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Obje
tives of le
tures 2 and 3

� introdu
e the basi
 methods for determination of PDFs from hadroni


s
attering data

� 
onvey the ri
hness of ideas en
ountered in the PDF analysis �


ontributed by diverse bran
hes of theory, experiment, and

mathemati
s

� dis
uss how our knowledge of PDFs a�e
ts pra
ti
al appli
ations

Sele
tion of the topi
s is far from 
omplete, based on le
tures at CTEQ

summer s
hools by me and Wu-Ki Tung. Examples of PDFs are from 4

years ago, physi
s is the same with latest PDF versions.

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 2



Theoreti
al essentials Experimental observables PDF parametrizations Statisti
al aspe
ts Pra
ti
al appli
ations

Motivation and theoreti
al essentials
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Parton distribution fun
tions fa/p(x,Q)...

... are indispensable in 
omputations of in
lusive hadroni
 rea
tions

� key fun
tions des
ribing the nu
leon stru
ture in QCD

� needed for a variety of new physi
s sear
hes at the LHC and in other

experiments

... des
ribe probabilities for �nding partons inside parent hadrons

... arise as nonperturbative fun
tions in QCD fa
torization

... are universal � independent of the hard-s
attering pro
ess

... 
annot be 
omputed systemati
ally

... obey perturbative evolution (DGLAP) equations

... are determined from a global �t to hadron s
attering data
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Parton distributions for the Large Hadron Collider

PDF's must be determined in a wide

(x,Q) range with a

ura
y ∼ 1% for

purposes of...

� monitoring of the LHC luminosity,


alibration of dete
tors

� tests of ele
troweak symmetry

breaking (EWSB)

� sear
hes for Higgs bosons,

supersymmetry, et
.

� dis
rimination between new physi
s

models

� pre
ision tests of hadroni
 stru
ture
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Key Tevatron/LHC measurements require trustworthy PDFs

For example, leading syst. un
ertainties in tests of ele
troweak symmetry

breaking are due to insu�
iently known PDFs

gg → H at the Tevatron

δPDF and δαs dominate δMH

EW �ts + dire
t Higgs sear
hes
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an
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Basi
 de�nitions

� Partons are weakly bound


onstituents of hadrons with small

typi
al size (r ≪ rnucleon ≈ 1 fm)
(Feynman; Bjorken, Pas
hos - 1969)

◮ assumed to be pointlike at present

Pavel Nadolsky (SMU) Peking University Le
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Basi
 de�nitions

� Partons are most easily dete
ted in

in
lusive hadroni
 s
attering

A+B → C +X at large 
ollision

energy

√
s≫ 1 GeV, with typi
al

energy transfer Q of order

√
s

� Su
h s
attering is dominated by

rare independent 
ollisions

a+ b→ 1 + 2 + ...+ n of a parton

a from A on a parton b from B,
pro
eeding through perturbative

QCD and ele
troweak intera
tions

s

Q

X

CA

B

3

a

b

1
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n
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Basi
 de�nitions

In the simplest (leading-order)

interpretation, the PDF fa/p(x,Q) is a
probability for �nding a parton a with

4-momentum xpα in a proton with

4-momentum pα

fa/p(x,Q) depends on nonperturbative
QCD intera
tions

pα

Q

xpα

Pavel Nadolsky (SMU) Peking University Le
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Basi
 de�nitions

Modern measurements need to know the

PDFs with relative a

ura
y of 1-5% in

the whole range x & 10−5
and

1 . Q . 103 GeV

Tremendous progress has been made in

studying PDFs in this region; yet small x
(x . 10−3

) and large x (x > 0.3) are
still insu�
iently understood
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PDFs and QCD fa
torization

A

ording to QCD fa
torization theorems, typi
al 
ross se
tions (e.g., for

ve
tor boson produ
tion p(k1)p(k2) →
[
V (q) → ℓ(k3)ℓ̄(k4)

]
X) take the form

σpp→ℓℓ̄X =
∑

a,b=q,q̄,g

∫ 1

0

dξ1

∫ 1

0

dξ2σ̂ab→V →ℓℓ̄

(
x1
ξ1
,
x2
ξ2

;
Q

µ

)
fa/p(ξ1, µ)fb/p(ξ2, µ)

+O
(
Λ2
QCD/Q

2
)

� σ̂ab→V→ℓℓ̄ is the hard-s
attering


ross se
tion

� fa/p(ξ, µ) are the PDFs

� Q2 = (k3 + k4)
2, x1,2 = (Q/

√
s) e±yV

�

measurable quantities

q̄

p

p

q

W, Z, γ∗

ℓ̄

ℓ

+...

� ξ1, ξ2 are partoni
 momentum fra
tions (integrated over)

� µ is a fa
torization s
ale (=renormalization s
ale from now on)

� Fa
torization holds up to terms of order Λ2
QCD/Q

2
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PDFs and QCD fa
torization

A

ording to QCD fa
torization theorems, typi
al 
ross se
tions (e.g., for

ve
tor boson produ
tion p(k1)p(k2) →
[
V (q) → ℓ(k3)ℓ̄(k4)

]
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σpp→ℓℓ̄X =
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a,b=q,q̄,g

∫ 1

0

dξ1

∫ 1

0

dξ2σ̂ab→V →ℓℓ̄

(
x1
ξ1
,
x2
ξ2

;
Q

µ

)
fa/p(ξ1, µ)fb/p(ξ2, µ)

+O
(
Λ2
QCD/Q

2
)

Purpose of this arrangement:

� Subtra
t large 
ollinear logarithms αn
s ln

k(Q2/m2
q) from σ̂

� Resum them in fa/p(ξ, µ) to all orders of αs

Pavel Nadolsky (SMU) Peking University Le
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Operator de�nitions for PDFs

To all orders in αs, PDFs are de�ned as matrix elements of 
ertain


orrelator fun
tions:

fq/p(x, µ) =
1

4π

∫
∞

−∞

dy−eiy
−p+〈p

∣∣∣ψq(0, y
−,~0T )γ

+ψq(0, 0,~0T )
∣∣∣ p〉, et
.

Several types of de�nitions, or fa
torization s
hemes (MS, DIS, et
.),
exist

They all 
orrespond to the probability density for �nding a in p at LO; they

di�er at NLO and beyond

To prove fa
torization, one must show that fa/p(x, µ) 
orre
tly 
aptures
higher-order 
ontributions for the 
onsidered observable

This 
ondition 
an be violated for multi-s
ale observables

(e.g., DIS or Drell-Yan pro
ess at x ∼ Q/
√
s≪ 1)

Pavel Nadolsky (SMU) Peking University Le
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Operator de�nitions for PDFs

To all orders in αs, PDFs are de�ned as matrix elements of 
ertain


orrelator fun
tions:

fq/p(x, µ) =
1

4π

∫
∞

−∞

dy−eiy
−p+〈p

∣∣∣ψq(0, y
−,~0T )γ

+ψq(0, 0,~0T )
∣∣∣ p〉, et
.

The exa
t form of fa/p is not known; but its µ dependen
e is des
ribed by

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations:

µ
dfi/p(x, µ)

dµ
=

∑

j=g,u,ū,d,d̄,....

∫ 1

x

dy

y
Pi/j

(
x

y
, αs(µ)

)
fj/p(y, µ)

Pi/j are probabilities for j → ik 
ollinear splittings;

are known to order α3
s (NNLO):

Pi/j (x, αs) = αsP
(1)
i/j (x) + α2

sP
(2)
i/j (x) + α3

sP
(3)
i/j (x) + ...
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Example of DGLAP evolution

Compare µ dependen
e of u
quark PDF and the gluon

PDF

The u, d PDFs have a


hara
teristi
 bump at

x ∼ 1/3 � reminis
ent of

early valen
e quark models of

the proton stru
ture

The PDFs rise rapidly at

x < 0.1 as a 
onsequen
e of

perturbative evolution

Durham PDF plotter, http://durpdg.dur.a
.uk/hepdata/pdf3.html
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Example of DGLAP evolution

As Q in
reases, it be
omes

more likely that a high-x
parton loses some momentum

through QCD radiation

⇒ u(x,Q) redu
es at
x & 0.1, in
reases at x . 0.1

Durham PDF plotter, http://durpdg.dur.a
.uk/hepdata/pdf3.html
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Example of DGLAP evolution: ū and gluon PDF

g(x,Q) 
an be
ome negative

at x < 10−2
, Q < 2 GeV

may lead to unphysi
al

predi
tions

This is an indi
ation that

DGLAP fa
torization

experien
es di�
ulties at su
h

small x and Q

Large lnk(1/x) in Pi/j(x)
break PQCD expansion at

x ∼ Q/
√
s≪ 1

Linear s
ale

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 11
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Example of DGLAP evolution: ū and gluon PDF

g(x,Q) 
an be
ome negative

at x < 10−2
, Q < 2 GeV

may lead to unphysi
al

predi
tions

This is an indi
ation that

DGLAP fa
torization

experien
es di�
ulties at su
h

small x and Q

Large lnk(1/x) in Pi/j(x)
break PQCD expansion at

x ∼ Q/
√
s≪ 1

Logarithmi
 s
ale
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Example of DGLAP evolution: ū and gluon PDF

As Q in
reases, g(x,Q) grows
rapidly at small x

αs(Q) be
omes small enough

to suppress lnk(1/x) terms

small-x behavior stabilizes

Logarithmi
 s
ale
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Universality of PDFs

To all orders in αs, PDFs are de�ned as matrix elements of 
ertain


orrelator fun
tions:

fq/p(x, µ) =
1

4π

∫
∞

−∞

dy−eiy
−p+〈p

∣∣∣ψq(0, y
−,~0T )γ

+ψq(0, 0,~0T )
∣∣∣ p〉, et
.

PDFs are universal � depend only on the type of the hadron (p) and
parton (q, q̄, g)

... 
an be parametrized as

fi/p(x,Q0) = a0x
a1(1− x)a2F (a3, a4, ...) at Q0 ∼ 1 GeV

... predi
ted by solving DGLAP equations at Q > Q0

... found from a global �t to the ben
hmark hadroni
 data

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 12
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Typi
al features of the PDF analysis

Data sets and χ2/d.o.f.
from MSTW'2008 analysis

� PDFs are not measured

dire
tly, but some data sets

are more sensitive to spe
i�



ombinations of PDFs. By


onstraining these


ombinations, the PDFs 
an

be disentangled in a 
ombined

(global) �t to many diverse

pro
esses. Some of these �ts

involve up to 40 experiments,

5000+ data points, and 100+

free parameters

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 13
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Typi
al features of the PDF analysis

We are interested not just in

one best �t, but also in the

un
ertainty of the resulting

PDF parametrizations and

theoreti
al predi
tions based

on them. This will be 
overed

in Le
ture 3
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CT10 NNLO des
ribes well LHC 7 TeV

experiments
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Question to the audien
e

Whi
h of the SM parti
les 
an have a non-zero PDF fa/p(x,Q) in
the proton?

1. light partons u, d, s, g

2. heavy quarks c, b, t

3. photon γ; leptons e, µ, τ, ν

4. massive ele
troweak bosons W and Z

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 15
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1. light partons u, d, s, g

2. heavy quarks c, b, t

3. photon γ; leptons e, µ, τ, ν

4. massive ele
troweak bosons W and Z

Answer

All of them � the PDF 
an be de�ned for any parti
le

However, only partons with mass . 1 GeV are expe
ted to have a

non-negligible fa/p(x,Q0) at the initial s
ale Q0 ≈ 1 GeV
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Boundary 
onditions at Q0

In pra
ti
e, independent parametrizations fa/p(x,Q0) are introdu
ed for

� g, u, d, s, ū, d̄, s̄ (always)

ontribute > 97% of the proton's energy Ep at Q0

◮ even in this 
ase, the data are usually insu�
ient for 
onstraining all

PDF parameters; some of them 
an be �xed by hand

◮ e.g., ū = d̄ = s̄ in outdated �ts

� c and or b (o

asionally; in a model allowing nonperturbative �intrinsi


heavy-quark produ
tion�)

� photons γ (in MRST'03 QCD+QED PDFs, tentatively in CT1X and

NNPDF)

◮ a QCD+QED �t is more 
ompli
ated than one might think: it must

a

ount for violation of 
harge symmetry by EM e�e
ts,

up(x,Q) 6= dn(x,Q); dp(x,Q) 6= un(x,Q)

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 16
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PDFs for heavy �avors

� PDFs for heavy partons h 
an be generated via DGLAP evolution at

Q ≥ m, using a boundary 
ondition fh/p(x,Q) = 0 at Q ≤ m

� In pra
ti
e:

◮ perturbative PDFs are only introdu
ed for c and b quarks

◮ QCD 
oupling αs(Q) and PDFs are evaluated with 5 a
tive �avors at

all Q ≥ mb

◮ Moderate logarithmi
 enhan
ements may exist in 
ollinear t, W, Z
produ
tion at Q > 1 TeV; but, for all pra
ti
al purposes, it su�
es to

evaluate these 
ollinear terms as a part of hard 
ross se
tions

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 17
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General-mass variable-�avor number s
heme

� A series of fa
torization s
hemes with Nf a
tive quark �avors in

αs(Q) and fa/p(x,Q)

◮ Nf is in
remented sequentially at momentum s
ales µNf
≈ mNf

� in
orporates essential mc,b dependen
e near, and away from,

heavy-�avor thresholds

� implemented in all latest PDF �ts ex
ept ABM a

µ

µ4 ≈ mc µ5 ≈ mb

Nf = 4 Nf = 5Nf = 3 + −

P

1

m;n=1

�

n

S

v

nm

ln

m

(Q

2

=M

2

)

m!
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General-mass variable-�avor number s
heme

Proved for in
lusive DIS by J. Collins (1998)

F2(x,Q,mc) =
∑

a

∫ 1

χ

dξ

ξ
Ha(

χ

ξ
,
Q

µ
,
mc

Q
)fa(ξ,

µ

mc
) +O

(
ΛQCD

Q

)

� limQ→∞H exists and is infrared safe

� 
ollinear logarithms

∑
∞

k,n=1 α
k
svkn ln

n(µ/mc) are resummed in

fc(x, µ/mc)

� no terms O(mc/Q) in the remainder

µ

µ4 ≈ mc µ5 ≈ mb

Nf = 4 Nf = 5Nf = 3 + −

P

1

m;n=1

�

n

S

v

nm

ln

m

(Q

2

=M

2

)

m!
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General-mass variable-�avor number s
heme

Proved for in
lusive DIS by J. Collins (1998)

F2(x,Q,mc) =
∑

a

∫ 1

χ

dξ

ξ
Ha(

χ

ξ
,
Q

µ
,
mc

Q
)fa(ξ,

µ

mc
) +O

(
ΛQCD

Q

)

� Works most e�e
tively in DIS and Drell-Yan-like pro
esses; pra
ti
al

implementation requires

1. e�
ient treatment of mass dependen
e, res
aling of momentum

fra
tions χ in pro
esses with in
oming c, b

2. physi
ally motivated fa
torization s
ale to ensure fast PQCD


onvergen
e (e.g., µ = Q in DIS)

µ

µ4 ≈ mc µ5 ≈ mb

Nf = 4 Nf = 5Nf = 3 + −

P

1

m;n=1

�

n

S

v

nm

ln

m

(Q

2

=M

2

)

m!

Pavel Nadolsky (SMU) Peking University Le
ture 2, 06/2013 18



Theoreti
al essentials Experimental observables PDF parametrizations Statisti
al aspe
ts Pra
ti
al appli
ations

An example of GM-VFN fa
torization s
heme

Threshold

suppression

x=0.05 µ
2
=Q

2
+4 m

2

F
2
c

Q
2
 / GeV

2

χ=x(1+4 m
2
 / Q

2
 )
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LO 3-flv : GF
(1)








Naive LO 4-flv
 : c

(x)

L
O

 4
-f

lv
 A

C
O

T
(c)

 : 
c(
c)







� Charm Wilson 
oe�
ient fun
tion is suppressed at Q→ mc

� To keep agreement with F2 data, u, d, ū, d̄ PDF's are enhan
ed at

small x, as 
ompared to the zero-mass (ZM-VFN) s
heme
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Experimental observables
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Sele
tion of experimental data

� In
lusive deep-inelasti
 s
attering

◮ HERA

♦ neutral-
urrent e±p → e±X:

the largest data set in the �t

♦ 
harged-
urrent ep → νX

◮ Fixed-target experiments

♦ eN, µN, νN s
attering

� Semi-in
lusive DIS:

◮ 
harm produ
tion ep→ ecX (HERA)

◮ µµ produ
tion νN → µ(c→ µ)X
(NuTeV)

10
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10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

fixed
target

HERA

LHC

x
1,2

 = (M/14 TeV) exp(±y)
Q = M

Kinematical ranges of particle experiments

M = 10 GeV

M = 100 GeV

M = 1 TeV

M = 10 TeV

66y = 40 224

Q
2    

(G
eV

2 )

x

Hard 
ross se
tions are known at NNLO (two QCD loops) for in
lusive DIS

and ep→ ecX; at NLO (one loop) for νN → µµX
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Sele
tion of experimental data

� Lepton pair produ
tion (pN
γ∗,W,Z−→ ℓℓ̄′X):

Tevatron, �xed-target experiments

� In
lusive jet produ
tion:

pp̄→ jX (Tevatron), ep → j(j)X (HERA)
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 = (M/14 TeV) exp(±y)
Q = M

Kinematical ranges of particle experiments

M = 10 GeV

M = 100 GeV

M = 1 TeV

M = 10 TeV

66y = 40 224

Q
2    

(G
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2 )

x

Hard 
ross se
tions are known at NNLO (two loops) for lepton pair

produ
tion, NLO (one loop) for jet produ
tion
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Neutral-
urrent ep DIS: kinemati
s

� s = (pe + pp)
2
�total energy

� Q2 = −q2 = −(pe − p′e)
2
� momentum transfer

� x = Q2/(2pp · q) � Bjorken s
aling variable

� y = Q2/(xs) � inelasti
ity

� W 2 = Q2(1− x)/x � energy of the hadroni


�nal state

d2σ(e±p)

dQ2dx
=

2πα2

Q4x
Y+

(
F2 −

y2

Y+
FL ± Y−

Y+
xF3

)
,

with Y± ≡ 1± (1− y)2

The data is �tted either in the form of F2(x,Q
2) or d2σ/(dQ2dx)

Pavel Nadolsky (SMU) Peking University Le
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Bjorken s
aling of F2(x,Q
2)

40 years after its dis
overy
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DIS experiments: kinemati
al rea
h
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PDF 
ombinations in DIS at the lowest order

� Neutral 
urrent ℓ±p:

F ℓ±p
2 (x,Q2) =

4

9
(u+ ū+ c+ c̄) +

1

9

(
d+ d̄+ s+ s̄+ b+ b̄

)

◮ PDFs are weighted by the fra
tional EM quark 
oupling

e2i = 4/9 or 1/9

◮ 4 times more sensitivity to u and c than to d, s, and b

◮ No sensitivity to the gluon at this order

� Neutral 
urrent (ℓ±N) DIS on isos
alar nu
lei (N = (p+ n)/2):

F ℓ±N
2 (x,Q2) =

5

9

(
u+ ū+ d+ d̄+ smaller s, c, b 
ontributions

)

� Charged 
urrent (νN) DIS :

F νN
2 (x,Q2) = x

∑

i=u,d,s...

(qi + q̄i)

xF νN
3 (x,Q2) = x

∑

i=u,d,s

(qi − q̄i)
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DIS at next-to-leading order (NLO) and beyond

Logarithmi
 
orre
tions to Bjorken s
aling (Q dependen
e of F2(x,Q
2))

are sensitive to the gluon PDF through DGLAP equations,

µ
dfi/p(x, µ)

dµ
=

∑

j=g,u,ū,d,d̄,....

∫ 1

x

dy

y
Pi/j

(
x

y
, αs(µ)

)
fj/p(y, µ)

Thus, when examined at NLO, the DIS data 
onstrains

�
∑

i e
2
i (qi + q̄i) in an amazingly large range 10−5 < x < 0.5

� u and d at 10−2 < x < 0.3

� g(x,Q) at x < 0.1

Ability of DIS to separate quarks from antiquarks, or small s, c, b

ontributions from large u and d 
ontributions, is limited; more so be
ause

of systemati
 e�e
ts in �xed-target DIS experiments (higher-order terms,

nu
lear 
orre
tions, et
.)

Pavel Nadolsky (SMU) Peking University Le
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DIS at next-to-leading order (NLO) and beyond

Logarithmi
 
orre
tions to Bjorken s
aling (Q dependen
e of F2(x,Q
2))

are sensitive to the gluon PDF through DGLAP equations,

µ
dfi/p(x, µ)

dµ
=

∑

j=g,u,ū,d,d̄,....

∫ 1

x

dy

y
Pi/j

(
x

y
, αs(µ)

)
fj/p(y, µ)

Thus, when examined at NLO, the DIS data 
onstrains

�
∑

i e
2
i (qi + q̄i) in an amazingly large range 10−5 < x < 0.5

� u and d at 10−2 < x < 0.3

� g(x,Q) at x < 0.1

Ability of DIS to separate quarks from antiquarks, or small s, c, b

ontributions from large u and d 
ontributions, is limited; more so be
ause

of systemati
 e�e
ts in �xed-target DIS experiments (higher-order terms,

nu
lear 
orre
tions, et
.)
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1. Constraints on quark sea from pN → ℓ+ℓ−X
(N = p, d, Fe, Cu, ..)

dσpp

dQ2dy
∼ (23 )

2 [uAūB + ūAuB ] + (−1
3)

2
[
dAd̄B + d̄AdB

]
+ smaller terms

⇒ sensitivity to q̄(x,Q)

Assuming 
harge symmetry between protons and neutrons (up = dn,
un = dp):
dσpn

dQ2dy
∼ (23 )

2
[
uAd̄B + ūAdB

]
+ (−1

3)
2
[
dAūB + d̄AuB

]
+ smaller terms

If deuterium binding 
orre
tions are negle
ted: qd(x) ≈ qp(x) + qn(x)

At xA ≫ xB (large y): q̄(xA) ∼ 0 and 4u(xA) ≫ d(xA)

σpd
2σpp

≈ 1

2

(1 + dA
4uA

)[1 + r]

(1 + dA
4uA

r)
≈ 1

2
(1 + r), where r ≡ d(xB)/u(xB)

∴ σpd/(2σpp) 
onstrains d̄(x,Q)/ū(x,Q) at moderate x
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Theory vs. experiment

Cross se
tion at Q = 4− 17 GeV

1
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10 2
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M
3 d2 σ/

dx
Fd

M
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/G

eV
2 /n

uc
le
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)

√τ

Martin, Roberts, Stirling, Thorne, Eur. Phys. J., C4, 463 (1998)

σpd/(2σpp) at large xF = xA − xB
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CTEQ4M

MRS(R2)

“CTEQ4M (d
_
 - u

_
 = 0)”

x2

σpd
/2

σpp

FNAL-E866/NuSea

PRL, 80, 3715 (1998)

CTEQ5M

Theory 
urves re�e
t di�erent assumptions about d̄/ū

PDF �ts (e.g., CTEQ5M) quantitatively a

ount for the violation of SU(2)
symmetry in the quark sea
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Quark �avor separation from pN
γ∗,W±,Z0

−→ ℓ1ℓ̄2X
(N = p, p̄,d, Fe,Cu, ..)

Produ
tion of lepton pairs is essential for dis
rimination between quark and

anti-quark PDFs. More details in le
ture 4.

|eη|
0 0.5 1 1.5 2 2.5 3

A
sy

m
m

et
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>25 GeVT
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νE

CTEQ6.6 central value

MRST04NLO central value

CTEQ6.6 uncertainty band

Tevatron/LHC W boson asymmetry

is 
orrelated with

d(x,MW )/u(x,MW ) at large x
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PRL, 80, 3715 (1998)

CTEQ5M

Fixed-target DY experiments 
an


onstrain d̄/ū
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What about s(x,Q) 6= s̄(x,Q)?

This 
an be tested in subpro
esses

W+s→ c and W−s̄→ c̄

In the experiment, 
harm quarks 
an be identi�ed by their semileptoni


de
ays,

c→ sµ+ν and c̄→ s̄µ−ν̄

So one sees

νN → µ−cX → µ−µ+X

ν̄N → µ+cX → µ+µ−X

� SIDIS muon pair

produ
tion (NuTeV)

Pavel Nadolsky (SMU) Peking University Le
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Total strangeness and strangeness asymmetry

Denote

[qi](Q) ≡
∫ 1

0
x qi(x,Q) dx �net moment fra
tion 
arried by qi

and introdu
e s±(x) = s(x)± s̄(x) (total strangeness and its asymmetry)

It is possible that ∫ 1

0
s−(x)dx = 0

(a proton has no net strangeness), but

[S−] ≡
∫

−1

0
xs−(x)dx 6= 0

(s and s̄ have di�erent x distributions)

A large non-vanishing [S−] might explain �the NuTeV weak angle anomaly�

When deriving [S−] from the data, one must be 
areful to avoid being

biased by the 
hoi
e of the parametrization for s−(x,Q)
Pavel Nadolsky (SMU) Peking University Le
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CCFR (in
lusive νN DIS) and NuTeV (SIDIS

dimuon produ
tion): 
onstraints on strangeness
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Blue: CTEQ6.6
Green: CT09
Red: MSTW’08 NLO

s+(x,Q) is reasonably well


onstrained at x > 0.01;
pra
ti
ally unknown at

x < 0.01

2009 NNPDF estimate (least

biased by the parametrization

of s−(x,Q)):

[S−](Q2 = 20 GeV

2) = 0±0.009

No statisti
ally signi�
ant [S−]; but the PDF error is large enough to

eliminate the NuTeV anomaly (!)
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NuTeV, NNPDF1.2, and global EW �t

un
ertainties on sin2 θw

 0.215

 0.22

 0.225

 0.23

 0.235

 0.24

 0.245

si
n2 θ W

Determinations of the weak mixing angle sin2θW

NuTeV01 NuTeV01 Global EW fit
+ NNPDF1.2 [S-]
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How is the quark sea �avor symmetry broken?

Several 
ompeting me
hanisms may 
ontribute

� NNLO DGLAP evolution generally predi
ts that ū(x,Q2) 6= d̄(x,Q2),
s̄(x,Q2) 6= s(x,Q2) at Q2 > Q1, if u(x,Q1) 6= d(x,Q1)

� Fermi motion

◮ Sin
e d(x,Q)/u(x,Q) < 1, expe
t d̄(x,Q)/ū(x,Q) > 1 at x & 0.1

� Nonperturbative meson �u
tuations

◮ p→ nπ+ → p (or uud→ (udd)(ud̄)) suggests suppression of

d̄(x,Q)/ū(x,Q) (n 
arries more momentum than π+
at x→ 1)

◮ p→ ΛK+ → p (or uud→ (uds)(us̄)) suggests [S−] > 0
(Λ 
arries more momentum than K+

at x→ 1)
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In
lusive jet produ
tion at the Tevatron

50 100 150 200 250 300 350 400 450 500
ET (GeV)

0

0.5

1

S
ub

pr
oc

es
s 

fr
ac

tio
n

p
−
 p −−> jet +X

√s = 1800 GeV   CTEQ6M    µ = ET /2    0< |η| <.5

CTEQ6M
CTEQ5M

qq

qg

gg

High-ET jets are mostly produ
ed in

qq s
attering; yet most of the PDF

un
ertainty arises from qg and gg

ontributions

Here typi
al x is of order

2ET /
√
s & 0.1;

e.g., x ≈ 0.2 for ET = 200 GeV,√
s = 1.8 TeV

At su
h x, u(x,Q) and d(x,Q) are
known very well; un
ertainty arises

mostly from g(x,Q)

∴ Tevatron jet data

� 
onstrain g(x,Q) at x > 0.1

� 
omplements HERA 
onstraints on g(x,Q) at x < 0.1
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Correlated systemati
 errors in pp̄ → jX
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−1
); CDF results
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)

� (Almost)

negligible

statisti
al error

� Experimental un
ertainty is dominated by 
orrelated shifts of data

points due to systemati
 e�e
ts

� There are about 20 systemati
 errors published by ea
h Run II jet

experiment

� The PDF un
ertainty would be strongly underestimated if these

systemati
 errors are not in
luded
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Homework assignment

When experimental errors σi are un
orrelated, the log-likelihood fun
tion

χ2
of the �t is 
onstru
ted as

χ2 =

Npoints∑

i=1

(
Ti −Di

σi

)2

(1)

in terms of the theoreti
al predi
tion Ti and experimental value Di at ea
h

point

In general, one needs to modify Eq. (1) to in
lude a variety of systemati


e�e
ts

� Theoreti
al: dependen
e on fa
torization and renormalization s
ale,

higher-order/higher-twist terms, resummation e�e
ts, et
.

� Experimental: overall normalization, 
alibration of dete
tors, energy

resolution, et
.

These are often examined by independent authors and provided to the

�tters in some simpli�ed form
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Homework assignment

Task for tomorrow

Propose a pro
edure to supplement Eq. (1) with external information

about systemati
 un
ertainties. For example, N systemati
 errors result in

N unknown 
orrelated shifts of data with respe
t to theory. Find a optimal


ombination of the random shifts that minimizes χ2
. Su
h 
ombination


an be found analyti
ally; when this is done in the global �t, one obtains

the most 
onservative (largest) PDF un
ertainty 
onsistent with the


orrelated shifts

If you have di�
ulties, read Appendix B in J. Pumplin et al. (CTEQ6), JHEP 0207, 012 (2002)
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Choi
e of PDF parametrization
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Statisti
al aspe
ts
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