Deep-Inelastic Scattering and Collinear Physics

Second European School on the Physics of the EIC and Related Topics

Emanuele R. Nocera
Universita degli Studi di Torino and INFN, Torino

23-24 June 2025

NIVERSITA

INFN | TORINO

TORINO

Emanuele R. Nocera (UNITO) DIS and Collinear Physics



Table of contents

Lecture 1. What is Deep-Inelastic Scattering and what are Parton Distributions?

@ DIS as a laboratory of QCD

@ what are PDFs and why are they interesting?
@ how can we determine PDFs?

@ which data constrain which PDFs and how?

Lecture 2. Data, theoretical and methodological accuracy in PDF determination

@ which data constrains which PDFs?

@ higher-order corrections and theory uncertainties

@ heavy flavour schemes and intrinsic charm

@ the photon PDF and electroweak corrections

@ parametrisation, optimisation, uncertainty representation
@ validation of uncertainites and benchmarks

DISCLAIMER
These lectures contain a personal selection of topics and are certainly not exhaustive J

Emanuele R. Nocera (UNITO) DIS and Collinear Physics 23 June 2025 2/45



Bibliography
@ Textbooks on perturbative QCD and DIS
> J. Campbell, J. Huston, F. Krauss, The Black Book of QCD, Oxford (2018)
» J.C. Collins, Foundations of perturbative QCD, Cambridge (2011)
» R.K. Ellis, W.J. Stirling, B.R. Webber, QCD and Collider Physics, Cambridge (1996)
> R. Devenish, A. Cooper-Sarkar, Deep-Inelastic Scattering, Oxford (2011)
> E. Leader, Spin in Particle Physics, Cambridge (2001)
@ Reviews on Parton Distribution Functions
K. Kovarik and P.M. Nadolsky, Rev.Mod.Phys. 92 (2020) 045003
» J.J. Ethier and E.R. Nocera, Ann.Rev.Nucl.Part.Sci. 70 (2020) 43
> J. Gao, L. Harland-Lang and J. Rojo, Phys.Rept. 742 (2018) 1
>
>

v

S. Forte and G. Watt, Ann.Rev.Nucl.Part.Sci. 63 (2013) 291
P. Jimenez-Delgado, W. Melnitchouk and J. F. Owens, J. Phys. G40 (2013) 093102
> E.C. Aschenauer, R.S. Thorne, R. Yoshida (rev.), Structure Functions, PDG, ch. 8

© 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
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Deep-Inelastic Scattering and Collinear Physics

Lecture 1: What is Deep-Inelastic Scattering
and what are Parton Distributions?
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Outline

1.1 DIS as a laboratory of QCD
the unpolarised and polarised DIS cross section
factorisation, evolution
properties of splitting functions, theoretical constraints

1.2 Why Parton Distribution Functions?
the LHC and the quest of precision
understanding the origin of the proton spin

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 (unpolarised): from HERA to the LHC
overview of experimental data (polarised): from EMC to the EIC
which constraints different scattering processes put on PDFs?

| will focus on the phenomenological determination of PDFs J

| will not talk about Lattice QCD nor of models of nucleon structure
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1.1 DIS as a laboratory of QCD
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Hadronic physics, or the quest for the nucleon structure

Nucleons make up all nuclei, and hence most of the visible matter in the Universe
They are bound states with internal structure and dynamics

SR

Atom Nucleus Nucleons Quarks

101°m 10m 10-15m 10-18m
L J L J L J
T T T
‘.—ré'
Atomic Nuclear Hadronic Particle
physics physics physics physics
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Deep-Inelastic Scattering
((k) N(P) — £(K') X (Px)

(k) (k')
7, Z,W*(q)
N(P) X(Px)
k(k'): lepton momentum P: proton momentum
M: proton mass W: invariant mass of the final state
q: gauge boson momentum p parton momentum

DEEP (Q? > M?)  INELASTIC (W? > M?)

02— 2
scale: Q% = —q lepton-proton c.m.e. squared: s = (k + P)?
. . . 2
scaling variable (hadronic): x = zp = %.q lepton’s energy loss: v = <2 = [ — E’
. . . 2 . .. P
scaling variable (partonic): z = 2%(1 inelasticity: y = 15 = ¢
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Past and present DIS facilities around the world

where  who what when
SLAC NC DIS (unp.) w—p,d 80s-90s

SLAC  NuTeV CC DIS (unp.) v(v) —Fe late 90s
E142,E143,E154E155 NC DIS (pol.) uw—p,d 80s-90s
BCDMS NC DIS (unp.) uw—p,d late 80s

CERN NMC NC DIS (unp.) uw—p,d late 90s
CHORUS CC DIS (unp.) v(v) —Pb late 90s/early 2000s
EMC, SMC, COMPASS NC DIS (pol.) nw—p,d late 80s to late 2010s

DESY H1, ZEUS NC,CC DIS (unp.) et u—p late 90s/early 2010s

JLab Hall-A NC DIS (unp., pol.) e—p,d late 90s — today

EIC NC,CC DIS (unp.pol.) e* — p,d, A 2030s(?)

SLAC CERN DEsY : JLab
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DIS cross section: leptonic tensor

The DIS cross sections can be written as
27rya e
dxdy sznxwmﬁzx Z I

neutral-current (NC) DIS: j =~,Z charged-current (CC) DIS: j = W+ W~

The corresponding leptonic tensors are (neglecting lepton masses)
L}, = 2(kuki, + Kk — (k- K) g — iAepnask™k”)
LZ = (9% +ergQ)’ Ly
L'YZ (9v +exga)L)
Ly, = (1+e))? L:I,,
e = *+1: charge of the incoming lepton A = %1 helicity of the incoming lepton
gy =—1/2+2sin*0w g5 =—1/2
The ratios of the corresponding propagators and coupling to the photon ones are

GrM2 Q2 (GFMW Q? )2
2ora @+ Mz ™ T2\ Tdma Q24 M3,

2
=1 nz=nz hz=
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DIS cross section: hadronic tensor

The hadronic tensor describes the interaction of the appropriate currents

Wi = o [ @' (P8I}, LOIIP.S)

Jo: hadronic contribution to the current S nucleon-spin 4-vector

The hadronic tensor is written on the basis of independent four-momenta
(combinations) with coefficients Fj (w/o spin) and gr (w/ spin)

apB
_(_ qpqv 2 ) q P 2
W = (=00 + %0 ) Fi(0,@) + B P, Q) = i L Fo(0,@7)

+i6uya6}?; |:Sﬁgl($,Q2) —+ (S’B LP5> gg($7 QQ):|

P
I [l (RS +8,2.) ~ 21, } 05(5, Q)

3”) g5($7Q2)]

B P 4 S -
W'thPu:Pu_?qQM Su:Su_qTq‘bt

Emanuele R. Nocera (UNITO) DIS and Collinear Physics 23 June 2025 11/45



DIS cross section: unpolarised case

d’o’ Ara? x2y2 M? i 2 i 2 i .
dzdy — zy02 " [(1 —y- T) 4y ekl 7 (y -y /2)xks i =NC,CC

NC DIS (e* N — et X) CC DIS (e (v, )N — v, 7(eF)

sign of F3: — (+) for 7 (v) incoming

sign of F5: — (4) for et (e™) incoming
n°C = (1 + \)2nw (for e¥)

=1 cc
NG . n~Y = dnw (for v, D)
FL? = F1,2
e e ~Z Flcc = Fl‘/V
- (gv + AQA)WWZFM cc W
e e e e F = F
+((99) + (94)* £ 20gV g4) nz FYs e
xF3 = xF:
wFy'© = (g + Agv)nyzaFy 7 T ° .
. e o2 oo 7 for incoming v, 7, charge and helicity
+[20v94 £ X ((90)° + (94)°) ] nzaFy refer to the outgoing e

Neglecting terms proportional to M?/Q?

F} = Fi —2zF}

dxdy - xyQ

d20'7: 27'('0{2 i i i
2 Ve F F Yo~ Fi| Ve =12(1-y)?
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DIS cross section: longitudinally polarised case

Aoc=c(An = -1, ) —c(An =1, \)

dQAUi 871'&2 i 2 2M2 i
dndy :nyQU My (2—y—227y @ g1

M2, M? M2\

+ Ae4w3y2@92 + 23722/@ (1 -y - 1’23/2@) g3
M? M2\ i ,

_ (1+2m2y@) {<l—y—x2y2@> g4+xy2g5}} i =NC,CC

Neglecting terms proportional to M?/Q?

d*Ac’ _ 4o .
dedy ~— zyQ? '

[—Y+gi T Y2291 + yzgi} Yi=14(1-y)* gL = gi—2xg;
which can be obtained from the unpolarised cross section

d*c’ . 2ra’? .
dedy ~— zyQ? K

[Y+F§ TY_2Fi - y%ﬂ Yi=1+(1-y)® Fj=Fi—2F}

from Fi — —gs Fy — —gs F3 =29
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Structure functions in the naive parton model

Regard the DIS cross section as the incoherent sum of point-like interactions
between the Iepton and a free, massless, parton

d*Ac 9 do
da:dy Zeqfq/p dzdy = AKZ qufq/p(m)d*y

with the unpolarised (polarised) parton distribution functions f,/, (Afy/p)
fasp(z) = f(;r/p(x) + fj/p(x) Afqsp(x) = f(;r/p(x) - f}p(x)

In the Bjorken limit Q%, v — oo structure functions scale, and moreover F} = gt

0
(73, 737, Ff) 7$Z eg: 2eq97, (99)° + (93)%] (4 + @)
[F;,FWZ, 7] =37 [0.2¢49%, 208 95] (4 — @)

l]

(A R = [2a(u+dts+e. ) 2w—d—5+c..)]
[g%y?z,g ]zé S (22608 (617 + (65)7] (Aa + A7)
[gg,ggzyg ] [0, eq9%, 97 9% ] (Ag — Ag)
[0 08| = [Au+Ad+ A5+ Ac..

fAquAcZJrAEfAc,..]
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Field-theoretic definition of PDFs

PDFs allow for a field-theoretic definition as matrix elements of bilocal operators

parton
Py collinear transition
J of a massles proton h
r into a massless parton ¢
proton with fractional momentum x
| local OPE — lattice formulation
: [ 1
1 — iy~ zPt n _
a@) = o [y e RSB0,y 0y U(O)IP.S)
1 _ iy azpt n —
M) = 5 [y I RSB0, 0,07 U O)IPS)
1 - + _ ~
Bge) = o [ eI PG 0, 00)GE )| )

with light-cone coordinates and QCD field-strength tensor G (A1 = 0 gauge)

y=@ y Ly, yt=0"+y)/V2, oy =0 —y)/V2 yL = (0", 0Y)

o a a abc pb pc
GS, = 0 AL — B, AL + [P AL AT
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Structure functions in QCD

naive picture realistic picture

QCD indefinite number of relativistic
factorization,evolution quaI’kS and gluons

three non-relativistic quarks

Increasing Q?, one should see that each quark is surrounded by a cloud of partons.
The number of resolved partons that share the proton’s momentum increases with Q2.
If quarks were non-interacting, no further structure would be resolved increasing Q2.
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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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Perturbative corrections
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7.3 1 extra particle (/loop)

every 10 years
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Perturbative corrections

AN A A A

Protons may radiate gluons, that split into a quark-antiquark pair,
that may interact with the vector boson; Fr, # 0, gr. # 0

Quarks and antiquarks may radiate gluons
that give rise to collinear logarithmic corrections, e.g. at leading-log

2
asln ——
m2

associated to a soft collinear singularity due to the masslessness of quarks.
The factorisation theorem sets a separation between the hard and soft parts of the
process; the (arbitrary) scale where this separation occurs is the factorisation scale
2 2 2
oesan—2 :asan—2 —l—ozslnﬂ—2
m % m
2
One reasbsorbes the divergent term a; In # into the PDFs, which scale logarithmically.
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Breaking of the Bjorken scaling

UNPOLARISED

® S w0010
- {y =omesl = ZEUSNLO QCD Gt
K] ;- —— HLPDF 2000 B
£ - /00005
= Sp,t *=0.000632 * H191.00

. /; —0.0008

& H(prel) 99700
= LEUS 9697

BCDMS

A ’ 00m2
‘. ‘ 2 =0.006
: al =0.008
3 .
*=0013
A=0021
T e
e pameenm gty & 0
.
i A g e A 4 OE

e ey 0L
. W*
3025

7M“—r‘+r#—* =04

bt ey 80— a—a O

o
&
o : *=0.0021
.

1 1w 0 10 ln" 10
Q(GeV?)
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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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[ ]
0
W) = 0
Yt(ll‘]s) (N) = 2ny(N-+4N; 2N, -3)5)
T(N) = 26 (N2 —4N_—N, +3)$;
11 2
HW) = Gy (4N2-2N_ 2N, +N2+3)51 -5 ) +

Anomalous dimensions:

LO (1977)

—n

3

n

perturbative accuracy
NLO (1980)

[ ]

0l

W) = 4(,11,(?[»14711, )i — (N, 4\1,,)[?3, + 2:;] L(1-Ny) [8:. 7451]
—(N,—NJ[ES.+S:+2S1])

20 218
e (V) = 4Cung (5N 2 =N )5 — (N SN [281 4824255 — (N —No) b

48y, o
+4851 3

+510a] ) +4Cony (2N: ~ N[5 42511~ 252455~ (1-N.) [%35. 481 - %s;]

L(1-N) [z7sk+4s. LTS, 4:;] CO(N_ 44N, 72N,271}[s. .

TN —N‘][7S, - %53] L2N_£4N, —2N,;-3) [Sl L1 Sia—Sayt %51]) 37

TN) = 4C,Cr (20N 24N Ny +3)[Su =St - Si2 =S|+ (1-N) 281

— 1381, 775172&] +(NLy—2N_+Ny) [sl - 2325, ,} AN —N,)[;S; +351+51]
£ (Na—Ny) [4;5|+ i’s;]) —4C,1:[((N,2 AN AN [;su - 29051] —( Jm[m
_2s, ,D 74C,3((2N,z—4N,7N, +3) [ISM 723,_,_.] —(1-Ny) [sl a8+ ;xz
735‘] SN 7N,][§5|+ZSJ +zsw])

16, 23 14 o2
3 51— 5 (N + NS+ (N + NS + SN —N,}X:)

B 5 14
+4q—(2s,\ —3 S 25 - (N 2N 2N, +N,2+3)[4s, 2451 +4S) .]

WN) = 4Cyn (27
Tiz A\

8 109 61

43N =N 2)S—4(N_—3NL 4N +1)[3s375‘] (N NS SN
. 12 )

-NLSy) +4c‘,n/(§+i

_2(N- Jum) .

(N~ 13N =N = 5N, + 18)8, + (3N_ —5N, +2)$,

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)

[NPB 691 (2004) 129]

5 5 o s
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sy oo o 5 ) u s, m
PRSI I P e s s ] 1 no[ B g o, By s s a6 e 35 s
N 2% 61 s,
N NI L e S D 20 DS 2 S A S 5 S5 5681
e
106 5 , A
0o, ENPR A
E —45 5 105 — 7S5 N_+N. -2) 35 3S "S ¢ T * 175 7, ‘S 385,55 +75; 2z, WS 5;
SRSy 08— *F‘ 2B sG] ) 166 (N ban. N n{—m T5ia ST 165 S
o g B w7 T
. = P 2 =S+ 25 4 a0 —38s| +(1-Ny)| 1= -5 ik JRNE]
+(N ‘m[ m et s s S tsin-sia-sins 2] s+ 50 180 =38 40N 1750 - 505 - T+ s,

s 4285
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Anomalous dimensions: perturbative accuracy

n P 109
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Anomalous Dimensions: Scale Dependence at LO

5 T T

qu

J O

|
o 1 2
N

4

J U

1

|
2
¥

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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o

o

Theoretical constraints

Momentum sum rule (momentum conservation)
1 "
e |3 (a0 + fa(w.@%) + @ Q%) | =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
=11 f=13

Positivity of cross sections [ ]

— PDFs should be positive-definite at LO

— beyond LO, PDFs ought not be positive, however they are positive for Q2 large
Integrability of non-singlet PDFs

— follows from operator product expansion
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Unpolarised 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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What about the polarised case?
@ Coefficient functions

DIS (up to NNLO)
SIDIS (up to NNLO)

[
[

ACrs(y, as) ZaSAC’(k) [ ]
[
[

pp (up to (N)NLO)

@ Splitting functions

Lo [ ]
k1 k
APji(z,a5) = ZCLS+ APJ.(i)(z) NLO | 1
k=0 NNLO [ ]
2
©  _ po _ 1+ 3 (0) ©) _ pO
Pns,qq = Ps,qq = 2CF {(1 SH +§5<1*I> APNS,qq = AP5 9¢ = PNS,qq
PO = oty [z +(1-2) } AP =2Tp(2 — o)
14 (1—
PO — 20y [Jr( ) } AP = Cp2— )
PO — 40, 1o L e —a) APO® oo, |1 L0
99 -2y 99 a-oy
1104 — 4n ;T 1104 — 4n T,
+5(1—x)%"f’* +5(1_x)%"ffi
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Theoretical constraints
Spin sum rule (Jaffe and Manohar | )]

1 mf
[ [Z (Afa(@, Q) + Afa(@, Q%) + Afo(a, QQ)] T L(Q) +Ly(@) =

q=1
B decays of the octet baryon, assuming SU(2) and SU(3) symmetry

1 1
/ dzATs(z, Q%) = as = 1.2756 & 0.0013 / dzATs(z, Q%) = as = 0.585 £ 0.025
0 0

Isospin symmetry of the strong interaction

Afl=Af1  Afg=AfF

Positivity of cross sections
— at LO, polarised PDFs are bound by unpolarised PDFs
Af(z, Q)| < f(z,Q?) which follows from lg1(z, Q%) < Fy(x,Q?)

— beyond LO, other relations hold, but are of limited effect | 1
Polarised PDFs ought to be integrable (nucleon axial matrix elements are finite

(P, S|¥;v*W;|P, S) — finite for each parton i
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Polarised PDFs: Qualitative features

NNPDFpol2.0 NNLO Q= 1.0 GeV

NNPDFpol2.0 NNLO Q= 100.0 GeV

0.5
(4 Ag
0.4 i€ Auy 0.4
Ad,
037 o e 0.3
024 %Al 021
‘A Ad
014 77 Ac 0.14
0.0 0.0
—0.11 ~0.11
-0.2 " ! | | —02 ! } ! |
10-3 10-2 107! 100 10-3 10-2 107! 100

X

Polarised PDFs can be negative, as they are defined as spin differences

The small-x behaviour of polarised PDFs is suppressed by parton evolution

The valence peak moves towards large = as @) increases, as for unpolarised PDFs

PDF depletion at large = and Q? follows from sign change of anomalous dimensions
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1.2 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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fraction of ATLAS & CMS papers that cite them

LHC, QCD and unpolarised 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

0.8
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0.2t
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fraction of ATLAS & CMS papers that cite them

LHC, QCD and unpolarised 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'= .,

[
Jets R=0.4
Dijets R=0.4

tichan  (tol.)
tichan (tol)

WW  (tot)
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2Zjj e
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_ Data
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]
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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:
ttH (N1LO) 0.51 pb ’ S
0 5 10 5 20 R
1.00
Channel | my+ —my- | Stat. Muon Elec. Recoil Bckg. QCD EW | PDF | Total
[MeV] | Unc. Unc. Unc. Unc. Unc. Une. Unc. |Unc.| Unc. 0.80
W ev 297 [175 00 49 09 54 05 00 |24.1 307 Hp=pRp=m
W o v -28.6 163 117 00 11 50 04 00 |260] 332 0.60 L

L n "

- 1000 1500 2000 2500 3000 3500
Combined | -202 | 128 33 41 10 45 04 00 [239) 280 o
mg =mz=m |GeV]|

[ ] [ 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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And polarised PDFs?

How is the spin of the proton distributed across the spin of partons?

noW [ “DSSV-like”

1o B 0.08; WJAM

05
= — 0.04
> 00 ==
< —— NNPDFPoL2.0 NLO no MHOU

—05 —— NNPDFPoL2.0 NNLO no MHOU 0
o ~—— NNPDFPoL2.0 NLO MHOU
q-10 Q=10GeV NNPDFPoL2.0 NNLO MHOU
_ = = JaM
0.08 z(An—Ad) NNPDFpol1 1
I DSsVos
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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)
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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 unpolarised 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 ~
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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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1.4 Summary of Lecture 1

Emanuele R. Nocera (UNITO) DIS and Collinear Physics



Summary of Lecture 1

@ Deep Inelastic Scattering has been, is, and will be a crucial laboratory of QCD
— hadronic structure encoded in unpolarised and polarised PDFs
— PDFs are related to physical observales via factorisation and evolution
— (critically different) qualitative PDF features are driven by this theoretical framework

@ PDFs are a limiting factor for precision and discovery
— unpolarised PDFs: SM and BSM physics at the LHC
— polarised PDFs: contribution of partons’ spin to the proton spin

© 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: uw and d
— fixed-target CC DIS: s and §
— HERA NC and CC DIS: u, 4, 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
— only a small fraction of the above is available for polarised PDFs

Lecture 2: Data, theoretical, and methodological accuracy in PDF determination J
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