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For those with a short attention span



Discovering  the SM at the LHC
 We’re all looking for BSM physics at

the LHC
◆ and SUSY of course

 Before we publish BSM discoveries
from the early running of the LHC, we
want to make sure that we
measure/understand SM cross
sections
◆ detector and reconstruction

algorithms operating properly
◆ SM physics understood properly
◆ SM backgrounds to BSM physics

correctly taken into account
 ATLAS/CMS  will have a program to

measure production of SM processes:
inclusive jets, W/Z + jets, heavy flavor
during first inverse femtobarn
◆ so experimenters need/have a

program now of Monte Carlo
production and studies to make
sure that we understand what
issues are important

◆ and we also need tool and
algorithm and theoretical
prediction developments



Cross sections at the LHC

 Experience at the Tevatron is
very useful, but scattering at
the LHC  is not necessarily
just “rescaled” scattering at
the Tevatron

 Small typical momentum
fractions x in many key
searches
◆ dominance of gluon and

sea quark scattering
◆ large phase space for

gluon emission and thus
for production of extra jets

◆ intensive QCD
backgrounds

◆ or to summarize,…lots of
Standard  Model to wade
through to find the BSM
pony

BFKL?



Parton distribution functions
 Calculation of production cross

sections at the LHC relies upon
knowledge of pdf’s in the relevant
kinematic region

 Pdf’s are determined by global
analyses of data from DIS, DY and jet
production

 Two major groups that provide semi-
regular updates to parton distributions
when new data/theory becomes
available

◆ MRS->MRST98->MRST99          -
>MRST2001->MRST2002               -
>MRST2003->MRST2004->MSTW

◆ CTEQ->CTEQ5->CTEQ6            -
>CTEQ6.1->CTEQ6.5/6.6  (->CTEQ7)

 All global analyses use a generic form
for the parametrization of both the
quark and gluon distributions at some
reference value Qo, where Qo is
usually in the range of 1-2 GeV

 Pdf’s are available at LO, NLO, NNLO
 NB: both CTEQ and MSTW currently

working on modified LO pdf’s for use
with parton shower Monte Carlos



Parton distribution functions
 All of the above groups provide  ways

to estimate  the error on the central
pdf
◆ Hessian methodology enables full

characterization of parton
parametrization space in
neighborhood of global minimum

◆ CTEQ6.1 has 20 free parameters
so 20 directions in eigenvector
space

▲theory uncertainties
▲higher twist/non-perturbative effects

▲choose Q2 and W cuts to avoid
▲higher order effects (NNLO)
▲heavy quark mass effects (see later)

Inclusive jets at the Tevatron

40 error
pdfs



Parton kinematics

 To serve as a handy “look-up” table,
it’s useful to define a parton-parton
luminosity
◆ this is from the review paper

(CHS) and the Les Houches
2005 writeup

 Equation 3 can be used to estimate
the production rate for a  hard
scattering at the LHC as the product
of a differential parton luminosity and
a scaled hard scatter matrix element



Cross section estimates

for 
pT=0.1*
sqrt(s-hat)

gq

qQ

gg



PDF luminosities as a function of y
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PDF uncertainties at the LHC

gg

gq

qQ
Note that for much of the 
SM/discovery range, the pdf
luminosity uncertainty is small

Need similar level of precision in
theory calculations

It will be a while, i.e. not in the
first  fb-1, before the LHC
data starts to constrain pdf’s

NB I: the errors are determined
using the Hessian method for
a Δχ2 of 100 using only
experimental uncertainties,i.e. 
no theory uncertainties

NB II: the pdf uncertainties for 
W/Z cross sections are not the
smallest

W/Z

great deal of recent work in
ATLAS on storing error pdf
information when
generating MC events with
central pdf; by now,
standard practice in
CDF/D0



Ratios:LHC to Tevatron pdf luminosities
 Processes that depend on 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 for example, which is primarily
gq) at the LHC

 W+4 jets is a background to tT
production both at the Tevatron and
at the LHC

 tT production at the Tevatron is
largely through a qQ initial states and
so qQ->tT has an enhancement factor
at the LHC of ~10

 Luckily tT has a gg initial state as well
as qQ so total enhancement at the
LHC is a factor of 100
◆ but increased W + jets

background means in general
that a higher jet cut is necessary
at the LHC

◆ known known: jet cuts have to be
higher at LHC than at Tevatron

qQgq

gg



Precision benchmarks: W/Z cross sections at the LHC

 CTEQ6.1 and MRST2004
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

 W/Z cross sections could
serve as a useful luminosity
normalization benchmark
◆ especially since we will not

know the luminosity to an
accuracy better than 15-
20% for some time

 But just wait…



Rapidity distributions and NNLO

 Effect of NNLO just a
small normalization
factor over the full
rapidity range

 NNLO predictions
using NLO pdf’s are
close to full NNLO
results, but outside of
(very small) NNLO
error band



W/Z pT distributions
 pT distributions will be

shifted (slightly) upwards
due to larger phase
space for gluon emission

 BFKL logs may become
important and have a
noticeable effect
◆ one of the first steps at the

LHC will be to understand
the dynamics of W/Z
production

◆ can be done with first 100
pb-1



Correlations using CTEQ6.1 error pdf’s

 As expected, W and Z cross
sections are highly correlated

 Anti-correlation between tT
and W cross sections
◆ more glue for tT production (at

higher x) means fewer anti-
quarks (at lower x) for W
production

◆ mostly no correlation for (low
mass) H and W cross sections

◆ see more later



Heavy quark mass effects in global fits

 CTEQ6.1 (and previous
generations of global fits) used
zero-mass VFNS scheme

 With new sets of pdf’s
(CTEQ6.5/6.6), heavy quark
mass effects consistently taken
into account in global fitting cross
sections and in pdf evolution

 In most cases, resulting pdf’s are
within CTEQ6.1 pdf error bands

 But not at low x (in range of W
and Z production at LHC)

 Heavy quark mass effects only
appreciable near threshold
◆ ex: prediction for F2 at low

x,Q at HERA smaller if mass
of c,b quarks taken into
account

◆ thus, quark pdf’s have to be
bigger in this region to have
an equivalent fit to the HERA
data

implications for LHC phenomenology



CTEQ6.5(6)

CTEQ6.5(6)

 Inclusion of heavy quark
mass effects affects DIS
data in x range
appropriate for W/Z
production at the LHC

 Cross sections for W/Z
increase by 7-8%
◆ now CTEQ and

MRST2004 in
disagreement

 And relative uncertainties
of W/Z increase
◆ although individual

uncertainties of W and Z
decrease

 Joe now has to use 45
pdf’s to keep me happy

Note 
importance of
strange quark
uncertainty for 
ratio



Re-visit correlations with Z, tT

•If two cross sections are very
correlated, then cosφ~1
•…uncorrelated, then cosφ~0
•…anti-correlated, then cosφ~-1

Define a 
correlation
cosine between
two quantities



Re-visit correlations with Z, tT

•If two cross sections are very
correlated, then cosφ~1
•…uncorrelated, then cosφ~0
•…anti-correlated, then cosφ~-1

•Note that correlation curves to Z
and to tT are mirror images of
each other

•By knowing the pdf correlations,
can reduce the uncertainty for a
given cross section in ratio to
a benchmark cross section iff 
cos φ > 0;e.g.  Δ(σW+/σZ)~1%

•If cos φ < 0, pdf uncertainty for 
one cross section normalized to 
a benchmark cross section is 
larger

•So, for gg->H(500 GeV); pdf 
uncertainty is 5%; Δ(σH/σZ)~10%

Define a 
correlation
cosine between
two quantities



Known known: the LHC will be a very jetty place

 Total cross sections for tT and Higgs
production saturated by tT (Higgs) +
jet production for jet pT values of
order 10-20 GeV/c

 σ W+3 jets > σ W+2 jets if pT of lead jet>100
Gev/c (cut of 20 GeV/c on other jets)

 Indication that can expect interesting
events at LHC to be very jetty (especially
from gg initial states)

 Also can be understood from point-of-view
of Sudakov form factors (see paper)



Jet reconstruction will be important

 For some events, the jet structure is
very clear and there’s little ambiguity
about the assignment of
towers/particles to the jet

 But for other events, there is
ambiguity and the jet algorithm must
make decisions that impact precision
measurements

 There is the tendency to treat jet
algorithms as one would electron or
photon algorithms

 There’s a much more dynamic
structure in jet formation that is
affected by the decisions made by the
jet algorithms and which we can tap in

 ATLAS, with its fine segmentation and
the ability to make topoclusters,  has
perhaps the most powerful jet
capabilities in any hadron collider
experiment to date…if we take full
advantage of what the experiment
offers

CDF Run II events



 Entrez Le SpartyJet

LAPP



SpartyJet



SpartyJet ntuples in ATLAS

 SpartyJet ntuples
produced for W/Z +
jets analysis for
0,1,2,3,4,5 parton
samples

 VBF Higgs
production

 dijet
 tT and single top



SpartyJet



Jet masses
 It’s often useful to examine jet

masses, especially if the jet might be
some composite object, say a W/Z or
even a top quark

 For 2 TeV jets (J8 sample), peak
mass (from dynamical sources) is on
order of 125 GeV/c2, but with long tail
◆ Sudakov suppression for low jet

masses
◆ fall-off as 1/m2 due to hard gluon

emission
◆ algorithm suppression at high

masses
▲ jet algorithms tend to split

high mass jets in two

blue squares = midpoint
red crosses = jetclu
purple circles = celljet
turqoise squares = fastjet
black triangles = siscone

jet mass
vs jet pT
for R=D=0.7



Other features
 Access to jet

constituents
 Y-splitter, to

determine scale at
which jet can be
resolved into n sub-
jets

 Ability to add n min
bias events

 Event visualization
 SpartyJet gui coming

in near future



Some recommendations from jet paper

4-vector kinematics (pT,y and not ET,η)
should be used to specify jets

Where possible, analyses should be
performed with multiple jet algorithms

For cone algorithms, split/merge of 0.75
preferred to 0.50



Summary

 Physics will come flying hot
and heavy when LHC turns on
at full energy in 2008

 Important to establish both the
SM benchmarks and the tools
we will need to properly
understand this flood of data

 So we can have confidence
that any BSM signals that we
see are really BSM

 Also important that US have a
strong effort in this early
physics

 The detector is going to be “as is”
and constantly changing
◆ “We take data with the

detector we have, not with the
detector we want.”



New CTEQ project
 Collate/create cross section

predictions for LHC
◆ processes such as

W/Z/Higgs(both SM and
BSM)/diboson/tT/single
top/photons/jets…

▲ relative subprocess fractions
◆ at LO, NLO, NNLO (where

available)
◆ pdf uncertainty, scale uncertainty,

correlations
◆ impacts of resummation (qT and

threshold)
 Using programs such as:

◆ MCFM
◆ ResBos
◆ EKS
◆ Pythia/Herwig/Sherpa
◆ …numerous private codes with

CTEQ
 First on webpage and later as a report
 Feedback on utility of project would

be helpful

 Pdf-related workshop
to be held at CERN
(and Fermilab) on
use of NLO, modified
LO, error pdf’s
◆ in conjunction with

MSTW, PDF4LHC



Extra slides



New tool:MCFM with pdf errors

 Error pdf parton luminosities stored
along with other event information;
tremendous time-saving for MCFM

 Example output below from tT at LHC
(virtual diagrams only)

PDF error set   0  --->   922503.705 fb
PDF error set   1  --->   924901.729 fb
PDF error set   2  --->   920106.561 fb
PDF error set   3  --->   926873.142 fb
PDF error set   4  --->   918314.821 fb
PDF error set   5  --->   924319.039 fb
PDF error set   6  --->   920737.988 fb
PDF error set   7  --->   930912.022 fb
PDF error set   8  --->   914120.978 fb
PDF error set   9  --->   944892.019 fb
PDF error set  10  --->   899134.509 fb
PDF error set  11  --->   910661.311 fb
PDF error set  12  --->   933849.973 fb
PDF error set  13  --->   918037.641 fb
PDF error set  14  --->   926658.411 fb
PDF error set  15  --->   929544.061 fb
PDF error set  16  --->   916165.078 fb
PDF error set  17  --->   926807.189 fb
PDF error set  18  --->   918520.852 fb
PDF error set  19  --->   914185.317 fb
PDF error set  20  --->   928791.454 fb
PDF error set  21  --->   916124.098 fb
PDF error set  22  --->   919646.351 fb
PDF error set  23  --->   922102.562 fb

PDF error set  24  --->   920512.494 fb
PDF error set  25  --->   923791.211 fb
PDF error set  26  --->   919567.536 fb
PDF error set  27  --->   924333.235 fb
PDF error set  28  --->   922540.280 fb
PDF error set  29  --->   917348.784 fb
PDF error set  30  --->   933489.451 fb
PDF error set  31  --->   921711.144 fb
PDF error set  32  --->   920739.212 fb
PDF error set  33  --->   919592.767 fb
PDF error set  34  --->   923451.843 fb
PDF error set  35  --->   923859.904 fb
PDF error set  36  --->   923632.556 fb
PDF error set  37  --->   923740.945 fb
PDF error set  38  --->   921204.429 fb
PDF error set  39  --->   922465.341 fb
PDF error set  40  --->   922560.436 fb
* --------------- SUMMARY --------------
*      Minimum value    899134.509 fb
*      Central value    922503.705 fb
*      Maximum value    944892.019 fb
*      Err estimate +/- 31131.272 fb
*      +ve direction    31383.680 fb
*      -ve direction    32098.504 fb
****************************************

real diagrams contribute -70000 fb, so 
central NLO is ~850 pb; threshold resum->880 pb



Known known: underlying event at the Tevatron

 Define regions transverse to the leading jet
in the event

 Label the one with the most transverse
momentum the MAX region and that with
the least the MIN region

 The transverse momentum in the MAX
region grows as the momentum of the lead
jet increases

◆ receives contribution from higher order
perturbative contributions

 The transverse momentum in the MIN
region stays basically flat, at a level
consistent with minimum bias events

◆ no substantial higher order
contributions

 Monte Carlos can be tuned to provide a
reasonably good universal description of
the data for inclusive jet production and for
other types of events as well

◆ multiple interactions among low x
gluons



Aside: Why K-factors < 1 for inclusive jet prodution?

 Write cross section indicating explicit
scale-dependent terms

 First term (lowest order) in (3) leads
to monotonically decreasing behavior
as scale increases

 Second term is negative for µ<pT,
positive for µ>pT

 Third term is negative for factorization
scale M < pT

 Fourth term has same dependence as
lowest order term

 Thus, lines one and four give
contributions which decrease
monotonically with increasing scale
while lines two and three start out
negative, reach zero when the scales
are equal to pT, and are positive for
larger scales

 At NLO, result is a roughly parabolic
behavior

(1)
(2)

(3)
(4)



Why K-factors < 1?

 First term (lowest order) in (3) leads to
monotonically decreasing behavior as scale
increases

 Second term is negative for µ<pT, positive
for µ>pT

 Third term is negative for factorization scale
M < pT

 Fourth term has same dependence as
lowest order term

 Thus, lines one and four give contributions
which decrease monotonically with
increasing scale while lines two and three
start out negative, reach zero when the
scales are equal to pT, and are positive for
larger scales

 NLO parabola moves out towards higher
scales for forward region

 Scale of ET/2 results in a K-factor
of ~1 for low ET, <<1 for high ET
for forward rapidities at Tevatron



Aside: Jet algorithms at NLO

 If comparison is to hadron-level Monte
Carlo, then hope is that the Monte Carlo will
reproduce all of the physics present in the
data and influence of jet algorithms can be
understood

◆ more difficulty when comparing to
parton level calculations

 Remember at LO, 1 parton = 1 jet
 At NLO, there can be two (or more) partons

in a jet and life becomes more interesting
 Let’s set the pT of the second parton = z

that of the first parton and let them be
separated by a distance d (=ΔR)

 Then in regions I and II (on the left), the two
partons will be within Rcone of the jet
centroid and so will be contained in the
same jet

◆ ~10% of the jet cross section is in
Region II; this will decrease as the jet
pT increases (and αs decreases)

◆ at NLO the kT algorithm corresponds
to Region I (for D=R); thus at parton
level, the cone algorithm is always
larger than the kT algorithm

z=pT2/pT1

d



SM benchmarks for the LHC

 pdf luminosities and uncertainties
 expected cross sections for useful processes

◆ inclusive jet production 
▲ simulated jet events at the LHC
▲ jet production at the Tevatron

– a link to a CDF thesis on inclusive jet production in Run 2
– CDF results from Run II using the kT algorithm

◆ photon/diphoton
◆ Drell-Yan cross sections
◆ W/Z/Drell Yan rapidity distributions
◆ W/Z as luminosity benchmarks
◆ W/Z+jets, especially the Zeppenfeld plots
◆ top pairs

▲ ongoing work, list of topics (pdf file)

See www.pa.msu.edu/~huston/ 

Les_Houches_2005/Les_Houches_SM.html
(includes CMS as well as ATLAS) 



W + jets at the Tevatron

 Interesting for tests of
perturbative QCD formalisms
◆ matrix element calculations
◆ parton showers
◆ …or both

 Backgrounds to tT production and
other potential new physics

 Observe up to 7 jets at the
Tevatron

 Results from Tevatron to  the right are
in a form  that can be easily
compared to theoretical
predictions (at hadron level)
◆ see www-cdf.fnal.gov QCD

webpages
◆ in process of comparing to

MCFM and CKKW predictions
◆ remember for a cone of 0.4,

hadron level ~ parton level

note emission
of each jet 
suppressed by
~factor of αs

agreement with
MCFM for low
jet multiplicity



High pT tops
 At the LHC, there are many

interesting physics signatures
for BSM that involve highly
boosted top pairs

 This will be an
interesting/challenging
environment for trying to
optimize jet algorithms
◆ each top will be a single jet

 Even at the Tevatron have
tops with up to 300 GeV/c of
transverse momentum


