Ry,) / 0(R.,=1.3)

sep. sep

CDF Run Il Preliminary

16 % luminosity uncertainty not included

| Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll | |

200 400 600 800 1000 1200 1409
M, [GeVicT]
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Vector boson production

proton

# Kinematical variables (inclusive)

boson s energy (cms) s = Q>

(space-like)
proton

» scaling variable = = Mwi/z/s
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Vector boson production

proton

# Kinematical variables (inclusive)

s energy (cms) s = Q?
(space-like)

boson

. . 2
proton » scaling variable x = Mwi/z/s
o)
=
m
X
b .- oxBr(W - lv

| A # 20 years of measurements of
O oy e W= and Z cross sections
Martln,RobertsStlrI:—ng-],Thorne at had ron COIIiderS
oxBr(Z-11
1 Y DOl (€ % CDFII (e1.2<|n|<2.8),223 pb™
10 ¥ CDF(630) 4 DOIl (W) 1 CDFII (et 72pb™
% UAL () } CDF I (¢) % CDF 11 Z(), 337pb™
$ UA2(e) § DOI(e) © CDFIIZ(t), 349pb™
05 o7 1 125 15 175 2 225 25
E., (TeV)
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Differential distributions

10 E | | | | | | | | | | ?
pp - I'T+X 3
1
10°g Vs=1.8 TeV, lyl<i 3
. o: CDF data -
B 10E E
O = 3
S L F 3
B 10
z
-2
< 10
o
>
-3
%y 10
107 {
10~° |
0 100 200 300 400 500 600 700

M [GeV]

Sven-Olaf Moch

do
dM?
of lepton pair for Z-production
In pp-collisions
s CDF dataat+/s =1.8 TeV and
NLO QCD prediction

® Invariant mass distribution
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Differential distributions

1°1§ ettt s ke T 0§ @ Invariant mass distribution d]\Z2
10 s=1.8 TeV, |yl< = . .
_F ZDFldLTaV e of lepton pair for Z-production
g 1"? E In pp-collisions
i: 10” s CDF data at /s = 1.8 TeV and
S 107 NLO QCD prediction
% 107
107 {
10_50 100 200 300 400 500 6(|)O
M [GeV] 1
do 0 1 M? M?>
WV _ (o) + M _
¥V o N / xr1dro 0 (xlxg p )
0
X Zeq {fa(z1 fq(wz) + fa(x1) fq(x2)}
# Double-differential cross section local in PDFs
dM2dy

s Y= ;m ( ) lepton-pair rapidity
)

Sven-Olaf Moch

Theory at LHC — p.33


http://www-zeuthen.desy.de/~moch

W+ asymmetry

4
| |

\
Vs=1.8 TeV

i i W # Rapidity distributions for

w
3 — 4 ]

W=-and Z-production
| in pp-collisions

7/ — . .
® CP Invarlance —

| 9 tor 7- -production

- — dy
| symmetric around y = 0

do/dy [nb]
|

® W rapidity asymmetry sensitive to flavor decomposition of proton

Ay — 9oV /dy —do(W)/dy
Wi do (W) /dy + do(W—) /dy

2

u(zry)d(w2) — d(z1)u(r2)
u(z1)d(w2) + d(z1)u(r2)
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Differential distributions at NNLO in QCD

d?c/dM/dY [pb/GeV]

*
pp - (Z,7")+X pp - W+X
: —_— T 500 e . — :
80 [ I [ [
- NLO ' NNLO _ w*
L KL
i NNLO 400 Nio
60 % I
I G
< I
S 3800
- LO — I
>
40_ a3
z I
S 200
= I
' B
20 Vs = 14 TeV 2 L
I M = M toor Vs = 14 TeV
N M/2 = M s 2M L M = MW
0- | L | L | | | J L | L L L L | L L L L Nin/zn én lu'|§|21\:{ 1 1 Il |
—4 -2 0 2 4 0 4 —2 0 2 4
Y Y

W=, Z-boson rapidity distribution with scale variation mw.z/2 < p < 2myy gz
Anastasiou, Petriello, Melnikov ‘05

Reduction of theoretical uncertainties (renormalization / factorization scale)
to level of 1% in NNLO QCD analysis

Dissertori ‘05
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Hadronic top-quark pair-production

# Tevatron: tt-pair with subsequent decay
s t— Whbdecay and leptonic or hadronic W*-decay
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Top-quark pair-production

1
proton .
p

proton

P
) top
# Top decay
0000 leptonic: t — W +b— 1T +v+b
b b hadronic: t = W™ +b—q+qg+b
2

‘ 2 anti-top

a+q — Q4+ Q
e+g — Q+Q

P O N

NLO in QCD Nason, Dawson, Ellis ‘88; Beenakker, Smith, van Neerven ‘89;
Mangano, Nason, Ridolfi ‘92; Bernreuther, Brandenburg, Si, Uwer ‘04; ...

» qq and gg dominant at NLO; neglect qg — at NLO only O(1%)

Leading order Feynman diagrams
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Tevatron analyses

# Total cross section and different channels of Tevatron analyses
(theory uncertainty band from scale variation)

# Determination of m; from total cross section (slope do/dm.)
s e.g. DZero 09: NLO my = 165.510:5: NNLO m; = 169.172°5; ...
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Cacciari et al., JHEP 09, 127 (2008)
Moch and Uwer, PRD 78, 034003 (2008)
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DO Runll -- preliminary April 2009
—
I+jets & dilepton & tau+lepton* +0.46 +0.66 +0.54
10 o 7.57 45 _0.54 -0 45 PP
+j i
| jets (b-tagged & topelogical, PRL) H-@ 7.42 £0.53 40 46 +0.45 pb
0.9
I+jets (neural network b-tagged)* @ 8.20 iggg Lg g; +0.50 ph
1.0fp™
dilepton (topological)* e —H 7.03 j’fﬁ ig;g +043 pb
1.0 ’ ’
I+track (b-tagged) o H 5.0 j 2‘ tg,g :03 pb
1.0 '
tau+|e.:pton (b-tagged)* I o 7.32 ::g: :11 %g 045 pb
22~ ' )
tau+jets (b-tagged)* ! Py " 5.1 122 :S'Z 03 pb
04f’ -
a||jets1(b-tagged. PRD) H o— L1 4.5 fg *14 203 pb
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| L MR T
0 2 4 6 8 10 12
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LHC total cross section

# NLO (with MRST2006 PDF set)
» scale uncertainty O(10%) & PDF uncertainty O(5%)

#® NNLOapprox (With MRST2006 PDF set)
» scale uncertainty O(3%) & PDF uncertainty O(2%)

12 1 I 1 1 1 1 I 1 1 1 1 i 1400
10 Op5 - ti [pb] at Tevatron _: 1200
g [ _ 1000
: 800
6
- . 600
4or 1 400
2 - _
_ ] 200 % NI\”‘O(approx)
0 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 7] 0 1 1 1 1 I 1 1 1 1 I 1 1 1 1
165 170 175 180 165 170 175 180
m, [GeV] m, [GeV]

# Theory at NNLO matches anticipated experimental precision O(10%)
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Single top-quark production

# Single-top production allows study of charged-current weak interaction
of top quark

o direct extraction of the CKM-matrix element 1,

o flagship measurement of Tevatron run Il (control QCD bckgrd !)
U t
# s-channel production W

d h
d
» t-channel production d u W
s bg-channel at NLO ¢ W v ¢
enhanced by t
gluon luminosity t -
b Vib g b

# Large corrections from extensions of Standard Model

» t-channel: anomalous couplings or flavor changing neutral
currents

» s-channel: charged “top-pion”, Kaluza-Klein modes of W or
W-boson
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Summary

Introduction to QCD and Electroweak Physics
# The big questions
# Basics of perturbative QCD

QCD factorization for hard scattering

Parton luminosity

Jet cross sections at hadron colliders

W= and Z-boson production at LHC

# Hadro-production of Top-Quarks

Outlook
— Higgs, Supersymmetry and beyond Tuesday, August 04, 2009
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