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The inner world of a hadron

Quarks &
Atom O Nucleus Q Nucleon gluons

A short-distance probe (virtual photon, heavy boson, gluon)
resolves increasingly small structures inside the nucleon.
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Nonperturbative functions for hadron structure

: : Belitsky, Ji,Yuan (2003)
GTMDs Wigner functions Lorce, Pasquini (2011)
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2026-06-04 P. Nadolsky, CFNS summer school



Collinear PDFs: “the simplest” in QCD theory,
the richest in information theory

Collinear PDFs f,,(x, Q) are

precisely measured
nonperturbative functions
describing the hadron structure at
energy (resolution) scales Q > 1
GeV

up-Quark
down-Quark
strange-Quark
Antiguark
Gluon

Spin 1/2

- \‘\5‘ (‘DB’\\\\\

Spin 1

Many considerations discussed
here apply to spin-dependent and
nuclear PDFs.
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1. Collinear QCD factorization
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PDFs and QCD factorization

pp —» (H® - yy)X: Higgs boson production and diphoton decay at the LHC

Feynman diagram at the leading a; order, can be extended to higher orders
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Collinear factorization of LHC cross sections
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0pp—>H—>yyX(Q) = z L dfaL dgbﬁab%H—Wy< ,'CKS(,LLR)>

a,b=g,q,q

AZ
X faGar 1) f5 (& 1tp) + O ( 52’))
Oav—t—yy IS the perturbative hard cross section; computed order-by-order in a,(ug)

fa(x, up) is the nonperturbative distribution for parton a with momentum fraction x, at scale ur
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Collinear factorization of LHC cross sections
/! 5 ﬁ
Eg = i
F e
q |

Xa Xp Q Q
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1 1
0pp—>H—>yyX(Q) = z L dfaL dgbﬁab%H—Wy< ;as(:uR)>

a,b=g,q,q

Agep
xfa(fanuF)fb(fbuuF)‘FO( >

Q2
B Q2 = (k3 + k4)? xap = (Q/+/s)e™ —measurable quantities (not too small)

W ¢, & are partonic momentum fractions (integrated over)
W up is a factorization scale (=renormalization scale ui from now on)
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Collinear factorization of LHC cross sections
¥ fr )
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a,b=g,q,q

AZ
X faGar ko G ) + O ( Si'))

B ur = up = pis naturally set to be of order Q
B Factorization holds up to terms of order /1561)/Q2

Purpose of this arrangement:
- Subtract large collinear logarithms aIn*(Q?/m2) from &

* Resumthemin f,,,(¢, up) to all orders of a;
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Operator definitions for PDFs

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

1 (® . — . iR
@) = o= [ dy e (o[, (0.7 5)y g (00,67)| ) ete

Several types of definitions, or factorization schemes (MS, 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 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 x ~ Q/+/s < 1)
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Operator definitions for PDFs

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

1 (* . — . iR
@) = o= [ dy e (o[, (0.7 5)y g (00,67)| ) ete

The exact form of f, ,, is not known; but its 4 dependence is described by
Doksh|tzer-Gr|bov-Llpatov-AItarelll Par|S| DGLAP) equations

Afip(6, 1) _
U /chl,u = f i/j <x ds(,ll)) f]/p(y,u)

j=gu,u,d,d,..

P;,; are probabilities for j — ik collinear splittings;
are known to order NNLO exactly and N3LO approximately:
Piyj(x @) = asPy) (x) + 2Py (0) + aiP () + al P PP (). .
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Example of DGLAP evolution

Cnasoes Desd= 4 Gelesd
0 | — Compare u dependence of u quark

| ....... gluon  CTEQB.BM 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
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As Q increases, it becomes
more likely that a high-x
parton loses some
momentum through QCD
radiation

= u(x, Q) reduces at x = 0.1,
Increases at x < 0.1
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xf(%,02)
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Example of DGLAP evolution

CTEQB.6M
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As Q increases, it becomes
more likely that a high-x
parton loses some
momentum through QCD
radiation

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

= u(x, Q) reduces at x = 0.1,
Increases at x < 0.1
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Example of DGLAP evolution

10000 Gelss2
CTEQB.6M
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As Q increases, it becomes
more likely that a high-x
parton loses some
momentum through QCD
radiation

= u(x, Q) reduces at x = 0.1,
Increases at x < 0.1
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Example of DGLAP evolution: u and gluon PDF

3
g _b S g(x, Q) can become negative at x < 1072,

Q <2 GeV;

Py may lead to unphysical predictions

I This is an indication that DGLAP

= factorization experiences difficulties at

such small x and Q

Large In®(1/x) in P;,;(x) break PQCD

L expansion at x ~ Q/+/s < 1

o Linear scale

b
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Example of DGLAP evolution: u and gluon PDF

102
o Q#+2= 1.60 Geles? . _
e creonen g(x, Q) can become negative at x < 1072,
--— gluon CTEQE.EM .
m- gluaon MSTWZ00BMLO Q < 2 Gev’

may lead to unphysical predictions

- e This is an indication that DGLAP

Ve T T factorization experiences difficulties at
such small x and Q

Large In®(1/x) in P;,;(x) break PQCD

expansion at x ~ Q/+/s < 1

Logarithmic scale

il L Ll
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Example of DGLAP evolution: u and gluon PDF

xf(x,Q2)

107
Dotabases erie 4 Covess .
_ upoor  CTEQS.6M As Q increases, g(x,Q) grows
i ____ gluon CTEQE.6M :
oL :Iunn MSTW200BNLO rapldly at Sma” X
a.(Q) becomes small enough
to suppress In*(1/x) terms
1 small-x behavior stabilizes
Logarithmic scale
2026-06-04
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Example of DGLAP evolution: u and gluon PDF

xf(x,Q2)

107
DQL:E:;L Gess— 100 e ]
| _ upbor  CTEQG.6M As Q increases, g(x, Q) grows
- —-. gluon  CTEQB.GM 1
o L ________ :Iunn MSTW200BNLO rapldly at small x

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

small-x behavior stabilizes

Logarithmic scale

1|:| " 1 IIIIIII 1 1 IIIII 1 1 III 1 1 .'II

107 1077 1077 167"
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Example of DGLAP evolution: u and gluon PDF

xf(x,Q2)

102
Dn&mz CeaZ= 10000 GelVes? .
_ _ upbar  CTEQS.6M As Q increases, g(x,Q) grows
oL N G usnezoosneo rapidly at small x

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

small-x behavior stabilizes

Logarithmic scale
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Universality of PDFs

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

1 (* . — 5 iR
@) = o= [ dy e P o[, (0.7 0)y 94(00,67)| ) ete

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

(@4, 9)
...can be parametrized as

fi;p(x, Qo) = apx® (1 —x)*2F(asz, as,...) at Qo ~ 1 GeV
...predicted by solving DGLAP equations at u > Q,

2026-06-04 P. Nadolsky, CFNS summer school 22



Factorized QCD predictions

Lepton-hadron scattering

0= 6a® fasp

a
Hadron-hadron scattering

O — 2 6-a1a2 ®fa1/p1 ®fa2/p2

a,az
The accuracy in determination of PDFs f; ,, must match the accuracy of hard
Cross sections ¢

2026-06-04 P. Nadolsky, CFNS summer school
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DONE The mUlti"OOp frontier F. Maltoni, Snowmass’21 meeting

H,Z,W at N2LOgcp ( 3j at N2L.Oqgcop
tt at N2LOacp ) . 4j at N2L Oaco
> D
[ é@
H4j at NLOac Vbb at N2L.Oacp
H,Z,W at N3LO | Qco ’ e V+3j at N2LOaco
>~ As of 22 July 2022.
—] 2j at N3LOaco FAST MOVING FRONTIER

a———. “_

H,ZW at NLOZ2ewxaco

j ttH at NEL(:]QCD

tt at NLO2ewxac .
. C— Growing number of Z, W, H 2 - 1 hard cross

sections are computed at N3LO QCD

PDFs must have comparable accuracy (NNLO or
N3LO)

H,Z W at N4LOqcop ZH at N2LOgw TO DO
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Where do the PDFs come from?

P. Nadolsky, CFNS summer school
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Where do the PDFs come from?

Practical answer: from the Les Houches Accord PDF library (lhapdf.nepforge.org)
O <« C @ lhapdfhepforgeorg B B 6% ¢ L @ M ® 9 S

Ihap

LHAPDF 655

Main page PDF sets  Class hierarchy Examples More...

PDF sets

Official LHAPDF 6.5 PDF sets: currently 1570 available, of which 1570 are validated.
See http://lhapdfsets.web.cern.ch/lhapdfsets/current/ for data downloads.

All sets migrated from LHAPDF v5 behave very closely to the originals, usually within 1 part in 1000 across x,Q space. Sometimes larger, but very
localised, deviations are found at the edges of the x,Q grid or on flavour thresholds: these should not be physically important. See http://
Ihapdf.hepforge.org/validationpdfs/ for a full set of validation plots for each set's central member.

In the table, green rows indicate sets which have been officially approved for LHAPDF6 by their authors. Red rows indicate those which have not
yet been so approved. Unvalidated sets may still be used, but please take care.

ID ranges: 1-9999 (with some legacy exceptions) = pion PDFs; 10000-99999 = nucleon PDFs; 100000-199999 = nCTEQ nuclear PDFs;

Thousands of PDF sets are provided by the LHAPDF C++ library and can be linked to
your computer code. Which one should you use?

2026-06-04 P. Nadolsky, CFNS summer school 26



Where do the PDFs come From.?

* From a combination

of BIG, medium,
and small eXperiments

e Complementarity in
— kinematical ranges

— systematics
’6 » + lattice QCD
L HC HERA Fixed-target
RHIC experiments - -
Tevatron EIC -r

2026-06-04 P. Nadolsky, CFNS summer school
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PDFs are not measured
directly, but some data sets

The flow of the global analysis
are sensitive to specific
combinations of PDFs. By

f
Benchmark data xf(x,Q) PDFs\
(DIS, etc.) [
° l X . .
constraining these

WD// combinations, the PDFs can
fo

r NEW Processes be disentangled in a
o (pp->WH+X) combined (gIObaI) fit.

N,

2026-06-04 P. Nadolsky, CFNS summer school 28




The flow of the global analysis

xf(x,Q)

Benchmark data

(DIS, etc.) PDFs

PDFs are not measured
directly, but some data sets
are sensitive to specific
combinations of PDFs. By
constraining these
Wr)// combinations, the PDFs can
for new processes be disentangled in a
combined (global) fit.

2026-06-04 P. Nadolsky, CFNS summer school 29



The CT25 NNLO global fit of nucleon data Announced in 2512.19779 (proceedings);

Number of data points

journal publication in preparation

A culmination of several years of studies since
the release of CT18 NNLO L T AL CT25NNLO (z,Q = 2GeV) 68%CL
Four ensembles of CT25 NNLO PDFs are | So’S ' '

published on cteg-tea.qgitlab.io

General-purpose CTEQ PDFs

4000+

u[GeV]

3500+

~
eep e o PO OO

3000+

2500+

—6 -3 —2 -3 '
2000/ 10 107" 10 1002 05 0.9

107109 001002 005 01 02 05 07 4

1500+ X

1000 4066 data points from CT18 baseline datasets
+13 precision LHC data sets at 5.02, 8, 13 TeV based on
| S arXiv:2305.10733, 2307.11153, 2412.00350
1990 1995 2000 2005 2010 2015 2020 2025
Year +SeaQuest DY data

PDFs are provided with uncertainties
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https://cteq-tea.gitlab.io/project/00pdfs/
https://cteq-tea.gitlab.io/project/00pdfs/
https://cteq-tea.gitlab.io/project/00pdfs/
https://arxiv.org/abs/2512.19779

A question to you (think for 1 minute)

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

2026-06-04 P. Nadolsky, CFNS summer school
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Boundary conditions at Q, = 1 GeV

In practice, independent parametrizations f, ,,(x, Qo) are introduced for

-g,u,d, s, u,d, s (always)
contribute > 97% of the proton’s energy E, 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 = 5§ in outdated fits

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

- photons y (in QCD+QED PDFs by CT, xFitter, LUX, MRST, NNPDF... groups)

2026-06-04 P. Nadolsky, CFNS summer school 32



Before LUXqged

Example: QCD+QED PDFs

The LUXqged group (Manohar et al., 1607.04266, 1708.01256) derives f,, /,(x, Q) from DIS
inclusive cross section = very small uncertainty on f,, /,,(x, Q)

After LUXqged

10' . . S @°=10000 GeV’ .
g > 0.08F t,z,flaig(teraepHMDY
= C o qe
*0.07- 1{ HKR16
100k i 0.06F = NNPDF30qed
0.05E arXiv:1701.08553
1071 F : : :
S Lo y(x,u=100 GeV)
& [ T
Y et T 5 I
10 Z 1.02
~~~~~~ & [
~~ L5 100} -

10731 2 ~— —————

CT14ged NLO PDFs = 0.98 — Ei};ﬁd 1_7--—----' ~
v — ux - q
arx=wé1g Ogégzgos — CT18qed1.3GeV — NNPDF3.11uxQED
He = 2 | 0967 —CT18ged — MMHT2015qed
1073 1072 1075 1074 0.001 0.010 0.100
X X
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Another question [1 minute]

Given a QCD observable 0, can you tell which parton flavors drive the PDF
uncertainty on 0?7 How?

2026-06-04 P. Nadolsky, CFNS summer school
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2.Experimental observables constraining the PDFs

2026-06-04 P. Nadolsky, CFNS summer school
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5000+

1000}

100

4 [GeV]

50+

10t

» = -~ 3
p = | = " el

Fixed-target DIS & DY

10% 10 001002 0.05 01 0.2 05 07

X
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1

HERA DIS combined
BCDMS F,*

BCDMS F,?

NMC d/p ratio
NuTeVo,, v
NuTeV o, v
CCFRo, v

CCFR o, v
H1/ZEUS charm
H1/ZEUS bottom
E605 Drell=Yan
E866 Drell=Yan ratio
E866 pp Drell-Yan

- E906 Drell-Yan ratio

CDF A/ heree
CDF A, chere

P. Nadolsky, CFNS summer school

Data sets in CT25 NNLO analysis

D@ A, theee

D@ A cheree

DO Z

CDF Z

CMS 7 TeV A cheree
CMS 7 TeV A.ohree
LHCb 7 TeV WiZ
LHCb 8 TeV Z=e*e”

ATLAS 7 TeV WIZ [2016]

CMS 8 TeV A/eee
LHCb 8 TeV W/Z

ATLAS 8 TeV W A, chorae

CMS13TevVZ

LHCb 13 TevV Z
ATLAS 8 TeVZ 3D
ATLAS 5.02 TeV WiZ

o

0 B @

o e

LHCb 8 TeV W
ATLAS 7 TeV incl. jet
CDF incljet

D@ incljet

) ATLAS 8 TeVincl jet

ATLAS 13 TeV incLjet
CMS 13 TeV incl jet
CMS 7 TeVincl jet
CMS 8 TeV incl jet
ATLAS 8 TeV Z pT
CMS 8 TeV ff

ATLAS 8 TeV it

ATLAS 13 TeV all-hadronic ,;

CMS 13 TeV Il y,;

ATLAS 13 TeV [j m,z+y,+y5+Hy ,;

CMS 13 TeV jjm,;
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5000

Fixed-target DIS & DY

“

L 1

Lol

10°% 102 001002 0.05 01 0.2 05 07

X
2026-06-04

P. Nadolsky, CFNS summer school

1

Data sets in CT25 NNLO analysis

* Inclusive deep-inelastic
scattering

At HERA:

neutral-current efp — e*X;
charged-current ep - vX
 the largest data set in the fit
* Fixed-target experiments

e eN, uN, vN scattering
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Neutral-current ep DIS: kinematics

e 5= (pe+ pp)2 —total energy
transfer
e x = Q?/(2p, - q) — Bjorken scaling variable
e y = Q%/(xs) — inelasticity
e W? = (Q?%(1 — x)/x — energy of the hadronic
final state

d’c(efp) 2ma? y? Y_
= Y. | F, ——F, +—xF
dQ?dx Q4x *\'* v, bt~ +x 3 )

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

2026-06-04 P. Nadolsky, CFNS summer school

38



Final combined inclusive cross sections from HERA (2015)

H1 and ZEUS

I e HERA NCep04fh"
10 m HERA NCe'p0.5fh™
N T vl Vs =318 GeV
107 pp— - = DAHNIL3, =19 = Fixed Target
Sy = s 7 mmm HERAPDF2.0 ¢ p NNLO
07 . "".‘._‘___..:"" xy = 00005, =16 wmmm HERAPDF2.0 ¢'p NNLO
B - Sy = (MM, =15
- - .-“____.,"'"..".:—rrr”—"‘ xpy = 013, i=14
wi- . 3 = N0, i=13
; i_‘-.-._'....——"'"—'m o 2
L .- --""';jﬂ-—- iy, = ILNS, i=11
' e gy = MR, i=10
; ___.--____-".-.-D".'-_M e xm: o
g . veaan = (U2, I8
0% et s A
E —rEOTE s i o - - ': __:_'—: gy =:;‘:='5":;‘ s
10 E Ny = 13, =4
i 3y, =018, =3
1 I Xpy = 25, =2
1 g 1 =40, i1
- i
T 3 x,,= 065, I=0
lu‘] I 1 |||||I 1 ||||||I 1 ||||I 1 ||||I 1 11 18181 1 L1
1 10 10° 10 10" 10>
2 2
Q7 GeV
2026-06-04

H1 and ZEUS

&)
(] of HERA HERAPDF2.0 NNLO
t:f: 07E  s=318 GeV Vs =318 GeV
- W CCep05fh”’ =mm CCep
wiL ® CCep04fh™' === CCep
m";— —i* Xy = 0008 (x15000)
“ﬁ.:.__._:___. :“J=l].013 (R0
w'E
i =l=I_——__|:t—t: X, 0032 (x700)
0’k :::l::.q Xy = 008 (x170)
1 —_— e ., s
g Xy = 025 (x2)
0| \%“\\
20 * S - w -
10 E_ | |
AF xyy = 040 (x0.1)
I
lu‘l‘ 2 1 1 1 1 II . 1 1 11 II ll‘ 1 1 1 | I | 5
[11] 10 10 10
2 2
Q7/ GeV

. Nadolsky, CFNS summer school
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PDF combinations in DIS at the lowest order
Neutral current £%p:

+ 2\* 1\’
Fz"‘p(x,QZ)=<§> (u+ﬁ+c+5)+(—§> (d+d+s+5+b+b)

PDFs are weighted by the fractional EM quark coupling e = 4/9 or 1/9
- 4 times more sensitivity to u and c thanto d, s, and b

No sensitivity to the gluon at this order
Neutral current (#*N (DIS on isoscalar nuclei (N = (p +n)/2)

5 _
FfiN(x, 0%) = 5 (u +uU+d+d+smallers, ¢, b Contributions)
Charged current (vN) DIS :

FyN(x,Q%) =x z (q; +q;) xFYN(x, Q%) = x z (qi — q;)

i=u,d,s.. . Ll=u,d,s .
DIS on nucleus is sensmvel%o huclear corrections!

2026-06-04 P. Nadolsky, CFNS summer school
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DIS at next-to-leading order (NLO) and beyond

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

Thus, when examined at NLO, the DIS data constrains

e ¥.e”(q; + q;) in an amazingly large range 1075 < x < 0.5
euanddat10™? <x < 0.3
e g(x,0) atx < 0.1

DIS cannot fully separate quarks from antiquarks, or s, ¢, b contributions from u
and d contributions; fixed-target DIS experiments affected by higher-order
terms, nuclear corrections,...

2026-06-04 P. Nadolsky, CFNS summer school 41



4 [GeV]

The modern PDF fits include

Inclusive deep-inelastic
scattering...

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

e uu production vN - u(c -» )X
JNuTeV, NOMAD, ...)

+ Lepton pair production}

(LHC/Tevatron, fixed-target
experiments)

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

+ tt, Wc, SIDIS, etc. production

5000

1000+

500k

100 gy

.,

50}

10¢

1 1 1 1 1 1 Fixedjta rglet DlIS l& PY 1 | 1
104102 001002 005 01 02 05 07 1
X

2026-06-04
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SU(2) f1avor @and charge symmetry breaking

d(x,Qo) # u(x,Q0) 07 gseqa(x, Qo) # G(x, Qo)
May be caused by
 DGLAP evolution
* Fermi motion
Electromagnetic effects
Nonperturbative meson fluctuations
Chiral symmetry breaking
Instantons

q(x)

1% accuracy can distinguish between these effects. 0.1 ¢

2026-06-04 P. Nadolsky, CFNS summer school 43



Extrinsic and intrinsic sea PDFs

"Extrinsic” sea

- a(x)

"Intrinsic” sea

Intrinsic

58 2

2026-06-04 P. Nadolsky, CFNS summer school 44



Extrinsic and intrinsic sea PDFs

0.6 — i .
.......... 1' T 13:2 Intrinsic/fitted charm (IC/FC) can
L “ A Ipapey(pRiN carry up to 1% of the proton
T } {H} momentum
% 02f l|. H{.HH# ' Preference for IC in NNPDF4.0
fits, no preference in CT18 FC
0 ++u+ 4++ Hy s, o P
10~ 10 0°

X
FIG. 5: z(ua" (x) -I—H’“'{ r)) obtained hm‘n Eq. {ﬂ:ﬂ i1s plotted together
with x(u t_ x)+d(x)) from CT10 and % x(s(x)+s(x)) which is taken

to be x( 1% (x) + ],rd ()).

Smooth @ + d parametrizations can hide
existence of two components
Liu, Chang, Cheng, Peng, 1206.4339
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signal for FC in CT18 study, but with shallower Ay? than CT14 IC

CT18 FC NNLO is compatible with zero

CT18 nonperturbative charm fit Q,= 1.27 GeV

FC uncertainty quantified by normalization via

(xgc) for each input IC model

4450 1 1 | | |
4495 L CcTi8Xx = - - 4 MBMC ------ |
4400 L  CT18 MBME = — - /| . (xX)pc = 0.5% (Ay? = —25) in CT18 FC
4375 + BHPS3 / -
4350 | ,','_ VS.
4325 LY .
N?'Q 4202 CT18NNLO Ax%= 10 / | <x>FC ~ 08 — 1% (AXZ 2 —40) N CT14 |C
4275 F "MBME a2 10 |
4250 H
qoo5 PETEANOA g Ax? profiles similar
4200 L . across FC scenarios
| ;I | | | I

0 0.005 0.01 0.015 0 0.005 0.01 0.015 0.02
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Constraints on quark sea from pN - £7¢7X
(N =p, d, Fe, Cu,..)

doy, N (2

2
dQZdy §> [U,A'L_LB +‘L_LAuB]+<

= sensitivity to g(x, Q)

3

2
1 _ _
) |dy dg + d, dg| + smaller terms

2026-06-04 P. Nadolsky, CFNS summer school
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Constraints on quark sea from pN - £7¢7X
(N =p, d, Fe, Cu,..)

3 3
= sensitivity to g(x, Q)

do,, (2\°. _ _ 1\, - -
d(?2 dyN = | luatipg +ugqugl +(—3 [dA dg + dy dB]+smaIIer terms

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

doy,  (2\°, - _ A
dQzdy \3 [ua dp + i, di| + ~3 |d4 tig + dy ug| + smaller terms
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Constraints on quark sea from pN - £7¢7X
(N =p, d, Fe, Cu,..)

3 3
= sensitivity to g(x, Q)

do,, (2\°. _ _ 1\, - -
dQ2 dy ~| 5| luatipg +ugugl +| —5 [dA dg + dy dB] + smaller terms

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

doy,  (2\°, - _ A
dQzdy \3 [ua dp + i, di| + ~3 |d4 tig + dy ug| + smaller terms

If deuterium binding corrections are neglected: q;(x) = q,(x) + g, (x)
At x, > xg (large y): g(x4) ~ 0 and 4u(x,) > d(x,)
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Constraints on quark sea from pN - £7¢7X
(N =p, d, Fe, Cu,..)

dy
O-pd N 1(1 +m)[1+7’]

) da
pp (1 + T, r)

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

~ (1 + 1), wherer = d(xg) /u(xp)

2026-06-04 P. Nadolsky, CFNS summer school
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Experimental evidence for SU(2) symmetry breaking

E866 Drell-Yan pair production: opd/(20pp) QtlAIge zr = x4 — 2B
d(x) —u(x) #0atx > 0.1

(large difference)

MRS(R2)_---"~ ">

LY
‘-u;“

" CTEQ4M

o

(==
'
[a—

LHC W /Z production: %

d(x) —u(x) # 0atx < 0.1 O :

(a few percent) 09 “CTEQUM @-1=0)" _§-
0.8 FNAL-E866/NuSea

PDF fits (e.g., CTEQ5M) quantitatively - PRL, 80, 3715 (159)

account for the violation of SU(2) o7 bbb b b

Lo
Theory curves reflect different assumptions about d /i

symmetry in the quark sea
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Charged lepton asymmetry in AB - (W — ev,)X
(A,B = p or p)

y. and n = y, are rapidity and pseudorapidity of an electron

from W decay
do""  do"~

dy, d
Acn(Ve) =
_|_
dye dye

(ac™™ sdy)-(do™" /ay)

(doW+/dy)+—(deW /dy)’
(dUWJ_r/dY) o Uy (x4, My )dp (xp, Myy) + dg (x4, My )ug (xp, My,)+...
(da" /dy) o ity (xy, My )dp(xg, Myy) + dy(xa, My )it (xg, My/)+...

A, (y.) relates to the boson asymmetry A, (y) = where
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Charged lepton asymmetry in AB - (W — ev,)X
(A,B = p or p)

y. and n = y, are rapidity and pseudorapidity of an electron
from W decay
do"" dd
_ ady.  dy,
Ach(ye) — d0_W+ + dO_W_
dye dye

= Acn(¥e) constrains PDF ratios at Q =~ My:
e d/u at x - 1 at the Tevatron 1.96 TeV (pp):
e d/uatx > 0.1andu/d at x ~ 0.01 at the LHC (pp)
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Charge asymmetry at the Tevatron and LHC

CMS 840 pb' at Vs=7TeV
. ———————

0.25

+ —_
doV" do¥" p,(e) > 35 GeV

dg ~  d
Acn() = . Wy
dn T dn

o
P
L L

o
—k
n

The asymmetry is sensitive to

down-strange separation MCFM:

I AT - = C’T1 D

g svars HERAPDF1.5
------ MSTWZ2008NLO
s=== NNPDF2.2 (NLO)

theory bands: 68% CL

A
0.050 1 >

Electron Pseudorapidity |
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2025: How big is the d — & asymmetry in a proton?

Final E906/SeaQuest a,,,4/(20,,) DY ratio

CMS, forward-backward asymmetry of Drell-Yan pairs

arXiv:2512.17564 W. Ma et al., arXiv: 2510.08941
2.5 3 1.7
- | Iz d(x, Q)/a(x, Q) @ Q = 100.0 GeV
2 =3 ~=- SeaQuest - E866/NuSea o 1.6 Deuterop data analysis (NuSea+SeaQuest)
E < 1.5 Proton data analysis (R-parameter measurements)
1.5 .
P 3+
== S 12
C - 1.1
0.5 1.01
- === NNPDF4.0
5 0.9
0 PURTERT N TSR N N BTV ST L BT URT N YRS S UNTUNT UNT SN N SN UNT ST U Y RN UNTUN ST U ST U ST S S L G Y
005 01 015|102 025 03 035 04 045 0.5 0.05 0.10 0.15 0.50 055 0.30 0.35 0.40
X : : : 20 0 . : :
Proton-deuteron analyses

Proton-only analysis

Note: the E906 d/u extraction depends on assumed d + u d/tu ~ 1atx = 0.15
at x > 0.1, which differs considerably among PDF groups Uncertainty bands are displayed for A y? =
P. Nadolsky, CFNS summer school With one PDF parametrization choice
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Reweighting by W™ /W~ cross section ratio from STAR

M. Ponce Chavez, arXiv:2606.xxxxX

25 ™ CT25 NNLO
— CT25FlatP NNLO (Envelope)
-—— CT25FlatP + STAR All-Years (Ad].)
< 2.0 —— CT25FIatP + STAR "7 Prel. (Adj.)

dla(x,100 GeV
on

1.0 ' ‘\

- \

PRELIMINARY | e

0.1 02 03 0.4
X

CT25FlatP proton-only PDF set is not biased by the deuteron
data = only weak constrainton d /u

0.5

Reweighting with tentative 2017 data (Ax? = 1), with many
PDF parametrizations, prefers d/u = 1.3 at x = 0.15

2026-05-05 P. Nadolsky, DIS 2026

8
7= l
c M1y
= N I el hia: CTEQSH €]
8 __"i . & STAR'11+'"12+'13
C == === I f STAR: "17 (Preliminary)
- 'I 1 1 STAR: All-Years Average
. S
< F  lesskeccd aza.
¥ -
e -
-
- ssedgleeesd  leceejeass
3 Vs =510 GeV
Feaake Errrery
2;#' pp—>WEsetv+ X
L 25 GeV< E5< 50 GeV (oo rnrsrorrs
= &
SN S S S NS S SN [N SN SO S S AT ST S SR SO SN SO S T
-1 -0.5 0 n 0.5 1 15
e
Figure 6: Experimental and resummed orw., /orw-. cross section ratios for various PDF sets. Uncertainty bands are given at 68% confidence level.
Systematic and statisti inties are cf i in for all data points, and the veto to inclusive correction is not applied.

How big is the d — # asymmetry in a proton?

We will know after including E906 (2025), LHC
Apg, RHIC W* /W~ ratio in the same global fit
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Inclusive jet production, pp — jet + X

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

High-E; jets are mostly produced in qq
scattering; yet most of the PDF uncertainty CTEGSM
arises from gqg and gg contributions

Here typical x is of order 2E;/+/s = 0.1; - o |

e.g., x = 0.2 for Ep = 200 GeV, /s =18 :

TeV

At such x, u(x, Q) and d(x, Q) are known gg____—_—_—
very well; uncertainty arises mostly from o 100 150 200 20 L0 S0 a0 0 5

g(x, Q)
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Inclusive jet and dijet production at LHC 13 TeV

CMS 33.5fb" (13 TeV)
T T T T T T T T ] T T

* The cross sections span 13 orders
of magnitude

* (Almost) negligible statistical error

—
o
=Y

Anti-k. (R = 0.7)
— CT14 NNLO ® NP ® EW

. lyl <0.5 (x 10°)
0.5<lyl<1.0 (x 107
1.0<lyl<1.5 (x10%
1.5<lyl <2.0 (x10%

T
« b+ N

d°c/dp_dy (pb/GeV)
>

[
<

102 F
10'3;
10‘4;
10°E
10‘6;
10*5
1 1 i 1 1 L 'l II 1

100 200 300 1000 2000
Jet P (GeV)
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Inclusive jet and dijet production at LHC 13 TeV

* The cross sections span 13 orders
of magnitude

* (Almost) negligible statistical error

« Systematic uncertainties dominate,

both from the experiment (up to 90
correlated sources of uncertainty)

and NLO theoretical cross section

(QCD scale dependence)

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

2026-06-04

Ratio to NLO+MLL CT14&NPEEW

0.2

0.2

c|v|s 335fb (13 TeV)

05{|y|-=:10

Anti-k. (R =0.7)
- —+all uncorr. unc.

M JES pggOther
JER [ Total

100 200 1000 100 200 1000 _ 1(
CMS 335" (13 TeV)
14l |y|1:l15. {].5-:|y|-:‘|.‘{] 1_l]<hr|-:‘|.5. 15<|y| <20 '

12

081 Anti-k (R=

® g v atatapnad
1

0.7)

[ Tol. exp. unc. __ NLO PDF unc. HERAPDF2.0 — ABMP16
06 b + Data (stat unc.) — MNLO scale unc. — MNMNPDF3.1 —MMHT2014
100 200 1000 100 200 1000 100 200 7000 100 200 7000

Jet P, (GeV)
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Inclusive jet and dijet production at LHC 13 TeV
c|v|s 335fb (13 TeV)

05{|y|-=:10

* The cross sections span 13 orders 0.2 1
of magnitude |

* (Almost) negligible statistical error Qb oo i s

M JES pggOther

. . . 0.2 r Anti-k. (R =0.7)
Lecture 2 will discuss how to T JER [Total

_ _ ' —all uncorr. unc.
Include the correlated systematic '

] h PDF | ) 100 200 1000 100 200 1000 1(
errors into the analysis cMS 33507 (13 TeV)
% 14 |y|1:l]_5. 05< hr|-r.1..{] 1_u-:|y|-:1_5' 1.5<y| <2.0 '
(i
g 12}
I R AL L L L LT o te = b L I R L Deh T ot | [ T R | [ ———
5 1 [— —_— e e L e i
=
& O8[ Antik (R=07)
EI DTUI EXp. UNc. .- NLO PDF unc. HERAFDFZ.0 —ABMP16
c 06| + Data (stat unc.) — MNLO scale unc. — MNMNPDF3.1 —MMHT2014
£ 100 200 1000 100 200 1000 100 200 1000 100 200 1000
o Jet P, (Gev)
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inclusive jet vs. dijet data sets

14 CMS 29.6 fb~' (13 TeV)
4 Data + stat. unc. y'<0.5
Total exp. unc. Ww<0.5

NP uncertainty
7 PDF uncertainty

—
w
|I\II|IIII

1.2 —— igﬂeptigcertainty
Several PDF fits use - MSHT20
1.1F —— NNPDF3.1

dijet datasets Ablat et al., PRD111 (2025) 3, 036033

—_
o

TR

L T O T Y G I

« Impact of LHC inclusive jets on g(x, Q) is
relatively independent of the scale choice.
Impact of dijets substantially depends on

o
©

o
e}
IIII|IIII|I

HR=HF=m 2
anti-kr (R=0.8)

Ratio to NNLO (CT18 x NP x EW)

pag gl i T

0.7 L L L L P | M -
200 500 1000 2000 scale choices
(p)1,2 (GeV)
1.20 ‘ e
100N ANG000)
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Recap

Parton distribution functions f, ,,(x, 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 make predictions
for other experiments

2026-06-04 P. Nadolsky, CFNS summer school
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Homework assignment
Electron-neutron deep inelastic scattering

Electron—neutron DIS experiments are harder to do than electron-proton experiments
because one cannot make a target of free neutrons. Nevertheless, the essential data can
be inferred from electron—deuteron scattering, and it is found that

1 1
fdx EP(x,Q) ~ 0.18,f dx F&"(x,Q) ~ 0.12 at Q ~ 1 GeV.
0 0

Letp, = fol dx x(fq/h(x) + fq/h(x)) denote the momentum fraction of a proton carried
by quarks and antiquarks of flavor q. The momentum sum rule for a proton states that
PutDPatps+-+pg=1
1. Working at the leading order in a; ,use these results to show that, if we keep only u
and d (anti)quarks, we getp,, = 2p,; .Findp,, andp, .
[Hint: how are f,, /;, (x) and f;/»(x) related to fy, /,(x) = u(x) and f;/,(x) = d(x)?]
2. Supposeyou also know that p; = 3% .What fraction of the proton’s momentum is
carried by the gluon?
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Backup slides
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PDFs for heavy flavors
PDFs for heavy partons h can be generated via DGLAP evolution at Q
> m, using a boundary condition f; ,,(x,Q) =0 atQ <m
In practice:
 PDFs are usually introduced for ¢ and b quarks

e starting from 0(a?), an initial condition fe/p(x,Q0) # 0 can be

generated at Q, = m, from twist-4 intrinsic charm DIS terms
(arXiv:1707.00657)

* QCD coupling a.(Q) and PDFs are evaluated with 5 active flavors at
all Q = m,

» Logarithmic enhancements may exist in collinear t, W, Z production at
Q = 1TeV; PDFsfort, W, Z “partons” may be introduced at such Q
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General-mass variable-flavor number scheme

A series of factorization schemes with Ny active quark flavors in a,(Q) and

fa/p(x, Q) - N¢ is incremented sequentially at momentum scales Uy, = My,

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

* implemented in all latest PDF fits except ABM

| |
[ /= Me [y =My, 99/\ St (@)

!

f\'}c =3 :ﬂrf =4 : f\'rf =D l—H . : B }H
o 99‘
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General-mass variable-flavor number scheme

Proved for inclusive DIS by J. CoIIins (1998)

cons S B L) ol

lim,_C exists; infrared safe - collinear logarithms Y.i°,—; ¥ vy, In™(u/m.)
are resummed in f.(x,u/m,) - no terms 0(m,/Q) in the remainder

:\f =3 ::\;f =4 : f\'rf =0 \d_k :

[y /= Me J5 /My, 99/\ | Oy MM

!
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General-mass variable-flavor number scheme

Proved for inclusive DIS by J. CoIIins (1998)

cons -3 B L)ool

C

Works most effectively in DIS and Drell-Yan-like processes; practical
implementation requires - efficient treatment of mass dependence, rescaling of
momentum fractions y in processes with incoming c, b - physically motivated
factorization scale to ensure fast PQCD convergence (e.g., u = Q in DIS)

Nf =3 :ﬂrf =4 : f\'rf =D
—_— ) ;

[ /= Me [y =My, 99/\ In™(Q2/M?)

n=1 H;;'i'_-

!
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{:I.{:IH- T T T T T TTT T
An example of a GM-VFN factorization scheme ; ] | ]
007 x=0).05 uE:Q3+4 ﬂ'l2 B :___:_-_:
: . . i F =x(1+4m°/ Q") __..---'":.'-_:'I'I: .
« Charm Wilson coefficient functionis [ " :
suppressed at Q - m, e )
: 0.05 | i o a7 4
« To keep agreement with F, data, u, : o R T
d, u, d PDF’s are enhanced at small 0 [ e &7 ]
B ..---"'- L f_.-' P - ;
x, as compared to the zero-mass F ﬁgnﬂ‘g@n v ez
0.03 | T e™” &7 PR L.
(ZM-VFN) scheme X RN\ Ry o700
N L -
002 F P N
s - ]
.-'-'; __,"’f
0.01 e ]
0 [ :F':;;ﬂ:;ﬂ: L raal | - 1 )
| 10 10" Q*/Gev: 107
2026-06-04 P. Nadolsky, CFNS summer school 69




2026-06-04

intrinsic

charm

The concept of nonperturbative
methods

Can refer to a component of the
hadronic Fock state or the type of
the hard process

Predicts a typical enhancement of
the charm PDF at x = 0.2

Connection?

P. Nadolsky, CFNS summer school

Q=100 GeV

0.2 03 04 05 050708
x |

fitted
charm =
4

)
Y

A charm PDF parametrization at
scale Qo = 1 GeV found by global
fits [CT, NNPDF, ...]

Arises in perturbative QCD
expansions over a; and operator
products

May absorb process-dependent or
unrelated radiative contributions
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NNPDF IC PDFs and moments NNPDF, Nature 608 (2022) 7923, 483.

Preference for non-zero NNPDF IC PDF at 0.2 < x <0.7
Large perturbative instability from MHOU in DGLAP affects x < 0.2

0.03 0.03
0.02 4 0.02 A
—  0.011 —  0.011
3, 5 5
+ +
QO Q . J
S 0.00 S 000
—0.014: — Intrinsic Charm, NNLO match (PDFU) —0.01 Intrinsic Charm, NNLO match (PDF+MHOU)
+ 4FNS Charm, Q=1.51 GeV (PDFU) -+ BHPS model
— = Intrinsic Charm, N*LO match (PDFU) —+= Meson/Baryon Cloud model
~0.02 : : . : ~0.024 : : : :
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
i i

—» MHOU excluded to obtain a nominal charm fraction, (*)rc = 0.62 %+ 0.28%

— if MHOU is included, consistency with zero:  (#)rc = 0.62 £ 0.61%
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CT18 FC charm PDFS wm. Guzzi, T J. Hobbs, K. Xie, et al., PLB 843 (2023) 137975: update on T.-J. Hou et al. JHEP 02 (2018) 059

FC scenarios traverse range of high-x behaviors from |C models
— fit implementation of BHPS from CT14I1C (BHPS3) on CT18 or CT18X (NNLO)
— fit two MBMs: MBMC (confining), MBME (effective mass) on CT18

investigate constraints from newer LHC data in CT18
— central fits —

T T T T T

0.020 .

"CTI8-BHPS3 - - -
CT18X-BHPS3 —— R~ Q=100 GeV
e CT18-MBMC ------ &
\ CTI8-MBME — - -
0.015 | Lo 102 |
g4 \ Qu=127Gev
'? 0.01 'Q CTI1SNNLO ==
o i 1 <o CT18XNNLO £Xxxs
X X CT18-BHPS3 = =
1073 | CT18X-BHPS3 ——
CT18-MBMC = = = =
CTI8-MBME — -
0.005
0 ‘) | ] 1 1 1 ) e | 10‘4 | | ;
0.1 0.2 0.304 0.5 0.6 0.7 0.8 0.9 0.2 03 04 05 060708
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signal for FC in CT18 study, but with shallower Ay? than CT14 IC

CT18 FC NNLO is compatible with zero

CT18 nonperturbative charm fit Q,= 1.27 GeV

FC uncertainty quantified by normalization via

(xgc) for each input IC model

4450 1 1 | | |
4495 L CcTi8Xx = - - 4 MBMC ------ |
4400 L  CT18 MBME = — - /| . (xX)pc = 0.5% (Ay? = —25) in CT18 FC
4375 + BHPS3 / -
4350 | ,','_ VS.
4325 LY .
N?'Q 4202 CT18NNLO Ax%= 10 / | <x>FC ~ 08 — 1% (AXZ 2 —40) N CT14 |C
4275 F "MBME a2 10 |
4250 H
qoo5 PETEANOA g Ax? profiles similar
4200 L . across FC scenarios
| ;I | | | I

0 0.005 0.01 0.015 0 0.005 0.01 0.015 0.02
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FC PDF moments

Nonperturbative charm moments Qy= 1.27 GeV
Intervals of A2 < 10

even restrictive uncertainties give
moments consistent with zero

- broaden further for default CT tol.
- lattice may give (x).+, (2°).-
(r)pc = (T) et [Qo = 1.27 GeV]

0.0090
0.0048

| +

= 0.0048 "0 0045 , CT18 (BHPS3)

0.0091
0.0041

| +

( )
= 0.0041 T9 004 ( ), CT18X (BHPS3)
= 0.0057 50015 (Lo.0057); CT18 (MBMC)
( )

= 0.0061 T 0058 , CT18 (MBME)

Ax? <10

-

(X>C+
(xP)

CT18XNNLO BHPS3

CT18NNLO MBMC

CT18NNLO MBME

0+
P

00+
(e
(g
.<"2>°' :

(X
()
(g

2510° 0

(restrictive tolerance)  (~CT standard tolerance)
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0.005

x" f(x) )

0.01

0.015
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Charm-anticharm asymmetries can be a robust signal of nonperturbative charm

pQCD only very weakly breaks ¢ = ¢ through HO corrections

-> large(r) charm asymmetry would signal nonpert dynamics, IC

- MBM breaks ¢ = ¢ through hadronic interactions

consider two MBM models as

CT18NNLO examples (not predictions)

0.5} :

10xCT18NNLO Q=100 GeV - asymptotically small, but ratio can be

"""" 10xCT18XNNLO Q=100 GeV | bigger; will be hard to extract from data

)
+
o
e
" —— MBMC Q=127 GeV "
-0.5 -
. MBME Q,=1.27 GeV
| ...... MBMC Q=100 GeV ........ LT
: AN - T. J. Hobbs, J. T. Londergan, W. Melnitchouk,
1ok MBME Q=100 GeV ~  Teeal ..

N Phys. Rev. D 89 (2014) 074008

0.2 0.4 0.6 0.8
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How significant is the non-zero FC?

Intrinsic Charm

Jf pu— Baseline dataset
+ EMC Fj§

""" + LHCb Z+c

—-:= + EMC F5 + LHCb Z+c

......

0.2 0.4 0.6 0.8
T

NNPDF states a 3o evidence for f;-(x,Qy) + 0

based on the combined constraints from the
baseline fit, LHCb Z + ¢ analysis, and EMC Fy
data

2026-06-04

40" CT18 FC NNLO {EHPSE}/ 1 Total

* PLB, 843 (2023) 137975

} 20 E8GEpp
& LHCb 7 TeV WiZ
e LHCE 8 TeV W2
< 104
- | BCDMS Fzp
0 __——=—— | BCDMSF;
ATLAS 7 WiZ 2011
CDHSW F3
=10 1 HERAL+I
0000 0005  0.010 0.015
() at Q=1.27 GeV
xc (x,Q) at Q=1.7 GeV (sym. err)
NNPDF4.0 NNLO 68% (solid), alt. (Ax?)=0 (dashed) °
0.020 ]
Courtoy et al., PRD 107(2023)034008
0.015K
a alt. EV33
x> 0.010
L
0.005 & R 577 "
0.008r

P. Nadolsky, CFNS summer school

CTEQ-TEA authors find larger
uncertainties in each of these
Sources.

This conclusion is also
supported by

« Lagrange multiplier scans in
the CT18 FC fit [upper figure]

hopscotch sampling of MC
replicas in the NNPDF4.0
fitting code [lower figure].

Consequently,
- frc(x,Qp) = 0 is allowed
- with high confidence.
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