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Objectives of lectures 2 and 3

B 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, based on lectures at CTEQ
summer schools by me and Wu-Ki Tung. Examples of PDFs are from 4
years ago, physics is the same with latest PDF versions.
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Theoretical essentials

Motivation and theoretical essentials
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Theoretical essentials Experimental observables PDF parametrizations Statistical aspects Practical applications

Parton distribution functions f,/,(z,Q)...

. are indispensable in computations of inclusive hadronic reactions
B key functions describing the nucleon structure in QCD

B needed for a variety of new physics searches at the LHC and in other
experiments

. describe probabilities for finding partons inside parent hadrons
. arise as nonperturbative functions in QCD factorization

. are universal — independent of the hard-scattering process

. cannot be computed systematically

. obey perturbative evolution (DGLAP) equations

. are determined from a global fit to hadron scattering data
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Theoretical essentials Experimental observables PDF parametrizations

PDF's must be determined in a wide
(x,Q) range with accuracy ~ 1% for
purposes of...

B 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

Pavel Nadolsky (SMU) Peking University

Statistical aspects Practical applications

Parton distributions for the Large Hadron Collider

LHC parton kinematics
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Theoretical essentials Exp

Key Tevatron/LHC measurements require trustworthy PDFs

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

gg — H at the Tevatron EW fits + direct Higgs searches
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Theoretical essentials

Basic definitions

B Partons are weakly bound
constituents of hadrons with small

typical size (1 < Tpyucieon = 1 fm)

(Feynman; Bjorken, Paschos - 1969)

» assumed to be pointlike at present

Pavel Nadolsky (SMU) Peking University
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Theoretical essentials

Basic definitions

B Partons are most easily detected in
inclusive hadronic scattering
A+ B — C+ X at large collision
energy /s > 1 GeV, with typical
energy transfer ) of order /s

B Such scattering is dominated by
rare independent collisions
a+b—1+2+..4+n of a parton
a from A on a parton b from B,
proceeding through perturbative
QCD and electroweak interactions

Pavel Nadolsky (SMU) Peking University
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Theoretical essentials

Basic definitions

In the simplest (leading-order)
interpretation, the PDF f, (7, Q) is a
probability for finding a parton a with
4-momentum xp® in a proton with
4-momentum p*

fa/p(7, Q) depends on nonperturbative
QCD interactions

Tp

3
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Theoretical essentials

Basic definitions

Kinematical ranges of particle experiments

10 T T T T , ,
X, , = (M/14 TeV) exp(zy)
10 Q=M M=10Tev
10 E
Modern measurements need to know the Sl
. . . 10° M=1Tev A~ B
PDFs with relative accuracy of 1-5% in 74
the whole range = > 10~ and < W 1
3 3 # LHE
1<Q<10° GeV 8 1 o M
. ©
Tremendous progress has been made in o o A
studying PDFs in this region; yet small = y=/6 4 2 /3 4 d
(r <107?) and large x (x > 0.3) are " Em=10Ge
still insufficiently understood w b HERA Ii;‘;'i
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X
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Theoretical essentials

PDFs and QCD factorization

According to QCD factorization theorems, typical cross sections (e.g., for
vector boson production p(k1)p(ks) — [V (q) — £(ks)l(ks)| X) take the form

1 1 .
Opp—tlX = Z /0 dgl/o d&20 v —ei <%a %; %) fa/p(fl,,u/)fb/p(gQ,,U/)

a,b=q,q,9
+ 0 (AHep/Q7)
B, ., is the hard-scattering
cross section
[ | fa/p(g,,u) are the PDFs

W Q% = (ks +ka)?, 212 = (Q/V/5) eV —

measurable quantities

B &, & are partonic momentum fractions (integrated over)
B 4 is a factorization scale (=renormalization scale from now on)

B Factorization holds up to terms of order A3, /Q”
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Theoretical essentials

PDFs and QCD factorization

According to QCD factorization theorems, typical cross sections (e.g., for

vector boson production p(ki)p(k2) — [V (q) — €(k3)l(ks)] X) take the form

Opp—tlX = Z /d§1/ d&20 v —ei <? 22 C/f) fa/p(flalf)fb/p(&,ﬂ)

a,b=q,q,9
+ 0 (AHep/Q7)

Purpose of this arrangement:

M Subtract large collinear logarithms o In*(Q?/m32) from &

B Resum them in f,/, (£, ;1) to all orders of ay

Pavel Nadolsky (SMU)
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Theoretical essentials Experimental observables PDF parametrizations Statistical aspects Practical applications

Operator definitions for PDFs

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

e . .
fap(xs 1) = —/ dy~ e P (p [,(0,y7, 0r)y T 454(0,0,07)| p), etc.

i J_ o

Several types of definitions, or factorization schemes (115, 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,/,(z, 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)
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Theoretical essentials Experimental observables PDF parametrizations Statistical aspects Practical applications

Operator definitions for PDFs

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

]. o0 — Gy — —— —
fuplesn) =3 | Ay e [, (0,7, 0r)y (0,000 ), etc
The exact form of f,/, is not known; but its 1 dependence is described by
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations:

“/Zz# = 2 / ?Pz‘/j (570&5(#)) Fimp(y, 1)
j=gu,a,dd,...." "
P,; are probabilities for j — ik collinear splittings;
are known to order o’ (NNLO):

Py (7, as) = asPZ.(/lj) (x) + aiPi(/Qj.) (x) + a?PZ(/‘? () + ...
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Qxx2= 4 GeVx2
—_up CTEQ6.6M
_. down CTEQ6.6M
gluon CTEQ6.6M
upbar CTEQ6.6M

1072 107"

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

X

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

Pavel Nadolsky (SMU)

Peking University
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As @ increases, it becomes
more likely that a high-x
parton loses some momentum
through QCD radiation

= u(x, Q) reduces at
x 2 0.1, increases at = < 0.1
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As @ increases, it becomes
more likely that a high-x
parton loses some momentum
through QCD radiation

= u(x, Q) reduces at
x 2 0.1, increases at = < 0.1
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Q#+2= 100 GeVx2
—__up CTEQ6.6M

As @ increases, it becomes
more likely that a high-x
parton loses some momentum
through QCD radiation

02 r

= u(x, Q) reduces at
x 2 0.1, increases at = < 0.1
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Q#+2= 10000 GeV*2
—__up CTEQ6.6M

As @ increases, it becomes
more likely that a high-x
parton loses some momentum
through QCD radiation

02 r

= u(x, Q) reduces at
x 2 0.1, increases at = < 0.1
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Theoretical essentials

[P

~
o~
<
Z2s | Qex2= 1.69  GeVw2
= __ upbor  CTEQ6.6M

" qluon . CTEQ6.6M
~gluon  MSTW2008NLO

R
Linear scale

Pavel Nadolsky (SMU)
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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 z and Q)

Large In*(1/z) in Pyj(r)
break PQCD expansion at
z~ Qs <1
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Theoretical essentials

Example of DGLAP evolution: % and gluon PDF

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

may lead to unphysical
predictions

This is an indication that
DGLAP factorization
experiences difficulties at such
small z and Q

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

Example of DGLAP evolution: % and gluon PDF

—~ 107
q £ HEPDATA
S
Ko F Q2= 4 GeVex2
=
< [ ___ upbar  CTEQ6.6M

[ __ gluon  CTEQ6.6M

10 gluon MSTW2008NLO

10 .

—4 -3

107t i 10
Logarithmic scale

1072

10°

As @ increases, g(x, () grows
rapidly at small z

a(Q) becomes small enough
to suppress In”*(1/x) terms

small-z behavior stabilizes

Pavel Nadolsky (SMU)
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Theoretical essentials

Example of DGLAP evolution: % and gluon PDF

—~ 107
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__ gluon CTEQ6E.6M
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As @ increases, g(x, () grows
rapidly at small z
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to suppress In”*(1/x) terms

small-z behavior stabilizes
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Theoretical essentials

Example of DGLAP evolution: % and gluon PDF

—~ 107
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X [ Qx2= 10000  GeVix2
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[ __ gluon  CTEQ6.6M
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Theoretical essentials Experimental observables

Universality of PDFs

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

e . .
fap(xs 1) = E/ dy~ e P (p [,(0,y7, 0r)y T 454(0,0,07)| p), etc.

—0o0

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

. can be parametrized as

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

. predicted by solving DGLAP equations at @ > Qg

. found from a global fit to the benchmark hadronic data

Pavel Nadolsky (SMU) Peking University
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of the PDF analysis

RLO NNLO
182/ 168 T/ 163
100 / 151 188 / 151
] 121/ 125 115 / 123
NMC yid £ [33] 102 /123 93 /123
NMC pin/pp (103] 130/ 148 135 / 148
E665 jep Fa [104] 57 83 63 /55
E665 ed Fy (104] 53/ 53 63 /53
SLAC ep F [105, 106] 30/ 37 31/37
SLAC ed Fy [105, 106] 30/ 38 26 /38
NMC/BCD! AC Fy, (39-34) 38/ 31 32/31
EX66/Nusea pp DY [107] 728 [ 151 E
ES66/NuSea pd/gp DY [108] 14/15
NuTeV ol F; [37] /53
CHORUS v F, [35] 26/ 42
NuTeV vN zFs [37] 40745
CHORUS vN 2F, [38] 3133
CCFR uN — ,«,wx (58] 66/ 8
NuTeV v X [39) 39/ 40 5
Hll\lEBﬂp'uN([_] B L]
HIMB 07 etp NC [109] 4264 5164
HI low @2 96-97 e* p NC [109] 4780 45 /80
HI high 7 08-00 ¢~p NC [110] 122/ 126 124 / 126
H1 high Q% 09-00 *p NC [35] 181/ 147 133 / 147
ZEUS SVX 95 e*p NC [111] 35/ 30 35 /30
ZEUS 06-07 et p NC [112] 56 /144 86/ 144
ZEUS 9500 cp NC [113] 5/ 92 54/ 02
ZEUS 99-00 ¢*p NC [114] 63/ 90 65 /00
H100-00 etp CC [35] 20 /28 20 /28
ZEUS 99-00 ¢+p CC [36] 33/ 30 37 /30
HL/ZEUS ep Ffbm [41-47) 107/ 83 9 /83
HL00-00 e+p inel. jets [39] 18/ 24
ZEUS 96-07 ¢*p incl. jets [57] 30/ 30
ZEUS 0800 etp inel. jets [55] 17/ 30
DO T pp inel. jets [56] T/ 110 3/ 100
CDF 11 pp incl. jets [54] 56/ 7 5/ 78
CDF II W — v asym. [45] 20/ 22 a0 /22
DO LW — iy asym. 4] 25/ 10 25 /10
DO I Z rap. [53] 19/ 28 17/ 28
CDF 11 Z xap. [52] 2 / 20 19/ 20 50/ 20
AT data sets 5066 / 2698 | 3543 / 2609 | 3480 / 3615

Data sets and x?/d.o.f.
from MSTW’2008 analysis

B PDFs are not measured
directly, but some data sets
are more sensitive to specific
combinations of PDFs. By
constraining these
combinations, the PDFs can
be disentangled in a combined
(global) fit to many diverse
processes. Some of these fits
involve up to 40 experiments,
5000+ data points, and 100+
free parameters

Pavel Nadolsky (SM



Theoretical essentials

Typical features of the PDF analysis

Benchmatle deje %X§ (@) PDFs
(dig, efe) e

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 3

=
L(r e J,('d (e <\AJ

{»w b pro Leands

o (pp— HX)

N\
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Theoretical essentials

Typical features of the PDF analysis

Benchmatrlk defn X§ Q)

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 3

=
L(r edccte :(q{

{»w b pro Leands

o (pp— HX)
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Theoretical essentials

CT10 NNLO describes well LHC 7 TeV

experiments
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Theoretical essentials Experimental observables

PDF parametrizations

Statistical aspects Practical applications

Question to the audience

Which of the SM particles can have a non-zero PDF f,/,(z,Q) in
the proton?

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

Pavel Nadolsky (SMU)

Peking University
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Theoretical essentials Experimental observables

PDF parametrizations Statistical aspects

Question to the audience

Practical applications

Which of the SM particles can have a non-zero PDF f,/,(z,Q) in
the proton?

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
non-negligible f,/,(x, Qo) at the initial scale Qp ~ 1 GeV

Pavel Nadolsky (SMU)

Peking University
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Theoretical essentials

Boundary conditions at @)
In practice, independent parametrizations f,/, (7, Qo) are introduced for

W g u d s, 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., % =d =5 in 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, tentatively in CT1X and
NNPDF)

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

YL;,,(.TJ, Q) 75 dn('rv Q)a dp(xv Q) 7£ U7L(-737 Q)
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Theoretical essentials

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 only introduced for ¢ and b quarks

» QCD coupling as(Q) and PDFs are evaluated with 5 active flavors at
all @ > my

» Moderate logarithmic enhancements may exist in collinear ¢, W, Z
production at @ > 1 TeV; but, for all practical purposes, it suffices to
evaluate these collinear terms as a part of hard cross sections

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



Theoretical essentials

General-mass variable-flavor number scheme

B A series of factorization schemes with [V, active quark flavors in

as(Q) and fa/p(xa Q)

» Ny is incremented sequentially at momentum scales pin, ~ my,

B incorporates essential m,; dependence near, and away from,
heavy-flavor thresholds

B implemented in all latest PDF fits except ABM a

Ny=3 INj=4 ' N;=5 I
p=3 Np=t G N S, +>_R_
7 7 7 e 99

I I
AR M iy Ry & Ty @l AT

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



Theoretical essentials

General-mass variable-flavor number scheme

Proved for inclusive DIS by J. Collins (1998)
X Q me AQCD)
,me) E 2 25 +0
falen @ / oG e +o (252

B limg_, H exists and is infrared safe

B collinear logarithms > /" _, aF v, In"(11/me) are resummed in
fc(xaﬂ/mc)

B no terms O(m./Q) in the remainder

I I
AR M iy Ry & Ty @l AT

Ny=3 'Nyj=4 ' Np=5 \l_’_
p=3 Np=t G N S, +>_R_
7 7 7 e 99
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Theoretical essentials

General-mass variable-flavor number scheme

Proved for inclusive DIS by J. Collins (1998)

(2, Q. m ch AQCD)
Qm) =Y [ En G2 T v o (2

B Works most effectively in DIS and Drell-Yan-like processes; practical
implementation requires

1. efficient treatment of mass dependence, rescaling of momentum
fractions x in processes with incoming ¢, b

2. physically motivated factorization scale to ensure fast PQCD
convergence (e.g., 1 = @ in DIS)

Ny=3 INj=4 ' N;=5 I
p=3 Np=t G N S, +>_R_
7 7 7 e 99

I I
AR M iy Ry & Ty @l AT

Pavel Nadolsk SMU Peking University Lecture 2, 06/2013
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Theoretical essentials

An example

of GM-VFN factorization scheme

0.08 - - .

007 £ x=005 W=Q 4 m’ oA
F x=x(1+4 m*/ Q%) Pt

0.06 [ T B

005 oS ’ ]
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001 V.27 - 3

0 =z==t ] Ll il N
1 10 107 Q*/Gev: 10

B Charm Wilson coefficient function is suppressed at ) — m.

B To keep agreement with F, data, u, d, %, d PDF's are enhanced at
small z, as compared to the zero-mass (ZM-VFN) scheme

Pavel Nadolsky (SMU)

Peking University
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Experimental observables

Experimental observables
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Experimental observables

Selection of experimental data

B Inclusive deep-inelastic scattering , mematicalranges of particte experiments
X, = (M114 TeV) exp(zy)
» HERA 10 Q=M M=10Tev -
& neutral-current eTp — et X: i
the largest data set in the fit wl werte ot
{ charged-current ep — v X ol T
3 AT-A
. . ~ 10'E M =100 GeV y : i 4
» Fixed-target experiments v AV A
. 10°F S0 c 4
& eN, uN, vN scattering y=/6 4 7z o/ 7 4 d
w 7MZIDG€\/ ) - 7
B Semi-inclusive DIS: w Hera e
» charm production ep — ecX (HERA) T W w w w w W
» pp production vN — p(e — p)X x

(NuTeV)

Hard cross sections are known at NNLO (two QCD loops) for inclusive DIS
and ep — ecX; at NLO (one loop) for vN — pupX

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



Experimental observables

Selection of experimental data

"/ WZ — Kinematical ranges of particle experiments
B Lepton pair production (pN =" (/' X): 1 e
Tevatron, fixed-target experiments -

B Inclusive jet production:

pp — jX (Tevatron), ep — j(j)X (HERA) e
‘bln = 7 ; -

Hard cross sections are known at NNLO (two loops) for lepton pair
production, NLO (one loop) for jet production

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



Experimental observables

Neutral-current ep DIS: kinematics
B s = (p.+ pp)* —total energy

B Q2= —¢>= —(p. — p.)*~ momentum transfer ' P
q
B » = Q?/(2p, - q) - Bjorken scaling variable
W
B y = Q?/(ws) — inelasticity
p

B W? = Q*(1 — z)/x — energy of the hadronic
final state

d’o(etp) 2ma? y? Y_
= Y. | Fy — =—F, + —aF:
dQ2dl' Q43§' + 2 Y+ L Y+ S

with Yo =14+ (1 —y9)?

The data is fitted either in the form of I (2, Q?) or d’c/(dQ?dzx)
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Experimental observables

Bjorken scaling of Fy(z, Q%)

40 years after its discovery

DIS at HERA

2008 o s =
H1 and ZEUS Combined PDF Fit
ré ! . :II“I:;\I ipn E
g. : HERA 1 PDF (pwel)

HERA Structure Functions Woeking Gerp

[ First observation Y o o 0
of Bjorken scaling . Q' GeV?
(SLAC-MIT, 19868 i

Slide by T. Haas, DESY
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Experimental observables

DIS experiments: kinematical reach

HERA kinematic reach

Q

Sz s 200MeV
e 0 P
] ! .
SR i 1955 Helstlter
AF
& W IRRSLAC
e | SLAC
({1 .
E CERN, pN»N
a
W -
HERA
0 e — e
1900 1950 20000

Gev?

/

0!

0

HERA 1994-2000
Fixed Target Experiments:
e
BeoNS
=665

LA
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Experimental observables

PDF combinations in DIS at the lowest order
M Neutral current (*p:

4 1 - _
r,Q?) = (u+u+c+c) §(d+d+s+5+b+b)

» PDFs are welghted by the fractional EM quark coupling
e2=4/90r1/9

» 4 times more sensitivity to v and ¢ than to d, s, and b

» No sensitivity to the gluon at this order

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

eiN( Q%) = > (u—l—u+d—|—d—|—sma|lers ¢, beontributions)

B Charged current (VN) DIS :
Na, @) =2 > (¢+a)

N i=u,d,s...
(@.Q) =2 > (4 —&)
i=u,d,s
Lecture 2, 06/2013 25
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Experimental observables

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

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

dfi ( >L) d X
,U/I)T:jl = Z / sz/j <_> (M)) fj/P(y"u)

j=g,u,q,d,d,..

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

B g(x,Q) atx <0.1

Ability of DIS to separate quarks from antiquarks, or small s, ¢, b
contributions from large u and d contributions, is limited; more so because
of systematic effects in fixed-target DIS experiments (higher-order terms,
nuclear corrections, etc.)
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Experimental observables

Bjorken scaling of Fy(z, Q%)

40 years after its discovery

DIS at HERA

2008 o s =
H1 and ZEUS Combined PDF Fit
ré ! . :II“I:;\I ipn E
g. : HERA 1 PDF (pwel)

HERA Structure Functions Woeking Gerp

[ First observation Y o o 0
of Bjorken scaling . Q' GeV?
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Experimental observables

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

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

dfi ( >L) d X
,U/I)T:jl = Z / sz/j <_> (M)) fj/P(y"u)

j=g,u,q,d,d,..

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

B g(x,Q) atx <0.1

Ability of DIS to separate quarks from antiquarks, or small s, ¢, b
contributions from large u and d contributions, is limited; more so because
of systematic effects in fixed-target DIS experiments (higher-order terms,
nuclear corrections, etc.)
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Experimental observables

1. Constraints on quark sea from pN — (T{~ X
(N =p,d, Fe, Cu,..)

d B B _ _
dC;ngy ~ (%)2 [’LLAUB —+ UA’LLB] —+ (_%)2 [dAdB + dAdB] +  smaller terms

= sensitivity to g(z, Q)

Assuming charge symmetry between protons and neutrons (u, = dy,
Up, = dp):

dopn

it ~ (3)? [uadp +wadp] + (—3)° [datip + daup] + smater terms

If deuterium binding corrections are neglected: ¢4(z) ~ ¢,(x) + gn(2)

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

da
1+ 21407 1 _
Ipd —( 4““‘3[ ] ~ —(1+7r), where r =d(xp)/u(zp)
20pp 2 (1+ ﬁr) 2

. 0pd/(20,,) constrains d(z,Q)/u(z, Q) at moderate x
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Experimental observables PDF paramet

Theory vs. experiment
Cross section at Q =4 — 17 GeV

E605 (p Cu — 1'W X) Png = 800 GeV
Martin, Roberts, Stirling, Thorne, Eur. Phys. J., C4, 463 (1998)

ul
i x = —.125

& o

T onl
8L, s
g aers . B
2 100
N% 7= —025 oo
o 8
3 0% .- oz \
=

7
%u W x - o755 2o
s
3
B 1°F .
B
=

opd/(20pp) at large zp =24 — 2B

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

-
-
.
-

12

1A1;
::g R
ub : T~
0.9;
0g | FNAL-E866/NuSea
T PRL, 80, 3715 (1998)
0'77\\H‘HH‘\H\‘HH‘HH‘HH‘\H\

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
2

Theory curves reflect different assumptions about d/

PDF fits (e.g., CTEQ5M) quantitatively account for the violation of SU(2)

symmetry in the quark sea

Pavel Nadolsky (SMU)
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: W VA
Quark flavor separation from pN "

(N =p,pd, Fe,Cu,..)

010X

Production of lepton pairs is essential for discrimination between quark and
anti-quark PDFs. More details in lecture 4.

> 02 E
8 | 12
g L C
€ o} L
? L D@, L=0.75 fi5" 11—
+ E>25 GeV - L
0.2j E}>25 GeV “g e
+ ——— CTEQS6.6 central value & L
S04 ; """ MRSTO4NL O central value 09 ;
F CTEQ6.6 uncertainty band L
T 0g L FNAL-E866/NuSea
o o5 115225 ?I’nel T PRL, 80, 3715 (1998)
0'77\\\\‘H\\‘HH‘HH‘\H\‘HH‘\H\
Tevatron/LHC W boson asymmetry 0 005 01 015 02 025 03 03

X2

is correlated with

Fixed-target DY experiments can
d(x, My ) /u(x, My ) at large z

constrain d/u
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Experimental observables

What about s(z,Q) # s(z,Q)?

This can be tested in subprocesses

Wts scand W5 —¢

In the experiment, charm quarks can be identified by their semileptonic
decays,
+ — [ ——
¢c— suvand ¢ — Sy v

So one sees
vN = p~cX = p pt X — SIDIS muon pair
vN = puteX = putp~ X production (NuTeV)
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Experimental observables

Total strangeness and strangeness asymmetry
Denote

1
[4:](Q) = / x ¢i(z, Q) dr —net moment fraction carried by ¢;
0

and introduce s*(z) = s(x) & 5(x) (total strangeness and its asymmetry)

/01 s~ (z)dz =0

(a proton has no net strangeness), but

—1
[S7] = /0 xs (x)dx #0

(s and s have different x distributions)

It is possible that

A large non-vanishing [S™] might explain “the NuTeV weak angle anomaly”

When deriving [S™] from the data, one must be careful to avoid being
biased by the choice of the parametrization for s~ (z, Q)
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Experimental observables

CCFR (inclusive vN DIS) and NuTeV (SIDIS
dimuon production): constraints on strangeness

satQ=2. GeV
PRELIMINARY

sT(z,Q) is reasonably well
constrained at x > 0.01;
practically unknown at

x < 0.01

2009 NNPDF estimate (least
biased by the parametrization

Blue: CTEQ6.6
1.4 Green: CT09
Red: MSTW'08 NLO

il
|||||\|\“|“ :

1.2

Ratio to CTEQ6.6
-

08 ‘ of s7(z,Q)):
06 " [S71(Q?* = 20 GeV?) = 0£0.009
1051074 1072 0.010.020.05 0.1 0.2 050.7

No statistically significant [S™]; but the PDF error is large enough to
eliminate the NuTeV anomaly (!)
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Experimental observables

NuTeV, NNPDF1.2, and global EW fit
uncertainties on sin® 6,

Determinations of the weak mixing angle sin26W

0.245

NuTeVv01l NuTeV01l Global EW fit
02 + NNPDF1.2 [S]
.24

0.235

0.23

2
Sin“Byy

0.225

0.22

0.215
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Experimental observables

How is the quark sea flavor symmetry broken?

Several competing mechanisms may contribute

B NNLO DGLAP evolution generally predicts that (z, Q) # d(z, Q2),
5(:1:7@2) 7& S(xaQQ) at QZ > Ql) If u($7Ql) 7é d(J:?Ql)

B Fermi motion
» Since d(z,Q)/u(z,Q) < 1, expect d(x,Q)/u(z,Q) > 1 at x > 0.1

B Nonperturbative meson fluctuations

> p—nrt — p (or uud — (udd)(ud)) suggests suppression of
d(z,Q)/u(z,Q) (n carries more momentum than 7 at x — 1)

> p— AKT — p (or uud — (uds)(us)) suggests [S~] >0
(A carries more momentum than K+ at z — 1)
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Experimental observables

Inclusive jet production at the Tevatron

PP ——> jet +X High-Er jets are mostly produced in
‘ \/s:‘lﬁooG‘ev CTEQSM u=E(f2 O<hi<s qq scattering; yet most of the PDF
uncertainty arises from gg and gg
contributions

—— CTEQ6M
——- CTEQSM

Here typical x is of order
2E7/\/5 > 0.1;

e.g., ¢~ 0.2 for Ep = 200 GeV,
Vs =1.8TeV

At such z, u(z,Q) and d(x, Q) are
known very well; uncertainty arises
50 100 150 200 Zz(j(eej)ﬂﬂ 350 400 450 500 mOStIy frOm g(:v’ Q)

Subprocess fraction
)
2

.. Tevatron jet data
B constrain g(z,Q) at x > 0.1
B complements HERA constraints on g(z, Q) at 2 < 0.1
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Correlated systematic errors in pp — j X

F D@ Run Il Reone = 0.7 NLO pQCD Mo =H =P, ® Data
1.5F L =0.70 fb* —F +non-perturbative corrections + Systematic “ncer"""‘y’
Fl sessovayasnan. | F eaew et I o= 3
1.0E ___________________ e T ‘_' éérb:ﬂ‘:thgq
go,s} + J + ]
£ <04 0.4<|y|<0.8 08<ly|<12
Z E R H N +, ) 4
% 333 NLO scale uncertainty == CTEQS6.5M with uncertainties ’
sly - T MRsT2004 _ L7 o ! 9
L ESSEEa 1 esmineng ¥ E‘Er:—;_.—+ 1
OAH Y] R
=3 LA + > 1
1.2<ly|<16 16<ly|<2.0 20<ly|<24
0.0ccriy n RN A RN N PR TR h PR |
50 100 200 300 50 100 200 300 50 100 200 300 p. (GeV)
T

DO Coll., arXiv:0802.2400
(700 pb~1); CDF results

(1.13 b~ 1)
B (Almost)
negligible
statistical error

B Experimental uncertainty is dominated by correlated shifts of data
points due to systematic effects

B There are about 20 systematic errors published by each Run Il jet

experiment

B The PDF uncertainty would be strongly underestimated if these
systematic errors are not included
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Theoretical essentials Experimental observables PDF parametrizations Statistical aspects

Practical applications

Homework assignment

When experimental errors o; are uncorrelated, the log-likelihood function
x? of the fit is constructed as

Npoints T o D 2
2= Z (;) (1)

o
i=1 v

in terms of the theoretical prediction T; and experimental value D; at each
point

In general, one needs to modify Eq. (1) to include a variety of systematic
effects
B Theoretical: dependence on factorization and renormalization scale,
higher-order/higher-twist terms, resummation effects, etc.

B Experimental: overall normalization, calibration of detectors, energy
resolution, etc.

These are often examined by independent authors and provided to the
fitters in some simplified form
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Experimental observables PDF parametrizations S cal aspects Practical applications

Homework assignment

Task for tomorrow

Propose a procedure to supplement Eq. (1) with external information
about systematic uncertainties. For example, N systematic errors result in
N unknown correlated shifts of data with respect to theory. Find a optimal
combination of the random shifts that minimizes x?. Such combination
can be found analytically; when this is done in the global fit, one obtains
the most conservative (largest) PDF uncertainty consistent with the
correlated shifts

If you have difficulties, read Appendix B in J. Pumplin et al. (CTEQ6), JHEP 0207, 012 (2002)
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PDF parametrizations

Choice of PDF parametrization
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Statistical aspects

Statistical aspects
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Practical applications

Practical applications
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