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Diphoton measurements

 Based on a data
sample of 200 pb-1

 Analysis continuing
on >1 fb-1 of data

 Isolated:
<1 GeV/c in
cone of radius
0.4

no gg  NLO gg



Other distributions
 Need a theory that

◆ is NLO for all processes
including fragmentation

◆ includes soft gluon
resummation

Guillet shoulder



CDF Run 2 jet measurements
 Publications being

prepared on  first 400
pb-1 of data

 Combination of larger
integrated luminosity and
higher center of mass
energy allow cross
section to be measured
~150 GeV/c further than
in Run 1

 Analysis currently
underway on  a data
sample of > 1 fb-1



Midpoint algorithm
 For the first time, results will

be published with the midpoint
jet algorithm and with the jet
cross section corrected back
to the parton level, allowing
direct comparison with NLO
predictions

 These jet cross sections will
be included in next round of
CTEQ fits, but probably will
not have much impact given
as they already agree well
with CTEQ6.1 predictions

 Note MRST2004 prediction



MRST2004



Hadronization and underlying event corrections

 For comparison to NLO parton
level predictions, jet cross
sections have to be corrected
for underlying event and for
hadronization

 Underlying event refers to
energy in jet cone not due to
the hard interaction

 Hadronization refers to the
energy deposited outside the
cone by partons whose
trajectories lie inside the cone

 The two corrections partially
offset each other

cone of 0.7



Combined effect is cone-size dependent

R=0.4 R=0.7



kT jet results
 kT results agree well with

theory and thus with cone jet
results
◆ agreement would be even

better if “same theory”
were used



M. Wobisch: cone jet algorithms



Discovery



Solution



Problem



MC@NLO
 Ideally, want NLO normalization and

kinematics while retaining the effects
of multiple gluon radiation and
hadronization

◆ many papers written on the subject
 MC@NLO (Frixione/Webber) is only

program in use by experimenters

 Working model has new collaborators
coming in to work on favorite process

◆ Eric Laenen and student: single top
production (now complete)

◆ Vittorio del Duca and Carlo Oleari: WH and
WW fusion to Higgs

◆ Bill Kilgore and Steve Ellis: inclusive jet
production (started at Les Houches)

proverbial 
NLO MC-in-hand

 proverbial 2-in-bush



Mea Culpa @ NLO



Benchmark studies for LHC

 Goal: produce predictions/event samples corresponding to 1 and
10 fb-1

 Cross sections will serve as
◆ benchmarks/guidebook for SM expectations in the early

running
▲ are systems performing nominally? are our calorimeters

calibrated?
▲ are we seeing signs of “unexpected” SM physics in our

data?
▲ how many of the signs of new physics that we undoubtedly

will see do we really believe?
◆ feedback for impact of ATLAS data on reducing uncertainty on

relevant pdf’s and theoretical predictions
◆ venue for understanding some of the subtleties of physics

issues
 Companion review article on hard scattering physics at  the LHC

by John Campbell, James Stirling and myself



SM benchmarks for the LHC

 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) 



More of benchmark webpages

 what are the uncertainties? what are the limitations of
the theoretical predictions?
◆ indicate scale dependence of cross sections as well

as pdf uncertainties
◆ how do NLO predictions differ from LO ones?

 to what extent are the predictions validated by current
data?

 what measurements could be made at the Tevatron
and HERA before then to add further information?

 What are the highest priority NLO calculations to be
done before the LHC turns on?

 Opportunity for CTEQ to contribute



Les Houches priority list
A start of the basic NLO needs for a serious

phenomenology program at the LHC (from Les
Houches 2005):

1. PP  V V + jet (new physics and Higgs search background)

2. PP  H + 2 jets (Higgs production through vector boson fusion
background)

3. PP  T Tbar + B Bbar (Higgs plus top quark background)

4. PP  V V + B Bbar (new physics and Higgs search background)

5. PP  V V + 2 jets (Higgs search background)

6. PP  V + 3 jets (Generic background)

7. PP  V V V (background to tri-lepton searchs)

8. Rules of thumb for uncalculated NLO processes?

matrix elements have now been calculated



More…
 technical benchmarks

◆ jet algorithm comparisons
▲ midpoint vs simple iterative cone vs kT

– top studies at the LHC
– an interesting data event at the Tevatron that examines

different algorithms
▲ Building Better Cone Jet Algorithms

– one of the key aspects for a jet algorithm is how well it can
match to perturbative calculations; here is a 2-D plot for
example that shows some results for the midpoint algorithm
and the CDF Run 1 algorithm (JetClu)

– here is a link to Fortran/C++ versions of the CDF jet code
◆ fits to underlying event for 200 540, 630, 1800, 1960 GeV data

▲ interplay with ISR in Pythia 6.3
▲ establish lower/upper variations
▲ extrapolate to LHC
▲ effect on target analyses (central jet veto, lepton/photon isolation,

top mass?)



…plus more benchmarks that I have no time to discuss

◆ variation of ISR/FSR a la CDF (study performed by Un-Ki Yang)
– low ISR/high ISR
– FSR

▲ power showers versus wimpy showers a la Peter Skands
▲ number of additional jets expected due to ISR effects (see also Sudakov

form factors)
▲ impact on top analyses
▲ effect on benchmarks such as Drell-Yan and  diphoton production

– goal is to produce a range for ISR predictions that can then be compared at the
LHC to Drell-Yan and to diphoton data

◆ Sudakov form factor compilation
▲ probability for emission of 10, 20, 30 GeV gluon in initial state for hard

scales of 100, 200, 500, 1000, 5000 GeV for quark and gluon initial legs
▲ see for example, similar plots for quarks and gluons for the Tevatron from

Stefan Gieseke
◆ predictions for W/Z/Higgs pT and rapidity at the LHC

▲ compare ResBos(-A), joint-resummation and Berger-Qiu for W and Z



Strong overlap with TeV4LHC report

1. Introduction/motivation
2. PDF’s:tools and issues

1. fastNLO
2. LHAPDF

1. pdf reweighting
techniques

2. Sudakov FF’s
3. CTEQ !s series and CTEQ7
4. use of NLO pdf’s (MC’s)

3. Monte Carlo parameters
1. underlying event tuning at the

Tevatron
1. Pythia and Jimmy
2. CTEQ6.1

2. extrapolation to the LHC:
predictions and uncertainties

5. Matrix element/parton shower tools
l W+jets: CKKW/MCFM

comparisons to data
l extrapolation to the LHC:

backgrounds to VBF
l Samper case study: Higgs + 2

jets
6. Jet  production

l MC@NLO: inclusive jet
production

l jet algorithms:advice for the
LHC

7. Diffraction
8. White paper on remaining

measurements at the Tevatron
9. SM Benchmarks for the LHC

l relation to Tevatron
measurements

10. Conclusions



LO vs NLO pdf’s for parton shower MC’s

 For NLO calculations, use  NLO pdf’s (duh)
 What about  for parton shower Monte

Carlos?
◆ somewhat arbitrary assumptions (for

example fixing Drell-Yan
normalization)  have to be made in LO
pdf fits

◆ DIS data in global fits affect LO pdf’s
in ways that may not directly transfer
to LO hadron collider predictions

◆ LO pdf’s for the most  part are outside
the NLO pdf error band

◆ LO matrix elements for many of the
processes that we want to calculate
are not so different from NLO matrix
elements

◆ by adding parton showers, we are
partway towards NLO anyway

◆ any error is formally of NLO
 (my recommendation) use NLO pdf’s

◆ pdf’s must be + definite in regions of
application (CTEQ is so by def’n)

 Note that this has implications for MC
tuning, i.e. Tune A uses CTEQ5L

◆ need tunes for NLO pdf’s …but at the end of the day this is still LO physics;
There’s no substitute for honest-to-god NLO.



upbar/downbar



gluon

similar for MRST
compare to CTEQ5L,
used for most MC’s



 Less difference between NLO and NNLO pdf’s



Impact on UE tunes
 5L significantly steeper

at low x and Q2



CTEQ6.1 Tune
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I used LHAPDF! See the
next talk by Craig Group!



Extra



Outline for review article
1. Introduction and Framework
2. 2->1 and 2->2  hard subprocesses at hadron colliders

a. W/Z/Drell-Yan/Higgs
b. High pT photon, jet, heavy flavor

3. Adding extra partons, real and virtual; cross sections and jet
structures

a. at LO (tree-level scattering amplitudes)
i. increasing complexity of 2->n processes as n

increases, # of diagrams, color factors
ii. numerical implementations – Madevent,

Alpgen, Sherpa
iii. new techniques – MHV rules, recursion

relations
b. at NLO (K-factors, singularity cancellations, scheme

dependence)
i. loop and real diagrams, toy model for

singularity cancellation
ii. origin of reduced scale dependence
iii. complexity of analytical calculations,

dependence on # of legs, masses, tensor
structure

iv. new numerical methods (sector
decomposition, numerical reduction ...)

v. new analytical methods (cutting rules, sewing
amplitudes)

vi. examples

c.  at NNLO
i. different contributions (2-loop, 1-loop/1
unresolved, 2 unresolved)
ii. 2-loop calculations of 2->2 processes
iii. bottleneck: generic integration of 2-
unresolved contribution; solution for DY is to convert real
integrals -> loop integrals
iv. works for total inclusive, simple cuts on
rapidity
v. example (or already in Sec.2, 5?)

d. at all orders (parton showers; analytic resummation)
e. jet algorithms
f. fragmentation and hadronization
g. merging fixed order and parton shower predictions

i. CKKW
ii. mlm
iii. connections between parton showers and NLO

general points:
-power counting (in alpha_s)
-where do logs come from? What are LL? NLL? What 
calculation has  what?
-exact, leading pole and eikonal approximations
-color flow: different color flows interfere with each other 
giving rise to 1/Nc^2  terms that don’t correspond to a 
unique color flow; interference terms not present in 
parton shower Monte Carlos



Outline, continued
4.   Parton distribution functions

a. basics (symmetries, sum rules, small and large x behavior)
b. global fits (LO, NLO, NNLO)
c. uncertainties

5. Cross sections and uncertainties
a. “rules of thumb”

i. parton-parton luminosities and uncertainties for
LHC

1. effects of evolution
2. LHAPDF and effective use of pdf uncertainties
ii. LO vs. NLO  vs. parton showers, e.g. regions of

applicability
iii. NLO corrections (K-factors); generalizations; edges

of distributions where perturbation theory breaks
down

b. comparisons to Tevatron data
1. W/Z sigma, y distributions
a. LO, NLO, NNLO
2. W/Z + jets
a. LO+PS, NLO
b. Zeppenfeld plots
3. inclusive  jet production
a. jet  algorithms revisited
b. feedback to global fits
c. fragmentation/UE corrections

c. SM benchmarks for the LHC – where appropriate, 
include best theoretical cross sections, error estimates
1. W/Z/DY as luminosity monitors
2. UE predictions/uncertainties
3. inclusive  jet production
4. W/Z + jets
5. top
6. Higgs

a. gg->H
b. WW->H

d. new physics signatures and Standard Model backgrounds

6. Outlook: theory and experiment
a. LHC
b. NNLO
c. Samper
d. twistors


