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The inner world of a hadron

2 & @9 &

Atom |:> Nucleus |:> Nucleon Q;ﬁg(:s&

The structure of the hadron drastically changes as the resolution of
the “microscope” (scattering process)increases

Parton distributions f, ,,(x, @) characterize the hadronic structure as a
function of the energy @ of the hard probe
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The inner world of a hadron

up-Quark
down-Quark
strange-Quark
Antiquark
Gluon

Spin 1/2

~\AORAan

Spin 1

Collinear PDFs f,,(x, Q) are the simplest among the
nonperturbative functions describing the hadron structure. Many
considerations here apply to spin-dependent and nuclear PDFs..
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Basic definitions

B Partons are weakly bound
constituents of hadrons with
small typical size
(7” <K Tnucleon = 1 fm)

(Feynman; Bjorken, Paschos - 1969)

» pointlike, as compared fo
the “size” of the probe;
associated with quantum
fields in the SM Lagrangian
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Theory Experimental observables PDF parametrizations Statistical aspects Practical applications

Basic definitions

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

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

Basic definitions

H In the simplest
(leading-order)

interpretation, the PDF SJ Q
fasp(z, Q) is a probability for g
finding a parton a with Tp®

4-momentum xp® in a proton
with 4-momentum p®

pOé
m f,(r,Q)dependson
nonperturbative QCD
inferactions
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Theory Experimental observables PDF parametrizations Statistical aspects Practical applications

PDFs and QCD factorization

ATLAS Candidate Event with a Z—pp and missing E,
h.w .

LEXPERIMENT/

Run 167776, Event 129368643
Time 2610-18-28 10:41:18 (ET

Drell-Yan process pp — (29 — ¢0)X at the LHC (¢/ = eé or juji)
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PDFs and QCD factorization

pp — (Z2° — pp) X: Feynman diagram at the leading order in
QCD
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Theory Experiment

PDFs and QCD factorization

P q »  According to QCD factorization theorems,
+... typical cross sections (e.g., for
20 plk)p(ks) — [Z(q) — U(ks) (k)] X) take the form

Opp—tlX = Z / dfl/ d&2G 700 (Zl 22 ff)fa/p(fl, )fb/p(f%ﬂ)

a,b=q,q,9

+ 0 (Ayen/Q%)

P

W, ., ., isthe hard-scattering cross section

W/, (& ) are the PDFs

B Q% = (k3 + k4)% 212 = (Q//5) e™Vv— measurable quantities
H ¢, & are partonic momentum fractions (integrated over)

M ;. is a factorization scale (=renormalization scale from now on)
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Theory

PDFs and QCD factorization

p q » According to QCD factorization theorems,
+... typical cross sections (e.g., for
E T2 N plkop(ks) — [Z(q) — £(ke)U(ke)] X) take the form
1 1
~ Ty T2 Q
X — d d i\ = s a 9 9
Opp—tiX a’b_zq;q’g/o 51/0 §2 0 g 200 (51 & N) I /p(fl M)fb/p(& 1)
+ 0 (Ayen/Q%)

B ;. is naturally set to be of order @

W Factorization holds up to terms of order Ag)CD/Q2
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Theory Experimentt

PDFs and QCD factorization

p q » According to QCD factorization theorems,
+... typical cross sections (e.g., for
- . 2N plk)p(ke) — [Z(q) — L(ks)l(ks)] X) take the form
Cppsiix = > df df o2 Q
pp—lIX = 1 20 by 7500 5 { P fa/p(fla )fb/p(&aﬂ)
a,b=q,q,9

+0 (AQCD/Q )

Purpose of this arrangement:

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

B Resum themin f, (¢, 1) To all orders of a
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Theory Experimental observables PDF parametrizations Statistical aspects Practical appli

Operator definitions for PDFs

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

1 [® = - .
fq/p('rmu) = E/ dy e p+<p ¢q(07y 70T)’7+¢(1(07070T) p>7 etc.

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

They all correspond to the probability density for finding « 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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Theory Expe oles PDF parametrizations

Practical appli

Operator definitions for PDFs

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

1 0 - — ~ =
fq/p(xmu) = E / dy—ezy p+<p wq(O,y_,OT)’7+¢q(0,O,OT) p>7 etc.
The exact form of f, , is not known; but its ;. dependence is

described by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equations

Wt s [ (2 ) gt

J=g,u,T,d,d,....

P, ,; are probabilities for j — ik collinear splitfings;
are known to order o (NNLO):
Pys (@, 5) = 0Py () + o3 Py () + 03P () +
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Theory Experimental observables PDF parametrizations

Example of DGLAP evolution

—
(&N

o |

< Qu2= 4 Gevas2
* __up CTEQ6.6M

_. down CTEQ6.6M
gluon CTEQ6.6M
_. upbar CTEQ6.6M

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

Pavel Nadolsky (SMU) CTEQ school

Statistical aspects Practical app

Compare 1 dependence
of v 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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Theory rvable PDF parametrization

Example of DGLAP evolution

g
X Q2= 1.69  GeVis2
* up CTEQB.6M
L
o8 | As () increases, it
0.7 .
06 becomes more likely that
02 a high-z parton loses
! some momentum
7 through QCD radiation
T = u(z, Q) reduces at
x 2 0.1, increases at
0.1 x S 0.1
0.09
0.08
0.07 r
0.06
005 — -~ ol bl
10 10 10 10

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

Example of DGLAP evolution

E}
> Q2= 4 GeVxx2
* up CTEQB.6M
L
o8 | As () increases, it
0.7 .
06 becomes more likely that
02 a high-z parton loses
! some momentum
7 through QCD radiation
T = u(z, Q) reduces at
x 2 0.1, increases at
0.1 x S 0.1
0.09
0.08
0.07 r
0.06
005 — -~ ol bl
10 10 10 10

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

Example of DGLAP evolution

/(\T HEPDATA
E Q2= 100 CeVex2
* up CTEQB.6M
L
08 As () increases, it
0.7 .
06 becomes more likely that
02 a high-z parton loses
! some momentum
7 through QCD radiation
T = u(z, Q) reduces at
x 2 0.1, increases at
01 + x S 0.1
0.09
0.08
0.07 r
0.06
0.05

10

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

Example of DGLAP evolution

g
R Q#+2= 10000 GeV¥x2
* up CTEQB.6M
L
08 As () increases, it
0.7 .
06 becomes more likely that
02 a high-z parton loses
! some momentum
7 through QCD radiation
T = u(z, Q) reduces at
x 2 0.1, increases at
01 + x S 0.1
0.09
0.08
0.07 r
0.06
005 ol
10 10

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

Theory

Example of DGLAP evolution

r |[ HePDATA
[ || Dotoboses

xf(x,Q2)

Q++x2=1.69

—— upbar

“T. gluon

" gluon

()
CTEQ6,6M
CTEQ6.6M

\\MSTWZOOSNLO

o L |
2 -3

N 10
Linear scale

Pavel Nadolsky (SMU)

CTEQ school

: u and gluon PDF

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

may lead to unphysical
predictions

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

Large In"(1/z) in P,/;(x)
break PQCD expansion
ater~Q//s<1
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Theory

bles

Experimental observab

PDF parametrizations

Example of DGLAP evolution

< 102
le] C HEPDATA
> [ Q2= 1.69  GeVex2
= r __ upbor  CTEQ6.6M
~_- gluon CTEQ6E.6M
IR gluon  MSTW2008NLO

2 Gl

10 "

Pavel Nadolsky (SMU)

107 .‘ ‘ LN o
Logarithmic scale

CTEQ school

: u and gluon PDF

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

may lead to unphysical
predictions

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

Large In"(1/z) in P, (x)
break PQCD expansion
atz ~Q/V/s< 1
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Theory

PDF parametrization

Example of DGLAP evolution: = and gluon PDF

—~ 10°¢
o\

(@}
3

=

=
B3

Loé%

2

f
[ | Dotaboses|
L Q++2= 4 GeVxx2
__ upbar  CTEQ6E.6M
__ gluon CTEQ6E.6M
= gluon MSTW2008NLO

4

. LN
rithmic scale

Pavel Nadolsky (SMU)

CTEQ school

As () increases, g(x, Q)
grows rapidly at small «

a,(Q) becomes small
enough to suppress
In"(1/x) terms

small-z behavior stabilizes
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Theory

PDF parametrization

Example of DGLAP evolution: = and gluon PDF

—

(@}
3

=

=
B3

Loé%

102 ¢

[ |[ HEPDATA
Databases|

Qx+x2= 100
___ upbar
_- gluon

gluon

GeVx2
CTEQ6.6M
CTEQ6E.6M
MSTW2008NLO

4

Pavel Nadolsky (SMU)

. LN ‘
rithmic scale

CTEQ school

As () increases, g(x, Q)
grows rapidly at small «

a,(Q) becomes small
enough to suppress
In"(1/x) terms

small-z behavior stabilizes
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Theory

PDF parametrization

Example of DGLAP evolution: = and gluon PDF

—

(@}
3

=

=
B3

Loé%

102

b Treeoam
[ | Dotaboses|

Q#+2= 10000 GeV*2

___ upbar

_- gluon

gluon

CTEQ6.6M
CTEQ6E.6M
MSTW2008NLO

4

Pavel Nadolsky (SMU)

. LN ‘
rithmic scale

CTEQ school

As () increases, g(x, Q)
grows rapidly at small «

a,(Q) becomes small
enough to suppress
In"(1/x) terms

small-z behavior stabilizes
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Theory Experimental observables PDF parametr

Practical appli

Universality of PDFs

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

1 [® = - .
fq/p(wmu) = E/ dy e p+<p wq(ovy 70T)7+wq(07070T) p>7 etc.

—00

PDFs are universal — depend only on the type of the hadron (p)
and parton (g, 4, ¢)

... can be parametrized as

fipp(®, Qo) = agz™ (1 — 2)** F(as, a4, ...) At Qo ~ 1 GeV
... predicted by solving DGLAP equations at 1 > Qg

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 1



Factorized QCD predictions

Lepton-hadron scattering
0= Z 3(1 & fa/p

Hadron-hadron scattering

7= Z Taraz @ fay fp1 ® Jaz/ps

ay,a2

The accuracy in determination of PDFs f, , must match the
accuracy of hard cross sections &
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NNLO hadron-collider calculations v. time as of mid June 2016

(Wit H ot Hartander. Kiigors

jH e, Anastascuy, Meiniow VEF el Soizonl. Mafiont, Moch, Zam

totsl. Ravenaran, S, van Nesrven WH I, Fertera, Graznn, Tramontanc

WH ot Beein, Dicuad, Harander vy, Catani et sl
RO, Anstasou, Menikov, Petiens H (partal), Boughezsietsl

PUGHE, Aot Mo Phisly Shariotst. Czaion, Faser Maov
{riiamy N -Zoy, Grazzi, Kubwes, Ruttiey, Toms
iz : § (partal], Cume, Gehrmarn-De Ficder, Glover, Pres.
T ? -ZZ Cascolnat sl
og Wz it Catant
°s  Jf / ZHOR. Ferera, Grazzni, Tramontano
%oy o g WW , Gefrmann ef sl
%'

2
explosion of NNLO calculaliong
in past 24 months i Bnpeata

2002 2004 2006 2008 2010 2012 2014 2016 22, Grarzrt Katwet, Ramiew

Dramatic advances i n (N)(N)NLO computations in of QCD hard
Cross sections o using automated, recursive, unitarity-based
techniques. NNLO hard cross sections o accurate to a few
percent

Figure by Gavin Salam



General-purpose CT14 PDFs

(S. Dulat et al., arXiv:1506.07443)

CT14NNLO PDFs ~ Q=2GeV
g/5 —

CT14 NNLO PDFs Q=100 GeV

g/10
o
d c—

xf(x,Q)
Qcoown

s T oo : i T 0 5 09
10 1(;( 0.2 0.5 09 X

Q=2 GeV Q=100 GeV
Phenomenological parametrizations of PDFs are provided with
estimated uncertainties of multiple origins (uncertainties of

measurement, theoretical model, parametrization form, statistical
analysis, ...)

The shape of PDFs is optimized w.r.t. hundreds of nuisance
parameters



Where do the PDFs come from?
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Theory

Practical answer:
from the Les Houches Accord PDF library (LHAPDF)

Almost all recent PDFs are included in the LHAPDF C++ library
available at Ihapdf.hepforge.org.

|0] Nadolsky, Pavel-Ou... x}.“' LHAPDF—Hepforge  x ‘-\H;l

B- <|[B~ LHaror Qe & A& 8 =

LHAPDF is hosted by Hepforge, IPPP Durham r

€ @ |hapdf.hepforge.org

LHAPDF provides a unified and easy to use interface to modern PDF sets. It is designed to work not
only with individual PDF sets but also with the more recent multiple "error” sets. It can be viewed as
[the successor to PDFLIB, incorporating many of the older sets found in the latter, including pion and
photon PDFs. In LHAPDF the computer code and input parameters/grids are separated thus
allowing more easy updating and no limit to the expansion possibilities. The code and data sets can
be downloaded together or inidivually as desired. From version 4.1 onwards a configuration script

facilitates the installation of LHAPDF.

2013-12-20: C++ LHAPDF6 6.0.5 patch version is now available
See the LHAPDF6 announcement talk from PDF4LHC (some small details have changed since).

Thousands of PDF sets are provided and can be linked to your
computer code. Which one should you use?
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Where do the PDFs come From?

* From a combination

of BIG, medium,
and small experiments

» Complementarity in

— kinematical ranges
— systematics

6‘ B | lofficeQCD

LHC HERA Fixed-target oo
RHIC experiments -
Tevatron EIC P -y




Theory

The flow of the global analysis

Benchmark data

PDFs are not
measured directly, but
some data sets are
sensitive to specific

f(x,Q)
e (DIS, etc.) & POES
Y ° I ox combinations of PDFs.
L// By constraining these
Predictions

for new processes combinations, the
A PDFs can be

disentangled in a
combined (global) fit.
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Theory

The flow of the global analysis

xf(x,Q)

Benchmark data
(DIS, etc.)

PDFs

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

Predictions
for new processes

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 18



Theory

Data sets in the CT14 NNLO analysis

S. Dulat et al., arXiv:1506.07443

Modern fits involve up to 40 experiments, 3000+ data points, and

100+ free parameters
Pavel Nadolsky (SM!

1D Experimental data set Nt | X2
# [Fxp phn) X 1D TExperimental datasch Nptn| 22

101 |BCDMS Ff [24]| 337 (384
= 201 |EG605 Drell-Yan process 137)] 119 116

y 25
102/ [BCOMS K [25]] ‘250|204 203 |E866 Drell-Yan process, o,a/(20,,) 8] 15 |13
- d - :
104 |NMC Fy/F§ [26]] 123 |133 204 |E866 Drell- Yan process, Q*d*0pp/(dQdzr) 139)] 184 {252
106 |NMC o7, [26]{ 201 |372 225 |CDF Run-1 electron A.s, pre > 25 GeV o[ 11 |89
108 |CDHSW FY 27| 8 |72 227 [CDF Run-2 electron A, pre > 25 GeV | 1 |
100 |CDHSW F? 27| 96 [s0 234 [DO Run-2 muon A, pre > 20 GeV 42| 9 |83
P Pr———— 23| o |70 210 [LHCb 7 TeV 35 pb~" W/Z do/dy, [43)] 14 |99
— 241 [LHCb 7 TeV 35 pb~" A, 20 GeV 43| 5 |53
111 |CCFR 2FF 120] 86 |31 il iy By o 2000 ] I

- 260 [DO Run-2 Z rapidity jaq)| 28 |17

124 |NuTeV vpu SIDIS [30]| 38 |24
261 |CDF Run-2 Z rapidity [45)| 20 |48
125 [NuTeV zpuu SIDIS [30]) 33 |39 266 [CMS 7 TeV 4.7 fb™', muon A, pre > 35 GeV  [46]| 11 [12.1
126 |CCFER wpp SIDIS [31]{ 40 |29 267 |CMS 7 TeV 840 pb~*, electron A, pre > 35 GeV [47][ 11 [10.1
127 |CCFR o SIDIS B1]] 38 |20 268 |ATLAS 7 TeV 35 pb~! W/Z cross sec., Au [8)| 41 |51
145 |H1o? 32]] 10 |68 281 [DO Run-2 9.7 ! electron Ac, pre > 25 GeV  [14]| 13 | 35
147 |Combined HERA charm production [33]| 47 | 59 504 |CDF Run-2 inclusive jet production 1a9)| 72 {105
150 |HERAL Combined NC and CC DIS [31]| 579 |501 514 |DO Run-2 inclusive jet production [50]| 110 |120
T IR 535 |ATLAS 7 TeV 35 pb~" incl. jet production [51]| 90 |50
538 [CMS 7 TeV 5 fb~" incl. jet production [52)] 133 177

CTEQ school




A question to you (think for 1 minute)

Among Standard Model particles, which particles can have a
non-zero PDF?

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 20



Theory Experimental observables

PDF parametrizations Statistical aspects

Boundary conditions at Q) ~ 1 GeV

In practice, independent parametrizations f,,(z, Qo) are
infroduced for

B g u, d s, u d 5 @lways)
contribute > 97% of the proton’s energy £, at Q)

» even in this case, the data are usually insufficient for

constraining all PDF parameters; some of them can be fixed
by hand

» e.g. u=d=5inoutdated fits

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

B photons v (in QCD+QED PDFs by CT, xFitter, LUX, MRST,
NNPDE.. groups)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19
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Theory xperimental ob PDF parametrizations € oects Practical appli

. ™ Q%= 10000 GeV?
Example: QCD+QED PDFs G008 4, Wrier opHMDY
% 0.07 3 KRJ6.
10' = NNPDF30qed

arXiv:1701.08553

xf(x,pr)

| CT14ged NLO PDFs \
arXiv:1509.02905 LAY
Me =32 Gev SR The LUXged group (Manohar et al.,

10 10 10! 0 1607.04266, 1708.01256) derives

X

CT14 uses ep — ey X to constrain fy(@, Q) from DIS inclusive
fyp(z, Q) cross section = very small
Y 9

uncertainty on £, ,(z, Q)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 22



Another question (1 minute)

Given a QCD observable O, can you tell which parton flavors
drive the PDF uncertainty on O? How?

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 23



Experimental observables

2. Experimental observables
constraining the PDFs in global fits

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 24



Experimental observables

Experiments included in the
x, () coverage of various NNPDF3.1 PDF analysis
eXpeI’imenfS Kinematic coverage

 Fixed target DIS
o P
% T :
B1p8L [ Atlas and 05 (7 TeV) 106 Top-quark pair production
k] [ Atlas and CMS rapidlity plateau O Black edge: New in NNPDF3.1
OIDT E= Do CentraltFwd. Jets
=) CDF/DO Central Jsts
10éL = m 108
MM zeus
10°F =2 me
' = BoMs 100
10 D E&es P
B stac 3
3 B
10° ¢ 4
X 7 pd = 10?
10 W=10Gv
2
i
10?
o
e I II
g P
o F !
i L 1 L L L 10?
T T U I U S
X
107% 1072 102 107* 10°
x

Pavel Nadolsky (SMU CTEQ school



Selection of experimental data for PDF fits (2017)

. . . "‘> b fdunieny G Sk Y ot TR R L TR il G T
® Inclusive deep-inelastic [ e i I
scattering E oot o/
10 = m i
» At HERA: e LHC
neutral-current e*p — e X; o e ‘
charged-current ep — v X -
¢ the largest data set in the fit Wi
10 F
» Fixed-target experiments .
, ] o]
& eN, uN, vN scattering w0’k “‘”‘””H" i
10 ? I()-6 ]ﬂ k0-4 10 3 10 10 k x]
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Selection of experimental data for PDF fits (2017)

. . . "‘> bRk Is, AL A fs s, T2 L R B .02 L BT
H Inclusive deep-inelastic LU = otk P i ’q
SCCIﬂ'ering Umt E= D0 Centralibvd. Jats

E= CDE/BO Central Jets

")6_ = m
> At HERA: W R g LHe
neutral-current e*p — = X; 1 -
charged-current ep — v X ol -
¢ the largest data set in the fit 0’ i
: i
. . { i
» Fixed-target experiments v 0
- H I
& eN, uN, vN scattering O T
10 ? I()-6 ]ﬂ-5 EO-‘ 10 : 10 10 : Il

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 26



Experimental observables PDF parametrizations

Neutral-current ep DIS: kinematics
B s = (p. + p,)? -total energy

B Q°=—¢>=—(p.— p.)*-~ momentum pe P!
transfer

B » = Q?/(2p, - q) - Bjorken scaling variable
m y = Q?/(xs) — inelasticity p

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

d’o(etp) 2ma? y? Y_
= Y. | Fo — —Fr, £ —aF:
dQZd.’E Q43§' * ( 2 Y+ L Y+m 3) ’

withYy =14+ (1 —g)?

The data is fitted either in the form of 1 (x, Q?) or d?c /(dQ?dx)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 27



Final combined DIS cross sections at HERA

(arXiv:1506.06042)

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

set.

2927 data points are combined intfo 1307 data points. 165 correlated

systematic errors are reanalyzed and calibrated.

H1 and ZEUS

@ HERANC ep 0.4~

®m HERANC ¢'p 0.5 b

Vs =318 GeV

O Fixed Target
=== HERAPDF2.0 ¢'p NNLO
=== HERAPDF2.0 ¢'p NNLO

Pavel Nadolsky (SMU)

H1 and ZEUS
g | mERa HERAPDF2.0 NNLO
o " Vs=318Gev Vs =318 GeV.
m CCe'p05fh”! == CCe'p
wl e ccepoam? == cCep
0L ‘% gy = 0008 (x15000)
— 3y = 0013 (x3000)
10
:Omzz:m gy = 0032 (x700)
103k *l:x::;::—‘\‘ gy =008 (x170)

T e e .

=035 (@)
a
N MN_\\

T e e . .

2
0'E .

2 Ny =040 (0.1
0

gy =013 (200

CTEQ school

10°

10

10°
Q% GeV*
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Experimental observables

PDF combinations in DIS at the lowest order
B Neutral current /+p:

+ 4 1 - _
Fi p(x,Q2):§(u+ﬂ—|—c—|—é)—|—§(d+d+s+§+b+b)

» PDFs are weighted 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 (/*N) DIS on isoscalar nuclei (N = (p + n)/2):

BN (2,Q%) = 0 (u + @+ d+d+smaller s, ¢, bcontributions)

B Charged curren’r (wN)DIS:
N, QD =r Y (6t @)

i=u,d,s...
eFyN(@, Q) =2 > (¢ — @)
i=u,d,s
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Statistici >Cts Practical appli

Experimental observables PDF parametrizations

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

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

equations
Thus, when examined at NLO, the DIS data constrains

B > . cX(¢; + g) in an amazingly large range 107> < 2 < 0.5
B uanddat107? <2 <03

B g(x,Q)atx<0.1

DIS cannot fully separate quarks from antiquarks, or s, ¢, b
contributions from « and d contributions; fixed-target DIS

experiments affected by higher-order terms, nuclear corrections....

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19
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Experimental observables

Selection of experimental data for PDF fits (2017)

The modern PDF fits include

Inclusive deep-inelastic scattering...

+ Semi-inclusive DIS:

B charm production ep — ecX

(HERA)

B ;. production vN — (e — p) X

(NuTeV, NOMAD, ...)

N ;
Gt

L = m

L =

L mm Eess

[ Atlas and CMS (7 TeV}
[ Atlas and CMS Tapidity platesu

L E= D0 Central+Fud. Jats

E= CDE/BO Central Jets
[m zeus
3O BcDMs

= suac

Hard cross sections are known at NNLO (two QCD loops) for
inclusive DIS, ep — ecX, vN — pupuX

Pavel Nadolsky (SMU)

CTEQ school
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Experimental observables

Selection of experimental data for PDF fits (2017)

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

+ Semi-inclusive DIS:
B charm production ep — ecX
(HERA)

B ;. production vN — (e — p) X
(NuTeV, NOMAD, ...)

+ Lepton pair production p/NV 7’—$ wx

(Tevatron, fixed-target experiments)

Pavel Nadolsky (SMU) CTEQ school

N ;
Gt

L =2 o

O atlas
3 Atlas

and OHS (7 TeV)
and OMS rapidity plateau
ralFvd.

E= CDE/BO Central Jets

L =3

[m zeus

L =

Lecture 1,2018-06-19
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Experimental observables PDF parametrizations Statistical aspects

Selection of experimental data for PDF fits (2017)

The modern PDF fits include Wi Al
) . . : 1080 tlas and CMS (7 TeV} ol
Inclusive deep-inelastic scattering... T e mene i
+ Semi-inclusive DIS: whaw
B charm production ep — ecX W e
(HERA) o
10°F
W ;i production vN — (e — ) X i
(NuTeV, NOMAD, ...) o
, . W2 [
+ Lepton pair production pN "=~ (' X w'f ]
(Tevatron, fixed-target experiments) 7 0wt et et et et

+ Inclusive jet production: pp — j X
(Tevatron), ep — j(7)X (HERA)

Hard cross sections are known at NNLO (two loops) for lepton
pair production, jet, ¢t production

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 31



Experimental observables

Selection of experimental data for PDF fits (2017)

i LA nR L A e R e n o
‘gm!L [ Atlas and CMS (7 TeV}
ot

[ Atlas and OfS rapidlty plateau
Umt B2 D0 CemtraliFvd. Jats

Dozens of data sets from LHC! e e

L =3

[m zeus

B CT14, MMHT14, NNPDF3.0 include = e
early 7 TeV W/Z, jet production Jf
data sefs %

B NNPDF3.1 (arxiv:1706.00428) includes
high-luminosity dataon W/Z, Z ”
pr. tt production ek bk

» moderate reduction in PDF
uncertainty, especially for

9(z,Q)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 31



Experimental observables PDF parametrizations

Statistical aspects

SU(2) and charge symmetry breaking

d(zx) # u(z), q(z)# q(x)

May be caused by
B DGLAP evolution
B Fermi motion
B Electromagnetic effects

B Nonperturbative meson
fluctuations

B Chiral sysmmetry breaking
B Instantons

g(x)

0.1 X

1% occuroci can disTini uish between these effects.
Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 32



Theory Experimental observables PDF parametrizations Statistical aspects Practical applications

Extrinsic and intrinsic sea PDFs

"Extrinsic" sea =
q(x)

Extrinsic

Intrinsic

0.1 X

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 &)



Theory Experimental observables

PDF parametrizations

Statistical aspects

Practical appli

Extrinsic and intrinsic sea PDFs

Smooth u + d
parametrizations can hide
existence of two

components
0.6
b
ol - ‘ fﬂ :Z)Dcsno |
s My e
202 ity |
. hﬂﬂ—*mﬂm—
T L
102 107 10°

FIG. 5: (" () + d°*(x:)) obtained from Eq. @ is plotted together
with z(i(x)+d(x)) from CT10 and §(s(x)+5(x)) which is taken
to be a(a?* () + d*(x)).

Liu, Chang, Cheng, Peng,
1206.4339

Pavel Nadolsky (SMU)

CTEQ school

Intrinsic charm (IC) can

carry up to 1% of the
proton momentum

120

CTI14HERA2 Q(=1.3GeV
--BHPS
80— BHPS + Tier-2
--SEA
60 -— SEA + Tier-2

<

0.01 0.02
<X>IC

CT14 IC NNLO PDFs

T-J. Hou et al., 1707.00657

0.03

Lecture 1,2018-06-19
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Experimental observables

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

d B B _ _
dc;ﬁy ~ (%)2 ['LLA’LLB + ’LLA'LLB] + (—%)2 [dAdB + dAdB] ~+ smaller terms

= sensitivity to g(z, Q)

Assuming charge symmetry between protons and neutrons
(“p = dp, Up = (][)):

do’pn (2

0%y ™ 5)2 ['11,.1(]3 + '11,.1(]3} + (—%)2 [(]A’“B + (]A’UB} 4 smaller ferms

If deuterium binding corrections are neglected:
04(7) % gp(@) + gn(@)

At x4 > zp (arge ) G(xa) ~0and du(x4) > d(x )

=] = - = =
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Experimental observables

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

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

— sensitivity to g(z, Q)

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

dgggy ~ (%)2 [UAd_B +’I_LAdB] + (—%)2 [dAQ_LB +d_AUB] +  smaller terms

If deuterium binding corrections are neglected:
qa(x) ~ gp() + qn(2)

Atz > zp darge ). Gz a) ~0and du(zy) > d(z )

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 85



Experimental observables

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

do _ _ 7 7
dQéDgy ~ (%)2 [UAUB + UAUB] + (—%)2 [dAdB + dAdB] ~+ smaller terms

— sensitivity to g(z, Q)

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

dcg—ngy ~ (%)2 [UAd_B +’I_LAdB] + (—%)2 [dAQ_LB +d_AUB] —+  smaller terms

If deuterium binding corrections are neglected:
9d(z) =~ qp(x) + gn()

Atz > xp (arge y): q(za) ~0and du(z4) > d(za)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 85



Experimental observables

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

da
o 1A+ 1+ 1 _
~ = ~ —(1 where r =d
T~ e~ S ), whete 1 = (o) iay)

4u A

\)

- opa/(20,,) constrains d(z, Q) /u(x, Q) at moderate x

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 85



Theory Experimental observables PDF parametrizations Statistical aspects Practical applications

Experimental evidence for SU(2) symmmetry
breaking

opa/(20,,) Otlarge zp = x4 —p

..............

MRS(R2) -~~~ "= =

-
.
.
,

E866 Drell-Yan pair production:
d(x) —a(z) #0atz > 0.1

(large difference) 5 r0
£ L T
=]
LHC W/Z production: 09 e e
d(z) —u(z) #0atz < 0.1
f b 05 | FNAL-E866/NuSea
(G ew percen [ PRL, 80, 3715 (1998)
0'77\\H‘HH‘HH‘HH‘HH‘HH‘HH
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

5
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
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Experimental observables

Charged lepton asymmetry in AB — (W — ev,) X
(A, B =porp)

1. ANd n &~ y. aAre rapidity and pseudorapidity of an electron
from W decay
dO'W+ _ de"
_ dye dye
Ach(ye) = oWt doW—
dye dye

A (ye) relates to the boson asymmetry
A

Y
w(y) = (doW " Jdy)—(doW~ /dy)

= o Jdy) (o7 Jay)* VPETE

+

(40" fdy) o< wa(wa, Myw)dp(wp, M) + da(.a, M ug(@p, M) + ..
(dUW_/dy) x ua(xa, Myw)dp(xp, Mw) + da(xza, Myw)upg(zp, Mw) + ...

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19
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Experimental observables PDF

parametrizations Statistic

Charged lepton asymmetry in AB — (W — ev,) X
(A, B =porp)

1. ANd n &~ y. aAre rapidity and pseudorapidity of an electron
from W decay

daW+ _ de"
_ dye dye
Acnlle) = Gowr —ggw
dye dye

. Aen(ye) constrains PDF ratios at @ ~ Myy:
B J/uatz — 1 at the Tevatron 1.96 TeV (pp):

B Jd/uatz>01andu/datz ~ 0.01 af the LHC 7 TeV (pp)

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19 37



Experimental observables PDF parametrization:

Charge asymmetry at the Tevatron and LHC

CMS 840 pb* at Vs=7TeV
0.25 ‘ ]

pT(e) > 35 GeV

=W - ev

o
)

0.5 d
_ _dy dn
Ach (T]) = w+ w
MCFM: do + do
0.1 ;%; SEI;QOAPDFI.S ) dn
44444 MSTW2008NLO

Electron Charge Asymmetry

—— NNPDF2.2 (NLO)
theory bands: 68% CL
| L L L L |
1 2
Electron Pseudorapidity ||

O

0.05

CMS A, (n) data disfavor some d/u parametrizations, motivated
an update in MSTW’2008 PDFs
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Experimental observables PDF parametrizations

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

=4
o

Subprocess fraction

—— CTEQ6M
——- CTEQSM

_________

Pavel Nadolsky (SMU)

150 200 250 300 350 400 450 500

E, (GeV)

Inclusive jet production, pp’ — jet + X

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

Here typical z is of order
2F7/\/5 > 0.1;

e.g., »~0.2for Ep =200 GeV,
Vs =18TeV

At such z, u(z, Q) and d(z, Q)
are known very well; uncertainty
arises mostly from g(z, Q)
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Experimental observables

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

B (Almost) negligible
statistical error

—10"%F T T T 3

SWOUE oms | fhEcm T

[0} 10 £ Vs =7 TeV = 1:0:|§|:1:5(xﬂ)7j 3

S L L=5.0fb’ O 15<lyl<20(x10') _]

=) :t._ anti-k; R=0.7 v 20<lyl<25(x10%) ]

= E B The cross sections span 12
W

o — ,

g E orders of magnitude

o ]

NNPDF2.1® NP Corr.

200 300 ‘ “J{ooo
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Theory Experimental observables PDF parametrizations Statistical aspects Practical appli

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

orders of magnitude

- v ‘ E .U‘ e
a 16 o pa (e, vrerny 5=7TeV
o - —CT10 DTheo.Uncenain(y L=501"
I ----HERA1S antik; R=0.7
Z b ! i
2T o e B The cross sections span 12
o
T
o

B (Almost) negligible
statistical error

TR S 5 S T T i

20 300 40 io‘%tp (Gge(;)o
B Systematic uncertainties dominate, both from the
experiment (up to 90 correlated sources of uncertainty) and

NLO theoretical cross section (QCD scale dependence)

0.6

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

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

orders of magnitude

- v ‘ E .U‘ e
a 16 o pa (e, vrerny 5=7TeV
o - —CT10 DTheo.Uncenaimy L=501"
I ----HERA1S antik; R=0.7
Z b ! i
2T o e B The cross sections span 12
9
T
o

B (Almost) negligible
statistical error

TR S 5 S T T i

200 30 40 io0o 2050
JetpT (GeV)
B Lecture 2 will discuss how to include the correlated

systematic errors into the PDF analysis

0.6
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Theory Experimental observables PDF parametri

Practical appli

Recap, lecture 1
Parton distribution functions £, ,(z, Q)...

.. are nonperturbative QCD functions describing the structure of

hadrons in high-energy scattering according to the method of
QCD factorization

.. are related to probabilities for finding partons inside parent
hadrons

.. cannot be computed systematically
.. are universal — independent of the hard-scattering process
.. obey perturbative evolution (DGLAP) equations

. are determined from select hadronic experiments, used to
moke predictions for other experiments

Pavel Nadolsky (SMU) CTEQ school Lecture 1,2018-06-19



Theory Experimental observables PDF parametrizations Sto Practical appli

Homework assignment

An exotic boson Z’ with mass @ = 2 TeV is
produced similarly to SM Z bosons, but only
via the ss5 — 7’ 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(x, Q) and 5(z, Q). Propose one or two scattering
processes to constrain s(z, Q) and s(z, Q) af the relevant {z, Q}.
Specify /s and other kinematic parameters of these processes.
Can you use non-LHC measurements to constrain s(z, ) at the
LHC? Why or why not?
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PDF parametrizations

3. Choice of PDF parametrization
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Statistical aspects

4. Statistical aspects
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Practical applications

5. Practical applications
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