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Wu-Ki Tung
1939-2009

¥ Professor of Physics, Michigan State University
and University of Washington; well-known for his contribution
to hadronic physics

¥ A founder and long-term leader of the Coordinated
Theoretical-Experimental Project on QCD (CTEQ)
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The 1990 paper by Morfin
and Tung pioneered the
global QCD analysis of
parton distribution
functions (in parallel with
the effort by Martin,
Roberts, and Stirling in
Europe)
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Many common themes
of ongoing PDF studies
(interplay of constraints
from different
experiments, PDF
uncertainties, predictions
for “precision
observables”, ...) are
already present in the M-T
paper
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Timeline of CTEQ PDF’s
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Timeline of CTEQ PDF analysis

Wu-Ki played the key role
in the majority of CTEQ
PDF analyses in
1990-2009, including the
latest CT09 study

He was actively and
positively contributing to
this work until his very last
days
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Science and art of the PDF analysis

¥ Wu-Ki’s distinctive thinking and style emphasized clarity and
simplicity

¥ He encouraged to balance precise science of QCD
factorization with practical considerations and appreciation
of unknown effects, especially when broadly used PDFs were
concerned

¥ As our scientific understanding improves, the role of the
balancing art does not decrease

I think of an expanding horizon of scientific knowledge

¥ Wu-Ki’s message remains very relevant, as we strive to reach
the new balance point at an unprecedented level of
precision
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PDF analysis in 2009
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A typical perturbative QCD calculation
Higgs boson production pp → (H → γγ)X via gg → H

Total cross section σpp→H→γγ : g 
p

p g
H +:::

σpp→H→γγ = σ̂gg→H→γγfg/p(x1,MH)fg/p(x2,MH) + ...

¥ σ̂gg→H→γγ is the hard-scattering cross section, given by a
perturbation series in αs (at least formally)

¥ fg/p(x, µ) is the parton distribution function for finding a gluon
g with momentum x~P in a proton with momentum ~P at a
typical momentum µ; µ ∼

∣∣∣~P
∣∣∣ À 1 GeV

fg/p(x, µ) are universal (process-independent) nonperturbative
functions found from a fit to experimental data
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Parton distributions for the Large Hadron Collider
PDF’s must be determined in a
wide (x,Q) range with accuracy
∼ 1% for purposes of...

¥ monitoring of the LHC
luminosity, calibration of
detectors

¥ tests of electroweak symmetry
breaking (EWSB)

¥ searches for Higgs bosons,
supersymmetry, etc

¥ discrimination between new
physics models

¥ precision tests of hadronic
structure
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Key Tevatron/LHC measurements require trustworthy PDFs

For example, leading syst. uncertainties in tests of electroweak
symmetry breaking are due to insufficiently known PDFs

EW precision fits

0

1

2

3

4

5

6

10030 300

mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty
July 2008 mLimit = 154 GeV

A large part of δMH arises from δP DF MW

EW fits + direct Higgs searches

160 165 170 175 180 185
mt [GeV]

80.20

80.30

80.40

80.50

80.60

80.70

M
W

 [G
eV

]
SM

MSSM

MH
 = 114 GeV

MH
 = 400 GeV

light SUSY

heavy SUSY

SM
MSSM

both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’07

experimental errors 68% CL:

LEP2/Tevatron (today)

Tevatron/LHC

SM band: 114 ≤ MH ≤ 400 GeV
SUSY band: random scan

Pavel Nadolsky (SMU) DIS’2009 workshop, Spain April, 26 2009 10



The dilemma of the global PDF analysis

On one hand, PDFs are used very widely

¥ PDF-based predictions must be stable, reproducible, and
practical in a variety of contexts
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The dilemma of the global PDF analysis

On the other hand, any PDF analysis involves a complex mix of
heterogeneous factors

¥ from different branches of particle theory

I NNLO QCD contributions; known in DIS (Moch, Vogt, Vermaseren) and
Drell-Yan process (Anastasiou, Dixon, Melnikov, Petriello)

I even higher-order results are coming
(talks by J. Bluemlein, J. Vermaseren, A. Vogt)

I but also NNLO heavy-quark mass, (anti-)quark flavor
composition, small-x, large-x, NLO EW, isospin violation,
nuclear, etc. effects – all relevant at 1% level
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The dilemma of the global PDF analysis

On the other hand, any PDF analysis involves a complex mix of
heterogeneous factors

¥ from theory and experiment

I choice of experiments

I (dis)agreement between experiments

I role of experimental systematic errors
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The dilemma of the global PDF analysis

On the other hand, any PDF analysis involves a complex mix of
heterogeneous factors

¥ from outside of perturbation theory

I statistical inference

I propagation of PDF uncertainties into physical predictions

I dependence on the choice of PDF parametrizations
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New and updated PDF analyses at DIS’2009

PDF analysis group Talk(s) by
Alekhin and collaborators S. Alekhin

CTEQ (MSU/SMU/Taiwan/Washington) H.-L. Lai, P. N.

CTEQ (JLab) C. Keppel

EPS nuclear PDFs H. Paukkunen

H1 J. Kretzschmar, A. Petrukhin

HERAPDF (H1+ZEUS) V. Radescu

MSTW R. Thorne

Neural Network PDF J. Rojo, M. Ubiali

ZEUS A. Cooper-Sarkar
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Nucleon PDFs: selection of experimental data
DIS-based analyses ⇒ focus on the most precise (HERA DIS) data

¥ NC DIS, CC DIS, NC DIS jet, c and b production (H1, ZEUS, HERAPDF)

¥ some fixed-target DIS and Drell-Yan data, compatible with HERA
DIS at ∆χ2 = 1 level (S. Alekhin)

Global analyses (CT09, MSTW’2008, NNPDF1.1) ⇒ focus on completeness,
reliable flavor decomposition

¥ all above HERA data

¥ fixed-target DIS data
I notably, CCFR and NuTeV νN DIS constraining s(x,Q)

¥ low-Q Drell-Yan (E605, E866), Run-1 W lepton asymmetry,
Run-2 Z rapidity (CT09, MSTW’08, upcoming NNPDF2.0)

¥ CDF Run-1 and Run-2 jet production (CT09, MSTW’08)

¥ CDF Run-2 W asymmetry data (CT09, MSTW08)

Pavel Nadolsky (SMU) DIS’2009 workshop, Spain April, 26 2009 14



Confidence intervals in global PDF analyses

CTEQ6 tolerance criterion (2001)

¥ acceptable values of PDF parameters must agree at ≈90% c.l.
with all experiments included in the fit, for a plausible range of
theoretical assumptions

¥ is realized by accepting all PDF fits with ∆χ2 < T 2 ≈ 100

¥ this criterion is modified in the new CT09 fit (Pumplin et al., arXiv:0904.2424)
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Confidence intervals in global PDF analyses

MSTW tolerance criterion (2008)

¥ an evolved version of the original tolerance criterion

¥ T 2 is calculated independently for each PDF eigenvector

¥ is close on average to T 2 ≈ 50 (but for which assumptions?)

Eigenvector number
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Confidence intervals in global PDF analyses

Neural Network PDF

PDFsUnweighted
ai

χ2

AveragePDF
A very general approach that

¥ realizes stochastic sampling of
the probability distribution in
PDF parameter space
(Alekhin; Giele, Keller, Kosower)

¥ parametrizes PDF’s by flexible
neural networks

¥ does not rely on smoothness
of χ2 or Gaussian
approximations
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H1-2009 fit (arXiv:0904.3513)
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HERAPDF0.1 set based on the combined H1+ZEUS data

The combined H1+ZEUS sample has a much smaller systematical
uncertainty than the H1 and ZEUS samples individually

Nominally, very small uncertainty compared to
CTEQ-MSTW-NNPDF!

Pavel Nadolsky (SMU) DIS’2009 workshop, Spain April, 26 2009 19



Effect on W/Z ratio at the LHC

A. Cooper-Sarkar, Workshop on early LHC data, London, March 2009
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Effect on W/Z ratio at the LHC

A. Cooper-Sarkar, Workshop on early LHC data, London, March 2009
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HERAPDF0.1 set based on the combined H1+ZEUS data

However:
¥ insufficient PDF flavor separation [neutral-current DIS probes

only 4/9 (u + ū + c + c̄) + 1/9
(
d + d̄ + s + s̄

)
]

¥ very rigid PDF parametrizations ⇒ less flexibility to probe all
allowed PDF behavior, notably at small x

¥ typical gluon forms, e.g., g(x,Q0) = AxB(1− x)C (1 + Dx), are
ruled out by the Tevatron jet data (Pumplin et al., arXiv:0904.2424)
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NNPDF1.1 vs. other PDF sets at Q =
√

2 GeV (arXiv:0811.2288)
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Strangeness and σZ/σW at the LHC
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Role of heavy flavors in the PDF analysis
QCD factorization for heavy-quark scattering attracted Wu-Ki’s
close interest throughout his whole career

1987-2009: development of the general-mass (GM) scheme, currently
adopted by CTEQ and MSTW analyses

2006 (CTEQ6.5): realization that the GM (and not zero-mass) treatment
of c, b mass terms in DIS is essential for predicting precision W, Z, and
other cross sections at the LHC
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Role of heavy quarks in the PDF analysis
Interest to heavy quarks have surged in the past few years, at
least partly triggered by CTEQ6.5 observation:

¥ PDF analyses insist on using
updated GM (and not ZM)
PDF’s for precision
predictions

¥ Early GM and ZM analyses
can be obsolete because
of inadequate treatment of
threshold discontinuities
and other mass effects, e.g.
as in pre-2006 MRST NNLO
PDF’s
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Role of heavy quarks in the PDF analysis
Interest to heavy quarks have surged in the past few years, at
least partly triggered by CTEQ6.5 observation:

¥ Computation of 3-loop
heavy-quark Wilson
coefficients, 2-loop
threshold matching
coefficients
(talks by Bluemlein and Klein)

¥ analysis of consistency of
common GM schemes
(Alekhin, Bluemlein, Birenbaum, Klein)
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Role of heavy quarks in the PDF analysis
Interest to heavy quarks have surged in the past few years, at
least partly triggered by CTEQ6.5 observation:

Improved ZM, or
intermediate-mass (IM)
schemes (Thorne, Tung; P.N., Tung)

¥ schemes with ZM matrix
elements and approximate
heavy-quark kinematical
effects

¥ some IM schemes
approximate well the NLO
GM result
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Schemes and conventions for heavy-quark DIS
Wu-Ki’s unfinished note

A proposal to simplify conventions for the presentation of
heavy-quark cross sections
Figures: F. Olness, I. Schienbein, arXiv:0812.3371
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Parton distributions for the LHC
Martin, Stirling, Thorne, Watt, arXiv:0901.0002

¥ 153 pages – summary of several years of work by the MSTW
group

¥ MSTW’08 LO, NLO and NNLO PDF’s

¥ detailed discussion of the MSTW method

¥ new ideas, e.g. dynamic tolerance and floating
experimental normalizations during the determination of
error PDF’s

¥ many new data sets included

¥ comparisons with experimental data and other PDF’s

¥ predictions for the LHC
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MSTW’2008

R. Thorne, Workshop on early LHC data, London, March 2009
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Structure function FL(x,Q) at LO, NLO, and NNLO

Notice instability of perturbative expansion at x → 0
(growing ln(1/x) terms)
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Impact of ln(1/x) all-order resummation on F2(x,Q), FL(x,Q) is
actively explored by several groups (talks by A. Stasto, J. Rojo)
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Strangeness asymmetry and NuTeV anomaly
M. Ubiali, NNPDF

Preliminary results from NNPDF:

Flexible parametrization for
s−(x) = (s(x)− s̄(x)) /2

∫ 1

0
x s−(x) dx ≈ 0± δPDF ,

where δPDF is large compared
to CTEQ/MSTW

¥ sufficient to eliminate NuTeV
sin θW anomaly
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Preliminary constraints on CKM matrix
M. Ubiali, NNPDF

¥ χ2 for the NuTeV dimuon data is
sensitive to CKM matrix elements
|Vcs| and |Vcd|

¥ The global QCD fit can constrain
|Vcs| and |Vcd| better than direct
measurements in D and B decays

I consequence of a good
estimate on δPDF s±(x)

¥ This analysis substantially improves
on previous |Vcs|, |Vcd|
determinations from νN DIS
(CDHS, CCFR, and CHARM)
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Recent CTEQ activities

¥ Preliminary CT09 fit (P. N.)

I effect of the Tevatron Run-2 jet
and W asymmetry data on CT09
PDF’s

I CT09 strangeness at small x

¥ Combined fit of PDF’s and
Drell-Yan pT distributions (H.-L. Lai)

¥ PDF’s for leading-order
Monte-Carlo programs (H.-L. Lai)
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Constraints on intrinsic charm by pp̄ (pp) open
charm production (B. Kniehl)

Some IC charm models (sealike CTEQ6.6IC, upper line) may be
already constrained by early Tevatron Run-2 (6 pb−1) data (left figure);
will be further constrained by Tevatron (right figure) and RHIC
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EPS09: Global analysis of nuclear PDF’s
H. Paukkunen

¥ A study of nuclear modifications
RA

V , RA
S , RA

G to valence, sea quarks
and gluon PDF’s using ` + A DIS,
p + Au → ` ¯`X, d + A → πX,
p + p → πX data

¥ Collinear factorization works well
for studied processes

¥ LO and NLO analysis; Hessian
analysis of nPDF uncertainties is
performed
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Concluding remarks
PDF analysis remains a fertile soil for both “science” and “art” in
Wu-Ki’s sense

¥ demand for powerful calculations

I 2- and 3-loop QCD hard cross sections & matching
coefficients for heavy-quark DIS, jet production

I small-x, large-x, NLO EW effects (comparable to NNLO QCD)

¥ ample room for physics judgement and ingenuity

I challenging issues in estimation, propagation of PDF
uncertainties

I flavor dependence of nonperturbative PDFs, isospin violation

¥ close connection to experiment

I active studies of PDF effects in LHC, HERA, RHIC, Tevatron, and
other measurements
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