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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsRe
ap, le
ture 1
In the �rst le
ture, we dis
ussed the basi
 properties and behavior ofparton distribution fun
tions, motivation for pre
ision studies of PDFs,and key experiments from whi
h the PDFs are determinedToday we will review pra
ti
al issues asso
iated with the determinationand usage of PDFs: di�eren
es between the PDF sets, 
omputation ofPDF un
ertainties, implementation of 
orrelated errors, 
ombination ofPDF sets, and dependen
e on the QCD 
oupling.
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsLes Hou
hes A

ord PDF library (LHAPDF)Almost all re
ent PDFs are in
luded in the LHAPDF C++ libraryavailable at lhapdf.hepforge.org.
Hundreds of PDF sets are provided. Whi
h one should you use?Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 3



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsParton distribution fun
tions in a nu
leonAt NNLO QCD, general-purpose PDF parametrizations are available fromABM, CT, HERA, MSTW, NNPDF groups
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsParton distribution fun
tions in a nu
leonFixed-target data sets are 
riti
al at x > 0.01, but may be repla
ed in thefuture by 
ollider measurements in tt̄, dire
t-γ,Wc, . . . produ
tion
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hool Le
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsOur latest PDFs: CT10 and CT1X NNLO
� CT10 NNLO [arXiv:1302.6246℄ is an NNLO 
ounterpart either toCT10 NLO or CT10W NNLO

◮ In good agreement with early LHC data
� CT1X NNLO � a preliminary extension of CT10 NNLO thatin
ludes latest HERA data on FL(x,Q) and F2(x,Q), LHC 7 TeVdata (ATLAS W & Z, ATLAS jets, CMS W asymmetry)
� The new data provide only minor improvements 
ompared to theCT10 data set. We investigate its agreement with the CT10 datasets and await for more pre
ise LHC data to be in
luded in theCT1X publi
 releaseNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 5



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO PDFs
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO error PDFs (
ompared to CT10W NLO)
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO 
entral PDFs, as ratios to NLO, Q=2 GeV
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hange as a result of the O(α2

s) GM VFN s
heme3. At x > 0.1, g(x, Q) and d(x, Q) are redu
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hoi
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO 
entral PDFs, as ratios to NLO, Q=85 GeV
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO vs. �tted experiments
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 NNLO des
ribes well LHC 7 TeV experiments
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsNNLO gluon PDF xg(x, Q) from 5 groups
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R. Ball, et al., 1211.5142CT10, MSTW'08, NNPDF2.3 PDFs are in good general agreement. Wesee some di�eren
es with HERAPDF and ABM sets. Where do thesedi�eren
es 
ome from?Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 12



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsOrigin of di�eren
es between PDF sets1. Corre
tions of wrong or outdated assumptionslead to signi�
ant di�eren
es between new (≈post-2010) and old(≈pre-2010) PDF sets
� in
lusion of NNLO QCD, heavy-quark hard s
attering 
ontributions

◮ the latest PDFs implement 
omplete heavy-quark treatment;previous PDFs are obsolete without it
� relaxation of ad ho
 
onstraints on PDF parametrizations
� improved numeri
al approximationsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 13



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsOrigin of di�eren
es between PDF sets2. PDF un
ertaintya range of allowed PDF shapes for plausible input assumptions, partlyre�e
ted by the PDF error bandis asso
iated with
� the 
hoi
e of �tted experiments
� experimental errors propagated into PDF's
� handling of in
onsisten
ies between experiments
� 
hoi
e of fa
torization s
ales, parametrizations for PDF's, higher-twistterms, nu
lear e�e
ts,...leads to non-negligible di�eren
es between the newest PDF setsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 13



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsStages of the PDF analysis1. Sele
t experimental data2. Assemble all relevant theoreti
al 
ross se
tions and verify theirmutual 
onsisten
y3. Choose the fun
tional form for PDF parametrizations4. Perform a �t5. Make the new PDFs and their un
ertainties available to end users
Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 14



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts1. Sele
tion of experimental data
� Neutral-
urrent ep DIS data from HERA are the mostextensive and pre
ise among all data sets

◮ In addition, their systemati
 errors were redu
ed re
ently by 
ross
alibration of H1 and ZEUS dete
tors
� However, by their nature they 
onstrain only a limited number ofPDF parameters
� Thus, two 
omplementary approa
hes to the sele
tion of the dataare possible

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 15



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsTwo strategies for sele
tion of experimental dataDIS-based analyses ⇒ fo
us on the most pre
ise (HERA DIS)data
� NC DIS, CC DIS, NC DIS jet, c and b produ
tion (ABM; HERAPDF1.0,1.5, 2,0; JR)Global analyses (CT10, MSTW'2008, NNPDF)

⇒ fo
us on 
ompleteness, reliable �avor de
omposition
� all HERA data + �xed-target DIS data

◮ notably, CCFR and NuTeV νN DIS 
onstraining s(x, Q)

� low-Q Drell-Yan (E605, E866), W lepton asymmetry,
Z rapidity (CT10, MSTW'08, NNPDF2)

� Tevatron Run-2 and LHC jet produ
tion, tt̄ produ
tionNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 16



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts2. Available theoreti
al 
ross se
tionsPro
ess Number of MassQCD loops s
heme∗Neutral 
urrent 2 ZM Mo
h, Vermaseren, VogtDIS 2 GM Riemersma, Harris, Smith, van NeervenBuza, Matiounine, Smith, van NeervenCharged 
urrent 2 ZM Mo
h, Vermaseren, VogtDIS 2, in progress GM Bluemlein et al.
pN

γ∗,W,Z−→ ℓ ¯ℓ(′)X 2 ZM Anastasiou, Dixon, Melnikov, Petriello
pp̄ → jX 2, in progress ZM
ep → jjX 2 ZM*ZM/GM: zero-mass/general-mass approximation for c, b 
ontributionsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 17



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsA. A valid set of fa/p(x,Q) must satisfy QCD sum rulesValen
e sum rule
∫ 1

0
[u(x,Q) − ū(x,Q)] dx = 2

∫ 1

0

[

d(x,Q) − d̄(x,Q)
]

dx = 1
∫ 1

0
[s(x,Q) − s̄(x,Q)] dx = 0A proton has net quantum numbers of 2 u quarks + 1 d quarkMomentum sum rule

[proton] ≡ ∑

a=g,q,q̄

∫ 1

0
x fa/p(x,Q) dx = 1momenta of all partons must add up to the proton's momentumThrough this rule, normalization of g(x,Q) is tied to the �rst momentsof quark PDFsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 18



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsB. A valid PDF set must not produ
e unphysi
al predi
tions forobservable quantitiesExample
� Any 
on
ievable hadroni
 
ross se
tion σ must be non-negative:

σ ≥ 0

◮ this is typi
ally realized by requiring fa/p(x, Q) > 0

� Any 
ross se
tion asymmetry A must lie in the range −1 ≤ A ≤ 1

◮ this 
onstrains the range of allowed PDF pararametrizationsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 19



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsC. PDF parametrizations for fa/p(x,Q) must be ��exible just enough� torea
h agreement with the data, without reprodu
ing random �u
tuations
good fit

F2(x, Q2)

x

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 20



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsC. PDF parametrizations for fa/p(x,Q) must be ��exible just enough� torea
h agreement with the data, without reprodu
ing random �u
tuations
bad fit

F2(x, Q2)

x

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsC. PDF parametrizations for fa/p(x,Q) must be ��exible just enough� torea
h agreement with the data, without reprodu
ing random �u
tuations
good fit

F2(x, Q2)

x

Traditional solution�Theoreti
ally motivated� fun
tions with10-30 parameters
fi/p(x,Q0) = a0x

a1(1 − x)a2

×F (x; a3, a4, ...)

� x → 0: f ∝ xa1 � Regge-likebehavior
� x → 1: f ∝ (1 − x)a2 � quark
ounting rules
� F (a3, a4, ...) a�e
ts intermediate x;just a 
onvenient fun
tional formNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 20



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts3. Requirements for PDF parametrizationsC. PDF parametrizations for fa/p(x,Q) must be ��exible just enough� torea
h agreement with the data, without reprodu
ing random �u
tuations
good fit

F2(x, Q2)

x

An alternative solutionNeural Network PDF 
ollaboration
� Monte-Carlo sampling +parametrization of fa/p(x,Q) byultra-�exible fun
tions � neuralnetworks, ∼ 250 parameters
� Less bias from the 
hoi
e of thefun
tional form; PDF un
ertainties aresimilar to the traditional methods in the
{x,Q} region 
overed by the data;mu
h larger un
ertainties in theun
onstrained {x,Q}regionsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 20



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsRatios of CT10 and MSTW NNLO PDFs to NNPDF2.3 at Q = 100 GeV(arXiv:1211.5142)
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-510 -410 -310 -210 -110 1

) 
)

2
R

( 
xV

(x
, Q

0.6

0.8

1

1.2

1.4

1.6
 = 0.119sα - 2 GeV4 = 102Ratio to NNPDF2.3 NNLO, Q

NNPDF2.3 NNLO

CT10 NNLO

MSTW2008 NNLO

NNPDF2.3 NNLO

CT10 NNLO

MSTW2008 NNLO

NNPDF2.3 NNLO

CT10 NNLO

MSTW2008 NNLO

 = 0.119sα - 2 GeV4 = 102Ratio to NNPDF2.3 NNLO, Q At x . 10−3, gluon g, strangeness s,and valen
e V = u − d PDFs arepoorly 
onstrained;determined by a �theoreti
allymotivated� fun
tional form inCTEQ/MSTW, �exible neural net inNNPDFNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 21



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCorrelated systemati
 errors in the PDF analysisAt high luminosities, statisti
alerrors in the 
ollider data, su
h asjet produ
tion, are mu
h smallerthan 
orrelated systemati
 errors.The latest data sets are providedwith many (∼ 10 − 200) sour
esof 
orrelated errors.Spe
ial methods are developed toin
lude the e�e
t of 
orrelatedsystemati
 errors into the PDFun
ertainties.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 22



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts4. Statisti
al aspe
tsJ. Pumplin et al., JHEP 0207, 012 (2002), and referen
es therein; J. Collins & J. Pumplin, hep-ph/0105207Suppose there are N PDF parameters {ai}, Nexp experiments, Mk datapoints and Nk 
orrelated systemati
 errors in ea
h experimentEa
h systemati
 error is asso
iated with a random parameter rn,assumed to be distributed as a Gaussian distribution with unit dispersionThe best external estimate of syst. errors 
orresponds to {rn = 0}; butwe must allow for rn 6= 0The most likely 
ombination of {a} and {r} is found by minimizing
χ2 =

Nexp
∑

k=1

wkχ
2
k

wk > 0 are the weights applied to emphasize or de-emphasize
ontributions from individual experiments (default: wk = 1)Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 23



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts4. Statisti
al aspe
tsJ. Pumplin et al., JHEP 0207, 012 (2002), and referen
es therein; J. Collins & J. Pumplin, hep-ph/0105207
χ2 for one experiment is

χ2
k =

Mk
∑

i=1

1

σ2
i

(

Di − Ti({a}) −
Rk
∑

n=1

rnβni

)2

+

Rk
∑

n=1

r2
n

Di and Ti are data and theory values at ea
h point
σi =

√

σ2
stat + σ2

syst,uncor is the total statisti
al + systemati
alun
orrelated error
∑

n βnirk are 
orrelated systemati
 shifts
βni is the 
orrelation matrix; is provided with the data or theoreti
al
ross se
tions before the �t
∑

n r2
n is the penalty for deviations of rn from their expe
ted values,

rn = 0Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 23



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts4. Statisti
al aspe
tsJ. Pumplin et al., JHEP 0207, 012 (2002), and referen
es therein; J. Collins & J. Pumplin, hep-ph/0105207Ea
h χk 
an be analyti
ally minimized with respe
t to the Gaussian
rn , with the result

rn ({a}) =

Rk
∑

n′=1

(A−1)nn′Bn′({a})

Ann′ = δnn′ +

Mk
∑

i=1

βniβn′i

σ2
i

; Bn({a}) =

Mk
∑

i=1

βni(Di − Ti)

σ2
i

χ2
k =

Mk
∑

i=1

1

σ2
i

(Dki − Tki({a}))2 +

Rk
∑

n,n′=1

Bn(A−1)nn′Bn′ (1)Numeri
al minimization of ∑k wkχ
2
k(a, r(a)) (with χk from Eq. (1))then establishes the region of a

eptable {a}, whi
h in
ludes the largestpossible variations of {a} that are allowed by the systemati
 e�e
tsNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 23



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsFinding the 
entral PDF set and the PDF un
ertainty

aiai0

χ2
0

χ2

The 
entral (most probable) PDFset 
orresponds to the minimum
{ai0, rk0} of the likelihoodfun
tion (χ2) in spa
e of N ∼ 30theoreti
al (mostly PDF)parameters {ai} and
Nexp · Nk > 100 experimentalsystemati
al parametersThe χ2 minimum, χ2

0, is found
� by numeri
al minimization(CT, HERA, MSTW)
� by Monte-Carlo sampling ofthe {ai} spa
e (NNPDF)Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 24



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsFinding the 
entral PDF set and the PDF un
ertainty

a+
ia−

i aiai0

∆χ2

χ2
0

χ2 Then, a 
on�den
e region in {ai}spa
e for a given tolerated in
reasein χ2 is established. From this
on�den
e region, the PDFun
ertainty ∆X on a QCDobservable X 
an be estimated by
onstru
ting additional PDF sets(�error sets�), besides the best-�tset.
Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 24



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsFinding the 
entral PDF set and the PDF un
ertainty

a+
ia−

i aiai0

∆χ2

χ2
0

χ2 For arbitrary QCD observables,
∆X 
an be estimated using...

� 2N eigenve
tor PDF sets inthe Hessian method (CTEQ)
� 100-1000 unweighted repli
asin the Monte-Carlo method(NNPDF)

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsFinding the 
entral PDF set and the PDF un
ertainty

a+
ia−

i aiai0

∆χ2

χ2
0

χ2 Alternatively, if some observable Xis parti
ularly prominent (e.g., thetotal 
ross se
tion for gg → Higgspro
ess), 2 spe
ial error sets 
anbe 
onstru
ted just for estimating
∆X of this observable in theLagrange Multiplier (LM) methodor the data set diagonalizationmethod.

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10(H) error PDFs for Higgs 
ross se
tionsin the Hessian and LM methodsS. Dulat et al., arXiv:1310.7601 [hep-ph℄CT10H gluon PDFs at the momentum s
ale 125 GeV, 
ompared to theCT10 error band, at the 90%
.l.
 0.8

 0.9

 1

 1.1

 1.2

 1e-05  0.0001  0.001  0.01  0.1
x

αs=0.118, Q=125 GeV, gluon, LHC (14 TeV)

CT10
σmax (45.9 pb)
σ0     (44.5 pb)
σmin  (42.5 pb)

CT10 is our regular PDFensemble 
onsisting of 51PDFs.The CT10H �ts give the
entral predi
tion (σ0), theminimum (σmin) andmaximum (σmax)predi
tions obtained usingthe Lagrange Multipliermethod, for σ(gg → H) atthe LHC with 14 TeV.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 25



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsKey formulas of the Hessian method
The Hessian method is used by CTXX PDFs to propagate the PDFun
ertainty into QCD predi
tions.It provides several simple formulas for 
omputing the PDF un
ertaintiesand PDF-indu
ed 
orrelations.

Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsToleran
e hypersphere in the PDF spa
e
(a)


Original parameter basis

(b)


Orthonormal eigenvector basis

zk

T
diagonalization and


rescaling by


the iterative method

ul

ai

2-dim (i,j) rendition of N-dim (22) PDF parameter space

Hessian eigenvector basis sets



aj
ul

p(i)

s0
s0

contours of constant c2
global 

ul: eigenvector in the l-direction

 p(i): point of largest ai with tolerance T

s0: global minimum
p(i)

zl

A hyperellipse ∆χ2 ≤ T 2 in spa
e of N physi
al PDF parameters {ai} ismapped onto a �lled hypersphere of radius T in spa
e of N orthonormalPDF parameters {zi}Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 27



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsToleran
e hypersphere in the PDF spa
e
(b)


Orthonormal eigenvector basis

2-dim (i,j) rendition of N-dim (22) PDF parameter space

~∇X

~zm

A symmetri
 PDF error for a physi
al observable X is given by
∆X = ~∇X · ~zm =

∣

∣

∣

~∇X
∣

∣

∣
= 1

2

√

∑N
i=1

(

X
(+)
i − X

(−)
i

)

2Asymmetri
 PDF errors 
an be also 
omputed.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 27



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsToleran
e hypersphere in the PDF spa
e
(b)


Orthonormal eigenvector basis

2-dim (i,j) rendition of N-dim (22) PDF parameter space

~∇X

~∇Y

ϕ

Correlation 
osine for observables X and Y :
cos ϕ =

~∇X·~∇Y
∆X∆Y = 1

4∆X ∆Y

∑N
i=1

(

X
(+)
i − X

(−)
i

)(

Y
(+)
i − Y

(−)
i

)
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsSensitivity of PDFs to input 
ross se
tionsIt is often interesting to know whi
h spe
i�
 data sets in
luded in thePDF analysis 
onstrain a given fa/p(x,Q); or whi
h PDF �avors drivethe PDF un
ertainty in a given QCD observable XThis question 
an be addressed in several ways:
� by 
omputing the 
orrelation 
osine cos φ in the Hessian method(Nadolsky et al., 0802.0007)
� by a Lagrange multiplier s
an of X (Stump et al., hep-ph/0101051)
� or by introdu
ing e�e
tive Gaussian variables Sn dependent on X(Dulat et al., 1309.0025, 1310.7601; Lai et al., 1007.2241)Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 28



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsSensitivity of pp
(−) → jet+ X to gluon PDF
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-0.5

0.0

0.5

1.0

x

co
s
Φ

CT10NLO, gHx,100GeVL

CDF single inc. jet Σbin

from arXiv:0807.2204

10-6 10-5 10-4 0.001 0.01 0.1
-1.0

-0.5

0.0

0.5

1.0

x

co
s
Φ

CT10NLO, gHx,100GeVL

ATLAS single inc. jet       (R=0.6)Σbin

from arXiv:1112.6297

cos φ(x) measures the 
orrelation between the PDF un
ertainty of
d2σ/(dpT dy) in in
lusive jet produ
tion, and g(x,Q) at a given x.The 
urves show cos ϕ between the NLO theory 
ross se
tions in experi-mental {pTj , yj} bins and g(x,Q), for various x values in g(x,Q).Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 29



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsSensitivity of pp
(−) → jet+ X to gluon PDF
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from arXiv:0807.2204
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Φ

CT10NLO, gHx,100GeVL

ATLAS single inc. jet       (R=0.6)Σbin

from arXiv:1112.6297

The CDF (left) and ATLAS (right) jet data are 
orrelated with g(x,Q)when cos φ & 0.7 or cos φ . −0.7. The CDF (ATLAS) jet measurementare dire
tly sensitive to g(x,Q) with x & 0.1 (0.01), and indire
tly at
x ∼ 0.001 via the momentum sum rule. In the ATLAS jet data, the binswith pj

T < 200 GeV (pink dashed 
urves) probe g(x,Q) in a wider rangethan at CDF.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 29





Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCombination of PDF un
ertainties from several groupsAs the �nal step, it may be ne
essary to 
ombine QCD 
ross se
tions Xifrom several PDF ensembles and �nd the ultimate PDF un
ertainty. This
ombination 
an be done...(a) ...a

ording to the PDF4LHC
onvention, by 
ombining Xifound for every individual errorPDF (M. Botje et al., (2011),arxiv:1101.0538; R. Ball, et al., 1211.5142)(b) ...by introdu
ing meta-PDFsto �rst average the input PDFs inthe PDF parameter spa
e, before
omputing Xi (J. Gao, P. Nadolsky,1401.0013).
W and Z total cross sections, LHC 8 TeV, NNLO
Dashed: CT10, MSTW’08, NNPDF2.3 predictions
Solid: META PDF prediction
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts
αs(MZ) and heavy-quark masses in the PDF �ts

� The QCD 
oupling, αs(MZ), and MS heavy-quark masses,
mc(mc), mb(mb), and mt(mt), 
an be also varied in the PDF �ts.However, the resulting 
onstraints on these parameters are mu
hweaker than from their dedi
ated measurements.

� CT10 NNLO assumes a �xed αs(MZ) = 0.118 ± 0.002 at 90%
.l.,whi
h is equal to the world average αs(MZ).For any X, the αs un
ertainty ∆αsX is 
orrelated with the PDFun
ertainty ∆PDFX, the two must be 
ombined in the fullpredi
tion.CT10 provides PDF error sets to 
ompute the PDF+αs un
ertaintywith full 
orrelation.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 32



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsConstraints on αs(MZ) and the MS 
harm mass mc(mc) in the CT10NNLO �t
PRELIMINARY

 3140

 3160

 3180

 3200

 3220

 3240
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 3280

 3300

 3320

 3340

 0.108  0.11  0.112  0.114  0.116  0.118  0.12  0.122  0.124

χ2  

αs (MZ  ) 

CT10.2 NNLO candidate

Total χ2 

� NLO:
αs(MZ) = 0.11964± 0.0064 at90% 
.l.

� NNLO:
αs(MZ) = 0.118 ± 0.005

1. CT10, fit 1

2. fit 2

3. fit 3

4. fit 4

5. FFN HAlekhin et al.,
DΧ

2
=1L

6. CT10, with Λ unc.

7. FFN HAlekhin et al.,
DΧ

2
=1L

error at 68% C.L. world avg. ± 1Σ

Λ=0

OHΑs
2
L

Estimated

OHΑs
3
L

1.0 1.1 1.2 1.3 1.4

mc Hmc L @GeVDGao, Guzzi, Nadolsky, 1304.0494
mc(mc) = 1.19+0.08

−0.15 GeV at 68%
.l.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 33



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
ts
αs(MZ) and heavy-quark masses in the PDF �ts

� The QCD 
oupling, αs(MZ), and MS heavy-quark masses,
mc(mc), mb(mb), and mt(mt), 
an be also varied in the PDF �ts.However, the resulting 
onstraints on these parameters are mu
hweaker than from their dedi
ated measurements.

� CT10 NNLO assumes a �xed αs(MZ) = 0.118 ± 0.002 at 90%
.l.,whi
h is equal to the world average αs(MZ).For any X, the αs un
ertainty ∆αsX is 
orrelated with the PDFun
ertainty ∆PDFX, the two must be 
ombined in the fullpredi
tion.CT10 provides PDF error sets to 
ompute the PDF+αs un
ertaintywith full 
orrelation.Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 34



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsPDF+αs un
ertainties of the total gg → H 
ross se
tion
ææ

Χ2 H14 TeVLΧ2 H14 TeVL

0.116 0.117 0.118 0.119 0.120
42

43

44

45

46

47

ΑS

Σ
H

Dulat et al., 1310.7601
)2

Z
(MSα

0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12

  (
pb

)
Hσ

17
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20.5
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22

2012
PDG

 = 126 GeV
H

 = 8 TeV) for MsH at the LHC (→NNLO gg

 / 2H = M
F

µ = 
R

µggh@nnlo (v1.4.1), 

68% C.L. PDF

MSTW08

CT10

NNPDF2.3 noLHC

NNPDF2.3

HERAPDF1.5

ABM11

JR09

Forte, Watt, 1301.6754Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
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Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCT10 estoimate of the PDF+αs un
ertaintyCT10 NNLO set provides
� 2N + 1 = 51 PDF error sets at αs(MZ) = 0.118, to 
ompute

∆PDF X =
1

2

√

√

√

√

25
∑

i=1

(

X
(+)
i − X

(−)
i

)

2 (the PDF un
ertainty);
� 2 best-�t PDFs for for αs = 0.116 and 0.120, to 
ompute

∆αs
X =

X(αs = 0.120)− X(αs = 0.116)

2
(the αs un
ertainty).The formula for the 
ombined PDF+αs un
ertainty with with full
orrelation is (Lai et al., 1004.4624)

∆PDF+αsX =
√

(∆PDF X)2 + (∆αsX)2Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 36



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsWhat about s(x, Q) 6= s̄(x, Q)?This 
an be tested in subpro
esses
W+s → c and W−s̄ → c̄In the experiment, 
harm quarks 
an be identi�ed by their semileptoni
de
ays,
c → sµ+ν and c̄ → s̄µ−ν̄So one sees

νN → µ−cX → µ−µ+X

ν̄N → µ+cX → µ+µ−X

� SIDIS muon pairprodu
tion (NuTeV)Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 37



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsTotal strangeness and strangeness asymmetryDenote
[qi](Q) ≡

∫ 1

0
x qi(x,Q) dx �net moment fra
tion 
arried by qiand introdu
e s±(x) = s(x) ± s̄(x) (total strangeness and itsasymmetry). 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 angleanomaly�Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 38



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCCFR (in
lusive νN DIS) and NuTeV (SIDISdimuon produ
tion): 
onstraints on strangeness
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PRELIMINARY

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 < 0.012009 NNPDF estimate (leastbiased by theparametrization of
s−(x,Q)):
[S−](Q2 = 20 GeV2) = 0±0.009No statisti
ally signi�
ant [S−]; but the PDF error is large enough toeliminate the NuTeV anomaly (!)Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 39











Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsCon
lusion: the role of the PDF analysis now andin the futureIt is a payo� de
ade for the PDF analysis e�orts!
� A windfall of new data to 
ompare with (LHC, HERA, Tevatron,JLab, RHIC,. . . )
� Tests of QCD fa
torization at new √

s, targeting 1% pre
ision
� New tools (HERA Fitter, APPLGRID, FastNLO,. . . ) and methods(MC sampling, PDF reweighting) revolutionize the PDF analysis
� Understanding of the PDFs at the (N)NNLO level will be 
ru
ial forthe su

ess of the LHC physi
s programNadolsky (SMU)/Yuan (MSU) 2014 CTEQ s
hool Le
ture 2, 07/2014 44



Experimental observables Theoreti
al 
ross se
tions PDF parametrizations Statisti
al aspe
tsPDF analysis
ontinues to bea fertile �eldopen to young resear
hers!
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tions PDF parametrizations Statisti
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kup slides
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Top quark as a parton

• For a 100 TeV SppC, top mass (172 GeV) can 
be ignored; top quark, just like bottom quark, 
can be a parton of proton.

• Top parton will take away some of the 
momentum of proton, mostly, from gluon (at 
NLO). 

• Need to use s‐ACOT scheme to calculate hard 
part matrix elements, to be consistent with 
CT10 PDFs. 



Momentum fraction inside proton

G

t

t

Solid curves: CT10 NNLO
Dashed curves: CT10Top NNLO



CT10Top PDFs
(Q=2 TeV)

Top PDF is
only a factor
of 2 smaller 
than b PDF
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CT10Top PDFs
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CT10Top PDFs



Hard part calculation

• S‐ACOT scheme
• Example:  single‐top production
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