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Objectives of these lectures

M introduce the basic methods for determination of PDFs from
hadronic scattering data

B convey the richness of ideas encountered in the PDF analysis —
contributed by diverse branches of theory, experiment, and
mathematics

B discuss how our knowledge of PDFs affects practical applications

Selection of the topics is far from complete — complementary material
can be found in excellent lectures on PDFs by A. Cooper-Sarkar, W.
Giele, J. Owens, A. Martin, W. Melnitchouk, D. Stump, A. Accardi at
recent CTEQ schools
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Parton distribution functions f,/,(z,Q)...

. arise as nonperturbative functions in QCD factorization

. describe probabilities for finding partons inside parent hadrons
. are universal — independent of the hard-scattering process

. cannot be computed systematically

. obey perturbative evolution (DGLAP) equations

. are determined from hadronic experiments
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Parton distribution functions f,/,(z,Q)...

We will focus on f, (7, Q), unpolarized PDFs in the proton (for
unpolarized processes at the LHC, etc.) Much of our discussion will
apply to polarized PDFs and PDFs in the nucleus.

SV () (o) e o )



Basic definitions

B Partons are weakly bound
constituents of hadrons with
small typical size
(7' < Tnucleon & 1 fm)

(Feynman; Bjorken, Paschos - 1969)

» assumed to be pointlike at
present
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Basic definitions

A Q C
B Partons are most easily 1
detected in inclusive hadronic
scattering A+ B — C' + X at s —
large collision energy
/s> 1 GeV, with typical 5 ¥

energy transfer ) of order /s

B Such scattering is dominated
by rare independent
collisions
a+b—1+2+..+nofa
parton a from A on a parton b
from B, proceeding through

perturbative QCD and

electroweak interactions

" Nadolsky (SMU)/Yuan (MSU)
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Basic definitions

B In the simplest (leading-order)

interpretation, the PDF

fa/p(a:, Q) is a probability for

finding a parton a with

4-momentum xp® in a proton

with 4-momentum p®

W f,,(z,Q) depends on
nonperturbative QCD

interactions
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QCD factorization in DIS

Deep Inelastic Scattering process

Master Equation for QCD Parton Model
— the Factorization Theorem
m M m QM

F} = w@P" 0
(=, "0’ Q) ;f (z,— QH- ((Q))
H
b o
F.J o= nd \
y Theory
- S Input
Experimental
Input Hard Cross-section
perturbative, calculable
y'd (may contain «."Log"(M/Q))

universal Parton Dist. Fn.

Non-Perturbative Parametrization at Qo
beLAP  Eyolution to Q

extracted by global analysis
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QCD factorization in the Drell-Yan process

A EXPERIMEN

y A'l' LAS Candidate Event with a Z—pp and missing E,

Drell-Yan process pp — (Z° — ¢£)X at the LHC (¢ = eé or jufi)
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QCD factorization in the Drell-Yan process

pp — (Z° — pp)X: Feynman diagram at the leading order in QCD
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PDFs and QCD factorization

P q # According to QCD factorization theorems, typical cross
) +.. sections (e.g., for p(k1)p(k2) — [Z(q) — £(ks)l(ks)] X)
f 2’ 5 take the form
1 w2 Q
Opptix = Y / dﬁl/ d&2 O ap—z—02 (5 ra )fa/p(gla,“)fb/p(f% 1)
a,b=q,q,9 H
+0 (Myen/Q7)

B, ., ., is the hard-scattering cross section

W f,/,(& 1) are the PDFs

B Q% = (k3 + ks)?, 712 = (Q//5) eTYV— measurable quantities
B &, & are partonic momentum fractions (integrated over)

B ;. is a factorization scale (=renormalization scale from now on)
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PDFs and QCD factorization

p

Statistical aspects Practical applications

m

According to QCD factorization theorems, typical cross

+.. sections (e.g., for p(k1)p(k2) — [Z(q) — £(ks)l(ks)] X)
;. take the form

1 1
Opp—tIX = Z /0 dgl/O d€2 a-\ab—>Z—>€Z (%’ %; %) fa/p(glaU)fb/p(f%,u)

a,b=q,q,9

+ 0 (AHep/Q%)

P

S

M /. is naturally set to be of order )

B Factorization holds up to terms of order Ag)CD/Q2
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PDFs and QCD factorization

Statistical aspects Practical applications

P q # According to QCD factorization theorems, typical cross
) +.. sections (e.g., for p(k1)p(k2) — [Z(q) — £(ks)l(ks)] X)
2’ 5 take the form

q

1 1
Opp—tIX = Z /(; dgl /O d£2 a\(Lb—>Z—>€Z (%a %7 %) fa/p(é.la u)fb/p(€27 ,u)

a,b=q,q4,9

+ 0 (AHep/Q%)

Purpose of this arrangement:

B Subtract large collinear logarithms o In*(Q?/m?2) from &

B Resum them in f,/,(§, 1) to all orders of s

T ST IS — SV () (o) i o )
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Operator definitions for PDFs

To all orders in as, PDFs are defined as matrix elements of certain
correlator functions:

o0 =

T ot ; ;
fq/p(xaﬂ) :/7 i/—ﬂ_ely P <p wq(oﬂy77OT)F(y770)7+wq(07070T)‘p>7 etc.

Several types of definitions, or factorization schemes (175, DIS, etc.),

exist

They all correspond to the probability density for finding a in p at LO;
they differ at NLO and beyond

To prove factorization, one must show that f,/,(, ;1) correctly captures
higher-order contributions for the considered observable

This condition can be violated for multi-scale observables
(e.g., DIS or Drell-Yan process at = ~ Q/\/s < 1)

“Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school Lecture 1, 07/2014 ld§
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Operator definitions for PDFs

To all orders in gy, PDFs are defined as matrix elements of certain
correlator functions:

© g
fq/p(x,u)=/ fﬂ e v ]w 0,y~,07)F(y~,0)y14(0,0,0r) }p etc.

The exact form of f,/, is not known; but its ;1 dependence is described
by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations:

di ) d
uAet) 5 / D (Lo0n) Fynlonn)
j=g,u,0,d,d,..

P;); are probabilities for j — ik collinear splittings;
are known to order a? (NNLO):
1 2 3
Py (r,as) = asPZ.(/])( )+ a?P! )( )+ ai’P.( )(:1:) + ...

YsTisj i/j
]
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Example of DGLAP evolution

—~
™~
=] L
% Q2= 4 GeVar2
=
3 T CTEQ6.6M
0 __ down  CTEQ6.6M
[ gluon  CTEQ6.6M
r upbar  CTEQ6.6M

107!

1072

1077

X

Durham PDF plotter, http://durpdg.dur.ac.uk/hepdata/pdf3.html
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Compare 11 dependence of u
quark PDF and the gluon
PDF

The u, d PDFs have a
characteristic bump at

x ~ 1/3 — reminiscent of
early valence quark models
of the proton structure

The PDFs rise rapidly at
x < 0.1 as a consequence of
perturbative evolution
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Example of DGLAP evolution

~
a
X Qes2= 1.69  GeVar2
3 __up CTEQ6.6M
08
0.8 i i
07 As @ increases, it becomes
0.6 K i
05 more likely that a high-x
04 parton loses some
03 momentum through QCD
02 radiation
= u(x, Q) reduces at
o x 2 0.1, increases at x < 0.1
0108
0.07
0.06
0.05 L L B R

107 1077 1072 107!
X

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

~
a
X Qee2= 4 GeVxx2
3 __up CTEQ6.6M
0o [
08 i i
07 As @ increases, it becomes
0.6 K i
05 more likely that a high-x
04 parton loses some
03 momentum through QCD
02 radiation
= u(x, Q) reduces at
o x 2 0.1, increases at x < 0.1
0108
0.07
0.06
0.05 L T T

10 1077 1072 107!
X

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

~
a
3 Qew2= 100 GeVes2
3 __up CTEQ6.6M
0o [
0.8 . .
07 As @ increases, it becomes
0.6 . .
os | more likely that a high-x
04 parton loses some
03 ¢ momentum through QCD
0z | radiation
= u(x, Q) reduces at
o x 2 0.1, increases at x < 0.1
0108 =
0.07
0.06
0.05 L L B Rt

107 1077 1072 107!
X

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

~
a
X Qw+2= 10000  GeVax2
3 __up CTEQ6.6M
0o [
0.8 . .
07 As @ increases, it becomes
0.6 . .
os | more likely that a high-x
04 parton loses some
03 ¢ momentum through QCD
0z | radiation
= u(x, Q) reduces at
o x 2 0.1, increases at x < 0.1
0108 =
0.07
0.06
0.05 L L B

107 1077 1072 107!
X

Durham PDF plotter, http://durpdg.dur.ac.uk/hepdata/pdf3.html|
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PDF parametrizations

Statistical aspects Practical applications

Example of DGLAP evolution: % and gluon PDF

X 25 F
= L

&\,
o f[emn)
3

x

Q++2=1.69

"~ qluon . CTEQB.6M
~gluon  MSTW2008NLO

GeVx2

upbar  CTEQ6.6M

Linear scale

2014 CTEQ school

g(x, Q) can become negative
at z < 1072, Q < 2 GeV

may lead to unphysical
predictions

This is an indication that
DGLAP factorization
experiences difficulties at
such small 2 and @

Large In*(1/z) in Pyj(r)
break PQCD expansion at
z~ Qs <1
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Example of DGLAP evolution: % and gluon PDF

~ 102
< O
O. .
= pren e ool g(x, Q) can become negative
> — upbar . _
_gluon  CTEQB.6M at z < 10 2, Q <2 GeV
0 L gluon  MSTW2008NLO .
may lead to unphysical
predictions
LT This is an indication that

DGLAP factorization
experiences difficulties at
such small = and

Large In*(1/z) in Pyj(z)
break PQCD expansion at
r~Q/s <1

. . X
Logarithmic scale
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Example of DGLAP evolution: % and gluon PDF

~ 102
() E
S
< [ Qur2= 4 GeVis2
<or __ upbar  CTEQ6.6M
[ __ gluon  CTEQ6.6M
10 L gluon  MSTW200BNLO
—— I, As (@ increases, g(z,Q)
i grows rapidly at small
1 =
: a(Q) becomes small enough
i to suppress In”*(1/x) terms
'k small-2 behavior stabilizes
107 L : :
107 1077 1072 10!

Logarithmic scale
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Example of DGLAP evolution: % and gluon PDF

—~ 107
< 0%
S | [E=H
< i\ Q2= 100 GeVie2
= r ___ upbar  CTEQB.6M
[ __ gluon  CTEQ6.6M
0 b gluon  MSTW2008NLO
i As @ increases, g(x, Q)
; grows rapidly at small z
1 F
i a(Q) becomes small enough
i to suppress In”*(1/x) terms
o'k small-z behavior stabilizes
102 I . I I
w0t 107 1072 10!

Logarithmic scale
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Example of DGLAP evolution: % and gluon PDF

~ 107
o 0%
S| B
X [ Q#2= 10000  GeVax2
= r ’ ___ upbar  CTEQB.6M
[ __ gluon  CTEQ6.6M
0 b gluon  MSTW2008NLO
: As @ increases, g(x, Q)
i grows rapidly at small z
1 F
i a(Q) becomes small enough
i to suppress In”*(1/x) terms
oL small-2 behavior stabilizes
102 I . I I
w0t 107 1072 10!

Logarithmic scale
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Universality of PDFs

Practical applications

To all orders in gy, PDFs are defined as matrix elements of certain
correlator functions:

o0 =

d = = = =
fular) = [ e (p 3, (0,7, 0)F(u™, 007+64,(0,0,01)| ), ete.

— 00

PDFs are universal — depend only on the type of the hadron (p) and
parton (¢, ¢, g)

. can be parametrized as

fisp(x, Qo) = apz™ (1 — x)* F (a3, a4, ...) at Qo ~ 1 GeV

... predicted by solving DGLAP equations at u > Qg

" Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school © Lecture1, 07/2014 13



Where do the PDFs come from?
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CT10 NNLO PDFs

x f(x,Q) versus x

10 10
u-val  Q=2GeV Q=3.16GeV.
d-val
0.

0. 08
06
0.4
02
0,0
0% 0001 001 0.1 1

0 | Q=8GeV : | Q=85GeV
u-val = € uy-val = e\
d-val dival

i\ .19 03g

0.81 %) 1%ea 08 0sea

‘\
\\
0.6| \ 0.6
)
\
)
)

0.4 \ 0.4]

0.2] 02

00! 0,

10¢ 0001 001 0.1 1 10 0001 001 0.1 1

FIG. 2: CT10NNLO parton distribution functions. These figures show the Hessian error PDFs
from the CT10NNLO analysis. Each graph shows = uyajonee = 2(u—T), = dyalonee = (d—d),0.10z g
and 0.10 z gsea as functions of = for a fixed value of Q. The values of () are 2, 3.16, 8, 85 GeV.
The quark sea contribution is gsea = 2(3 +7u+5). The dashed curves are the central CT10 NLO
fit

.
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Where do the PDFs come From.?

e From a combination

of BIG, medium,
and small experiments

*» Complementarity in

— kinematical ranges
- systematics

’6 ' + lattice QCD

LHC HERA Fixed-target

RHIC experiments . " s
Tevatron EIC d “p”
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The flow of the PDF analysis

Benchmark data
(DIS, etc.)

Predictions
for new processes

o(pp->WH+X)

N\

2014 CTEQ school

Statistical aspects Practical applications

PDFs are not measured
directly, but some data
sets are sensitive to
specific combinations of
PDFs. By constraining
these combinations, the
PDFs can be
disentangled in a
combined (global) fit.
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The flow of the PDF analysis D) 5 e1it) 20 b

in CT10 NNLO and
CT10W NLO analyses

Benchmark data

(DIs, etc.) Experimental data set N, [CTIONNLO[CTIOW

Combined HERA1 NC and CC DIS [74] 579 [1.07 117

339 [1.16 114

CDA 251 [1.16 1.12

NNC FY [7 201 [1.66 171

NNC F{/F [77] 123 [1.23 128

CDISW £ [75] 55 [0.83 0.66

[CDHSW 96 [0.81 0.75

COFR 77 @ [o0s 102

CCFR 2F} [80] 56 [0.40 0.50

NuTeV neutrino dimuon SIDIS [31] 38 |78 001

N’ ntineutrino dimuon SIDIS [81] 33 [0-86 0.91

ino dimuon SIDIS [82] 40 1.20 1.25

\eutriuo dumuon SIDIS [82] 35 |0.70 0.78

I F; 53 g |17 1.26

Predictions H1 o for oz [59, 84] 10 [1.63 151
for new processes —
F605 Drell-Yan process, o(pA) [59 119 [0.80 051

a(pp->WH+X) 566 Drell Yan process, mpd)/gzo\ppn 615|065 061

E866 Drell-Yan process, o(pp) [S7] 184 [1.27 121

CDF Rund W chy mmetry [55] (12 121

CDF Run-2 W b nmetry [89] 1o 102

DO Run-2 W — ev, charge asymmetry [00] [12_[2.17 211

DO Run-2 W, jw, charge asymmetry 1[0 [1.65 10

DO Run-2 Z rapidity distribution [92] 8 [056 051

CDF Run-2 7 rapidity distribution [03] (20 _[1.60 141

CDF Run-2 inclusive Jet production [04] _[72 _[1.42 .55

DO Run-2 inclusive jet production [95] [110_[101 113
Total: [2641]1.11 1.13

CT10 NNLO fit involves 28 experiments, 2640 data points,
25 PDF parameters, 100+ correlated systematic parameters

SV () (o) TG,
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The flow of the PDF analysis

Benchmark data xf(x,Q)
(DIS, etc.)

Predictions
for new processes

2014 CTEQ school

Statistical aspects Practical applications

We are interested not
just in one best fit, but
also in the uncertainty of
the resulting PDF
parametrizations and
theoretical predictions
based on them. This will
be covered in Lecture 2
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z, ) coverage of

various experiments Experiments included in the

NNPDF2.3 PDF analysis

i T T T T q
B8l O aetse ana s 1 700 NNPDF2.3 Dataset
= 3 Atlas and S Tapisity platosu
O 07L = 0o contratimg. ot s
R/ Contial Tots % S
10 = W % vemaans x
m s 1075 % ciorus
. E| % s
1050 = e E| % fmvou
= T10° x e
0L @ 2 E|x i
O [l o ovess
= ,ZJUA E| O ovesss
ik | o o
% o
102 “
10k
10k
E "
E ¥
1 il F ‘ :
E i Py S v v
1 i . 10° 10° 10* 19° 10? 10"
w? ot ot ot ot oe® ow? )
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Which SM particles can have a non-zero PDF in
the proton?
Should we introduce f,/,(7,Q) for any of the following particles?
1. light partons u, d, s, g
2. heavy quarks c, b, t
3. photon ~; leptons e, u, 7, v

4. massive electroweak bosons W and Z

SV () (o) e )
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Which SM particles can have a non-zero PDF in
the proton?

Should we introduce f,/,(7,Q) for any of the following particles?
1. light partons u, d, s, g
2. heavy quarks c, b, t
3. photon ~; leptons e, u, 7, v

4. massive electroweak bosons W and Z

Answer
All of them — the PDF can be defined for any particle
However, only partons with mass < 1 GeV are expected to have a
o non-negligible f,/,(, Qo) at the initial scale Qo ~ 1 GeV
7 Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school © Lectwre1, 07/2014 19
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Boundary conditions at @)
In practice, independent parametrizations f,,/,(z, (o) are introduced for

W g d s, 1, d 5 (always)
contribute > 97% of the proton’s energy E, at Qg

» even in this case, the data are usually insufficient for constraining all
PDF parameters; some of them can be fixed by hand
» eg., i =d=5in outdated fits

B ¢ and or b (occasionally; in a model allowing nonperturbative
“intrinsic heavy-quark production”)

B photons v (in MRST'03 QCD+QED PDFs, in the upcoming sets by
all groups)

» a QCD+QED fit is more complicated than one might think: it must
account for violation of charge symmetry by EM effects,

]
" Nadolsky (SMU)/Yuan (MSU)
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PDFs for heavy flavors

B PDFs for heavy partons h can be generated via DGLAP evolution at
(Q > m, using a boundary condition f,/,(z,Q) =0at Q <m

B In practice:

» perturbative PDFs are usually introduced for ¢ and b quarks

» QCD coupling a5(Q) and PDFs are evaluated with 5 active flavors
atall Q > my

» Logarithmic enhancements may exist in collinear ¢, W, Z production
at Q 2 1 TeV; PDFs for t, W, Z “partons’ may be introduced at
such @

]
" Nadolsky (SMU)/Yuan (MSU)
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Experimental observables
constraining the PDFs in global fits




Kinematics of [ x,,=(M/14 TeV) exp(2y)
Parton variables it
1o’ :—
L QCD (DGLAP)
Predictive power of i evolution
global analysis of & E
PDFs is based on S
the renormalization © ¢
group properties of wE /
the universal Parton F ¥
Distributions f(x,Q). [ r—=lc
Lo’ é— /
10° “ z :
10" 10 10°




Some basics about PDFs

Parton Distribution Function .
f(x,Q)

Given a heavy resonance with mass Q produced
at hadron collider with c.m. energy \/_§

() at central rapidity (y=0)
< X>=——

Generally, X :_\QF e and x,=—e"’

JS
P O :
X+ X = 2ﬁcosh(y) ) Vo XX =1

What's the typical x value?
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Selection of experimental data for PDF fits (2014)

B Inclusive deep-inelastic scattering Siit} P anmmr i
rblot ES D0 Contralerwd. Jots ; i
» At HERA ot 2 f/:u Gantral Jots
neutral-current e*p — et X; o
10°f = we
charged-current ep — vX o s
104k mm Eses
(= stac
{ the largest data set in the fit 10} ;
Lk 3 wiww
» Fixed-target experiments ol HMHMM
- T . il
=N, uN, vN b il
O N, pN, v scattering g
10 F “I‘lul‘“‘ 4
w? w0 w0t ot w? 0t ! )
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Selection of experimental data for PDF fits (2014)

B Inclusive deep-inelastic scattering Bt = iiﬁZZ - ZZ,,‘TZZL, . i
°|077 ES o Contral+rud. Jatg ; 1
» At HERA: Jf [
neutral-current e*p — e+ X; ms i
charged-current ep — vX 124 = e
{ the largest data set in the fit 10k =
102 .
» Fixed-target experiments ol

& eN, uN, vN scattering 1E

SV () (o) e e L oy
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Neutral-current ep DIS: kinematics

B s = (p.+p,)? —total energy

B Q°=—¢>= —(p.— p.)’>~ momentum Pe Pt
transfer

B 2 = Q?/(2p, - q) — Bjorken scaling variable o

By = Q?/(vs) - inelasticity P

B W2 = Q%1 — x)/z — energy of the hadronic
final state

d’o(etp)  2ma? y? Y.
= Y, | 5 ——Fp £ —aF:
dQ%dr Q= +< TR 3)’

with Y =14 (1 —y)?

1 The data is fitted either in the form of Fh(x, Q?) or d*c/(dQ*dx)
T Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school © Lectwre1,07/2014 26
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Combined data from HERA DIS experiments

41 data sets on NC and CC DIS from H1 and ZEUS are combined into 1 set.

2927 data points are combined into 1307 data points. 165 correlated
systematic errors are reanalyzed and calibrated.

. . +
Averaged Cross Sections : NC e*p EiE e*p
H1 and ZEUS preliminary
:: , o HERA NCe'p (prely 0.5 " _ H1 and ZEUS preliminary
) s =318 Gev Ty as| O Q"= 00 Gev? Q= om0 Gev? @ =1sGevt
< O Fixed Target o
Z wi === HERAPDF2.0 (prel ) 1
© 5 ) g ! #
Z NLO, @, = 35 GeV i LI + : i
o 10 S s -t Y ., .
. I -
04 0 .
e meeee 0oL Q=200 Gev Q= 200 Gev* Q' = 5000 Gey* & =0 Gey®
ol * rareosmeor
04 * I e
10 L 12
i 1Y
0z .
- - IS
0 - * -
1E “TOoCREm—— R Q= 15000 Gev? o =smon eyt | 107 107 st
= Y .
B e e " o HERA CCe"p (prel.) 0.5 "
10 e
i ¢ Vs = 318 GeV
0t = a0 f s HERAT
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PDF combinations in DIS at the lowest order
B Neutral current Ei :
1 _ _
(1, Q%) = (u+u+c+c) §(d+d+s+§+b+b)
» PDFs are welghted by the fractional EM quark coupling
e2=4/90r1/9
» 4 times more sensitivity to » and ¢ than to d, s, and b
» No sensitivity to the gluon at this order

B Neutral current (EiN) DIS on isoscalar nuclei (N = (p +n)/2):

EiN( Q%) = (u+u+d+d+sma|lers ¢, beontributions)

B Charged current (I/N) DIS :
V@ Q) =2 S (a+a)

i=u,d,s...
Nz, Q) =2 > (¢—&)
i=u,d,s

T ST IS — SV () (o) i o)
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DIS at next-to-leading order (NLO) and beyond

Logarithmic corrections to Bjorken scaling () dependence of F»(z, Q%))
are sensitive to the gluon PDF through DGLAP equations,

PO / U ps (Lot o)

d
H j=g,u,a,d,d,..

Thus, when examined at NLO, the DIS data constrains
B > . ¢?(q; + @) in an amazingly large range 107° < 2 < 0.5
B uanddat 1072 <2<0.3

B g(z,Q)atxr<0.1

DIS cannot fully separate quarks from antiquarks, or s, ¢, b contributions
from u and d contributions; more so because of systematic effects in
fixed-target DIS experiments (higher-order terms, nuclear corrections,...)

SV () (o) TG
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Selection of experimental data for PDF fits (2014)

The modern PDF fits include

b, T T T
. - - - 31037 [ Atlas and CMS (7 TeV) : ?
Inclusive deep-inelastic scattering... R R e —
7L B 0o conseaten. sete 7]
= CDF/B0 Central Jets
L = m
10
[m zevs
105 E we
O EBCDMS
10%L mm Eses
(= stac
10°F
P
2] ¥ i
L
‘| i
| meIIHHM .
A A
i " ]
1 L sl
0 10* 0wt o w? ow? )
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Selection of experimental data for PDF fits (2014)

The modern PDF fits include

Inclusive deep-inelastic scattering...

+ Semi-inclusive DIS:

B charm production ep — ecX (HERA)

B . production vN — p(c — p) X

(NuTeV, not shown)

T T T
[ [ Atlas and oS (7 Tev) ?
[ Atlas and CMS rapidlty plateau M=)
[ E= 0o contralerwd. Jots
= CDF/B0 Central Jets
L 3
om zEus
[ = e
O BCDMS
L [0 E6&6S
(= stac
i
Lt
n
,H.wuuumnu\lHIH\\I!H\IHH\IHIHHIHIW 3
4 : . . ! I
Tt 1wt owt ow? w? ! )

Hard cross sections are known at NNLO (two QCD loops) for inclusive

" Nadolsky (SMU)/Yuan (MSU)

2014 CTEQ school

DIS and ep — ecX; partly at NNLO for vN — pupuX
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Selection of experimental data for PDF fits (2014)

The modern PDF fits include

Inclusive deep-inelastic scattering...

+ Semi-inclusive DIS:

B charm production ep — ecX (HERA)

B . production vN — p(c — p) X

(NuTeV, not shown)

+ Lepton pair production pN '— W

Zorx

(Tevatron, fixed-target experiments)

2014 CTEQ school

[ O lﬂa:z amﬁ‘ s (7 "IBVI : 5 3
[ B2 0o contratenva. Jots

L 3
[ = me

L mm Esss

[ Atlas and CMS rapidity plateau

= CDF/B0 Central Jets

mn zEvs

3 Baws

= stac
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Selection of experimental data for PDF fits (2014)

The modern PDF fits include
Inclusive deep-inelastic scattering...

o T T
3 ]
Bt 03 Avtas and ons (7 Tav) ]
& I Atles vied
O 7

107f B2 o co £
= @R/ Central Jets

+ Semi-inclusive DIS: =g

mn zEvs

B charm production ep — ecX (HERA) e

10%F mm Esss

rapidity plateau

= stac

B . production vN — p(c — p) X 0l
(NuTeV, not shown) wh

+ Lepton pair production pN 37 (7 X i prallF e
(Tevatron, fixed-target experlments) al ]

+ Inclusive jet production: pp — j X
(Tevatron), ep — j(j)X (HERA)

Hard cross sections are known at NNLO (two loops) for lepton pair pro-
duction, partial NNLO for jet production

]
" Nadolsky (SMU)/Yuan (MSU)
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Selection of experimental data for PDF fits (2014)

i T T T T T
G103 0T Actlas and a5 (7 Tev)

P [ Atlas and CMS rapidity plateau
O07f B oo conzeatend. sots

= CDF/B0 Central Jets

[ . 06 = "
LHC revolutionizes the PDF analysis o
O EBCDMS

B Multiple data sets from v*, W, Z, jet,
We, tt,photon,... production at high k.

. . M=10Ga
luminosity ol
B to be included in the PDF fits very i f— ;
soon 7 1 w0 ot w? n? ! )

B fits to “collider-only” data will
become competitive
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Zooming in on quark sea PDFs

Various QCD effects produce non-trivial sea PDFs

W breaking of SU(2) symmetry q(x)

(d(x) # u(x)) and charge
symmetry (q(z) # q(x))

B non-trivial shape of sea
PDFs, cf. the figure

1% accuracy can distinguish
between these effects. 0.1

Unpolarized integrated PDFs must be known to ~1% to determine
polarized and TMD PDFs, fragmentation functions, and for LHC physics

]
" Nadolsky (SMU)/Yuan (MSU)
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Constraints on quark sea from pN — (T{~ X
(N =p,d, Fe, Cu,..)

d B B _ _
dgfgy ~ (%)2 ['LLA'I,LB + 'LLA'I,LB] + (_%)2 [dAdB + dAdB] + smaller terms

= sensitivity to g(z, Q)

Assuming charge symmetry between protons and neutrons
(up = dp, up = dp):

de)'rz

szdy ~ (%)2 [UAJ]')’ + /ELAd]')’} + (—%)2 [dAﬂB + (j;\u}')’} ~+  smaller terms

If deuterium binding corrections are neglected: ¢,(z) ~ ¢,(x) + ¢, ()

At x4 > xp (large y): q(xa) ~ 0 and du(z4) > d(x4)
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Constraints on quark sea from pN — (T~ X
(N =p,d, Fe, Cu,..)

d B B _ _
dcgngy ~ (%)2 [’LLAUB —+ ’LLA’LLB] + (_%)2 [dAdB + dAdB] +  smaller terms

= sensitivity to g(z, Q)

Assuming charge symmetry between protons and neutrons
(up = dp, up = dp):

dopn

0% ~ (3)? [uadp + uadp] + (=3)% [datip + daup] + smater terms
If deuterium binding corrections are neglected: ¢,(z) ~ ¢,(x) + ¢, ()

At 24 > xp (large y): q(xa) ~ 0 and du(zs) > d(za)

T ST IS — SV () (o) e e L ) i)
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Constraints on quark sea from pN — (T~ X
(N =p,d, Fe, Cu,..)

d - - _ _
dC‘;ngy ~ (%)2 [UAUB —+ UA’LLB] + (_%)2 [dAdB + dAdB] +  smaller terms
= sensitivity to g(z, Q)

Assuming charge symmetry between protons and neutrons

(up = dp, up = dp):

dopn

0% ~ (3)? [uadp + uadp] + (=3)% [datip + daup] + smater terms
If deuterium binding corrections are neglected: ¢4(z) ~ ¢,(x) + ¢ ()

At x4 > xp (large v): G(xa) ~ 0 and du(xa) > d(x )

T ST IS — SV () (o) T
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Constraints on quark sea from pN — (T~ X
(N =p,d, Fe, Cu,..)

At large x4 > xp (large y):

da
Opd 1(1+M)[1+T] 1 = _
~ = ~ —(1+r), where r =d(zp)/u(x
o~ = ) (v1) /()

du A

[\

.. 0pa/(20,,) constrains d(zp,Q)/u(xrp, Q) at moderate x5

]
" Nadolsky (SMU)/Yuan (MSU)
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Experimental evidence for SU(2) symmetry
breaking

opd/(20pp) at large
ITFp =TA—XB

MRS(R2), -~~~ "~ ==

,+.
.
.

......

E866 Drell-Yan pair production: 12
d(z) —u(z) #0at x> 0.1

11 [
(large difference) o r
£ LT
LHC W/Z production: ° WF el
d(z) —u(z) #0at x < 0.1 s SESERESY
(a few percent, see next slides) 0g [~ FNAL-E866/NuSea
[ PRL, 80,3715 (1998)
0_77\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0

0.05 0.1 0.15 0.2 0.25 03 0.35
5

Theory curves reflect different assumptions about d/

PDF fits (e.g., CTEQ5M) quantitatively account for the violation of

SUi2i simmetri in the ﬁuark sea

" Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school © Lecture1 07/2014 33
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Charged lepton asymmetry in AB — (W — ev,)X
(A7 B = p or ﬁ)

Y. and 1) = vy, are rapidity and pseudorapidity of an electron
from W decay

dch+ _ ddV

_ dye dye
ACh(ye) = doW doW—
dye + dye

+ —_—
A (ye) relates to the boson asymmetry A, (y) = (El'ii;vﬂgzz)’l__(?g;;_/;lg;),

where

(40" Jdy) o wa(wa, Mi)dp(ws, M) + dalwa, M ug(@p, M) + ..

(dJW_ /dy) x ﬂA(xA,Mw)dB(IEB, Mw) + dA(LCA, MW)ﬂB(xBaMW) =+ ...

]
" Nadolsky (SMU)/Yuan (MSU)
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Charged lepton asymmetry in AB — (W — ev,)X
(A7 B = p or ﬁ)

Y. and 1) = vy, are rapidity and pseudorapidity of an electron
from W decay

dch+ _ ddV

_ dye dye
ACh(ye) = doW doW—
dye dye

. Acn(ye) constrains PDF ratios at @ ~ Myy:

B d/u at z — 1 at the Tevatron 1.96 TeV (pp);

B d/uat x> 0.1and u/d at 2 ~ 0.01 at the LHC 7 TeV (pp)

]
" Nadolsky (SMU)/Yuan (MSU)
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Impact of the DO Run-2 A, data on PDFs

d/u at p = 85 GeV

1.3
Solid band: CTEQ6.6 uncertainty
r — NNPDF20 Hatched band: CT10W uncertainty
02— — CT10
T — werwos 1.2
. . DOe\(E?ZSGE
oF= .
L 11 With DO Run-2 A(ye) data
L st
= ©
........ ©
=02 T &
< L 5 1.0
r L
0.4 °
r T
[ % 09
0.6—
[ R. Ball et al., arXiv:1012.0836 No DO Run-2 A(ye) data
Lo b i v e 08
08 05 1 15 2 25 3
H.-L. Lai et al., arXiv:1007.2241
0.7 -
10510~* 1072 0.010.02 005 01 0.2 0.5 0.7

X

B The A., data from the Tevatron DO collaboration distinguish between
the PDF models, reduce the PDF uncertainty

]
" Nadolsky (SMU)/Yuan (MSU)
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Charge asymmetry at the Tevatron and LHC

(@]
<
n

840 pb™ at {s=7TeV
R e

0.25
pT(e) > 35 GeV

=W ev - 157
i i
A

MCFM: i

o
)

dUWJr do"W

0.15

dn dn
A =~
Ch(n) doW + doeW ™
0.1 ittt =5 HERAPDFLS dn dn
.............. MSTW2008NLO

Electron Charge Asymmetry

3 === NNPDF2.2 (NLO)
theory bands: 68% CL

-
0.050 1 2

Electron Pseudorapidity ||

CMS A.j,(n) data disfavor some d/u parametrizations, motivated an
update in MSTW'2008 PDFs
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d/u and d/u: CT1X NNLO vs. CT10 NNLO and
CJ 12 analysis of large-x DIS

PRELIMINARY; Q=10 GeV
CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green) PRELIMINARY; dbar(x,Q)/ubar(x,Q) at Q= 10 GeV
CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green)

1.0k
: 1.4
o.8f
& o
=] I 212
5 06p i =
£ o0.4f G 10K
2
£ os
0.2} g o
0.0 0.6
10%10° 001002 005 01 02 05 0.7

X 104102 0.01 0.02 0.05 0.1 0.2 0.5 0.7
PRELIMINARY; d(x,Q)/u(x,Q); Q=10 GeV x
CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green)

14 CT1X PDF uncertainty is larger at
S 1o x — 0 and 1, is compatible with the
S Lo i d/u band from the CJ12 analysis
= | (Owens et al., 1212.1702) of large-z
- ool ’ DIS for PDFs+nuclear+higher-twist

104102 0.010.02 0.05 0.1 0.2 0.5 8.7 COFreCtionS
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Inclusive jet production, p;(ﬁ) —jet+ X

pp ——> jet +X
Vs=1800GeV CTEQ6M p=E /2 0<|n|<5

—— CTEQ6M
——- CTEQSM

Subprocess fraction
o
o

2014 CTEQ school

High-Er jets are mostly produced in
qq scattering; yet most of the PDF
uncertainty arises from ¢g and gg
contributions

Here typical x is of order
2B7/\/5 > 0.1;

e.g., © ~ 0.2 for Ep = 200 GeV,
Vs =18 TeV

At such z, u(x,Q) and d(x,Q) are
known very well; uncertainty arises
mostly from g(z, Q)
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Inclusive jet production in pp — jet +X (7 TeV)

A1013
D oM

C ) CMS ) . \y\<o‘.5;(x102) ‘) 4
E B=7TeV  a tocmiieiie) .
E L-50f" b 1eapizocaien J B The cross sections span 12
E anti-k; R=0.7 v 20<ly|<25(x10°) ] .
. 3 orders of magnitude
e 3 B (Almost) negligible statistical
£ 3 error
E hener, . B Sensitive to g(x, Q) at
e o = x > 0.001, cf. Lecture 2

200 300 1000 2000 ~

et p_ (GeV)
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Inclusive jet production in pp — jet +X (7 TeV)

C IY\<0.5‘ ‘ e ‘bMS

1-Gf o Daa DExp.Uncenamty ey .
E—cmo 7] mee tncerany  L-s0p" B The cross sections span 12
[ --HERALS antik; R=0.7

orders of magnitude

- - - MSTW2008
Eome ABKM09

Ratio to NNPDF2.1
=

B (Almost) negligible statistical
error

I
TN SO T I T T s

B Sensitive to g(z, Q) at
L X x 2 0.001, cf. Lecture 2
200 300 400 1000 2000
JetpT(GeV)
B Systematic uncertainties dominate, both from the experiment (up to
90 correlated sources of uncertainty) and NLO theoretical cross

section (QCD scale dependence)

B The PDF uncertainty would be strongly underestimated if these
systematic errors are not included

]
" Nadolsky (SMU)/Yuan (MSU)
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Inclusive jet production in pp — jet +X (7 TeV)

Foome ABKMO09

& r |y\<0.5‘ Mo U, CMS

E 16 "¢ Daa [Je Uncrany 15=7TeV .

O L o []meotenany Loso’ B The cross sections span 12
Z [ ---HERALS antik; R=0.7 .

Z M s orders of magnitude

o]

°

s

s

B (Almost) negligible statistical
error

I
TN SO T I T T s

B Sensitive to g(z, Q) at

0.6

200 30 400

T 2000
Jet P (GeV)

x 2 0.001, cf. Lecture 2

B Lecture 2 will discuss how to include the correlated systematic
errors into the PDF analysis

" Nadolsky (SMU)/Yuan (MSU)
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Homework assignment

An exotic boson Z’ with mass Q = 2 TeV is
produced similarly to SM Z bosons, but only via
the s5 — Z’ vertex [Z' does not interact with
non-strange (anti-)quarks].

Z'couples only to s,5

You need to compute o(pp — Z'X) at the LHC /s = 13000 GeV, but
for that you need to precisely know the strange (anti-)quark PDFs,
s(z, Q) and §(x, Q). Propose one or two scattering processes to
constrain s(z, Q) and 5(z, Q) at the relevant {x,Q}. Specify /s and
other kinematic parameters of these processes. Can you use non-LHC
measurements to constrain s(z, Q) at the LHC? Why or why not?

" Nadolsky (SMU)/Yuan (MSU) 2014 CTEQ school © Lecture1,07/2014 40
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