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© Specific topics not addressed above
> more journal references as we proceed through these lectures
DISCLAIMER
These lectures will focus on collinear leading-twist Parton Distribution Functions

Transverse-momentum-dependent distributions will not be covered here
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Parton Distribution Functions

Lecture 1: What are Parton Distribution Functions
and how we can determine them from experimental data
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Outline

1.1 Why Parton Distribution Functions?
the LHC as a laboratory for precision QCD and discovery

1.2 How are PDFs related to Physical Observables?
factorisation, evolution
properties of splitting functions, theoretical constraints

1.3 How can we determine PDFs?
how to formulate the problem and how to solve it

1.4 Which data constrain which PDFs and how?
overview of experimental data: from HERA to the LHC
which constraints different scattering processes put on PDFs

| will focus on the phenomenological determination of PDFs
| will not talk about Lattice QCD nor of models of nucleon structure

See also lectures by D. Soper and A. Cooper-Sarkar
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1.1 Why Parton Distribution Functions?
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First Collisions of LHC Run [l

Run: 427394
Event: 3038977
2022-07-05 17:02:31 CEST
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A Laboratory for Quantum Chromodynamics

Hard scattering of partons
(Perturbative QCD+EW)

(Parton Distribution Functions}

----------------------------------

Parton Showering
and Hadronisation

" Multi-Parton Interactions 1
N . '
! Underlying Events '

[Plot by courtesy of SHERPA]

Yz, (7’

o(1,Q% k) = Z = Gii
i T
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Parton Distribution Functions
PDFs express the likelihood of a quark or gluon (partons) to enter a collision
That is, z xPDFs are momentum fraction distributions for each parton

Dependence on z is non-perturbative (fit); dependence on Q? is perturbative (DGLAP)

NNPDF4.0 NNLO Q= 3.2 GeV
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Parton Distribution Functions
PDFs express the likelihood of a quark or gluon (partons) to enter a collision
That is, x xPDFs are momentum fraction distributions for each parton

Dependence on z is non-perturbative (fit); dependence on Q? is perturbative (DGLAP)

NNPDF4.0 NNLO Q= 100.0 GeV
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fraction of ATLAS & CMS papers that cite them

LHC, QCD and PDFs

The LHC is a Proton Collider — Any interaction contains a strong interaction

Quantum Chromodynamics (QCD) is the main actor

Within QCD, Parton Distribution Functions (PDFs) play a leading role
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Physics at the LHC as Precision Physics

. . Status:
Standard Model Production Cross Section Measurements ;j'= .,
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PDFs as a Tool: Making Predictions with PDFs

PDF uncertainty is often the dominant source of uncertainty in LHC cross sections

J

Precision Discovery
Higgs Production Channel % theo. uncertainty o@I3TeV )
)
o o) NN 485 pb : ,,
P ‘
VBF (N2LO M PDF+as 3,78 pb 200 ————————— .
( ) - P Kxvo+NLL(pp — 39 + X %
wh (N2e0) [l 137pp O rVE=13T o y
M Scale 0 L NNPDF3.0NLO
ZH (N2LO) - 0.88 pb 1.60 CTEQ6S > -
140 - MSTW2008NLO:
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[ ] [ 1

Higgs boson characterisation
Determination of SM parameters, such as the mass of the W boson

Searches for beyond SM physics at large invariant mass of the final state
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1.2 How are PDFs related to Physical Observables?
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Factorisation of Physical Observables

@ Factorisation theorems apply to sufficiently inclusive scattering processes

short—d_lstance _|nteract.|on factorisation scheme long-distance interaction
partonic hard interaction e nucleon structure
i scale 1 .
process-specific kernel universal PDFs

@ Physical observables can be written as convolutions of matrix elements and PDFs

X
Fy(z, 1?) E / —ch 2z, 05 (1)) (;,ﬁ) ONE HADRON
Ldz
ol 12 k) = :/ o (;as(,ﬂ),k) Lij(z 12 TWO HADRONS
ij T

Lij(z,0%) = (F ® f]2)(2, %)

f®g:/:%f(§)g(z)

© The matrix elements Cry and 6,; can be computed perturbatively

Cri(y,as) = Z afcM @) i) =D a6 () as = as/(am)

@ Because of factorisation, all of these quantities depend on p?; usually Q2 =
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Factorisation Kinematics

ONE HADRON
Z / dz/ dyd(z — y2)Cri(z, 1*) fi(y, u°)
i=q,d,9
) _ 2
(p) , scale: Q% = —¢ ]
scaling variable (hadronic): x = zp = 2?37-11
2
scaling variable (partonic): z = ﬁ—q

incoming parton momentum fraction: y — p = yP
P: proton momentum q: gauge boson momentum p parton momentum

TWO HADRONS

o(r, 1%, k) Z /dz/ dzrdzod(T—11222)645 (T) 2, 1 K) f1 (21, 1 )f;“"(mg,p,z)

4,J=q,4,9
P scale: M?
; : scaling variable (hadronic): 7 = Msz s = (P + P2)?
scaling variable (partonic): z = MTQ 5= (p1+p2)?
P X incoming parton momentum fractions: 1,2 — p1,2 = z1,2P1 2
P 2: proton momenta M?: final state mass P1,2 parton momenta
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Theoretical constraints
© Momentum sum rule (momentum conservation)

1
J, [Z (ol @)+ fa(w, @) + fo(w,@%) | =1

q=1

@ Valence sum rules (baryon number conservation)

1
/0 d [fu(2, Q%) — fa(z,Q2)] =2

/ "o [fa(z, Q) — fa(z,Q%)] =1

0
1
[ a0~ @@ =0 q=seh
© Isospin symmetry of the strong interaction
fi=Ji Jfi=1y

@ Positivity of cross sections [ ]
— PDFs should be positive-definite at LO
— beyond LO, PDFs ought not be positive, however they are positive above for Q2 large

@ Integrability of non-singlet PDFs

— follows from operator product expansion
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PDF evolution: DGLAP equations

@ A set of (2ny + 1) integro-differential equations, ny is the number of active partons
0 9 Lortde 9 T 4
mfi(ﬂ%u ) = ij/m ?Pji (Zaas(ll )) fi (;alt )

@ They are often written in a convenient PDF basis

ny ny
fr=faxfo)—(fg £fy) fo=> (fa—fa) fo= Z(fq + fa)

i

otz /(@ p?) = PEV (2, 1%) © fa o (e, 1%)

sie ((Fove) )= (70 Pgre Yo ( Flt))

© The splitting functions P can be computed perturbatively

Pji(z, o) Z ak'HP(k) as = ag/(4m)

0 0 0 0
Py 4»% Py &Qw< Piy —»—(Qg Piy w@‘z
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Splitting Functions and Anomalous Dimensions
Perform the Mellin transform ~;;(N, as (%)) = fol dra™ 7Py (z, s (1?))
15}

Wfi,u(l\’, 1) = vt 0 (N, 1) - fro(N, 1°)

0 ( fo(N, 1?) ) _ < Yag  21f7qg )( S(N, 1) )
g2 \ fo(N, 1) Yoa  Vog 9(N,p?)

How many different anomalous dimensions are there?

LO: v4¢ = 7+,o» — 4 independent splitting functions
NLO: v4q # 7+ # 7— — 6 independent splitting functions
NNLO: ~v_ # 7, — 7 independent splitting functions
Which PDF combinations evolve independently?
LO: fy4, fs, and any 2ny — 1 linear combinations of f, and f;
NLO: fg, fs, any ny — 1 linear combinations of f; — fz, and of fq + f3
NNLO: as NLO, and fv = >20/ (fq — f3)

A common choice
for fo = sz(fq +fa) fv = Z:;f(fq - fa)
iterative NS combinations of f + = f; + fz and of f,— = f, — f3
Tz = fu+r —far  To=fur +for —2fe+ Tis = fur + far +for —3fcr .-

%:fu__fd_ VS:fu_+fd__2fs_ ‘/15:fu_+fd_+fs__3fc_
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[ I
0
W) = 0
Yt(ll‘]s) (N) = 2ny(N-+4N; 2N, -3)5)
T(N) = 2C (2N_2—4N_ N, +3)5,
11 2
HW) = Gy (4N2-2N_ 2N, +N2+3)51 -5 ) +

Anomalous dimensions:

LO (1977)

—n
3

n

perturbative accuracy
NLO (1980)

[ ]
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Numerical solution (LO, NLO , NNLO and aNSLO) of DGLAP implemented in

open-source software: EKO |

] and APFEL++ | ]

)
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Anomalous dimensions: perturbative accuracy
NNLO (2004)
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Anomalous dimensions: perturbative accuracy
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Anomalous Dimensions: Scale Dependence at LO

5 T T

qu

J O

J U

|
o 1 2
N

4 ]

1

|
2 F]
¥

4

As Q? increases, PDFs decrease at large  and increase at small = due to radiation

Gluon sector singular at N = 1, therefore the gluon grows fater at small =

~qq(1) = 0 follows from baryon number conservation (beyond LO, 7v44(1) = 744(1))

Yaq(2) + 7Ya9(2) = 744(2) + 744(2) = 0 follows from momentum conservation
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PDFs: Qualitative features

10- NNPDF4.0 NNLO Q= 3.2 GeV 1.0- NNPDF4.0 NNLO Q= 100.0 GeV
‘ g/10 g/10
Souy ¥ouy
0.8 1 a 0.8 1 a
= T #H s
0.6 o u 0.6 o6 U
s d . d
0.4 1 T 0.4 1 o
0.2 0.2 =
0.0 : ; ' 0.0 : } !
1073 1072 1071 10° 1073 1072 1071 10°
X X

The valence bump follows from sum rules

The small-z growth of the gluon PDF follows from singularity of 74, at N =1

The similar small-x rise of all PDFs follows from singlet-gluon mixing

PDF depletion at large = and Q? follows from sign change of anomalous dimensions

Valence does not evolve multiplicatively because v_ # ~,

Valence does not vanish at all scales
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1.3 How can we determine PDFs?
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PDF determination in statistical language

Inverse problem

Given a set of data D, determine p(f|D) in the space of functions f : [0,1] — R. J

The expectation value and uncertainty of each physical observable O
that depends on a PDF set [f] are functional integrals of the PDFs

(o) = / Df p(f1D) O[] expectation value

1/2

colf] = UDfp /1D) (O[] - (O[f])?

THE PROBLEM IS ILL-DEFINED

We want to determine infinite-dimensional objects, the PDFs, from a finite set of data
v

uncertainty

Solution: parametric regression

Approximate p(f|D) with its projection in the space of parameters p(6|D, H)
Determine p(0|D,H) o p(D|6,H)p(0|H) as MAP 0 = arg maxg p(0|D, H)

Emanuele R. Nocera (UNITO) Parton Distribution Functions

27 August 2024 25/50



Determining PDFs from (LHC) experimental data
o Q) =Y [ Ty (L0@)K) £, Q1) £i(2,@%) = (0 )*)( Q)

T

[ QCD theory } { PDF parametrisation ]
e 22 t-mmmmm-- 1
1
: [theoretical predictions] !
| minimisation |
! algorithm :
1 . . 1
! comparison with !
X experimental data |
1 1
1 1
| i . |
! stopping criterion X
X '
1
: yes 1
1 1
1 ) 1
| [ best-fit parameters ] !
 FITTING ALGORITHM _ _  —————————————— ___ _______________. :
Naat
X’ = Z [T3[{a}] — Dil(cov™ "), [T3[{a}] — Dj] with {@} the set of parameters
0,3
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The ingredients of PDF determination

or
the set of observables
included in the analysis

experimentalists’ input
of the QCD analysis

METHODOLOGY

or

a prescription to
determine PDFs

uncertainty representation
parametrisation
optimisation

validation

THEORY
or
the theoretical details
of the QCD analysis

theorists’ tools
for precision physics

Each of these ingredients is a source of uncertainty in the PDF determination

Each of these ingredients require to make choices which lead to different PDF sets J
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Overview of current PDF determinations

NNPDF4.0

MSHT20 CT18

HERAPDF2.0

CJ22

ABMP16

Fixed-target DIS
JLAB
HERA I+11
HERA jets
Fixed target DY
Tevatron W, Z
LHC vector boson
LHCW +c¢c Z + ¢
Tevatron jets
LHC jets
LHC top
LHC single ¢
LHC prompt ~

SESISTSESISESISTSISISPgS,

D ESISISHESTSISDESPESS
DX E@ASISOESTSISUESHESS

RNKXXXNXXNKSNX X

D@D SOESTSISDESESISS

NXENKXEEEXEXKE

statistical
treatment

Monte Carlo

Hessian Hessian
AX2 dynamical AX2 dynamical

Hessian
Ax2 =1

Hessian
Ax2 = 1.645

Hessian
AX2 =1

parametrisation

Neural Network Chebyschev pol.  Bernstein pol.

polynomial

polynomial

polynomial

HQ scheme

FONLL

TR/ ACOT-x

TR’

ACOT-x

FFN

accuracy

aN3LO

aN3Lo NNLO

NNLO

NLO

NNLO

latest update

All PDF sets are available as (z, Q?) interpolation grids through the LHAPDF library
Emanuele R. Nocera (UNITO)
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1.4 Data

Emanuele R. Nocera

NITO) Parton Distribution Functions



107 4

106 4

105 4

104 4

Q? (GeV?)

103 4

102 4

101 4

VA> <o

Overview of experimental data

Kinematic coverage

Deep Inelastic Scattering

Fixed-Target Drell-Yan

Drell-Yan Rapidity Distribution

Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution

Drell-Yan Transverse Momentum Distribution

Heavy Quarks Production Single Quark Rapidity Distribution
Heavy Quarks Production Rapidity Distribution

Jets Rapidity Distribution

Dijets Invariant Mass and Rapidity Distribution 4¢° &ogo
Photon Production

.,&S‘
ol o, o
Black edge: New in NNDPF4.0 * A.:‘ .“ ?
. anﬁ!nmhﬁ‘{m 9%, 8 el
b 4 aa gl 2 8otHAPR AR A8 B 6°R 48
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Deep Inelastic Scattering

Kinematic coverage

Deep Inelastic Scattering

Fixed-Target Drell-Yan

Drell-Yan Rapidity Distribution

Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution

106 4 Drell-Yan Transverse Momentum Distribution
Heavy Quarks Production Single Quark Rapidity Distribution
Heavy Quarks Production Rapidity Distribution
Jets Rapidity Distribution

Dijets Invariant Mass and Rapidity Distribution

.
*
.
10° 5 : Photon Production o°
o Lty
., E2LaRR .
VN4 Ai" QPR S
°

Black edge: New in NNDPF4.0
104 4 ° o o o .©O o P
R T e S e e S A
o g fE g ”
..l}AA‘ﬁ \A‘.gA'J“.'x 3.*\ \"ﬂ.uta, t{lrf\phA~“
..xAA:‘,.AA.A“.AAW.AA:‘,.AA:A“.AA g W
.

107 4

VA> <@

3

A A,

IV ¥ Y

ol o B Lo N0l S

AAAASAAAARAAAAGAAAAPAMaAPXLA 1 NN
e aa

o o 14 ° 3,

sfvae g
S0l $
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Deep Inelastic Scattering

Re-write the cross section in terms of structure functions (Fa, F3, F)

d2 ot ) ) ) ) ) )

y Z & Yy FTY_zFi—y?F  Yi =14(1—y)? F} = Fj—2zF} i=NC(y,%,~vZ), CC(WT)
xdy

NC DIS (¢p — £X) at LO (NMC, SLAC, BCDMS, HERA)

2> [€2,2eq9%, (98) + (99)%] (4 + @)
q

|75 F3% FY
[

[Fg,FgZ,FLZ] =1[0,0,0]

FY B3 7 FE] =37 [0,2¢49% 20 9% ] (a - @)
q

CCDIS (¢~p = vX or ip — £t X) at LO (CHORUS, NuTeV, HERA)
(A R | =2 (utd+ste. ) (dratats..)]
[Fgﬁ/’7F3VV+] =2[(u—d—5+c...),(d—a—c+s...)]

[P F ] = 10,0]
isospin (p — n): uP =d" P =u" aP =d" &P =g"
deuteron target approximated as the average of one proton and one neutron
W2 =Q*(1—x)/z > Wi, ~ 10 GeV?

27 August 2024 32/50
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Deep Inelastic Scattering

B .
= i ) »
H1 and ZEUS PR ol coetdlutuet e e 2¢’°‘°"‘»¢”f¢f¢ fpen
® HERANCep04fb °° e
B HERA NC ¢*p 0.5 fb™ 7
. x,‘_oo(n})ogoml 0 Vs = 318 GeV |
"':,,. "nix om0z O Fixed Target L SRR Wb, b, 'é" 41y

=== HERAPDF2.0 e p NNLO 08
=== HERAPDF2.0 e'p NNLO o7 x-0225

0 Sunbhd b V‘« Fes M“HQ

Xy =0.13,i=4
xpy = 0.18, i=3
Xy =0.25,i=2

gy =0.40, i1

-
s
T

H gy = 0.65, =0

P ETT] B AR TTT| B A A TIT] RS AT BT BT

1 10 10’ 10° 10* 10°

Q% GeV?

[ ] '
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107 4

106 4

VAP <o

Drell-Yan

Kinematic coverage

Deep Inelastic Scattering

Fixed-Target Drell-Yan

Drell-Yan Rapidity Distribution

Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution

Drell-Yan Transverse Momentum Distribution

Heavy Quarks Production Single Quark Rapidity Distribution
Heavy Quarks Production Rapidity Distribution

Jets Rapidity Distribution

Dijets Invariant Mass and Rapidity Distribution A

Photon Production o°
RCPKTR ¢
., EhRE .
A & aaa®s SRay QROR S é
° ° o

Black edge: New in NNDPF4.0
° ° © o
4 s s s s aaassanataantasat el
. . o o
.O’AA‘D* u‘oh}a-\.h ;nf\ Tm.u‘a\.‘l‘l:’\
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cmes |
cococo

&
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Drell-Yan

Work out the cross section differential in the rapidity of the lepton pair

‘;‘; x ALt i =NC(y,Z,~Z), CC(WT)
NC DY (v, Z) at LO CC DY (W¥) at LO
[arey, A% 7] = Zeqqq,Z\vCKM (AW LY = |30 ((68)? + (99)%) aa
a,q9’ q
isospin (p — n): u? =d" P =u" aP? = d" d° =a"

deuteron target approximated as the average of one proton and one neutron
different experiments measure different cross section combinations

ofn _A/9ud+1/9da  d
% ~ 4;9%1//9(;5 — = DY p/d asymmetry (NuSea, SeaQuest)
b, ut @
wt .
o5 d—+d d
"';57 = %_Z_ — Z— W+ asymmetry (CDF, D0)
o u+ @ u
O'XZ+ ~ ud + c5 Ufp ~ uli+dd + s5 — 5,5 W= and Z production (ATLAS, CMS, LHCb)
w+ 7.
g d+d -
P % Sa—d W= muon asymmetry (ATLAS, CMS)
oy U+ U
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Drell-Yan

_ -
g i .
Spscny < <o 1§ g anc -
5 oy s - Pl ¥ . -
o T T . R Sk "
p— "
[ Syst. uncert ey ey ey ety e e et # jIR
o —Z— NuSealE866 . = 09l A o
= CT18NLO, SeaQuest kinematics, : 3 - = -
5 3% CTIBNLO, NuSea kinematics 05040805 T 721416152 2554 55040808 1 TE T ETE 2 5%
| L | . )l W,
0.1 02 03 04
N = 240 F T T T T 3
= 200 - LHCb. {s=13Tev =
=y of N, F Muon - Statistical Uncertainty oo E
=] <l 200 Muon - Total Uncertainty *  NNPDF3O =
5] J—— 180 - #3%65585 Electron - Statistical Uncertainty ¢ MvHTI 3
E o 160 E' 7 Electron - Total Uncertainty E
=S E 3
2 N i DOA, 140 E E
C 1 120 & -
F + DBA,T3M E 3
0.2 — " 100 - =
[ ----- MC@NLO NNPDF2.3 woF E
[ NNPDF2.3 uncertainty h E E
04— ... MC@NLOMSTW200SNLO E 3
40 = ] =
N -~ RESBOS CTEQ6.6 3 2oE 3
06~ ES > 25 GeV o= . ! ! Lot iue
F Er> 25 GeV 2 2.5 3 35 4 45
_ V.
L Il 1 1 Il 1 1 Yz
0.8 [ 1 13 3 33 3
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107 4

106 4 Drell-Yan Transverse Momentum Distribution

.
*
. 00%%
1059
#  Photon Production ‘o‘
O Black edge: New in NNDPF4.0 o:‘o
A A aAa ‘.A ﬂ

4
10 T ‘:‘.H‘r"“‘m“...mmwmﬂﬁ
OQAA‘H u‘ou}a;\h 3.‘\ uﬂ u‘c‘ul;nf\‘nhA}“
10° 4 o!An‘i AA‘QAA@AAA‘QA.“\AA@.A Aas A.Ap H
A_s.“..'._...“..z..,é";;_
==QF . T 1%
et c=wer 14
5t
! oo wd Bl
. ~ 7% b gw
10t 4 i' $
AHE

Zpr, tt, Single-Inclusive Jet, and Dijet Production

Kinematic coverage

Deep Inelastic Scattering

Fixed-Target Drell-Yan

Drell-Yan Rapidity Distribution
Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution

AP <o

Heavy Quarks Production Single Quark Rapidity Distribution
Heavy Quarks Production Rapidity Distribution

Jets Rapidity Distribution

Dijets Invariant Mass and Rapidity Distribution

10°

-
15}
I
-
15}
&
-
15}
o
-
15}
L
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Zpr, tt, Single-Inclusive Jet, and Dijet Production

Various differential distributions, all proportional to the gluon PDF at LO

pr production: —ge® ATLAS d" CMS
Z d g

dp% dmygg ' de dyz

need one final-state parton, then initial-state quark and gluon are on the same footing

wide pr range, constraints on a wide x (typically intermediate) and Q? range

)

n ian. _do do do
tt production: Ik AT dy T d

process initiated by two gluons in the initial state
differential cross sections reconstructed at parton level (additional systematics)
normalise by Uéf;t (systematics largely cancel, but loose control on PDF shape)
particle-level cross sections are theoretically more complicated

wide rapidity range, constraints on the large-x region

single-inclusive jet and dijet production: do?_ | __de? (HERA, ATLAS and CMS)

dydpr ' dyi,2dmi 2

process initiated by two gluons in the initial state
be careful with systematic uncertainties (mostly driven by jet energy reconstruction)
can also be measued in DIS
wide rapidity range, constraints on the large-x region

Emanuele R. Nocera (UNITO) Parton Distribution Functions 27 August 2024 38/50



Zpr, tt, Single-Inclusive Jet, and Dijet Production

alimeoin T 3 5 [ nlemeandigie” 7 8TeV
< 38,0 e ! E —=10
E T, _g_‘i Open:L =56 pb!
ee-channel 3 ee-channel e, 3 i - - -1
St o 3 e 218 1o Filled: Ly, = 19.7 fb
:Zsr+camhmeﬂ k| o[+ Comored -, E ol %:_ -ee- CT10 NLO ® NP ® EWK
Sarsteatuncerany Satstea unceran
107 & vy woeF. I oy E “o|g 10" —— CT10NLO ® NP
o - :‘: 10°
| i e R # =
i"”zwmbrﬁma il — 10°
; 0 3 S % T3 107 = - Iyl <0.5( x 10°)
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- o T T — [ T T 2
s | o 04 s b 04 08 104 = +20<]y| <25(x10%)
S0k <b< g0 <wi< +25<|y|<3.0( x10')
3 - +Data 3 - + Data 107 E - 32<lyl<47(x10°)
=10% 4 5 =10° - | L I | L
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S - S - - Y
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Scaling Violations and Heavy Flavour Production

Heavy quark production in DIS
initiated by gluons

Scale dependence in DIS
of singlet structure function

As
WFQ - [Yaafs + 215744 fo]

2 ANOMALOUS DIMENSIONS
L

0 )’qq 2 4 8

the gluon PDF can be determined at small x

from DIS scaling violations (from HERA)

Emanuele R. Nocera (UNITO)

93

© 03
02
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0.4
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0.2

y2
c,b c,b c,b
o qa=Fy" ——F—F=F

red 2 1+ (1 _ y)z L
* HERA © HERA 2012 H1 and ZEUS
Q?=25GeV? Q=5GeV? Q*=7GeV?
[ ] i 599
[#e, . 4 LI *e
Q=12 GeV* Q*= 18 GeV* Q*=32GeV?

LS %, .
.
F - -
. . .’Q .ﬁ
For=60Gev: 1 at=120Gev 1 a7 =200 Gev®
L . N
F . E i .
90 . . .
I-Q? = 350 GeV? Q? = 650 GeV? Q = 2000 GeV?
. s
. . .
10 10° 107 10 10° 10?

10 10° 102
Xg;

the gluon PDF is determined by tagging

Parton Distribution Functions

a c or a b quark in the final state (HERA)
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107 4

106 4

Single t, Direct v, W, Z+c-jets

Kinematic coverage

® Deep Inelastic Scattering
v  Fixed-Target Drell-Yan
A Drell-Yan Rapidity Distribution
< Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution

Drell-Yan Transverse Momentum Distribution
“  Heavy Quarks Production Single Quark Rapidity Distribution
* Heavy Quarks Production Rapidity Distribution
* Jets Rapidity Distribution
® Dijets Invariant Mass and Rapidity Distribution &
4 Photon Production o2 o
O Black edge: New in NNDPF4.0 e .‘ A.’

2 §22:888.20.9%
A A aag®s 4 PP Q
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Single t, Direct v, W, Z+c-jets

Other processes, currently limited by experimental uncertainties

Single t production (t-channel): -42- do  _do (ATLAS, CMS)

dp%." dyt df’dy

partonic cross sections similar to CC DIS; ¢ reconstructed from Wb decay
potential sensitivity to % and d, also through ratios of ¢ and £ production

potential currently limited by Iarge experimental uncertainties

Prompt ~ production: (ATLAS and CMS)

dE” vy

gluon-quark-initiated Compton scattering
potential sensitivity to the gluon PDF

potential currently limited by large experimental uncertainites

W, Z + charm-tagged jets: 42 (ATLAS and CMS)

W + c: sensitivity to strange PDF (and s — 3 asymmetry)
W + Z: sensitivity to charm PDF (including intrinsic charm and ¢ — ¢ asymmetry)

be careful with systematic uncertainties (due to jet tagging algorithm)

More exclusive processes: double gauge boson production, multijet production, ...

generally less precise and potentially contaminated by BSM physics
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Single t, Prompt v, W, Z+c-jets

= T cMS 35.7 fb™ (13 TeV|
CIES ATLAS [Ldt=4.591b" (5=7 TeV 1000 { )
> i o Data g =k & Data
. - stat @ sys unc. = [ + ABMP18 + ATLASepWZ16
o W+ec P!
~+ statunc. o 800~ + CT14 ¥ MMHT14
—NLO (MSTW2008) © L 4 NNPDF30 ® NNPDF 3.1
0.5] A POF @ scaleunc. | \? 500’
s T —ht%—-*—p}—t-
€ a0 *pie
1 1 [ p > 26 GeV, | <2.4 —"—""L
9 2001 ps>5Gev
= 1.5 L
< F+gr—3 3 T T T T T T T T
£ o4 %0204 06 08 1 12 14 16 18 2 22 24
8 v [
0 1 2 3
@l - T T
= stat ]
S FaTiAs ' LHCb ot mevst
o 10k Data 4 ~ . [ stat®s; 4
[©] o fs=13TeV, 321" *<0.6 3 V3 =13TeV ]
L K 0.6<]'|<1.37 (x10™) 6! 1
= F . =1.56<[n'|<1.81 (x102) 4 -
[ =1.81<h7]<2.37 (x10°) 3
o o
) ——
B 10 —— . -
Eo o o - NLO SM
e T e DR E * PDFALHCI5-No IC
10E - = - . 3 002 4 \xpDF 90 10 allowed
03 o —LAL - 4 CT144BHPS (x)ic 1%
E T . —~ ¥ 1 1 I 1 ]
b - 0 25 3 35 4 a5
==NLOQCD (JETPHOX) —o- —-
107 MMHT2014 PDF EE y(Z)
w0 B TR [ATLAS, PRD 90 (2014) 112006; PLB 770 (2017) 473]
Y
ET [GeV] [CMS, EPJ C79(2019) 269 ; LHCb, PRL 128 (2022) 082001]
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All the data together

Hadronic Process Partonic Process PDFs probed @« coverage
Lepton-nucleon £ {p,n} — 4 x v*q = q q,d,9 z 2 0.01
tEn/p 50t 4 X y*d/u — d/u d/u x 2 0.01
v(D)N = p~ () + X W*q — ¢’ q,q 0.01<z<05
vN - p pt 4+ X W*s = ¢ s 0.01 <z <0.2
ON —» utp™ + X W*s > ¢ 5 0.01 <z <0.2
eip—>ei+X Y*q = q 9,49, q 0.0001 <z < 0.1
etp s+ X wt{d, s} = {u,c} d,s z 2 0.01
efp 5 e+ X y*c = ¢,y g — cc c, g 0.0001 <z 0.1
eipﬁjet(s)-&-X v*g — qa g 0.01 <z <01
Proton-(anti)proton pp— ptu™ + X wi, dd — v* q 0.015 <z < 0.35
pn/pp = pTu” + X (ud)/(uad) — ~* d/a 0.015 <z < 0.35
pp(pp) — jet(s) + X 99,499,499 — 2jets 9,4 0.005 Sz < 0.5
pp— (WE 5T+ X wd— Wt ad > w— u,d,a,d x> 0.05
pp— (WE 5T+ X wud—> W, da > W™ u,d,a,d,(g) x > 0.001
pp(pp) — (Z — £T07) + X wu, dd(ui, dd) — Z u, d(g) z 2 0.001
pp > (W+ce)+ X gs—)ch,g§—>W+6 5,38 x ~ 0.01
pp = (Z+c)+ X gc — Zc, g¢ — Z¢ c, ¢ x ~ 0.01
pp — tt + X gg — tt g xz ~ 0.1
pp — t,t+ X gq — t, tq u, d x ~ 0.01
pp = v+ X 99 — vq g z ~ 0.01
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Overview of current PDF determinations

NNPDF4.0

MSHT20 CT18

HERAPDF2.0

CJ22

ABMP16

Fixed-target DIS
JLAB
HERA I+11
HERA jets
Fixed target DY
Tevatron W, Z
LHC vector boson
LHCW +c¢c Z + ¢
Tevatron jets
LHC jets
LHC top
LHC single ¢
LHC prompt ~

SESISTSESISESISTSISISPgS,

D ESISISHESTSISDESPESS
DX E@ASISOESTSISUESHESS

RNKXXXNXXNKSNX X

D@D SOESTSISDESESISS

NXENKXEEEXEXKE

statistical
treatment

Monte Carlo

Hessian Hessian
AX2 dynamical AX2 dynamical

Hessian
Ax2 =1

Hessian
Ax2 = 1.645

Hessian
AX2 =1

parametrisation

Neural Network Chebyschev pol.  Bernstein pol.

polynomial

polynomial

polynomial

HQ scheme

FONLL

TR/ ACOT-x

TR’

ACOT-x

FFN

accuracy

aN3LO

aN3Lo NNLO

NNLO

NLO

NNLO

latest update

All PDF sets are available as (z, Q?) interpolation grids through the LHAPDF library
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Impact of future data: HL-LHC

Kinematic coverage

108 T
N mp‘—quark pair HULHC 14 Tev, pseudo dataF -.’ -..;}
7| » high mass DY g g
10 <« forward W, Z L) lf O
v direct photon
= inclusive jet
& 108 ¢ zZor 3
2 o We+charm -
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u
104 L.
1 3 | H H
0 1074 1073 1072 107! 10°
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[ PDF4LHC15
= + HL-LHC (scen A)
s+ HL-LHC (scen C)

(X, Q)/g(x Q)ref]
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107 10° 1072 107"
X

Emanuele R. Noc

Ratio to baseline

s (%, Q)/s"(x, Q) ref]

Gluino pair production @ HL-LHC {s=14 TeV

8 .
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8 PDF4LHC15
= + HL-LHC (scen A)
s + HL-LHC (scen C)

Q=10 GeV

[EPJ C78(2018) 962]
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Impact of future data: EIC

[ Current DIS Data Uu
10"t + EIC¢*pDISNC vvv 04r
F EIC ¢*d DIS NC v vav Relative Uncertainty
L v WAV i B
i EIC e*p DIS CC wiidd —— NNPDF3.1
3L L P P
10 g £ =100 fb71 ERAAS A Anld 0.2 NNPDF3.1 + EIC (optu.mstu.:) " ,
E vv ¥ Vv Kk ¥ —-= NNPDF3.1+ EIC (pessimistic) /V
I~ F * X k& & & & & L
(@ vV XA X vx':q
102k vV VVAYE VAV %AV B F——
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Impact of future data: FPF
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1.5 Summary of Lecture 1
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Summary of Lecture 1

@ Parton Distribution functions are a key ingredient of the LHC program
— PDFs are often the dominant source of uncertainty in theoretical predictions
— limiting factor for precision and discovery

@ PDFs are related to physical observales via factorisation and evolution
— qualitative PDF features are driven by this theoretical framework
— valence peak follows from valence sum rules and kinematic vanishing
— small-z rise follows from rise of anomalous dimensions
— correlation of small-z rise and large-x depletion follow from momentum conservation

© PDFs are determined from experimental data by means of parametric regression
— need to define data, theory, and methodology

@ Different physical observables constrain different PDF combinations
— fixed-target NC DIS: u and d
— fixed-target CC DIS: s and §
— HERA NCand CCDIS: w, @, d, d, g (scaling violations and tagged DIS)
— fixed-target DY: u and d at large =
— collider DY: u, @, d, d, s
— collider DY+c: s (W) and ¢ (Z)
— Zpr, tt, jets: g

Lecture 2: Theoretical and methodological accuracy in PDF determination J
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