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My goal is to discuss:

 How well do we understand the Standard 
Model (@high pT)?

 What do we need to understand?

 How will we systematically gain 
knowledge @ LHC?
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Understanding Cross Sections @ LHC:
many pieces to the puzzle

PDFs with 
uncertainties

Sudakov form factors
Underlying event
and minimum bias

LO, NLO and NNLO calculations   
K-factors   

Jet algorithms and jet reconstruction

Benchmark cross 
sections and pdf
correlations

Won't discuss

Fragmentation/Hadronization
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(How) will the puzzle pieces
fit together?

PDF

K-factor

Sudakov

UE

SUSY

Extra
Dim

Fakes

W/Z

tT

Jet
algo

What will the headlines be?
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What do we expect at the LHC?
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How much does the     cross 
section change from the 
Tevatron to the LHC? 

t t

10x

100x

500x

[Kidonakis]
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How much does the     cross 
section change from the 
Tevatron to the LHC? 

t t

10x

100x

500x

[Kidonakis]

LHC
TeV

ggX

qqX

Partonic luminosity LHC/TeV2
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How much does the           
(m=200 GeV)cross section change 
from the Tevatron to the LHC?


+ 

­

10x

100x

500x

[Pythia]



15

How much does the           
(m=200 GeV)cross section change 
from the Tevatron to the LHC?


+ 

­
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100x

500x

[Pythia]
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How much does the W+4j cross 
section change from the Tevatron 

to the LHC?

10x

100x

500x

kT j20GeV

[MadEvent]
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How much does the W+4j cross 
section change from the Tevatron 

to the LHC?

10x

100x

500x

kT j20GeV

[MadEvent]
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Top vs W (ATLAS study)

S/B~1

W+4j tail

M. Barisonzi
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Heavy Quark Production @ LHC

MLM Logan, Han, Wang

Huge phase space in an interesting kinematic region

Something new can appear very quickly



21

We’ll soon forget about early setbacks

LHC vs time: a guess …

L=1035
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But first we need to answer:

Do we understand 
the Standard Model

(our data)?
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Cross sections@LHC

Partonic x

Mass of a
Resonance

x1=x2

x2=1
s
S
=x1 x2

Directly
measured

Rapidity of
Resonance

D
G
L
A
P

BFKL
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Cross sections@LHC

 @LHC != K @TeV2
 Small x in key searches

 Dominance of gluon and 
sea quark

 Large phase space for 
gluon emission

 HERA/fixed target cover 
limited range

 Sensitive to x>1E-6 (crucial 
for the underlying event) 
and Q2 up to 100 TeV2

 Assume DGLAP evolution
 Blindly going to very 
low x

 BFKL may be important
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Simple Estimates @LHC

 To serve as a handy 
“look-up” table, it’s 
useful to define a 
parton-parton luminosity 

 Estimate  the production 
rate for hard scattering 
at the LHC as the 
product of a 
differential parton 
luminosity and a scaled 
hard scatter matrix 
element

dLij
d s dy

=
1
s
S ij[ f ix1, f j x2,1⇔2]

=∑i , j∫ 
d s
s
dy 

dLij
d s dy

 s ij 
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Cross section estimates
for LO massless QCD

pT=0.1 s

 s= .01 s gg X =200 pb

ggX

qqX

gq X

∫ dpT
2 d 

dpT
2 ~C∫

dpT
2

pT
4 C '

1
s

@1 TeV:
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Heavy quark production

gq

qQ

ggggX

qqX

gq X

Threshold
effect
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Rapidity (y) Dependence

6

4
2

0
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LHC/TeV2 PDF luminosities

 qq~ initial states (e.g. 
chargino pair production) have 
small enchancements

 Most backgrounds have gg or gq 
initial states and thus large 
enhancement factors (500 for W 
+ 4 jets)

 W+4 jets is a background to tt~ 
production both @TeV2 & @LHC

 tt~ production @TeV2 is largely 
through qq~ initial states and 
qq~->tt~ has an enhancement 
factor at the LHC of ~10

 tt~ has a gg initial state too, 
so total enhancement @LHC is a 
factor of 100

 but increased W + jets 
background means that a 
higher jet cut is necessary 
at the LHC

 jet cuts have to be higher 
at LHC than at Tevatron

ggX

qqX

LHC

TeV2
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How well are the PDFs known?
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Won't we just measure them?

Many systematics to overcome

Non-pert Other 
systematics

Initial Lumi
 known to 10-20%
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Error pdf’s

Error pdf’s imply a level of 
precision that is inherent to 
NLO

 at NLO, can construct an 
orthonormal set of 
eigenvectors accompanying a 
level of precision 
corresponding to a given 
change of ∆ χ 2 in the 
global fit

 that level of ∆ χ 2 not well 
defined for LO fits

F x ,Q0=A0 x A11−x A2 P x ; A3

 Central fit to PDF 
data does not reflect 
expt'l uncertainty

 Want ensembles

 Constrains parameters 
of chosen form:        
                       
                       
 

 Many parameters → many 
sets → eigenvalues
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PDF errors: example

15

LHC inclusive jet

pT GeV 

d
dpT

nb /GeV 

Ratio

pT GeV 

LHC inclusive jet
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PDF uncertainties at the LHC

Under 1 TeV, PDF lumi
known to 10%

Need similar precision
in theory calculations

Limits when LHC data will 
impact PDF fits

Errors are determined
using the Hessian method for
Chi^2 of 100 using only
experimental uncertainties

Pdf uncertainties for 
W/Z cross sections are 
not the smallest

Top uncertainty is 
of the same order as 
W/Z production

gg

gq

qq

t t W /Z
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Benchmarks/cross section 
measurements at the LHC
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Known unknown: underlying event @LHC

 Many different 
extrapolations

 Good LHC-Run1 
measurement in 2009 
@10 TeV

 Needed for comparing 
LHC data to theory
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Total cross section @LHC (10-14 TeV)
 Fair amount of uncertainty 

on extrapolation to LHC
 ln(s) or ln2(s)

 extrapolating measured 
cross section to full 
inelastic cross section 
will still have 
uncertainties (and may 
take time/analysis)

 we’ll need benchmark 
cross sections for 
normalization

 σ physics ~ #events/luminosity
 We’re not going to know the 

luminosity very well until 
we know the total inelastic 
cross section

 So it’s useful to also have 
some benchmark cross 
sections for normalization

Correlated with UE model!
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Inclusive jet production

 Spans a very wide 
kinematical range, 
including the highest 
transverse momenta 
(smallest distance 
scales) of any process

 Note in the cartoon to 
the right that in 
addition to the 2->2 
hard scatter that we are 
interested in, we also 
have to deal with the 
collision of the 
remaining constituents 
of the proton and anti-
proton (the “underlying 
event”)

 This has to be accounted 
for/subtracted for any 
comparisons of data to 
pQCD predictions
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Inclusive Jet Corrections @TeV2
 Hadron to parton level 

corrections
 subtract energy from the 

jet cone due to the 
underlying event

 add energy back due to 
hadronization 

 partons whose 
trajectories lie inside 
the jet cone produce 
hadrons landing outside

 the hadronization 
corrections will be 
similar at the LHC, 
while the UE corrections 
should be much larger

 Result is in good agreement 
with NLO pQCD predictions 
using CTEQ6 pdf’s

 pdf uncertainty is 
similar to experimental 
systematic errors
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“Theory error”: inclusive jets

Scale
dependence

Threshold
logs

Hadronization
UE (Dasgupta et al)

“Sum”

Soper&
Olness
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Comparable to other errors

Intention:
add theory
error to 
PDF fits

d
d E

T err
=

d 

d E
T

1 f i
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Precision benchmarks: 
W/Z cross sections at the LHC

 CTEQ6.1 and MRST NLO predictions in good agreement with each other
 NNLO corrections are small and negative
 NNLO mostly a K-factor; NLO predictions adequate for most 

predictions at the LHC
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 W/Z Overview

 We will use W and Z cross sections as 
luminosity normalizations in early running and 
perhaps always

 because integrated luminosity is not going 
to be known much better than 15-20% at 
first and maybe never better than 5-10%

 The pdf uncertainty for the ratio of a cross 
section that proceeds with a qq~ initial state 
to the W/Z cross section is significantly 
reduced

 The pdf uncertainty for the ratio of a cross 
section that proceeds with a gg initial state 
to the W/Z cross section is significantly 
increased (more on this)

 Can we use Top production as an additional 
normalization tool?
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Cross Section Correlations

N t t =lumix efficiency x pdf ij x ij t t 

N W =lumi x efficiency x  pdf ij xijW 

R=
N t t 
N W 

 has no (lumi) uncertainty 

R
2

R2 =
2t 

t2

2W 

W 2 −2
V tW
tW

Correlation
Matrix

Method 2:  N(Wbb+jets) = MC(Wbb+jets)/MC(W+jets)x N(W+jets)



45

Correlations with Z, tt~
Define a 
correlation
cosine

Z

Corr Un- Anti-

Z corr

tt~ corr

gg->H(500 GeV)
has 1.5% d-PDF
if using tt~

gg->H(500 GeV)
has 7% d-PDF
if using Z

gg->H(500 GeV)
has 4% d-PDF



46

Theoretical uncertainty on tt~

 Central value for µ =mt is   
~850 pb; ~880 pb if using 
threshold resummation

 The scale dependence is around 
+/-11% and mass dependence is 
around +/-6%

 Tevatron plans to measure top 
mass to 1 GeV

 mass dependence +/-3%

 NNLO tt~ cross section in the 
works

 scale dependence will drop

 threshold resummation 
reduces scale dependence to 
~3% (Moch and Uwer)

 6%?? → worse than Z 
 d-pdf is smaller
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What about experimental uncertainties? 

 10-15% in first year
 unfortunately, which 
is where we would 
most like to have a 
precise value

 Ultimately, ~5%?
 dominated by b-
tagging uncertainty

 systematic errors in 
common with other 
complex final states, 
which may cancel in a 
ratio? 

 Tevatron now does 8% 
(non-lumi)


