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P Outline @‘

. . .. Many details are
1) Motivation — Need for Precision PDFs. schematic given time!

2) Introduction — PDFs, evolution and Factorisation.
Much you may already

know, particularly in

3) PDF Current Status and comparison ) :
introduction.

4) PDF constraints — Datasets — Fixed Target, DIS Structure Functions, neutrino
scattering, DY, Jets, Top, ZpT.

5) PDF methodology and Uncertainties

6) PDF Theory state of the art - QED improved PDFs, theory uncertainties, aN3LO

7) Strong coupling, top mass Far from exhaustive, chosen
my favourite examples,

obviously often used MSHT
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P References @‘

Many good references of varying levels of complication, several of which (and
others) used in compiling this talk — thanks to the authors!

1) Black book of QCD — Campbell, Huston, Krauss Far from exhaustive!
2) QCD and Collider Physics (“Pink book??) — Ellis, Stirling, Webber
3) Modern Particle Physics - Thomson. Material, plots, slides

taken from my own work
+ these refs + talk by
5) Handbook of Perturbative QCD — Sterman et al Lucian Harland-Lang

6) Various review articles — e.g. Gao et al 1709.04922, Ridolfi, Dissertori et al,
Kovarik et al 1905.06957, Forte and Watt (1301.6754), Accardi et al (1603.08906)

7) Many talks available online — CTEQ school, GGI lectures, etc (several used in
compiling this talk!) and those by Thorne, Harland-Lang, Diehl, Guzzi, Salam,
Martin, Nadolsky, Forte, Stump, Melnitchouk, Guffanti, Rojo, Ubiali and more!

4) Review of Particle Physics (Sections 9, 15, 18 and others)
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1. Motivation
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P Motivation — PDFs @‘

e Large Hadron Collider (LHC) is a proton-proton (pp) collider — Almost all results,
analyses, data, theory predictions etc depend on proton content.

e Parton Distribution Functions (PDFs) are a crucial input and key output of collider
physics. Encode non-perturbative content of the proton.

« <«PDFs”, represent probability of finding a parton of type i carrying momentum
fraction x of the proton. Interpretation complicates at higher orders in QCD.
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PP Motivation — PDFs ©

 Key input to very many calculations/measurements at colliders - Need both
accuracy and precision. Moreover, often a dominant contribution to uncertainty.

1) Precision Standard Model (SM) Measurements — Often SpDF ~ 3 0tot

CMS

ATLAS og determination

- a o i WG i !
— — y y ectroweak fit et
ﬂTOT = 0 .OU Dg = ﬂPDF = 0.00{]5 CMS M W PRD 110 [2024) 030001 1= BO3SE £ B
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e jois and shapes s 0.1171 + 0.0081 ELO by, i | E2¥len = 00002 i 4
Elactrownalk fit s 0. 1208 + 0.0028 COF 1.86TeV H 0.23221 = 000045 ﬂTDT - 3 1 x 1 0
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ATLAS Z pl B TeV - 0. 1183 + 00008 LHCH T+&8 Tel = _' 0.23942 = 0,004 08
1 1 1 1 I~ : = =
0415 3.120 0925 430 TME B Tey | —0—: _-O.EJICH_I].I}G%'J
:"_.EmZJ CMS 13 TeW 3. E - i i 0.ZX157 = 000031
o229 023 oz g IIQ.BJE o233 .23
ATLAS collaboration, arXiv: 2309.12986 ST Ho

CMS collaboration, arXiv: 2408.07622
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PP Motivation — PDFs @‘

 Key input to very many calculations/measurements at colliders - Need both
accuracy and precision. Moreover, often a dominant contribution to uncertainty.

2) Higgs Measurements:

- PDF and related uncertainties (¢ PDF-TH from NNLO — N3LO mismatch)
dominant in ggF Higgs production. Also large in other production mechanisms.

LHC Higgs
XSWG 2019 PDF4LHC21 (2203.05506)
2\ | Cepedaetal Crakometal ? Higgs

: (1902.00134)  (2105.04436)

,: Mo,

] 1 [

1 i -..n ggF (N3LO) I . W POF 48.6 pb 0.405}
S(PDF+ay) b { + HLOEW s r

] s

10}

I \
o — g
S = A0NE \W
] 377 b < 0.400; . )
£ e, ooy ] | (W M 5 \ /
LSy -\._:c': - + HLOEW i 0.3951 a OTI® y
ety i o@l3Te [ o MSHT20
E' 5 | D | 5 20 ﬂ,BQU: A NNPDF3,I'
% theo. uncertain b © PDFALHC15
[ & PDF4LHC21
0.385¢ : s i ‘ ‘ ‘
DH - ] - 51.0 51.5 52.0 52.5 53.0 53.5
Bonetti et al  Collider Energy / Tev Bonciani et al en o PDF ™ ":} 0 tot oy [ph]

(1801.10403) (2010.09451);
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’ Motivation — PDFs

@

 Key input to very many calculations/measurements at colliders - Need both

accuracy and precision. Moreover, often a dominant contribution to uncertainty.

3) Beyond Standard Model (BSM) Searches:

- Either look in high-energy tails of distributions — requires large x PDFs.

- Or look for small deviations from SM — requires precision PDFs.

il —— MSHT20 NNLO %107 DY @ 14 TeV with m,z > 5000 GeV
008l — CT18NNLO 6] ‘ ‘ ‘ ‘ =0
"7| —— NNPDF4.0 NNLO NNPDF 1.5
= 47
006 Q = 5000 GeV 7 = - 2209.08115 101
= 527 1
“ 0.04F — P
ok e | 2 0.0
0.02 “=== uit e NNPDF4.0 CTI8 MSHT20 i
- dd +s5+ bb ABMP16 —0.5
T e - 50F 7 : : ; T "
0-00)=5 107 107 102 0" 100 & 101 smpors
€T // = 25¢ — — ] _1.54 —— SM cons. PDFs
. . . . 2 — —_ =
If looking in high energy tails for new BSM effects,  § ©f — o ]
PDFs limit sensitivity 5 %) % | (220
- (left) dijet searches gluon PDF uncertainty large B reS PDF + SMEFT combined fit —
- (centre) DY AFB PDF uncertainty grows. Ubiali et al (2104.02723)
h . . e
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PP Motivation — PDFs @‘

Key input to very many calculations/measurements at colliders = Need both
accuracy and precision. Moreover, often a dominant contribution to uncertainty.

1) Precision Standard Model (SM) Measurements: M, sin2®W ,a.(M>), etc.

2) Higges Measurements

3) Beyond Standard Model (BSM) Searches: High energy, SMEFT, etc

Do |
CDF I
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L3
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Dol
ATLAS

CDF I

SM LHC @ 13 TeV — &(PDF)
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PP-e'e” +X
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+ —
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W boson mass (MeV/c?) Collider Energy / TeV T~ _ B Q[GeV]
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2. Introduction
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Py Introduction — PDF Factorisation & Q

& %(j' ’f/‘AFf)

¢ Consider dominant mode of Higgs production at LHC:
perturbative

o(pp = h+X) ~o(gg — h) @ g(x1,Q%) @ g(x2,Q%) , calculable
PRENA -~ A coefficient function
‘ CF (@, (@)
3’ e Hadron-level cross section given in terms of: _
Schematic! See
—-__@\"_-::: O'((](] — h) . parton-level cross section. ag(my) < 1 = per‘turbative references _for
Y =5 Comin o more detail!
G (x - 'f-\ expanSIOH 1n S -
g / o(g99 = h) = as(mn)?(o0 + as(mp)or + - - nonperturbative

incalculable
parton distribution

fi(z, Q% as(Q%))

g(x,Q?%) : PDF for gluon ~ probability for finding gluon with momentum fraction X at
energy scale ().

* Parton-level cross section can be predicted with high precision, while PDFs (currently) cannot -

need other way to determine!

* As strong coupling grows at low energies, PDFs are fundamentally non-perturbative, we cannot currently
compute them (though progress in lattice QCD).
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Py Introduction — PDF evolution @ Q

What do the PDFs look like? o / =
bound quarks + RCD e'(:chts

free quarks bound quarks

g ﬁm T /X L

So QCD splittings affect PDFs — transfer momentum between partons. /

* Described by Splitting functions: ~————wp _3 [1 t+x } 4 [ 1+ 2 ] + 2501 — )
31 (1 —ux) (1—x)s
e Connect partons at different x and (1= 2y
. . P,y = % [:1: + (1 — :1:)2} . Pyy = % [—] ;
Q2?, via DGLAP equations: ‘ T
11— ‘ ‘ T E _ny _
ng—b{itﬁ—m(l—m)ﬁ—(1_3:)+]+[2 3]5(1 x),

DGLAP equations for PDF evolution:

) -s2L (28 B

f J (& 1) Can also obtain by requiring
fo(z, 1) J

f ( g N) independence of structure functions
e of unphysical scale p.
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Py Introduction — PDF evolution © Q

Given gluon splitting generates quark-antiquark pair (¢“singlet®?), only this couples
to the gluon and other valence and “non-singlet”” quantities drop out:

Schematic! See
4 references for

g(m, % ) : more detail!

- - Slnglet QS) it ( qu qu ) ® ( qS )
as(2,Q%) = > _ [ai(2, Q) + (=, Q*)] 3 dlog Q? ( g Pyq  Pog g

Ni?l'lf
(@ Q) =} [0@.Q") - a.@%)] 7| 3

i=1 = e dq;; Bt dev Bdatin

on-Single 5 = PL®gq;; 5 = Py

0 (2,Q%) = (@ = &) — (g £ ) J dlog Q dlog Q

But, this is just the LO splittings, can expand as power series in strong coupling:

as(4?) H(0) as(1?)* ) as(1?)” pe)
So whilst the form of the PDFs is non-perturbative their evolution between

different (x,Q2?) is perturbative (for strong coupling in perturbative regime).
12*" July 2026
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' Introduction — PDF evolution

0 N

* Gets much more complicated at higher
orders... :

NLO (2-loop): (Curci, Furmanski,
Petronzio €80):

as(p?)

(1)
4 P (X)

Pi(x) = S PO 4

1) 20 1 ,[8 56
PLi(x) = 4CF”r(?;*2+6X*4H0 +x [EHO* ?] +(1+X)[5H0*2Ho‘o])

) 20 1 218
Py (x) = 4Cyny e 24 25x — 2pqe (—x)H_1 0 — 2pqg(x)Hy + 52 3 Hg - —

9

+4(1 —_ X) |:Hg‘0 — 2Hy +XH1] — 4¢ox — 6Hg g + QHQ) +4 CF f(2pqg(x) {Hl o +Hii+ Hp

5 29 15
_gg] + 4’ {Hg +Hyp+ E] +2(1— x)[HU +Hy g — 2xH; + 4] — = —Hgg - —Hg)

2

I 1 11 58 44
qu(x) = 4CACF ;+2pgq(x) HLD+H1’1+H2_FH1 — X EHU_? +4C2—2

37 2
—THg + 2Hgp — 2Hyx + (1 + x) |:2H0!0 — 5Hp + ?] — 2pgq(—x)H,1‘g) — 4 Cpng (EX

10

_pgq(x)[ Hy = ]) +4CF2(pgq(x) [3H1 — 2H1:1] +(14x) [HM — ; + an] — 3Hg g

3
+1 — EHD + 2H1x)

&) 10 13 /1
ng (x) = 4Cyny (1 —x — ?pgg(x) - — (—

2 2 2 2
—x7 ) — =(1+x)Hg — —5(1 x) ) +4C,7 (27
9 \x 3

67 /1 2
——( —x)—lZHg
9 \x

44 67
—?XQHU + Zpgg(x){— — ¢ +Hpo+2Hy g+ 2H2] +6(1— x){ + 3¢3D +4Ceny (2H0

11 27
+(1 +X)[?Ho +8Hg,o — ?] + 2pgg(—x) [Ho.o 2H_j19 — Cz]

21 10
+22 4 T« —12+(1+x)[4 5 — 2Hgg] - —5(1 x)) :
3x 3 2
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PP ntroduction — PDFE evolution © Q

* Gets much more complicated at higher Much recent progress on
orders... : N3LO (4-loop) — see
aN3LO PDFs later and
NNLO (3-loop): (Moch, Vermaseren, references!

Vogt <04):

(x) + M2p_(2)(x)

2
as(p?) " ) _
47 /

Oés(#z) (0)
47 P’j (x) + 4

Pij(x) =
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PP ntroduction — PDFE evolution ©

« How does DGLAP affect PDFs?

- P, P, diverge at small x,
means PDFs evolve to lower x
with increasing Q2.

 Can visualise this with LO
example, take just quarks:

Proton structure

depends on scale

(“resolution”’) it’s
probed at!

AQ?

xq(x,Q%), xg(x,Q%) xq(x,Q%), xg(x,Q?%) 3 xq(x.Q%), xg(x,Q%)
3 T 3 ; ‘
xg(x,Qz) e xg(x,Qz) . xg(x,Qz)
o5 L Xq + xgbar 25 | xq + xgbar 25 | Xq + xgbar
2 b 2 2 2 b 2 2 2r Q% = 90.0 GeV? ]
Q° =12.0 GeV EVOLVE! Q° =27.0 GeV
EVOLVE!
15 | {1 ——— P15} 1 )
10 . 1t 1 1§
1
05 B 05 | 4 0.5
Plots from G. Salam o i ‘
0 X ‘
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1
X X x
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P Introduction — PDF Key Properties (@ Q

* Key facts:

e PDFs satisfy (DGLAP)
evolution. Predicts PDFs at
higher scale from PDFs at

lower scale.

* QCD factorization: perturbative
physics separated from universal

non-perturbative PDFs

ol wan
=P

dglx, 1) ) i
r————= = Py ® q(z, 1) + Pyg ® g, 1)

op
dg(x, p)
op

F@,0]) = f@.Q})

= Pyq @ g, 1) + Pyg @ g(, 1)

= <SS o

Schematic! See
references for
more detail!

Factorization = fP15(z, Q%) = {fColider (1, %)} <= Dreil Yan, Jets, Higgs...

* Foundation of global PDF fits: use wide range of data at different scales and from different

processes to extract PDFs.

PDFs are universal!
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P Introduction — PDF Fitting 0

 PDF Universality + known evolution = Determine PDFs by fitting to data.

e How does this work?

Data = PDF ® o, but this is non-trivial inverse problem. No
P "4 . § unique answer. Many ingredients enter!
measure fit predict

[ e low el PDFS] fi(z, Qo) : Apx (1 — x)P7 « —> 2.6, CT, MSHT...

at low scale Qg

i=1
1 \ NNi(z) NNPDF

(Select data & theorﬂ Perturbative QCD for .
parton-level theory
l Ny | Ny 2 N
] Minimise x*(a) 1) = ) 5 [Dﬂ' il Zﬁmda} +> a2,
a=1 a=1

[ Perform fit
l DGLAP: f(T« Q()) — f(T- ;ud‘c\l.a.)

=1 Sk

[ Output PDFs J flx,pu) &= Az, p)
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3. Current PDF
Landscape
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PP Global PDF Fitting 0 N

2) Experiment 1) Methodology
- Latest experimental data Parameterise at low scale

- Fixed target, collider ﬁ DGLAP, flavour schemes, ...

DIS, Tevatron, LHC, etc \\ / - Minimisation of x>
- EW boson, jfftS, tOP; (Global PDE fit) - Uncertainty prescription
- Large range in x, Q

1.9 MSHT20NNLO, Q% =10GeV?

I~ State of the - Most precise theoretical
Art PDFs |

g/10

e e 1 3) Theory
| 3

calculations available — usually

grids + k-factors

- NNLO QCD + NLO EW standard
] s i gl N - Approximate N3LO + theory

e e s e yncertainties available

0.8

0 (GeV)

04|
HERA =%
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'Several Global PDF Fitting Groups @‘

Several different PDF analysis groups — ABM, ATLASPDF, CJ, CT, HERAPDF, JAM,
MSHT, NNPDF and others. Not covered all here, naturally more MSHT examples.

! HERA Tevatron i LHCRun1 @30fb1) : LHC Run 2 (150 fb-1) ! Run 3 + HL-LHC DefaUIt
: : : E now
1991} 1994 2002 2004 2008 2009 2010 i 2012 2013 2014 & 2015 2017 2020 2021
CTEiQ1 CTEQ6 CTEQ6.6 cTi0 |: ‘ cT10 | E CT14 cT18 : Q CD +
MRS MRSTO02 || MRSTO4 " MSTWO8 : MMHT13 MSHT20 5 NLO EW
' . and latest
NNPDF1.0 | | NN2.1 [| NN2.3 NN3.0 NN3.1 NNPDF4.0 LHC and
, : other data
ABKMO9 | ABM11 | ABM12 ABMP16 :
Color Codes: ; : : Image Credit:
: : Jun Gao + PDF4LHC21
NNLO 788TeV data 13 ToV data , Collider only g-lEFIAZ.U ATLASpdf21 Comblnatlon Of
MSHT20, CT18,
NNPDF3.1

(2203.05506)

» Different focuses, methodologies, uncertainty prescriptions — beneficial!

12" July 2026 Thomas Cridge - Precision PDF's 21/87



’ PDF Comparison

 Compare several of these at the level of the PDFs and uncertainties:

1.20

1.20

115 s Q@ = 100 GeV Laf Snowmass .
1.1 1.1
. 0 (2203.13923) /|
< 1.05 % 1.05
g = —
= 1.00 LY 1.00 = =
~ ~
= 0.95 —— NNPDF4.0 L3 0.95
—— CT18
0.90 - BITE6 0.90
0.85 M ABMP16 e 0.85
—— ATLASpdi21
| Liiiin T W AT Lol
08 107 102 1072 10" 0-80p=
0.10 0.10
—— NNPDF4.0 @ = 100 GeV
0.08 — CT18 ]
' —— MSHT20
. —— ABMP16
8@ 0.06 —— ATLASpdf21 N
e
2 0.04 _
0.02 |
| 1l sl il LLIIT Tl PRI
0.0 o T e e 0.00)% e e = = 0.0 L e
x i T
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' PDF Comparison

 Compare several of these at the level of the PDFs and uncertainties:

1.20 7 1.20
115 s @ = 100 GeV Laf Snowmass .
1.10 1.10
(2203.13923)
& 1.05 % 1.05
e £ ——
= 1.00 L3 1.00 =
= 0.95 L3 0.95
0.90 0.90
0.85 A .ABMP16 N 0.85
—— ATLASpdf21 l
Ll Lol Lol 11 h N vl ol ol Ll L1
08 103 102 10" N e 107 1073 102 I 10"
0.10 N 0.10
—— NNPDF4.0 AN
—— CTi8 N
0.08 — 0.08
—— MSHT20
. —— ABMP16 =
8@ 0:06 —— ATLASpdf21 15 %
= e
=’ 0.04 1 K oos
0.02 — 0.02
Ll Ll ol Ll L Ll L sl L 1L ST Tl M
0.00) o T e e 0.00)% e e Sl e 0.0 L e .H.l.(.)ui] £ 5

xTr

N s L
* General agreement over data range (104 < x < 10-") within uncertainties.
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' PDF Comparison

 Compare several of these at the level of the PDFs and uncertainties:
g - Q =100 GeV 14 Snowmass
= (2203.13923)
é/ 1.00 ~ r,qg 1.00 —
éoss 5090
0.90 gl 0.90
0.10 * 0.10
—— NNPDF4.0 1
0.08 - P SO ¥ 0.08
— MSHT20
. —— ABMP16 o
8@ 0:06 —— ATLASpdf21 _'.%q 0.06
5004 —2.5004
= T s TEEES = =
X ‘ X ¢' €T
 General agreement over data range (10 4-< x < 10-) within uncertainties.
» Differences exist (high x gluon strangeness, ).
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' PDF Comparison

 Compare several of these at the level of the PDFs and uncertainties:

1.20 1.20

115 15| Q@ = 100 GeV LaF Snowmass 1

1.10 1.10

(2203.13923)
o 105 | % 1.05
/ — = —

& 100 — — LI 1.00 ===
T g e
= 095 Ly 0.95

0.90 0.90

0.85 - —/BMP1S = 0.85

—— ATLASpdi21
Lo h vl Lo Ll Lol Lo ol ol [ EE e | Lol Lo
08y 107 107 102 1077 0 & 107 1077 1072 1077
0.10 0.10
= g_rlx_lrsom.o @ = 100 GeV
0.08 - 0.08
—— MSHT20

. —— ABMP16 = _
8@ 0.06 —— ATLASpdf21 15 o8 + S 02
g a +\ 0.20

0.04 g 0.04
S

= 3
0.02 - 0.02
0.0l SO R V¥ S Y M 11 R 00{17 SRS Y Vv M= S = 0 — T o
0 10 10 10 10 0 - A0 10 107 10 0= 01 100 102 101

.
xr v

] ‘ x . .
* General agreement over data range (10%<-x. <.10") within uncertainties.

* Differences exist (high x gluon, strangeness, uncerféihty sizes).
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' Parton luminosities and Xsecs

Compare several of these at luminosity and cross-section level:

©,

)
1.3y T T T T T ¥ T T W) - . NE— M
(T T NNPDFLO ' L3 T NNPDFLO iy
N —CT18 W\ —CT18
128 A —MSHT20 1.2F —MSHT20
S \\ —ABMPIG SN —ABMPIG
B 1.1 . \\_ATLASDdtZl $o L1F . —ATLASpdf21
=5 N ) '
% 5 e =
< 1.0 — = g 1.0
0.9r 0.9
V5 =14 TeV Vs =14 TeV
048""| M | 1 1l | Ll |
10! 102 10° e 02 pe
my [GeV] my [GeV]
='CT18 LHC 14 TeV, 2
92001 o MSHT20 1100F o
2 NNPDF3.1
9000f = ABMP16 .
2 ATLASpdf21 1050
8800 ¢ PDF4LHC15
= % PDFALHC21 = 1000f
- 8600F ® NNPDF4.0 ? o S[TS%{ST%)
= F <M 1
5 ascol 950 2 NNPDF3.1
> ABMP16
s 900F 2 ATLASpdf21
2
8200 ©+ PDF4LHC15
000l LHC 14 TV, 20 850 * PDEALHC2].
: . ‘ . ‘ . ‘ ‘ ‘ ‘ ‘ SHNNEDE4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb] o [pb]

Snowmass (2203.13923)

Useful way to view PDFs
is in terms of PDF

luminosity:
1

022/

i Xmin

dxadxo fi(x1, 1) fi (o, 12)65(xa p1, Xap2, @, piE)

/
/

Y ds ‘ R R Y
o= Z f ) _§-£ab(5, 7 86 ap(8, M*, iz 17
ab=qqs VM \

. 1 (14 5 5
Lot pup) = = f ; ?xﬁz('r/sx,p;)fb(x,p;)

s

Bottom plots show cross-sections (central
value and uncertainty for different PDF
sets) and their correlations
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PP Parton luminosities and Xsecs ©

« Compare several of these at luminosity and cross-section level:

N AT | =Sz — * General agreement over
—CT18 A\ _ OTiE
12f N\ —MSHT20 12b W\ S / 1 . . . .
S\ —ABMPI6 A T MeHTZ0 =" lntermedlate invariant masses (10
O\ AN ABMPI6 -~
F L1 . —ATLASpdf21 IR R AN, - 3
= = > e N GeV< M < 10° GeV).
< 10 = — = I — X
B ‘ S T - A . y .
09} | ~ N oo e Xsecs show 20 error ellipses,
Vs =14 TV Vs =14 TeV
08""' L Lol L T | MR\ | L / L ) L \ .‘ 1 o ) . . abl
10" 102 10° BESS i = 8 correlations 1n cross-sections visible.
my [GeV] mx [GeV]
9200} & MSHIT20 1100pHC 1 TV 20
9000F o ABMP1G
& ATLASpdf21 1050¢
8800F ¢ PDFALHC15
= # PDFALHC21 = 1000F
= 8600F ® NNPDF4.0 - o CT18
L 5 g ©MSHT20 |
® sa00f 250 & NNPDF3.1
900F = ﬁgig)sl ]
82001 + PDFALHC1S
8000F LHC 14 TeV, 20 8501 #* PDF4LHC21 |
: ‘ . ‘ . ‘ . ‘ ‘ ‘ ‘ ‘ = NNPDF4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb] ou [ph)

Snowmass (2203.13923)
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PP Parton luminosities and Xsecs ©

« Compare several of these at luminosity and cross-section level:

W T NNPDFLO ' L3 T NNPDFLO iy o General agreement over
N —CT18 \ :\ﬂ —CT18
12f N\ —MSHT20 1.2F N\ — M / . . . . .
U N D intermediate invariant masses (10
Te LN D\ —ATLASpdf21 | o 11PN\ —ATLASpdfL ] 3
A A e — GeV< M < 10° GeV).
g 10 ——— . S —_ = X
- B o ‘ > SR A N ' .
09 | | P * Xsecs show 20 error ellipses,
Vs =14 TeV \! V5= 14TV €
0 e e pa L B al e easnil _ _-correlations in cross-sections visible.
my [GeV] my [GéV] - - P 7
— -— - > /
o CT )
9200} 5 MSHT20 1 1100 nglﬂbW 2%
- NNPDF3. —
9000 © ABMP12 ' 4’ - 1050k
2 ATLASpdf21
88001 ¢ PDF4LHC15 1
= %= PDF4LHC21 =" 1000F
. 8600F * NNPDF4.0 = = CT18
= S s © MSHT20 ]
° 84001 S & NNPDF3.1
900 . ﬁgigjslﬁdf?l
i 2 1
8200¢ + PDFALHC1S
8000+ LHC 14 TeV, 20 8501 #* PDF4LHC21
. ‘ . ‘ . ‘ . ‘ ‘ ‘ ‘ ‘ © NNPDF4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62

o [pb

Snowmass (2203.13923)
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©,

’ Parton luminosities and Xsecs

« Compare several of these at luminosity and cross-section level:

1.3 T

T RKPDEL e e General agreement over

L\ —CT18 “\i\ —CT18 . . . .
i e i / intermediate invariant masses (10
:“\f L1 \:ATLASPdf?l ] 2\3 Lif *‘\\.—ATVIAg_r;.);lfi?il/// — 1 GeV < MX < 1 03 G eV)
J 10 ——— - F 10 p—— 1
09} fﬂmf sk /] . » Xsecs show 20 error ellipses,
| ...\67 .0‘ ¢ vl / 5= M o o . o .
08 o 7 gl i - correlations in cross-sections visible.
my [GeV] my [GeV]
R » Differences exist in size of
92007::1\%’15“?’1“20 11007LHC e TR e . o
o SRR | uncertainties, largely reflect
= " rraica: = 0 experimental and methodological
L 8600 : & o505 ¥ A ©MSHT20 ] o
e SNNEDENL differences.
8200F 900 . * ATLASpdf21 ]
8000f LHC 14 TeV, 20 850 :gggiiggéi H
: ‘ ) ‘ ) ‘ ) ‘ ‘ ‘ ‘ ‘ fNNPDl:"4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb] o [pb]

Snowmass (2203.13923)
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’ Parton luminosities and Xsecs

©,

Compare several of these at luminosity and cross-section level:

)
1.3 — T T T T
L _NNPDFL0 ' ]
L —CTI8
L25 N\ —MSHT20
. —ABMPI6 /]
T L1 "\ —ATLASpdf21 y
Sy . se  pe //
& e
= - — B
910 - e = <
0.9r
} Vs =14 TevV
O‘SIIIII s | L Hl,
10! 102 103
my [GeV]
= CT18
9200 o MSHT20
& NNPDF3.1
9000[ < ABMP16
2 ATLASpdf21
8800F ¢ PDFALHC15
= %= PDF4LHC21
. 8600F * NNPDF4.0
5
8400
8200
8000 LHC 14 TeV, 20
760 780 800 820 840 860 880
oz [pb]

‘CH‘I/[W(;/;‘)

1.3p

1100

10501

1

o [pb]

000[

9501

900[

850

T

" NNPDFhO
—CT18
—MSHT20

N\ —ABMP16
> N ATLASpdf21

\
\
N\
P D\

FLHC 14 TeV, 20

= CT18
o MSHT20 |
2 NNPDF3.1

> ABMP16

2 ATLASpdf21
<+ PDF4LHC15

-
+ -
-

=

#* PDF4LHC21
= NNPDF4.0

50

56 58

ou [pb)

Snowmass (2203.13923)

60 62

General agreement over
intermediate invariant masses
GeV < M < 10° GeV).

(10

Xsecs show 20 error ellipses,
correlations in cross-sections visible.

Differences exist in size of
uncertainties, largely reflect
experimental and methodological
differences.

Nonetheless we have the most
precise and accurate PDFs yet.
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P ODFALHC21 Benchmarking ©,

* Observe differences in central values and uncertainties between groups — is it down
to data included, methodology applied, theory settings or other differences?
 Take “Reduced Fit>”> PDFs, using common data and “same”” theory (where possible):

A= HT20red ‘J,I LOSE Q) = 100 GeV || : ¥ 1ol il |
_ L2H =1 NNPDF3.1red S I —12r G . d.f
E =~ CTiéred -! = [ o> [ + = oo Lp g i
= L1F ' AN At L1 PR B IR - gl 3
y e S 1 I~ e . e e N e Y
S el A S R e ] e = P ol
0.9F 9 ';'| 0.985 % 0.9F ' 0.8 ] N.B. Smallest
T Y R T I K 0.068 il et v sl 0 T RO R RS 0 v il el el i .
107 1071 1077 1072 107! W0 T I T 0 v st n=E a2 s T = = Uncertainty
0.20 e I'IMSHT.?IO dl 0.10 O =100 G 030 e AU | not necessarily
0150 NNPDRE3 red | | | 0.0SF 02 PDFALHC21 (TC -1 | most precise
— N - . ] ,Enl . E‘ 9 !
<, -~ CT18red T3 006, R 2108.09099 - and accurate
~— U0 1 ~— \ T 015 and 2203.05506 ) | -
= | L] 0.04F *% 010l i PDF.
[ ' o . .
= 005 ) = el Y | A 1
. T e [ gty o T - 7
0000 Lot L T T 0010 s+t it Sl 000 st it vt 0,00 sl S T TR
=10 10 102 1o =110 10 10— 0= 1w 10 10°? 10! 10 10710 1w 1w

« Common settings — consistent PDFs! Central values in agreement.
* Uncertainties still differ, reflecting underlying methodological differences.
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¥ PDF4ALHC21 ©

« PDF4LHC21 combination of MSHT20, CT18’, NNPDF3.1* global PDF sets.

1.10

L.10

:u 1.4} = MSHT20reps !
\ - NNPDF3.1reps !
105, soc L.05 19k~ CT18reps r:,'l'
= b3 +%3 ~—— PDF4LHC21-800reps Jl
= L00 H L] 100 ~oLn .
T
\ \ =
+
= P 2 y S 08
0.95¢ 1 0.95¢~" &
0.6 l
1 !

(] SRR EETIT I SN IT] R W W ETIT) B SR TT] M- L i R ETIT B R W T B AR B SR T A SRR B AT R R TN BRI B
0= 107 102 10T B I T B T A T T Y A0 1R R 9gE

(.10 (.10 T 0.4 |
Q@ = 100 GeV i — MSHT20reps i
0.08 1 008k 4 NNPDF3.1reps i
! 0.3F —— cT18reps b
006 4 =, 0.06F% - PDF4LHC21-800reps i
2 BN 0.2f -
Lg‘a 0.04 4 B 0.04P PDF4LHC?21
2 § .| (2203.05506) |
(.02 h 0.02 G
vl "”"I-_.' ENTTIT B RRTTY M AR T S T ETT| ERWRTUTY B R A AT | _|'|_|T|T|ii-.-| L L T R R TTY| M A AR THTT R A AR TT B W . |||.-|||-|--.|-"|'|‘F|-|.|‘|_|"T'| TT::;-H:.;_..l_l'llllul L
M= 0 102 10 S T B T B T A T =10 10 102 1070 =0T 10 102 1070

 Uncertainties reflect differences in central values as well as individual uncertainties.
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PP PDFALHC21 6) N

« PDF4LHC21 combination of MSHT20, CT18?, NNPDF3.1? global PDF sets.

 Provided in several forms — e.g. both Hessian and MC replica.

e Central values and uncertainties of all 3 PDFs reflected.

When to use? Use your judgment, but generic recommendations:

- Comparison between data and theory for SM measurements — recommend to use
individual global fit group PDFs (and several of them).

- Search for BSM phenomena or measurements of lower precision SM observables —

May use PDF4LHC21. See PDF4LHC21
, _ (2203.05506) for
- Theoretical computations - May use PDF4LHC21. more info!

 Key point = PDF4LHC21 is a useful extra PDF set and doesn’t preclude the use of
individual global fit PDFs.

— If large discrepancies observed, advise to use range of individual group PDF sets.
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P oDF Luminosity and Xsecs ©,

« How do PDFs compare with each other and PDF4LHC21 for total cross-sections:

4{}{"":’,';?;;2;{, 4ol LHC 14 TeV, 20 .
S0k o NNEDES 1 * PDF4LHC21 uncertainty
& ATLASpdi21 60¢
= 3800k P DFATHC2! e . encompasses central
' ___ [ ®NNPDF4.0 = .
£ 00 & B6[ T ;- o .-SH'TO{] ] ValueS Of CT18, MSHT20’
— el f‘:NNPDF?_L ]
; e camrs el NNPDF3.1 here.
3500 : . ] 521 | ad < PDFALHCLS 4
LHC 14 TeV, 2a > & PDFALHC21
— e s exeorw | e Some PDFs (ABMP,
4600 4800 S000 5200 750 200 250 900
el ) ATLASpdf21) can differ
SRR T S N IS notably, different settings
)

—

and input data.

1000F 0.42r

1050F / | 1 o044}
© MSHT20

Ty jph]
Ty []’h]

950F _ ] 0.40¢ © MSHT20
- =P aNNPDF3.1 | & NNPDF3.1

< ABMP16 ] 0.38} — : © ABMPLG
aoof ( 2 ATLASpdf21] . i;ggi;g{iil{l See PDF4LHC21

L. e ©+ PDFALHCL5 ] S 58 SALHC15 | .

& PDFALHC21 ] 0.36 4 # PDFALHC21 (220305506) for more info!
e __°NNPDF40 j e L v s g g SOEDELD Plots from 2203.13923

750 800 850 900 50 52 54 56 58 G0 62
oz [ph] g [phl
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4. PDF Data +
Constraints
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P Global PDF Fitting @‘

2) Methodology

- Parameterise at low scale

- DGLAP, flavour schemes, ...
- Minimisation of x>

- - Uncertainty prescription

1 i
3) Theor

- StQateofth e - Most precise theoretical
Art PDFs calculations available — usually
o X grids + k-factors
- NNLO QCD + NLO EW standard
0 <N\ - Efforts to extend to approximate
(2106.07653) == et N3LO + theory uncertainties

) Experiment
- Latest experimental data
- Fixed target, collider

DIS, Tevatron, LHC, etc
- EW boson, jets, top, ...
arge range in X,

zf(z,Q%)

0.8

Q* (GeV?)

<&
Tevatron.

04
HERA ..
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' PDF Constraints - What data?

e Must therefore constrain the PDFs
with fits to data: N Kinematic coverage m

v  Collider DIS a a
4 Fixed target Drell-Yan " er . s g

4 Collider Inclusive Jet Production
106 4 (or LH “A

° Huge amount Of data in global Eg::ﬁi:iﬁ:ﬁ;ﬁ:ﬁﬁﬁ?@:ﬁ& Tev on)

PDF fits — CT, MSHT, NNPDF. | % i

L Yl "™

ﬂf...- Oh«‘ a% d; ;:
B 0q g © “'4.: N . ’? “_;;f
° L8 0 8 0 040 408 43 9 A B G 4y gdav wa
Typlcally = 5000 datapOIDtS. % i ?v SR oomgq c’txo‘,ogod ha B s : v EIXED
103 4 $ 0 ST e e 8y e Qo;‘o?‘g"o %vo g i % g % i i TARGET
< < B o TR I L Y v L « ¥
vyYvvvhy ; v : z i ] ; v v
: : AT R DA B B B B O N A DY
L3
» Fixed target DIS, collider DIS, 1] Collider DIS Kt 2 R R SR
- A e R
Drell-Yan, jets, top from pp (or (HERA) et SR
yTvyvy L B4l L4 B

* FIXED
TARGET DIS

Y v h 4 v
107 - il viinee vh Fel ¥ ¥ 8 H

pp) colliders and more!. s pE v TR 2 1 ¥ g

ZEYYYY

107* 1073 1077 107! 10°

« Constrains central values and uncertainites. Figure adapted from

NNPDF3.1 (1706.00428)
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’ PDF Constraints - What data?

Global PDF fits: datasets .= PDF ® o},

Process Subprocess Partons X range
ip,n) = £+ X Yg— g 4.4, 8 3
ftnip— £+ X vdfu— dfu dfu -
pp =t + X wit, dd — y* g e Hl and ZEU‘S‘ —
Fixed Target  pnfpp = p'y= + X (ud)f(uit) — 3" dfii "o - :::ku: ::r.;:::;
VYN = p (i) + X Wog— g 4. 0.01 = o u il
yN—=uut+ X W's = ¢ K 0.01 = » ::::::‘f::l‘ LA
N =ty +X W*s = ¢ § 001 Sx502
etp—et+ X g — g &4 § 0.0001 = x = 0.1 o
etpa v X Whid, s} — {u,c} d s x 0,01 3
Collider DIS  ¢*p — ¢* ¢+ X ye— o v'g — el o8 1074 < x £ 0.01 e
etp et bb+ X y'h — b, y'g — bb b, g 1074 £ x £ 0.01 i
etp = jet+ X Y'8 = gq I 0.01 = x= 0.1 g
PP jet+ X £8.48.99 = 2 84 001 S x5 05
Tawation ph = (W= 5+ X ud — W' id — W o, i, d x 2 005 K
proton pE=(Z =)+ X un, dd — 2 u,d x = 005 o
The pp =i+ X g — 1 g x =z 0. " ¢ § .
q w pp = jet + X 88, ge.qiq — 2 o, 0.5 ! " 1: ol od (;:, GeV
pp— (Wt = v+ X ud — W* dii - W u,d, i d, g
A pp= (L= )+ X g — 2 4., 8
q v pp=(Z—= )+ X, ps Lq(g) — Zg(g) L.4.4
antiproton pp= (¥ = )+ X, Low mass  g§ — y* §.q. 8
LHC pp = (¥ = ')+ X, High mass g§ — y* i
pp— Wre,W-e sg = Whe, §g = W e 5§
pp = ti+X ag =t g
pp— DB+ X gg — 6, bb 2 1079, 10-3
pp = Jj, T+ pp y'(gg) — cf, bb z 104, 10-3
pp—=y+X 2q() — yqlg) g v 2, 0.005

e From fixed target, to HERA DIS and collider LHC data.
Ndata,sct ~ 50 — 60 Npts ~ 4000 — 5000
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'PDF Constraints (DIS reminder) @‘

« Compute in Parton model — it’s just eq scattering weighted by chance of
interacting with each quark in proton (assume Q< M3 ):
d?o 8mra? > >
e Alternatively write in terms of leptonic (EW physics) and

hadronic (non-perturbative) tensors and use symmetries
to write in terms of “Structure Functions”’, F.

1.

d?c Ao

oz = o (L= 9)F(x. @) fx + Y Falx. @)

X = parton momentum
fraction

e (Callan Gross relation and Bjorken scaling: ¥ = inelasticity

Q = momentum transfer

Fo(x, Q%) = 2xF1(x, Q?) = XZ egq,-(x)
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P PDF Constraints - Fixed Target DIS ® <

e Must therefore constrain the PDFs
with fits to data:

cinemaic coverage L R

\  Ficed arget et Yen llider <
108 1 Gpeerechamimaten | (oF pp) LHC o
+ Huge amount of data in global | s (e i
PDF fitS - CT, MSHT, NNPDF. 10 ‘ P 44444 mg'g“’iq«"‘qid‘:,ﬁd:{«‘:‘4";.«":«
a4 3 40I1:?::302:<|g: 3%;:%% q: H:O:é f;ﬁqn.foqnd:.eqzq“:4dq
h d . % 3 S ”&p%%’?ﬁ%’%’gouzmtmﬁf},? go‘é’ omégo 30215559 g.&? 2 :&‘ﬁ‘o“%‘%"&"ﬁ’&"”ﬁt”
() o 000000000000300000000000
More than 4000 datapoints. 3 ol s EIXED
10° 4 e ° o <:;l> " e g vo . TARGET
. . AL — DY
* Fixed target DIS, collider DIS, 1] Collider DIS i 8 E
Drell-Yan, jets, top from pp (or (HERA) B Eryiave & -
— . 101 4 Y TV Y FlXED
pp) colliders. i TARGET DIS
10 10 10~ 10°

01
x ~1100 datapoints

Figure adapted from
NNPDF3.1 (1706.00428)

 Constrains central values and uncertainties.
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P PDF Constraints - Fixed Target DIS (® <

* So we have from parton model (LO) (and isospin symmetry: 3" = F"(u < d)):

4 1 1 4 1- 1
FSP — x | = - = o+ =0 — =5
* Structure function sensitive to charge-weighted sum of quarks.

 Measure at high x in fixed target experiments (BCDMS,
SLAC, NMC, etc) = high x quarks! I

- *F SLAC -
* If also measure on neutrons then you get different 08 ﬁ {h;f*ﬂ .

charge-weighted sum — break some degeneracy in 5 “%@W
o 06 7
flavour decomposition (u vs d). [ 4 ;’%im :
e Ratio tells us sea quarks (S(x)) dominate at low x, and % **[ valence region, ﬂ“*ﬁ ]

dv/uv ratio = 0 (exclusion principle?) at high x as: - asz‘iép(%ci(?%[f;‘“" .
F3"(x) . 4d,(x) + uy,(x) + aS(x) i ]
F.P(x)  4u,(x)+ d,(x) + aS(x)

I N B R R
_>1’0'25 asx—>0,1. 0o 0.2 0.4 0.6 0.8 1

X
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P PDF Constraints - Fixed Target DIS (® <

» This was Neutral Current DIS, also Charged Current — neutrino scattering \

 Mediated by W bosons, therefore sensitive to differently-weighted — —a
combinations of quarks. — ng
Fy = 2zxld+s+u+¢] ) ”,
FY = 2zfu+c+d+ 3§ fatdy = QJIJZ(Q_‘_Q):Z
4> 7
oy = 2zx[d+s—1u—{ Fé’—l—Ff = uy +dy.
oFy = 2xu+c—d- 3. v
// N
e Determine total valence and total singlet (sea) quarks.
 How can we disentangle strange PDFs? CKM matrix |Ves|~1, = (2(')\/5%2%3%4) R
so if you produce charm you likely scattered off strange — ol A 4270 ]
Semi inclusive DIS Dimuon Processes. NuTeV experiment o § PP
* One of main constraints on strangeness asymmetry s-s in PDFs. ™ . 7™

10° 104 103 ‘ 102 10"
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’ PDF Constraints -

Collider DIS (9

e Must therefore constrain the PDFs
with fits to data:

 Huge amount of data in global
PDF fits — CT, MSHT, NNPDF. o
 More than 4000 datapoints. %
* Fixed target DIS, collider DIS, -~y
Drell-Yan, jets, top from pp (or

pp) colliders.

» Constrains central values and uncertainites.

Figure adapted from
NNPDF3.1 (1706.00428)

Kinematic coverage

Fixed target DIS

Collider DIS A 4
4 Fixed target Drell-Yan " er 44 dd
Collider Inclusive Jet Production (
Callider Drell-Yan or LH A i
Collider Z transverse momenturm Tev 0 n)
Collider Top-quark pair production q“ 44
O Black edge: New in NNPDF3.1 \\ ol ! dq"d .
< < < <
‘ q"qq -g"%. w"‘é 4""4 ¢°q‘ qd.," 4"14 d"q‘
44 41 @g «ﬂt dd 44 11 dd =2 qd
nql:.., 031 %ﬁneﬁ%gq Q85 oF ,;quq" qq‘q 4“‘ <
0 0 g€ 43 @ 90, © 4‘0 l & a < <
a O 40, 4, Ogq,0 4 -] a
BB D B b D e e O o
B> BB BPRPRBBBPD B
: FIXED
TARGET
Collider DIS il
(HERA) :
& FIXED
TARGET DIS
1073 I 1077 107! 10°

Huge amour’;t of
data! Very wide
range of x, Q°

~1500 datapoints
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PP Collider DIS - HERA

« HERA at DESY (1992-2007).

 One of aims was precise
measurement of structure functions
at lower x and higher Q2.

* Range of Q2 gives access partons
over wide range.

» Also observe scaling violations —
access indirectly gluon PDF.

 Backbone of PDF fits! ~1500 datapoints.
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’ PDF Constraints - HERA

O,

oF,
AlnQ?

e Observe scaling violations — dF,/dQ? depends on Q2!

e Take FB(z,Q" —:cZe

) +4q(z, Q%)) —»

* QCD improved parton model means we have parton
Q2
z
splittings — dF,/dQ?~« g. Indirect sensitivity to g PDF =
 Can do PDF fits using only HERA — HERAPDF sets.
ey H1 and ZEUS ///’/ G (NNLO) PDF | o MSHT20 tQ? 1.9 Ge vi[ .
2 S0 Geve ‘:/ 1.20 |- MSHTEOI:’II\ISLFgZO(':: L2§) O:Taz) 351;1‘?7
E . Global Fit without
scaled 1/2"(? ] Valnce HERA— blgger
quarks 0.80 — | upcel’talnltles' . Q2 1QGeV2
w-‘EPJ c7l;-‘(2015) z;g i ,: 102 10 108 102 10’1 .

e Charm/bottom parts — F,¢, F.,b, constrain heavy quarks

eza("-I"‘@ it
1791 Q2

Qs
52 Z Eg [Py ®
g

(g+q)+2P,®g|.

H1 and ZEUS

of e HERA NCep 04
i ® HERANCe'p0.5m™
il o 5 om%os[hz: v’s=2-518 GeV

E " pae Xy, = 000013, ;—19 Fixed Target
P loemr S Nkeily == HERAPDF20¢pNNLO
wl .. = 00005 =16 wemm HERAPDF2.0 ¢*p NNLO
.-r-"“'".('_.....--“m’ Xy = 0.0008, i=15
I = xy; = 00013, i=14
10t _.,_,.a-"""'_'" w-nmmll.’!
E ,,.’,,..-"'"'"' Xy = 00032, i=12
r *"‘.,-a-r-'"""ﬂ 608t
10? Xy, = 0.008, i=10
f /’M =0.013,i=9
M -n.nz i=8
- Www Xy =0.032,i=7
Xy = 0.05, i=6
o T Xy, = 0.08, =5
ald card —-——""’J x,, =0.13,i=4
= e Y i
L S ™ . jt:}) xp, =025,i=2
; \F%vﬂl“‘._—:% Xy =040, i=1
10

1

3§
107 i Xy, = 0.65,i=0

-3
10 = it aisasyl s saainl

2 3 4 5
10

10 10
Q% GeV?

10 10
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PP PDF Constraints - Fixed Target DY <

Figure adapted from

i NNPDF3.1 (1706.00428)
e Must therefore constrain the PDFs
Wlth fltS to data: — Kinematic coverage m

Collider DIS " er - <

4 Fixed target Drell-Yan < <

106] 3 Cirammiia | (OF pp) LHC ¢
. Collider Z transverse momenturm Tev 0 n
 Huge amount of data in global SO ]| ) Kj’;f y
\ 41

O Black edge: New in NNPDF3.1

PDF fits — CT, MSHT, NNPDF. 1 g T A

h d . e R R
° U] 000000000000300000000000
More than 4000 datapoints. : B ool FIXED
10° 4 e ° o ol> " e g v0 3 TARGET
. . > ; v v g DY
* Fixed target DIS, collider DIS, 1] Collider DIS e AT i '
Drell-Yan, jets, top from pp (or (HERA) W —o s iiiy'y §
— . 101 4 i A 4 €21 ; FIXED
pp) colliders. i 4 i Bl TARGET DIS
104 10 102 10-! 10°

« Constrains central values and uncertainites. ' ~200 datapoints
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PP PDF Constraints — Fixed Target DY @ <

e Difference of u, d at high x difficult to disentangle in DIS:

 Easier in DY: Consider both proton and deuteron targets:

pd
2pp

~— =(pp + pn)/2pp

N c_f(x2)
~0.5 (1 + o(x2)

)

(1 +0.2

~ (4u(x1)o(xe) + d(Xl)E/(Xz))
pn =~ (4u(x1)d(x) + d(x1)b(x2)) . d(x1) > u.d(x)

d(x) < 4u(x)
»

 Direct measure of d/u, at high x.

« What do we expect? Difficult Question — Pauli Exclusion = d>u ?
- Pion cloud, p » 1+ > p » mOorp = 1- - d>u ?

disa) \ d (x2)
1)])/(“0.25% > Xz))

<4 Taking

Most complex
_models have
d>u at high x.

Not clear though!

Can constrain via “Gottfried Sum
Rule™:

54(¢Y) / ) - B

/ (d—a)d

Measured at NMC < 1/3 - d>u

N.B. Here low Q® so Yy
- still charge-weighted but
now products of PDFs.

More u than d means more
symmetrisation possibilities

_Y

- Antisymmetrisation = u>d ?
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PP PDF Constraints — Fixed Target DY @ <

* What does Fixed Target DY at E866(NuSea) tell us then? o qic narure 590 2021) 7847, 561565

[
o

 Remember d — data implies d<u - g
- = n 2 . — 2:_ Syst. uncert. »
2 pp (pp +p )/ PP at hlgh X \;\\—;E\—l\luSealEBGG ’ “;
d(x2) Ny
~0.5 (1 T E(XQ)) Unlike most == \\ s
theoretical models! r EJAbergand Miler — \%
- Ba5§9)Bau/rrer, Pasechnik and Soffer \‘
. 05 __/7CT/1/BNLO, SeaQuest kinematics L
e Puzzling — remeasured recently P
by E906 (Seaquest) Fermilab. L S |
. ' —— MSHT20 (new)
» Different results! »ol -~ MSHT20.Seaquest |
. . —_ . @ —-— MSHT20+Seaquest-NuSea
— data implies d>u at high x. - In better e
agreement with =
— Not clear why? theory. =
. . s
» How to deal with in Global PDF fit: O — 100 Gy MSHT DIS22
— example of tensions between datasets which is ofter o453 0z o1 05 08

an issue in PDF fits. v
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'PDF Constraints - Collider pp/pp

. Huge amount of .
e Must therefore constrain the PDFs datal Verywide — 1800 datapoints.
. . . range of X, Q°  Kinematic coverage
with fits to data:
et e B llider =
106] ;1 Cteerrameisracen | (OF pp) LHC 8
. Collider Z transverse momentum \
* Huge amount of data in global S, (O Tevaton: ﬁ{é‘fjf oy
PDF fitS -_ CT, MSHT, NNPDF. 1 ‘ P 444"4 mg‘g“’qiqw"'qi«“:,,o":{4":44":46"24
4 3 <OI1‘:?E202:~48C: 3%:;:%‘2??‘2 40‘30100;-3 iﬁqnfo:d:qqqqqqzq ‘
b d . 2 H P R R B B hob o8 o R Y
() o 000000000000300000000000
More than 4000 datapoints. 3 Bt s i 1 EIXED
107 4 e o o <:;l> B e g vc.: ' TARGET
. . et R - DY
* Fixed target DIS, collider DIS, 1] Collider DIS reae TARIE s
Drell-Yan, jets, top from pp (or (HERA) A —o sty §
— . 1o 39 - & FIXED
pp) colliders. i | TARGET DIS
104 10~ 102 10-! 10°

» Constrains central values and uncertainites. Fiqure adapted from

NNPDF3.1 (1706.00428)
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PP PDF Constraints — ATLAS/CMS DY ()

e Since 2010 lots of LHC data has been produced, adds further constraints on PDFs!

e Includes Drell-Yan of course, higher Q2 still so lower x and now pp so

complementary PDF sensitivity. -~ ——
« ATLAS 7TeV W,Z is high precision. (CMS results as well)

o(pp — Z) = ut + dd + s5
olpp = W) =ud+ cs
olpp — W7™) =du+ se

 Up and down quarks/antiquarks already quite constrained

from non-LHC data, therefore precision means

strangeness is most
constrained.

V)

Strangeness
enhancement!

=g

_|_
|

_|_
&

— T T T T
ATLAS

e ABMP16 o
A CT14

4 CTi8

= CT18A

o MMHT14

= MSHT20

v NNPDF3.0

v NNPDF3.1_strange
+ ATLASepWZ16

—

+ ATLASepWZVjet20
ATLASpdf21, T=1
_ exp. uncertainty
exp.+mod. uncertainty
[ exp.+mod.+par. uncertainty
T

LR L
Q?=1.9GeV? x =0.023

Lol T IR R R R L
0.4 0.2 0 0.2 04 0.6 038 1

ATLASPpdf21 (2112.11266)

1.2
R,

2.000

1.750

1.500

1.250

1.000

0.750

0.500

0.250

0.000

105

Rs (NNLO) PDF at Q2 = 1.9 GeV?

T T T
MMHT14 NNLO ag (mz?) = 0.118 ——
— MSHT20 NNLO ag (mz%) = 0.118 -
MSHT20 NNLO ag (mz?) = 0.118 no new LHC data

- MSHT20 ]
- (2012.04684) -

L Q2=19Gev2 |
L L L M| ool L

1071
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PDF Constraints — LHCb DY

LHCb is a forward detector experiment, rapidities in range 2-4.5
— help to constrain valence quarks at higher x and in particular
sea quarks at lower x than possible ATLAS/CMS.

— good fits obtained in global PDF fits:

LHCb 8 TeV Z-—ee, MSHTZ20 data/theory ratio

LHCb 7 and 8 TeV W*, MSHT20 data/theory ratio 100

Figs from
MSHT20

" data ——
7700 - thaey tnecry (2012.04684)
8 TeV W* data + 20 F——
I 8TeV W* theory + 20 —— — L |
5 * s o U(NNLO) PDF percentage errors at Q2 = 10 GeV2
X T 20,0 H(NNEO) FDF percentage erors at Q° = 10° GeV. . —r
B T MMHT14 NNLO @ (mz?) = 0.118
60 [ S I - 150 | MSHT20 NNLO g (m;?) = 0.118 —— B
B N 4
do/dyz N {60 @ = 10000 GeV?
~ T (D) 40 |- x -
X 50 — B
4 = 0.0
20 =
= - . - 50 - i
E T i I T 8 2 T I = = =
- TTeVW: £ .4 T T T T 100
- T T T T T T T | ; 1.30 — -
5 Z 120 - —
- w 2 + == €~ X 2 4 - 8 ro— ¥ T — 150 — T
- 8Tev W | £ 1o °F &y —=—y—E—y—F—F ]
1 | | | 1 1 | 1 ‘E; u.gg [ i | i i i A i i | n 200 | | Ll 1 Il
20 22 24 26 28 30 32 34 36 38 40 42 44 °
20 22 24 26 28 30 32 34 36 38 40 42 44 105 104 108 102 10!

¥z
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Py PDF Constraints — W/Z + charm

* Additionally more exclusive measurements can constrain — VW

strange/charm. E.g. CMS W+c data available at 7, 13TeV.

V000000 —>——
* Full NNLO calculation difficult due to mismatch of theory ° °
s,d w*

definition of final state charm jet and experimental measurement. ——<—pAran

e Sensitive to strange content of proton.

S o ATLAS c
 Prefers intermediate strangeness, not as 5" i ? ? °
gl %4 ATLASpdi21, T=1
enhanced as ATLAS 7TeV W,Z data. .,‘i; > No8 TeV V4jets Theory calculated using
) o e flavour kT algorithm vs
 Also W/Z + jet data — additional probe : experiment using anti-kT.
v 0_21 More lwork.rece'ntly on _theory
of light quarks, higher Q2. : side Wllth dt'rf]ferentlet
E algorithms.
: 5 o1k ATLASpdi21 N
« ATLASpdf21 see notable impact, more than L (2112.11266) N Need IRC safe observable
. ] . OL_ i [ N I R I i f th | | t- .
in global PDF fits as less other data included. - 107 oo AN
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PP PDF Constraints — Intrinsic charm? (@) Q

* Could there be a non-perturbative component of strange/charm in proton, like u, d?

e Clear sign would be quark-antiquark asymmetry, “cannot” be generated by g = qq.

NuTeV Dimuon SIDIS data
\\‘ vy '

 Charm - little evidence of asymmetry so far.

 Weak evidence for strangeness asymmetry:

 But could also be total charm > expected
from perturbative splittings. N

« NNPDF obtain “fitted charm?” — parameterise charm 4

-0.005 Q2 = 10000 GeV2 |

s - $(NNLO) PDF at Q2 = 10* GeV?2
0,035 MSHT20 default ——|
MSHT20 with s =§ ——

- MSHT20 :
"= (2012.04684) 1

0.020

0.015 — 2 =
oot L Axc=+427.0
0.005 —

0.000 =

| | Ll PR Lo
10 104 10° 102 107

NNPDF (220808372) Intrinsic Charm

like other PDFs + “subtract” off perturbative part.

« Difficult to separate from other effects v

|r:+(:r::]/_(5r;+(:r::]|

: : : NNPDF claim evidence for |
(mc, gluon, higher orders, higher twist) nStringio” shatm. GT same

analysis don't find it. 0

= 4 EMCF;
o 4 LHCh Ze
—-= 4 EMC Fj + LHCh Z4c

e Z + c jet — probes charm in proton.
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PDF Constraints — High x gluon O

High x gluon still quite unconstrained, limited sensitivity from DIS data and DY only
depends on gluon beyond LO — need further LHC data.

CMS, 19.7 b at Vs = 8 TeV

How can we

= T - ——— — pfo- RS LAAAY 1 ] . .
8 10°F ATLAS = BlZ 0.35L el + Jets E < 1E ATLAS Vs=8 TeV, 20.3 o' =
§ E - E 3 =
2 1o, s=8Tev, 20217 o sk 1 3 10 f S5OV Sm <116 Gev. Iy <24 2
. RS T 1o o, RS R 04 < 0.25 E S - -
= o e : ] T 10° k- =
constraln ].t . n.E‘ 102 Er“’” e - .| 0.2 « Data = L] 12_4 £ 4 ee-channel ., E
B 10 e i o, = 0.15 — MadGraph+Pythia6 E 2107 E o Luchannel s E
=1 E el ety Pkt 3 --- MC@NLO+Herwigs E ~ 105 Ao 4 =
1 B T 1 o1 il = e P 3 o F e : ® 3
ee rocesses E b P, o & rowhegtliwigl E| 107k Statistical uncertainty - E
p 10 ' e L O ol = 0.05F = - Approx. NNLO 9 7 % -
E o Vi o e Cele | Nucl. 45 (2014 3 107" = M Total uncertainty o=
10° T T O e Colm, 1 10°° - =
E P T = =1 w 7
. 107 o <05 w T o m O z =8 1.01="7— " ld] | l -
which are gluon o} @& o, = 0 ] 1 e
10,5; = 1.0 ly| <1.5 (x1.0 107) i AL _; . 2le 1 e e | =l
F O 18si<20005107) - =7 25 2 A5 5 7 25 O099 onpreszas i -+ 1 [
initiated 10°F + 205yl <25 (x1.0109 w2 s o | -5 = 05 0 05 -5 v _ - % [l 5
E 3 = 2l =1
107 5 255 ly| <3.0 (0.5 102) L IR t E
* ! E 179 NLO QCD® ="""sx,, MMHT2014 | 1 TOP PAIR E 0
1oeE : ok MMEITEONS i 3
70 107 2x10° 10° 2x10°

1 10 10%

- Jets By (GO )
T
- Top g | g

9 4
- Z pT spectrum ‘ﬁy

(latter beyond LO). | .
Fig from M. Ubiali

12" July 2026 Thomas Cridge - Precision PDF's 47/87



PDF Constraints —Jets, ZpT+Top ® <

« Jet data clearly reduce uncertainty, but T
tension between ATLAS and CMS (7+8TeV) . si'iznlz /)( %\éle;i'(':é'to'fs
. these three
* Further constraint frqm Z transverse S oo data types for
momentum spectrum (pT > 30 GeV). high x gluon
« Top data complementary — correlation with
3. - e | Q2 =10000 GeV? .
gluon PDF (bottom right). 0 e e e
199 aN3LO, PDF ratio at Q2 = 1(.]4 GeV? ‘J‘ 1.10
G5 K e =~ MSHT20 NNLO inc Zp" T
ATLAS + CMS Jets — Z pT —:— MSHT20 NNLO no zp* AtLAs Y
1.1l ATLAS Jets ----- | 1.05 1
CMS Jets - | & . o
- Ll :.: i o ﬂ\.\ g
““““ > \_\ g
l \
i Jets " \
Q = 100 GeV \ =Gy P
g , e T /= TR o f 10 1o 1073 107! 100
'%.01 0.1 T T
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5. PDF Methodology
and Uncertainties
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PP Global PDF Fitting

1) Experiment

- Latest experimental data
- Fixed target, collider
DIS, Tevatron, LHC, etc
EW boson, jets, top, ...
Large range in x, Q°

Kinematic

coverage

0 (GeV?)

NNPDF4.0

<

- D .
/ - Minimisation of x°

(Global PDF fit)

1 AN

1.9 MSHT20NNLO, Q% =10GeV?

zf(z,Q%)

04

State oflthe
Art PDFs |

g/10

2) Methodology

— Parameterise at low scale
C emes’ LN ]

- Uncertainty prescription

3) Theory
- Most precise theoretical

calculations available — usually
grids + k-factors

- NNLO QCD + NLO EW standard
- Approximate N3LO + theory

(2100.02653) oL tr oo uncertainties available
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’ PDF Parameterisation (5) ‘

« First need to parameterise PDFs at input scale, Q,~1GeV.
11 PDFs to consider:

n~3 for valence quarks, 5 for gluon, 7 for

u, u, {f {17 S, S, c, C, Z}, b, g ~antiquarks. n~2*#"spectators”+1
. For things that scale with gluon (singlet, //// H\ \? ;ﬁ
e Parameterise as: gluon) & ~ 0. Otherwise 6~0.5./// =, . = g I - }"“"
N =
XfO(X, Q ) = X (1 — X)nF(X) fx) ':Q;r_f (1 .‘I,‘B):; (1 :I:B)5 (1 :::J_;)7
 Fx) can then be fixed extendable parameterisation, g e
neural network, etc.
e Must determine number of free parameters, neural

network architecture, methodological settings to maximise e o
accuracy and precision but avoid over-fitting/bias.
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P PDF Parameterisation © Q

5
e Also have sum rules: 2 = ;(C’" +ai)
Valence sum rules: Momentum sum rule:
1 1 1

/ "u,v(fl,f) dr = 2 / (IV(;[;) dr = 1 / .”IJE(IIJ) -+ .’IJL(](.’IJ) dr = 1.

J 0 J 0 J0O
 Cannot constrain all partons independently.
« What is F(x)? xfo(x, Q%) = x°(1 — x)"F(x)
« In MSHT it’s an orthogonal basis of functions — “Chebyshevs?’: 7{y0=1-2Vx)

 In NNPDF it’s a neural network (with constraints applied). A Lor
* In CT, “Bernstein polynomials®”: p, = dyp(y) + dipi(y) + dapaly) + dspsly) + dipafy) 05}
« In HERAPDF it’s standard polynomial: 1+ Dx+ Ex? "0f

-05F

— All involve some choices, then investigate these in the fit...
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P PDF Parameterisation (MSHT) 6

- More info in
After fit parameters are MSHT

MSHT20 Parameterisation: ' rearranged into orthogonal | 515 64654y

eigenvectors — PDF
uncertainties and variations

(@, @F) = Au (1) ™ (143, 04, Ti(1-2 ﬁ)) i flxedby ] Uy dz =2
b1 parton parameters
(36 in MMHT14) o, 50— 2000 + 30

sea(r,Q3)=Ag(1—z)"sz° (1 + Ef;] a; sTi(1 —2;1:5)); + 5(x) +3(x)
7 extra eigenvectors
8 sE(x) = s(x) £ 3(x)

31 : Gis.1=D5.0
5*(2, Q) = As(L-)a®s(1+ Xy ai o Ti(1-202))s (s £ i, =5.6) 3 it o b of PDFs,

’ 1
do(z, Q) = Au(1-a)zd (1450 a; oT(1-22)); Aqfived by ['d, dz =1

" 1 . .
(/@) (2, Q3) = Arar(1—2)™at (1 + Yoo, @ 1o Ti(1-222)); except in s7, 2 extra in sT.
2 ; ) 4 l 7 )
o, Q) = A1zl + DL o T(1-202)) - A (1-as-ab; Net Ao, =-T3
' What about heavy
s (z, Q%) =A,_(1-z)™-(1- ru/r)r =, 1 fixed by] s dx=0, 0. fixed. MSHT?20: 2012.04684 quarks? c, b?
(see later!)
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P Global PDF Fitting @‘

1) Experiment 2) Methodology (///J
- Latest experimental data - Parameterise at W

- Fixed target, collider
DIS, Tevatron, LHC, etc
EW boson, jets, top, ...

Large range in x, Q°

hemes, ...

Kinematic coverage

Y e 3) Theory
State of the - Most precise theoretical

Art PDFs calculations available — usually
o X grids + k-factors
- NNLO QCD + NLO EW standard
0 <N\ - Efforts to extend to approximate
(2106.07653) == et N3LO + theory uncertainties

zf(z,Q%)

0.8

Q* (GeV?)

<&
Tevatron.

04
HERA ..
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¥  PDF Methodology - X? 6 W

How is this data used to give the global fit PDFs?
 Compare with theoretical predictions at NNLO in QCD (+NLO EW where relevant).
Minimise Y2, which measures difference of data and theory:

: : H . Theory Hessian matrix - contains uncorrelated (s;)
Consider usual PDF fit probability: o ot e !
1 ' N.B. Alternative is

P( T‘ D) X exp (_X2) X exp (_ _( T — )TH{)( T — )) covariance matrix instead of

nuisance parameters —

2 equivalent!
N 1 % l Neorr 1 .

ocexp Z —2 Dk — Ty — Z Bk,aA QL (1 ‘|‘ Z )\(1 Xz:ﬁ(T_D)TC_l(T_D)
k=1 Sk \(

Experimental Nuisance p arameters

Obtain “best fit>> PDF with minimum ¥X2.
PDFs then made available on LHAPDF for use by community (and on group websites).
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Y PDF Methodology - Uncertainty 6 N

Also Bayesian methods

« Then two main ways used to obtain central PDF and uncertainty. and MCMC explored:
) . _ p(D|9)p(6)
1) Hessian 2) Replica POID) =", )

- Fluctuate real data by its uncertainties
— pseudo-data replicas.
value. - For each replica minimise difference of

I
I
I
- Minimise difference of real data and |
|
I
I
- Obtain uncertainty by diagonalising at | pseudo-data and theory to get PDF.
|
I
I
I
|
|

theory to obtain best fit PDF as central

central value to obtain eigenvectors and ! - Central value is average and uncertainty
using Ax2=1 (or T) for PDF uncertainty. as 68% width of replica distribution.
- ~20-100 eigenvectors. - ~100-1000 replicas.

- CT, MSHT. (+HERAPDF, ATLASPDF21) - NNPDF
= G
AF = a\l > [Fs) - Fs;)) Can convertbemeen  AF — 0.5(F(Nyepga%) — F(Nrep,16%)
k=1 (1205.4024,1401.0013,

1505.06736)
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Y PDF Methodology - Uncertainty 6 N

* How do these methods compare?Perform fit to same (reduced) set of data:

0.20 p=rrrrm

_ 0.15
Benchmark = =
similar data/settings Q 0.10
D
2

PDF4LHC21, arXiv:2203.05506 0.05

(.00

* Suggests three

possibilities:

T

|

T

. ]

T T T 777

M

SHT20red

NNPDF3.1red
CT18red

e el T._.\_..m-...“..:u RrRETT
107° 107% 107° 107% 107!

0.30 rrrem—rrrrm

0.25
+20.20
)
~< 0.15
.+_
W 008
- 3
0.05F *--
0.00

&

[[ T BRI AR I.J.\.....l L
107" 1071 107 1072 107!

o With larger difference again

expected in more recent

NNPDF4.0 fits

I. NN uncertainty not conservative enough (too small).

2. Fixed par. (MSHT) uncertainty too conservative (too large).

3. Fixed par. (MSHT) fit less accurate, due to parameterisation

inflexibility, and hence enlarged errors needed (less precise).
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Y PDF Methodology - Uncertainty 6 N

 To understand this we perform ¢closure test”?, generate pseudodata from NN fit
(NNPDF) and fit with fixed parameterisation (MSHT).

3 atio. 02 = 10¢ GeV? i, PDF ratio, Q2 = 10* GeV? . .
2 PR TG, @ =10 GeN i e TR0, ‘ : Fixed parameterisation can
—— MSHT (7% = —— MSHT (T?=1) ! .- X
Loak - MSHT:Tf:i:)}" el g | fit just as well as NN (in
= (i — Input | fact slightly better!)
105 =
102 - MSHT
2
i . : (fixed param) X /Npts
1.00 [ -~ — e 1.00 e & 0.0005
b I Neural Net 4.0 meth.
0.98 L4 i (NNPDF)
| i 095 S L. Del Debbio, T. Giani an 0002
i ‘ M. Wilson, arXiv:2111.057 ...
0.96 T >
Lol Lol Lol Lol 1 4|||4ﬁ| “()) — Ll 1 lllllllll 1 llilJHll Ll -] \\
107 104 103 10-2 107! 1> 10~ 107 107 107 \
T i *Subtlety is NN stopping
criterion and overfitting.

In data region input PDF matched very well, and much better than 72 = 1 uncertainties. No evidence
g p g

that the increased tolerance is driven by parameterisation inflexibility for MSHT.
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Y PDF Methodology - Uncertainty 6 N

 Can also test with reduced parameterisations with fewer parameters — fail closure
test! Beware PDF fits with too few parameters - sometimes done by experiments.

xg, PDF ratio, Q% = 10* GeV?

; : g e
4l — MSHT(T?=1) £ il
LO4 SN T ] N == MSHT(T? = 10) =
. par A 1 — Input £ E
: ., . 1.05 b= =+ Input (ratioto n = 2 fit) o0 i
102 -, / i _I:! 5 -+ Input (ratio to n = 4 fit) V. ! ':' n'
.... - we -,: = - ..."._ _- : :.I
-_‘. = ':- ': * . . - ! éj
1.00 f= e e e gy 1.00 e ————— et e e
........ = i, I — :
0.98 - == MSHT (% = 1) U o
b == MSHT (T2 = 10) o I 0.95 i —
= Input : |I : _— &
an 1B -+ Input (ratio to n = 2fit) . ‘.i c AT o
0.96 I ««+« Input (ratio to n = 4fit) i ‘.’i i i ()j\f par I_ _24 I
1 Ll L 11ll 1 | 1 L L1 1ill 1 L1 1111 1 L 1si L1 1 L1l 1111l 1Ll 1 L1 L 11l 1 L1 L 11l
107° 10~ 10 1072 107! 0.9 104 1073 102 101
'\ 77 -32 T T

par

x(s + 5), PDF ratio, Q2 = 10¢ GeV?

1.10

* Note this level of agreement is not automatic! Need flexible enough parameterisation: restricting number of

free pa,ra,meters gives much poorer agreement.

® Isalso not coincidental: parameterisation chosen in order to provide 1% precision.
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Y PDF Methodology - Uncertainty 6 N

 So why the difference in uncertainty size if not down to parameterisation?
NNPDF3.1 NNLO (40 data sets)

¢ Simple observations: global fit quality bad strictly | ] se=v2e@-vaN -1
speaking, distribution amongst datasets not as expected. K. Kovafich ot al,
04 1 arXiv.195.06957
MSHTaN3LO | 04 11;' \
ey \
% LO | NLO | NNLO | NLO 2 ik
, 2 g I i\
S 14+0(Ny)~1.02 [ X%, | 257 [ 138 | 117 | 114 2 | i | —
Npts ( p ) pLs — D"(]z fr ,/"‘ 0.8 4 1 Fit is not a
N5 ~ 4000 — 5000 And similar for other fits! | \ textbook case -
‘ fit quality > 1,
- one reason is
* Tensions between different datasets often larger than dataset
naively expect. G.Wattand R. Thorne, arXiv:1205.4024 M. Yan et al,arXiv.2406.01664 Ty |} 1)) S— tensions....
J. Pumplin, arXiv:0909.0268 -6 -4 -2 0 2 4 6

* Given complete statistical compatibility, global PDF fit very constraining. Danger is claimed (high)

precision will increasingly not match accuracy with T'= 1. Motivates enlarged tolerance T' > 1.
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P oDF Methodology — Data Tensions & <

@ Wide range of data in global PDFs = robust + reduces uncertainties.

@ But global fits are adversial - datasets pull in different directions
= data tensions both between different data types (e.g. jet vs top vs

/1) and different datasets of same type (e.g. ATLAS vs CMS).

HDg(NNLOlPDFranostSHTZOaIO? 10* GeV? . . L.
: ) o T 15| CT18 NNLO, g(x, 100 GeV) Can visualise through “L2 Sensitivity”:
Jets vs Top vs Zp7 oo - .
. Zpvory ~ AYX? of dataset upon moving PDF
MMHT 14 default 10
" by 107,
2 00 — — = = s :
£ __1_"‘3‘)4/ = x LHChEWZ cdhswiz
0ss _ % ke 7 o ATLTRGUT e Mmixoc Publicly available
MSHTZO, arXiv: 2012.04684 = CMSBRATT eB8B6ppxt
\ HERAIpI cdi2jtCar2 program to
sE BodF2pCar .
g L vy 1y ©@%=10000 Gev " ) Boar2dCor calculate it.
10°° 104 103 . 102 1077 10 CT18, arXiv: 1912.10053
+ joint CT-MSHT-exp
CMS vs ATLAS study in 2306.03918 ?
MSHT global LO NLO | NNLO | aN3LO 2T 5 o010 0SE B o GEOS Sf,L2 Xt -
X2 /Npts (4363) 2.57 1.33 1.17 1.14 x ‘Vf‘
@ Limits improvements in precision + causes x“/Npts > 1. X. Jing (inc TC) et al 2306.03918

@ Many reasons, sometimes connected with treatment of systematics.
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P oDF Methodology — Data Tensions (&

@ How to quantify PDF uncertainties in presence of tensions?

@ Size of uncertainties not affected at all by tensions using a “textbook”
Ax2=1(“T=1").

axg, PDF ratio, Q% = 1(# GeV*
~

1.10
=—— global (T?=1)

:
@ A2 =1 woul ly if: . .
X — Ou app y 5 5 == low energy DIS/DY+HERA (NNPDF4.0 pch input, 772 = 1)
\\
.

== hadron colider (NNPDF4.0 pch input, T% = 1)

» Complete Statistical compatibility

1.00 == - =

between all datasets. _——

» Completely faithful evaluation of exp. |
uncertainties of each dataset. 17 AR RO . O

» Theoretical calculations to match
these data exactly.

Harland-Lang, TC, R.S. Thorne 2407.07944
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P oDF Methodology — Data Tensions (& <

@ How to quantify PDF uncertainties in presence of tensions?

@ Size of uncertainties not affected at all by tensions using a “textbook”
Ax? =1 (“T = 1"). E.g. generate data without/with tensions:

xg, PDF rat u\cgﬂ = 1(# GeV*?
140 —

@ Ax* =1 would apply if B = s
. - P T 1.04 - e =
» Complete Statistical compatibility
between all datasets. - Eass———
» Completely faithful evaluation of exp. L\
Uncel’tainties Of eaCh dataset. 0.90,= '1“' - l[:l - 1“' - l[JI : “‘
» Theoretical calculations to match \],,Q_]\H
100 -
= glonal(HEH&PDF?.U-‘NINPDFaE)nchinpu[ T 07
these data eXactIy. y r =\ global (NNPDF4.0 pch input, T2 1) i In tethOOk T:1
| | treatment, uncertainties
107 —
unchanged by
presence of tensions!
102k l.e. tensions not
; reflected in uncertainty.
10-3 1 Ll | |

IR e il
-5 -1 0% = 102 10!

Harland-Lang, TC, R.S. Thorne 2407.07944
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PDF Methodology — Data Tensions (& <

@ How to quantify PDF uncertainties in presence of tensions?
@ Size of uncertainties not affected at all by tensions using a “textbook”

A2 =1("T=1").

@ Ay? = 1 would apply if:
» Complete Statistical compatibility

between all datasets.

» Completely faithful evaluation of exp.

uncertainties of each dataset.
» T heoretical calculations to match
these data exactly.

® MSHT (and CT) use a tolerance to account

rg, PDF ratio, ¢ = 104 GeV?
1) ]
> 1
o) r'
. i
1.05F [ e
r
]
—————————— e et R N
1_m|}' --------------- B———— — e
e e
1
1
(0.95 == global (T* = 1} \ ]
= giobal {dyn. T} ln
== |ow energy DIS/OY+HERA (HERAPDF2.0 input, 77 1) 1
== hadron collider (NNPDF4.0 input, 7% 1) i l‘
”'”“J o 104 10-3# 10+ 10
ax
, 9 PDF errors, 10* GeV*
(1=
E—— NNPDF4.0
[ o= MSHTfit (T2 = 1) 3 —
F— wsHT (12 = 10 1 In textbook T=1
[=—— MSHT fit {dyn. T) P
b / treatment, uncertainties
4 unchanged by
] presence of tensions!

l.e. tensions not
reflected in uncertainty.

102 E

(similar idea to PDG rescaling): |
AX2 - T2 (T = ]) Harland-Lang, TC, R..S. Thorne 2407.07944
Thomas Cridge Precision PDF's 62/87
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P oDF Methodology — Data Tensions & <

« Tolerance therefore accounts for tensions between data, whether due to theory,
parameterisation or experimental issues.

Idea essentiallyisto ¢  How much to enlarge?
. enlarge PDF . . e .
Dataset] | cerainty 0 account ®  Different prescriptions, in

Dataset |
/ for dataset tensions MSHT enlarge so each

AX® Global ¥?

Two datasets I, j sit . o
outside Ay?=1 bound dataset sits within 68% of

on either side. expected x2 for Ndata.

!

AX2=1 R —— - ..... .\\ Same parameterisation, different data/theory in
A ~_Enlarge bounds MSHT - PDFs change notably
. I . to AX2=T2 to o /5 PDPratio, Q* = 10° CeV? . £%, PDF ratio, Q* = 10° GeV? —
Schematic! Eigenvector : e Frat
account for it o e IR 710 1
* Often find changing data in PDF fit moves results by | 1
>Ax? = 1 uncertainty. Covered by larger Ayt = J& | o T e e
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6. PDF Theory +
State of the Art
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9 PDF Theory O

e Standard is now NNLO in QCD, m1n1mum required to describe LHC precision data:

g PDF ratio to MSHTED NLO at Q? = 10% Gev?

O A A, + A 0(5 - 0\19(3 + . L "1 MSHT20 NLO @, (mz?) = 0.118 —
MSHT20 NNLO &, (mz?) = 0.118
.o NLD NNLD
1.05 NLO Q2 = 10000 GeV?
MSHT20 \
——— " NLO NNLO i
ata se g
pts X2 /Nl}ts X2 /Npt:-; /1/ \
Total LHC data 1328 1.79 1.33 . g L, 1
Total non-LHC data 3035 1.13 1.10
Total 4363 133 1.17 e
105 104 103 . 102 107!

 PDF fits need to recompute theory predictions throughout fit — need precise
predictions for range of processes and PDF evolution.

 PDF DGLAP evolution and DIS cross-sections typically done “in-house”.

« LHC cross-sections are very computationally expensive to calculate, particularly if
done in fiducial phase space (i.e. kinematic cuts) and multi-differential — use grids.
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P OED PDFs O

e With NNLO QCD now standard, noting that aqgrp(Mz) ~ az(Mz):
=> important to consider EW effects, QED corrections are a key part.

@ MSHT20 include EW corrections for: Vi, WA, ,
» Drell-Yan » inclusive jets N @,\ND<
o tOP e DIS Phot;mlnitiated contribut.ions to Drell-YYan.

@ QED corrections via QED modifications
to DGLAP, via photon PDF and

photon—lnltlated processes. LUXQED idea: Use the NC expression for
. f 2 . 0 _— DIS at low Q7 then rewrite to obtain
e Obtain 'T(X Q ) with O(A’) uncertainties the photon PDF from experimentally
via LUXQED related method. measured structure functions:
| ~ - dz 1—z dQQ)? 2 (02
/ @) = g [ L {/3 2 @) (2P + 25 ) e/ @)
Manohar et al, 1708.01256 Harllz;rao;-llaz;r;%gt al —2*Fr(x/z, QQ}} — a?(QF) 2 Fa(x /=, Qg)}=
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P OED PDFs

@ General consistency with NNPDF, CT. _FDESe | QOD order | (z)zgg {2}y (z)y |
CT18 NNLO 0.528 0.472 0
@ Quarks reduced at high X by qg — g, CT18gEDpeoton NNLO 0.526  0.471 0.00431
CT18qEDH: NNLO 0.526  0.469 0.00432
gluon reduced by momentum sum rule. CT18Lux NNLO 0.527  0.470 0.00436
L 7 (NNLO), @2 = 104 Gev? | | MSHT20 NNLO 0.530 0470 0
MSHT 20ed il MSHT20ggp NNLO 0.528  0.468 0.00436
. \ N”"D"’{:‘F'r':l’:;tl:til """ 1 MSHT20Genqgcen | aN3LO 0.538 0.460 0
N CT18qed1.3Gev — MSHT20gED aN3LO 0.536  0.457  0.00441
R NNPDF3.1 NNLO 0.520 0470 0
T s NNPDF3.1gED NNLO 0.527 0.468 0.00435
T NNPDF4.0 NNLO 0531 0.466 0
s 00001 D001 O.01 o1 NNPDF 1.[]("}1;” NNLO 0.533 0.463 0.00433
- NNPDF4.0 aN3LO 0.537 0.463 0
NNPDF4.0geD aN3LO 0.536  0.459 0.00433

@ Adding a v PDF requires momentum:

1 1
/ adx(E(x, @) +g(x, %) = 1= / AXE(x, Q%) + g(x, @) +v(x, Q%) = 1
0 JO

= Total momentum of QCD partons reduces. Total momentum by parton type in QCD
only fits and once QED has been added!
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P OED PDFs

@ Gluon-initiated processes, lower by
~ 1% in QED case.

@ W, Z production reduced by g — g~
splitting, W /Z ratio stable.

e Effect of QED < PDF uncertainties.

@ Uncertainties similar to QCD only.

LHC (13 TeV), NNLO

T T
—_—y gaH, QED refit +—d4——
|—:|—| goH. QUD ————
—_— tt, QED refit ——%—
—_— th QUD  ——
e Z/W . QED refit ——a—i
—— Z/W, QCD ——e—
— et Z, QED refit ——e—
— Z.QCD —e—
— W™, QED refit —%—
— W™, QUD ——
— et W+, QED refit —a—
—_— W, QCD —8—
1 1 1 1 1 -
0.95 0.975 1 1.025 1.05 1.075 1.1

ggH

gg + H°, LHC, s = 14 TeV, g = My/2

&
00 m cTiBaeorr

A MSHT200e; (NNLO)
W MSHT20gep(aN3LO)

1
o
o

NNPDF3.1a0en
P> NNPDF4.0gep (NNLO)
NNPDF4.0qgp (aN3LO)

(aen = Faco) ! Taco (%)

-0.8 -0.6 -0.4 -0.2
(<Xg>qep — <Xg>acn) / <Xg>acp (%)

O,

Gluon PDF Moment - Cross Section Shift

0.0

Gluon Momentum
% change

QED Effects in PDFs important for
precision studies! E.g. DY, Higgs, etc
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'Global PDF Fitting Groups

Tevatron

i LHCRun1 @30fb1) :

LHC Run 2 (150 fb-1)

! Run 3 + HL-LHC

! HERA
L] ] L]
1991} 1994 2002 2004 2008 2009 2010 i 2012 2013 2014 + 20156 2017 2020 2021
- L] L
CTEQ1 CTEQ6 CTEQ6.6 cTio |! ‘ cTi0 | k CT14 cTi8
MRS MRsTo2 || MRsTO4 " MSTWO8 MMHT13 MSHT20
NNPDF1.0 NN2.1 ] NN2.3 NN3.0 NN3.1 NNPDF4.0 |
ABKMO9 ' ABM11 || ABM12 ABMP16
Color Codes:
' Collider only HERA2.0 ATLASpdf21
NNLO 7&8TeV data 13 TeV data ' M
1]

i Image Credit:

Jun Gao

» Different focuses, methodologies, uncertainty prescriptions — beneficial!

6 N

Several different PDF analysis groups — ABM, ATLASPDF, CJ, CT, HERAPDF, JAM,
MSHT, NNPDF and others. Not covered all here, naturally more MSHT examples.

Default
now

NNLO
QCD +
NLO EW
and latest
LHC and
other data

+ PDF4LHC21
combination of
MSHT20, CT18,
NNPDF3.1
(2203.05506)

12*" July 2026

Thomas Cridge -

Precision PDF's

69/87



'Global PDF Fitting Groups —aN3LO! @‘

« Several different PDF analysis groups — ABM, ATLASPDF, CJ, CT, HERAPDF, JAM,
MSHT, NNPDF and others. Not covered all here, naturally more MSHT examples.

; ] [ :
' HERA Tevatron ! LHCRun1(3omn * LHC Run 2 (160 o) ' Run 3 + HL

' 1 . L]
1991 1994 2002 2004 2008 2009 2010 + 2012 2013 2014 ! 2015 2017 2020 2021 2022 2023 | 2024
" L] .
: : : :
L]
| cTEDY | CTEQS CTEQS.6 I cT10 |: I cT10 I ECIu I ICT'IﬂAS( L:ml |CT1aFc
. ' ' J
' H % "
i ' . -
MRS MRSTo2 [[ MRSTos || MSTWos : MMHT 1§ MSHT20 Msmzoamwi [ MSHTaN3LO_QED ] MSHT
t ' 1 -
: ' [ 3
: . . A ,
'
L

4 +NNPDF
H aN3LO
NNPDF1.0 NN2.1 § NN2.3 l NN3.0 ‘ NN3.1 | INNPDNL}I |NNP[JF.1 oFH | N.\.‘['I)]-'/IN.‘%I,U |+QED‘ combination
ABKMO9 | [ ABM11 l ABM12 | - MSHT20aN3LO Ffirst
Image Credit: E E

aN3LO PDFs + theory
uncertainties. Since
also NNPDF version +
combination of
MSHTXNNPDF.

Original: Jun Gao
Modified by T Cridge ' HERA2.0 ATLASpdr21
(] A

« <Approximate N3LO?? PDFs have appeared in the last few years!
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' aN3LO PDFs - Motivation (o)

Need for Higher Orders

« N3LO becoming available for some xsecs — Higgs, DY. With only NNLO PDFs, PDF
errors limiting + mismatch between xsec and PDF order.

= 5PDF) NC DY Z/photon

12?— LHC HiggS 7 LHC @ 13 TeV
. XSWG 2019 ] poraLcls — §(PDF+ay) LHC 13TV -0 N
ol ] PDRALHCIS ml
! : | = — §(PDF-+a5)+6(PDF-TH) Ppﬁe,gxf"“ o s
é 8; K 5(PDF+ay) 7 g %
?3 6F k 5(1ime) 108 ZN
g r M &(t,b,c) SEW) ] E E-]s
4r Mi g
r k &(PDF-TH) 1 &
2t secore ] Duhr, Mistelberger } ‘ ‘ } ‘ ‘ | ‘
r scale,
N ] (2111.10379) 200 400 600 800 1000 1200 1400 1600
° 20 40 00 80 100 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 Q[GeV]
Collider Energy / TeV Q[GeV]
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' aN3LO PDFs - Motivation (o)

6il6tota1x100%

IS
PR
Relative Ul

Need for Higher Orders

« N3LO becoming available for some xsecs — Higgs, DY. With only NNLO PDFs, PDF
errors limiting + mismatch between xsec and PDF order. — “EDF-ﬂl” uncertainty.

-7 //
- /
-7 - /
-7 /
P /
-7 /
- /
-7 /
T IHG T e T — -~ / NC DY Z/photon
1 LHC Higgs ] . LHCe 13Ty = 0(PDF) /
3 ] X PDF4LHC:
10 , XSWE 2019 f Fe e}e_ X - oD / ]l;ggétigé\l/S nnlo_me Tl A
; 1 g — §(PDF+a5)+6(PDF-T | e LG = Wi
8- S(PDF+ay) - 0 =
L K 4 g X il
i ] = =
6 k 8(1ime) 1 - 2
[ N\ oibo EW) 1 . ﬁ

L k &(PDF=TH)

S&(scale)

Duhr, Mistelberger } ‘ ‘ } ‘ ‘ | ‘
(2111.10379) 200 400 600 800 1000 1200 1400 1600
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 Q[GeV]
Q[GeV]

L L 1 L L L 1
0 20 40 60 80 100
Collider Energy / TeV
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' aN3LO PDFs - Motivation

Need for Higher Orders

O,

« N3LO becoming available for some xsecs — Higgs, DY. With only NNLO PDFs, PDF
errors limiting + mismatch between xsec and PDF order. — ¢PDF-th”? uncertainty.

 Only way to reduce/remove these uncertainties and properly estimate them is
obtaining N3LO PDFs + including PDF theory uncertainties for missing higher orders.

- LHC Higgs 1
. XSWG 2019 :
10F 4

(o]

5(PDF+ag) ]

LHC @ 13 TeV
PDF4LHC15
PP-e'e +X

= 6(PDF)

NC DY Z/photon

— O(PDF+ay)

— §(PDF+ag)+3(PDF-TH)

LHC 13TeV
PDF4LHCI5_nnlo_me
PP-ete +X

=10 NLO

= NNLO - N3LO

§ ; \ i % 8 Mcem‘:Q
3 6l k 5(Lim) 1 g %1
g N abo) SEW) E E]‘
o t’/_ 3 0.975
: S5(PDF=TH) 1 & | =
2; s(scale) ] Duhr, Mistelberger 095 \ | | | | | | | !
ob, . T (2111.10379) 200 400 600 800 1000 1200 1400 1600
(o} 20 40 60 80 100 . H 1 A 1 1 . . 1 H H . . . . Q [Gev]
Collider Energy / TeV 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Q[GeV]
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PP aN3LO PDFs - Idea 6 N

MSHT20aN*LO, @2 =10 GeV?

@ As PDFs become more precise two issues are more pressing:
@ Moving to higher orders (N3LO).
@ Inclusion of theoretical uncertainties.
=> we can address both in one go!
J. McG t al 0.2
= MSHT20aN3LO PDFs. (2207 04733) oL

1f(z,Q’)

@ ldea is to include known N3LO effects already into PDFs and to
parameterise remaining unknown pieces via nuisance parameters.

@ Variation of these remaining unknown N3LO pieces then provides a
theoretical uncertainty within an approximate N3LO fit (aN3LO).

Approximate 7& poorly known!
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P aN3LO PDFs — What's required?

@ Full N3LO PDFs need all N3LO pieces for both PDFs and included

6 N

Lots of effort by
theory
- - - - - 1 l
cross-sections to be known, not yet possible as several pieces missing. communty
: - - - : : apers
e Still, a lot of information is known already (schematic summary): bap
rd
Theory Utility © .er What's known?
required
Mellin moments® >, leading small-x
1. Splitting functions Pﬁ? (x) PDF evolution 4-loop behaviour®® =1 plus some leading
large-x in places®. Plus new 1?15
. . Transitions between Mellin momentsls'-l?, leading small-x
2. Transition matrix elements i . 18—19 _
A(3) (x) number of flavours in 3-loop behaviour , plus some leading
ab,H PDFs at mass thresholds large-x in places'??Y. Plus new 21— 23,
Some approximations to FFNS (low
2 .. . 3 .
Combine with PDEs and Q) coefh(:lent- functions at ar¢ (with
3 DIS Coefficient f i T iti Matrix El . exact LL pieces at low x, NLL
: oe ICIGI‘IVF},EI;;: ions ransition Matrix Elements N3LO unknown)24— 26 ZM-VENS (high Q)
(NC DIS) C,, to form Structure . ,
H.a Functi (NC DIS) N3LO coefficient functions known
Hnctions exact|y27. Therefore GM-VFNS not
completely known.
4. Hadronic Coefficients Determine cross-sections N3LO Very little (none in usable form for
(K-factors) at N3LO PDFs)
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PP aN3LO PDFs - Methodology O

@ Consider PDF fit probability - add N3LO theory and theory uncertainty:

Expenmental Nuisance parameters

NCO.‘T NCO."."

N
T 20T
P(T‘D)OCGXD —§ E 3_2( _Tk_ E 3[((})\(1)2_'_ § :/\
k=1 “k

NP t Ninps Necorr Ninps

OCeXp(——Z 2( —Tk—zuk19)2+2)\02+29
a=1 f=1
\ Theory Nu\ll':.‘ance

Parameters

@ Upgrade theory, T — T to now contain known N3LO info (aN3LO)
and allow to vary by theory nuisance parameters, TNPs - 0.

@ Probes precisely the missing higher order terms.
(Applications more widely - e.g. theory uncertainty for Z pr spectrum and ag - T.C., G. Marinelli, F. Tackmann 2506.13874.)
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' aN3LO PDFs - PDF Impacts

6 N

@ Fit impact: perform aN3LO fit with identical dataset to NNLO:

Total Fit quality

LO

NLO

NNLO

aN3LO

Xz/Nprs

2.57

1:33

117

1.14

1.100
NMNLO
1.c aNILO (M, + K,)
ke, ;
1.080 { S anN*LO (M)
NNLO (without HERA)
1.025 2
.
1.0 > = - -
oy o e AL
. o
0,975 - S s T
T N
0.950
5 i3
5 B
|
300 .
101 1 10 1071 i
£
’ x5 i~
o ¢, Ratio to NNLO, @2 — 10% GeV?
1.15 \
|
1.10 |
T T |
105 TR o b \.\ |
1.00 e S =l
i
0.4 . ‘, |
g
0.90 1y
0.85 1\ b
1l
080 1
104 1o 102 101 1o

g, Ratio to NNLO, @*?

10* GeV? b

g, Ratio to N*LO, @*?

104 GeV?

1.100 N
aMNiLO (H,, + Ky 1
751
1075 aNTLO (H) !
i
1.050 aN’LO (no theory unc.) 4
i
1.025 A
____________ Swl S
1. 00 — ——————— =
0.975 1
0.950 1 >
o san " == aN'LO (NNLO K-factors)
o -=- aNLO (no HERA)
0,900
104 1003 1o® 107 10¢
x
= 3
100 u, Ratio to NNLO, @ — 10! Gev*
1.075
1.050 |
1.025 e
- umame MR A "I
1.000 famee e :
LA P
0.9 T
0.950 +=-="""
0.925
200
Lo 1o io0 1 10
@

Smooth fit improvement with order.

Ax? = —154.4 from NNLO
to aN3LO.

Gluon PDF raises and
Its uncertainty
increases at low x.

Heavy quarks also
InCrease across X,
purely perturbative.

Other PDFs much

more mildy affected.

J. McGowan et al
(2207.04739)
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VaNBLO PDFs — Pheno Impacts @‘

@ MSHT20aN3LO and NNPDFaN3LO PDFs have same impact on
shape of Qr spectrum:

— 10:{-“ [T T TToT -|||||||||||-||--||-'—E s T
E gt pp— Z/~* — ETE” (13 TeV) E o)
| b WSQsueGw F ATLAS (36.117") 1.08- aN3LO PDFs improve
- = - SCETLm NILL' £ O(af)  [PrXividi2.02844] o . .
ERN= MSHT20nmlo -+ Apcrar 3 Zroe agreement with data in
3 F MSHT20nnlo + Apcrap & Appy 3 Z 1.04- ici
& P —— MSHT20andlo + Appe 4 E 1.02- precision Zat l.OW qT
% E = 3 Z 100
= OE w E:.\%—
g —2F g = 0.96-
= g e q %054
= —4: 1 i, MSHT20mi0 [] NNPDF3innio [ NNPDFaonnio ] MSHT20an3lc [] NNPDFasan3io
R U S EE NS RN ST T ST P S 0.004

0 5 10 15 20 30 40 50 60 . S SR o T R

gr [GeV] a;' [GeV]

Also (not shown) — better

@ Substantial aN3LO PDF effect on N3LL'/N4LL Qr spectrum. | Pereyibative sa ity for
Left: SCET1ib - Johannes Michel LHC EW WG meeting Sep 2022.
Centre: CuTe-MCFM - Tobias Neumann Loops and Legs March 2024
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PP aN3LO QCD + QED PDFs O

@ Can also combine aN3LO QCD PDFs with QED sets for highest possible precision!
@ Need to combine aN3LO QCD evolution and O(a, aas, o?): (bonus!)

aag (1 N2 (0,2)
PJ R (zﬂ) Pu TC et al
(2312.07665)

as ag\3

Tn
- (1,0) (.zn X (3,0)
y P ( ) p ( ) pt
NNLOQCD +3 i 7. L
¥g (4,0)
P .
aN3LOQCD + (zn) ij

e Effect of adding QED similar when applied to NNLO and aN3LO.

R ratio to NNLO (QCD), % = 10* GeV? e Q% =10 GeV? L F =104 GeV?2
e T T T T r . T T T T . T
: NNLO (QCD) — ] aNILO (QCD) — NNLC( ——
I S aNSLO (QCD) - | alLO (QED) —— aNILO ——
LAG o “x»\_\ aN'LO (QED) 1 L5 QED/QUD (NNLO) ==« 4 LO5p
: x.
= \\. -
! \'- - r T —— e == 1 = i
. . e VLT
\1n
005 | 3 "1 1 005 1 oos)
0.9 1 i i 1 3 0.9 i i i 1 0.9 i i i i
le-(15 (. (WL (.0011 .01 0.1 le-05 XL (0011 .01 0.1 le-05 (.01 .00 .01 0.1
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PP aN3LO PDFs Comparison to NNPDF (® <

Largest aN3LO effect is on Higgs production in gluon-gluon fusion.

Since original
MSHT20aN3LO PDFs
NNPDF have also
produced aN3LO
PDFs.

Similar effects seen,
can combine to
«“MSHT20xNNPDFA4.0
aN3LO (+QED)».

aN3LO PDFs key for
precision Higgs.

PDF MSHT NNPDF MSHTxNNPDF
gegF xsec shift aN3LO -5% -2% -4%
relative to NNLO aN3LO+QED -6% -4% -5%

Smaller aN3LO effects for quarks and hence for VBF, ZH W/ *H.

VBF: aN°LO-+QED
result in +2.5%.

ZH and W*H: all
observe ~ +0.5%
from aN°LO+QED.

Consistent trends in

all cases between
and NNPDF
aN3LO PDFs.

1.25 7
1.204
1.154
1.10 4
1.05 4
1.00 4

0.95 1

Ratio to PDFALHC21 NNLO

0.90 4

gg luminosity
s =13.60TeV

A PDF4LHCZ21 NNLO
] MSHTZOxXMNPDF40 aNZLO

E== MSHT20xNNPDF40 aN3LO QED

Ratio to PDF4LHC21 NNLO

Relevant for ggH, jets, top

0.85
10

1.25 4
1.20 4
1.154
1.104
1.05 4
1.00 4

0.95 4

Ratio to PDF4LHC21 NNLO

0.90 1

10° 107
my (Gev)

qqg luminosity
Vs =13.60 TeV

Relevant for H-VBF

to PDFALHCZ1 NNLO

Ratio

0.85
1

(See TC et al - MSHT and NNPDF - 2411.05373)

10° 107
my (Gev)

1.25 1
1.204
1.151
1.10
1.05
1.00
0.95 1

0.90

gqg luminosity
V5 =13.60 TeV

0.85
10!

1.254
1.20 1
1.154
1.101

1.054

-
o
=3

£ i
o o
=]

v]

10? 107
my (GeV)

qqg luminosity

|
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PP aN3LO PDF updates ®

New in MSHT New in NNPDF

[ J
New tl:leory higher moments for singlet splitting funcs.  higher moments for singlet splitting funcs.
lngredlents calculated [PLB 842 (2023) 137944; 846 (2023) 138215; 848 (2024) 138351]

for aN3L.O PDFs. [PLB 856 (2024) 138906; 860 (2025) 139194] [PLB 856 (2024) 138906; 860 (2025) 139194]
. . S 3
computation of Agg. 11, An,g, Agq.u, Agg. 0 improved parametrisation of ag{,)g
e (Can add and see [JHEP 12 (2022) 134; NPB 999 (2024) 116427) [PLB 854 (2024) 138713]
. 1.10 g at 100 GeV
lmpaCt' ._. :2:::2::2::3 ::+FHMHUVV 220 FHMRUWV update (IHOU + MHOU) (68% c.l.+10)

"% NNPDF40 aN3LO (IHOU + MHOU) (68% c.L+10)

=
(=]
¥

==+ MSHT20aN3LO new + TMEs

° Flnd MSHT and 1.05 F =+« MSHT20aN3LO new + FHMRUVV + TMEs
NNPDF results “Em
become closer still. B

—
o
=

- -
- -

e

=

(=]

o
L

o
.
-------

 E.g. Gluon moves
together, both see
reduction of ~3%

Ratio to NNPDF40 aN3LO (IHOU + MHOU)
o
o
-]

Q = 100 GeV
09? 11 IIIJIII 1 L IIIlHI L 1 IIIIIII 1 L IIIIJ\I 1 11 1
* -5 -4 -3 -2 -1 T T T
0 10 10 10 10 105 1074 10°? 102 1071 10°
x X
[PoS DIS2025 (2025) 027, see also T. Cridge’s talk DIS2026] [See G. Magni's talk PDFALHC 2024]
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PP PDF Constraints — Future LHC (®)

e HL-LHC — Reduce PDF uncertainties where processes currently statistically
limited/coverage can be extended, e.g. high x gluon and gg luminosity. LHeC review
. .. . .. ) (2007.14491)
 LheC — Inclusive/Semi-inclusive DIS data constrain intermediate/small x.

10 g T = _ 16 T
E ——— PDF4LHC15 3 z H == POFancis
R S [ +LHeC i Z 1 .45 ------ +LHeC E
R = N g 12" L HG 4  /J pwen N/ | theTevscale
= U 4 2 M= 4 LHeC + HL-LHC b
F o
C",— I *g B 13 """" , 3
=" F FE Z08F Abdul Khalek et al = teangeness.
= L - = C " ] namics,
P 25 el ;' 06 (1906 10127) — nu:-FIi‘r(|l;:ryQCD, cac
5102 = - = ot
— = 3 0.4 Ry =
=] : 3 g r ]
o - = - e ]
R 502 ™ —
107 - - T ]
Fronl Ll Ll | Ll 5| o= — = .
10’® 10 10° 10% 107" " M, [ GeV ) FPF review

(2203.05090)
« FPF — Very forward neutrino production — intrinsic charm at high x,
very low x gluon dynamics. Then Neutrino CC DIS — flavour separation.

Complementarity between all future experiments and knock on effects for physics goals!
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’ PDF Constraints — Future EIC

e Electron lon Collider to run at Brookhaven in 2030s.

O,

)

o Impact of EIC pseudodata on IVISHT2O high x Iower Q2 sensitivity. ”

Ly v (NNLCI) Q =1 ch\r1

(NNLCI) Q’_m cgv’

MSHT20 ==
MSHT20 + EIC e==
MSHT20 + EIC (high Acc.)

,|JArmesto et al (2309.11269)

0.1 0.3 0.4 0.5 0.6 0T 08
B

0.2 0.9 le-05

L
.0001

e Effect on up valence larger due to charge-squared ~ coupling in DIS.
@ Gluon uncertainty nonetheless reduced across range of x.

Impact on luminosity uncertainties -
® 0L,, reduced across x causes smaller PDF uncertainty for gg — H.

0Lqq reduced at high x.

=z L
3107 ccone  EIC Yellow Report
£ -he
oo (2103.05419)
HERA
MSHT) s F B EIC
MSHT20 + EIC == IOSj % BCDMS
F L] NMC
104l B SLAC
103;—
U.U‘UJ 1].1']1 U.Il 10 2 L
10 &
1 =
AT
10

i e ggF Higgs Opg o Uncertainties with/without EIC Lj I
0.14 | —— MSHT20 NNLO it e— , 1.4 |
0.12 il MSHTEO NNLO + EIC high Aca |} 012 VESHTZ0 NNUQr# BIG higivhcs Vs = 13TaV Vi 12 F
Se 010 == 010 Armesto et al R
=g Ve MSHT20 NNLO ).8
L ons < oos- (2309.11269) 2
‘t%i‘- 0.06 E.Q.}b 0.06 “:_1 | — JAM

0.04 004 (= 0.2+ _CJ d/u

002 . MSHT20 NMLO + EIC .

o.00 L L L i L i i ) Lyl 0.0 0.2 0.4 0.6 0.8 1

! 10% 10 10! 10° 10t
my [(1‘{.\) my (( e\ ) 095 09 097 098 099 I.;U.?n o 102 109 T ies EIC Ye”OW Report (210305419)
th . . .
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7. Strong Coupling
and mtop
Determination
(if time!)
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'Strong Coupling sensitivity

@ PDFs sensitive tao Oés(M%) — can determine it from PDF fit!

o as(M2) sensitivity in PDF fit comes from:

» Direct as(M3) dependence in coefficient
functions.
F(z,Q) = Y [Ci(es(@%) ® f:(Q%)] ()

1=¢,4.9

: 2
Clag) = Oﬂjs[co + asCy + a§C2 + o%Cg +...] X

» Indirect as(M%) dependence through PDF

evolution.

df d ( by ) ( Py nyPy ) . ( b )
— = 5 — 5 Q_() = P ® f
dinp} = dlngi \ ¢ E Fg g

P(z, ;) = a,PO(z) + o? P“]( )+l PP(z) + o P¥ () + ...
@ Perform fit at different values of strong coupling and
determine best fit x2 = best fit as(M3)

@

BP 2008-16 FO
Boito 2018 FQ
Boito 2021 FO
PDG 2022 tau

Ayala 2023

T decays
&

low Q2

Mateu 2018
Peset 2018
Narison 2018 (cé)
Narison 2018 (bb)
BM19 (c&)

BM20 (bb)

Q0
bound
states

BBGO6

JR14

ABMP16
NNPDF31

cT18

MSHT20
HERAPDF20jets

PDF fits

ALEPH (j&s)
OPAL (j&s)
JADE (j&s)
Dissertori (3))
JADE (3j)
Verbytskyi (2j)
Kardos (EEC)

ete™

jets
&

Shapes

Klijnsma (tf)
CMS (tt)

H1 (jets)*
d'Enterria (W/Z)
HERA (jets)

CMS (incl. jets)*
ATLAS ([AJTEEC)

hadron
collider

Gfitter 2018
HEPfit 2022
PDG 2022 EW

‘: electroweak

FLAG 2021

lattice

1
0.110

PDG 2023 Update -

I
0. 120 0. 125 0. 130
as(mz)

1
0.115

2312.14015.
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'Alphas correlation with PDFs... @‘

M S H T20 P D F v d epen d ence Forte, Kassabov: 2001.04986
S P s
@ Correlations between PDFs and avs = necessity of global fit.
el — as(M2) = 0116 1.10
— ag(M2)=0117
— as(MZ)=10.118
1.05 — as(MZ)=0.119 ] 1.05 =
— as(M3)=0.120 s
s o
0 1.00 E’_i 1.00
= [
0.95 - 0.95 |- .
Q = 100 GeV Q = 100 GeV
= e s e (BN (s S
T €X

@ Changes generally within PDF uncertainties for Aas(Mz) ~ +0.001.

@ Gluon anti-correlated with as(M2) for x < 0.1 as maintains df,/dQ?
~ asg. Implies correlated at high x = 0.1 by momentum sum rule.

12" July 2026 Thomas Cridge - Precision PDF's 84/87



'Strong Coupling sensitivity @

@ Good perturbative convergence of «g determination.

Previous NNLO

result in PDG!
new ( 2 ) _ new ( 2 ) _
{ a2 o(M2) = 0.1171 a2 ar0(M2) = 0.1170
5900 : : . . 5600
best fit a, (mz2) = 0.11?.1, S I | best fit a, (Mz2) = 0_11?_:1 il +
ol ¥* = 5525.6 for 4534 points 4 X = 5313.1 for 4534 points i
5800 fit fit . )
New o New Nice Quadratic
'\_2 profile
X° 5700 - 2, * X2 v
5400 |- - . N
5600 Missing Higher Order Uncertainties
| now included, in particular causes
5500 NNLO ! ! ! 5300 a0 . | some LHC bounds to weaken
0.112 0114 0118 oz 0118 0.120 0.122 0112 0114 016 | pz 0118 0.120 0.122 as unknown N3LO K-factors.

ith tolerance):

@ Determine bounds on strong coupling exactly as those on PDFs

Consistent with World AverageJ

‘/c istent with (NNLO) World TCetal -
OJS,aNSLO(M%’) = 0.1170 £ 0.0016  Average of 0.1180 + 0.0009. J 2404.02964
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'Alphas bounds —aN3LO

MSHT20 as bounds - aN3LO

TCetal -
2404.02964

Consistent with cvg bounds

seen in previous studies,
and between orders

(NNLO and aN3LO).

T 7T 17T 17T T 1771 : LI : -I- T : T -Il-opl T IL|—IICbI T T Gial‘:gel_BLst & L JIatsl T
0.130 | 8 : - =
BCDMSp data - | [ [
. | + 1 ] —
strongest constra|r12t 0.126 _ ! | S LAC st
upwards: Aag(M3) . g :
— 10.0013 0.122 - T i ] data gives lower
' ' ] . bound: AaS(M?Z)
ag(Mz%) 0118 1T~ ']-_'"”'_ 'PTITT TT B N = —0.0016.
-_J.___J:J.._J.____h__:___ _j__l sl lad Ll ok de __f__ N
0.114 | b-1-1¢ .
. I 1
F5 provides 0.110 [ | L ] 1 NMC deuteron,
upwards bound of: I ! 1 ! ATLAS 8 TeV Z
0.106 |- o e : ] -
AQS(Mg) - +0.0020. | -I- !:I}"Ieciltalrgellt | 1 lI-|EIF‘AII:-l;ewlaulan: 111 1 | I .| 1| II-HIC | -l- | l bOth glve Iower 2
bounds of Aarg(M5)
F QLT S P o I N e R A Le R LR RN Lo oL RS _ 4
EEANAAA AESS §;§§§ ﬁ?@gﬁ@% - 6@@?@1’&%}%@%%15 = —0.0017.
; S S EPPERTIL RS e 88 T L ST R 0000
CVIS and ATLAS (lepton)  §9 SRR Sr A SRS
tt single diff. would g £ FTEFes & 59@? 5 Missing Higher Order Uncertainties
give slightly higher upper _g? ad e °Fy 9 S now included, in particular causes
T

v bounds, but not used.

some LHC bounds to weaken
as unknown N3LO K-factors.
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P PDF Constraints —~Topdata-mtop @ <

e How much correlatlon between me and as is there |n a PDF f|t7

MSHT sy a(M3) 1o tap da MSHT

MEHT Mz CME

Top data included
also sensitive not
only to gluon PDF but
also strong coupling
and top mass!

as(M3)

TC, M. Lim
(2306.14885)

1690 171.0 1725 1733 ITl':_\\.- Lra ] 1725 1733 ITl'ié.\.-

@ Without top data, no m; sensitivity and no ms-as correlation. _
T | d d i diff i3l d h ionifi Can therefore also fit

@ lotal 0,7 data and rapidity ditferential data show signiticant m;-«s top (pole) mass,
correlation. Reducing m; and as = cross-sections =~ unchanged. MSHT obtained:

@ Data differential in p+ or my much less correlated. mP® = 173.0 + 0.6 GeV

@ Overall at level of total fit, limited correlation seen (only done at

NNLO so far) = can extract m; at fixed as. TC and M.A. Lim: arXiv:2306.14885.
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8. Conclusions

T. Cridge wishes to thank the Royal Society for support
through his Royal Society University Research Fellowship: Grant URF\R1\251540..
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'Summary 6 W

@ Precise and accurate PDFs are vital for physics at the LHC and beyond.

@ Challenges faced on experimental, methodological and theoretical
fronts.

@ Experimentally - understanding of experimental uncertainties, tensions.

@ Methodological - stress testing of methodology, parameterisation,
uncertainties.

@ Theoretically - higher orders in QCD, QED corrections, inclusion of
theory uncertainties.

@ Much work ongoing in PDF community, welcome collaboration with
exp/theory colleagues.

@® Complementarity of different groups is greatly beneficial for these aims.
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'Summary 6 W

@ Precise and accurate PDFs are vital for physics at the LHC and beyond.

@ Challenges faced on experimental, methodological and theoretical
fronts.

@ Experimentally - understanding of experimental uncertainties, tensions.

@ Methodological - stress testing of methodology, parameterisation,
uncertainties.

@ Theoretically - higher orders in QCD, QED corrections, inclusion of
theory uncertainties.

@ Much work ongoing in PDF community, welcome collaboration with
exp/theory colleagues.

@® Complementarity of different groups is greatly beneficial for these aims.

Thankyou! Any Questions?
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Backup

T. Cridge wishes to thank the Royal Society for support
through his Royal Society University Research Fellowship: Grant URF\R1\251540..
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. Challenges and Developments @‘

 Precision Data
4. Experimental * Data Tensions

 Correlated
Challenges Systematics

Interconnected Interconnected

Interconnected
5. Methodological h 6. Theoretical
Challenges Challenges
* N lgorithms/method . . .
eW.a ?DOEQIF _Ir_r(ljsOIr:e 0as * Inclusion of N3LO information

« Additional constraints * Theoretical Uncertainties
 Uncertainty Prescriptions * Deuteron/Nuclear corrections

* Theory grids at NNLO and ) S.mall X resummeq PDFs
beyond Lattice constraints
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P Heavy quarks in PDFs O

« What about heavy quarks? No parameterisation of heavy quarks? /

« No - at input we have Q,~1GeV < m_, m,.

« Heavy quarks perturbatively generated by gluon splittings to quark-antiquark pairs.
« It’s a bit more complicated in structure functions. Two regimes:

i 2 2 2
High Q% > m3, m> Lower Q° ~ mj, m:
Zero-Mass e ZM-VEFNS t Q%:ENS 5 Fixed Flavour
- 2 2 = m
Variable Flavour Q> miy . HH Number Scheme
(FFNS)
Number Scheme 7M1 > H (g # 0)
(ZMVFNS)  C2HH J (mp = 0)
-€

 Connect both regimes to get description over whole Q2 range — General Mass
Variable Flavour Number Scheme (GMVFNS). Measurement of F, ¢, F.,b, constrains
heavy quarks.
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Py Heavy quarks in PDFs (HERA) (@)

« PDFs then have 3 flavours up to m_, 4 between there and m,, and 5 flavours above

that — as expected.
« PDFs “switched on” at m, m, by tranisition matrix elements.

/ 8
* Good fit to HERA heavy flavour structure fal 2, Q%) = [Aai(Q¥/m2) @ £14(QY)] (x)
function data with GMVENS (right).

-
>
. c e e . . =
« Also induces sensitivity to m_, m, into PDF fit.
10} 4
MSHT2020 NNLO m HERA Fp 0% P2 variation MSHT2020 NNLO m,, HERA F3 0% % 2 variation
T T T T T I
25 - = 10 | 4
30 [~ et F
HERA Fp 0% b0y2 4 25 - TC et al —
E HEHAFZoﬂé-bﬁm — ] (210610289) 1 L _
20 |- . -
15 7 15 |- -
2 .2 2.y 2
- X Xcm X Xom L _ 10 | E
S i 7] g - HI Data . E
, 51 il t = ZEUS (prel.) 39 pb~ x=0.032 |
provided at | i | - MRsTO4 =0 1
. 0+ — 10 - —— MRST NNLO %', o
different m , HERA F, 0% 532 4 E CTEQ6HQ h E
c ol | 5 HERA F, o¢E: it - o HVQDIS + CTEQS5F4 ]
mb In case | | I I ! ! \ I L | ! ! |
0 ‘ . .
1.1 12 13 14 15 16 17 375 400 425 450 475 500 525 550 575 z 3
needed! e (GO} i (540 1 o 'Q% 1Gev?
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P  PDF Constraints—d/uat highx ()

Also have some constraint from Fixed Target DIS earlier. Consider difference of
proton and neutron structure functions (Gottfried Sum Rule):

1 b . B 1 1 - _
So = [ 1FEC) = F(alax/x = 5 | [u(x)+ 3() = d(x) = d()

— %/OI[UV(X) — dy(x) +2(u(x) — E/(x)] — % + %](;l[a(x) — a(X)]

0.14 — : s -
FZ - F2

« S; = 1/3 if SU(2) sea flavour symmetry. on | |

NMC data Q= 4 GeV?

« Measured by NMC: S, = 0.235%+0.026 <1/3

) . 5. = Assumes measure
— Integral of u-d -ve, i.e. d>u. whole X range

— Like most theoretical models! not truet

« What does Fixed Target DY at E866 tell us then?
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Experimental Advances

Confronting Precise Data

O,

* High precision, multi-differential data in more channels from LHC and elsewhere.

* Has improved our knowledge of PDFs in both accuracy and precision.

e C(Clear preference now for NNLO theory from precise LHC data.

\

 In order to exploit this data, more detailed analysis of eip&mmental
methodological, and theoretical issues is required.

Rs (NNLO) PDF at 02

1.9 Gev2

MSHT20 NNLO ag (mz?) = 0.118 no new LHC data

MMHT14 NNLO a (m;?) = 0.118 ———
MSHT20 NNLO ag (m?) = 0.118 ——  _|

|

(2012.04684)

Ratio to NNPDF4.0

N\ /
\
MSHT20 -

Q2=19Gev2 |
Lol Lo

104

103

102 101

1.154

1.104

=
o
a

=
o
s}

@
©
u

o
©
o

0.85

g at 100 GeV

7 NNPDF4.0 (68 c.l.+10)
N NNPDF4.0 (no LHC) (68 c.l.+10)

NNPDF4.0
(2109.02653)

104

1072
X

1073

100

\ ~
N S o
N >
Data set ~ N t\ ~ 2NLO 2NNLO
N pts V(‘/Npts X /Npts

ATLAS 8 TeV s. diff tt |\, 25 156 0.98
CMS 8 TeV d. diff tF 5 219 1.50
ATLAS 7 TeV W, Z 61 500 A 101
ATLAS 8 TeV W 22 ~ 385 2.61
ATLAS 8 TeV d. diff Z 59 .67 1.45
ATLAS 8 TeV Z pT 104 2.26 N 1.81
ATLAS 8 TeV W + jets 39 113 ‘ 0.60
Total LHC data 1328 1.79 1.33
Total non-LHC data 3035 1.13 1.10
Total 4363 133 117

MSHT20 (2012.04684)
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'Experimental Challenges @‘

Confronting Precise Data Can reflect experimental, methodological or theoretical issues!

- Issues can arise in fitting some datasets - poor fit qualities x?/N ..

« Two frequent (experimental/methodological) causes:

CT18 NNLO, g(x, 100 GeV)

1) Dataset tensions
— Different datasets have conflicting pulls on the

PDFs. Examples include

CT18
(1912.10053)

—-256-— LHCb8WZ 08— cdhswf2
253 ATL8ZpTbT 109 cdhswi3
CMS7jtR7y6T i+ v ccfrf2.mi
544 ATL7ZjtR6UT 47— Hn1X0c
545 CMS8jtR7T 204 e866ppxf

HERAIplI —s504— cdf2jtCor2
61— BedF2pCor
+e2—- BedF2dCor

— Antiquark isospin asymmetry _

-

—

o

- High x gluon (jets, Zp., top)” "

A3 (La sensiti\xty)

2) Issues with systematic correlations — Often 5
systematic errors now dominate, their less well- |
known correlations can notably affect fit quality.

1074 102 0010.02005 0.1 02 ~F07
X
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Experimental Challenges (@

Dataset Tensions — Can reflect experimental, methodological or theoretical issues!

e High x d/u : - Theoretical models (e.g. pion cloud) generally favour d>u at high x.

1 1
NuSea (hep-ex/0103030) - Gottfried sum rule — NMC found /0 [F5(x) — FF(x)]dx/x <

3
Seaquest (2103.04024) _ . .
- E866/NuSea data favoured d<u at high x. How should this

be interpreted in a

- New Seaquest/E905 data instead favour d>u . global PDF fit?
t SeaQuest EJAM(SeaQuest) | 2 5;”"""" """" rrerrprrrrTTTTr T T ——— _—
1.4} | NuSea = JAM (NuSea) | R asg- ATLAS G {ooigiey” List d/u(x, Q=2 GeV) .
43_ ATLASpdf21 (T=1) total unc. o | CT18 + E906 |
EE. f sy = -- CTi8 + STAR
°E Blroms  aLASPDR2 g M 2 EHETEDS T STAR - mscs
0.36 < 2, < 0.56 T _________________ 3;_ —4— NuSea (E866) (21121126 0 -
2_52_ —4— SeaQuest (E906) ; 1.05
0.8 _DY DY £ O
IpD /2Jpp l 2E s |
1.2} : ] 1.53— = 1
data/theory — = i
it - = F CT18
1.0 f-preeses 3 o5k Y 0951 (2108.06596) |
JAM(2109.00677) | E S L
0.8¢ l - 0005 01 015 0.2 025 03 035 04 045 05 0.001 0.01 0.1 0.3 0.5

0.0 0.2 o 01 %

X
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Experimental Challenges (@

Confronting Precise Data

2) Correlated Systematics — Issues occur for 2 of the 3 dataset high x gluon data

types — top and jets. Consider ATLAS 7 TeV jets: ATLAS 7TeV jets ATLAS 8TeV jets
yp p J J (1410.8857) (1706.03192)
Can fit incljvidual rapidity bins But not multiple rapidity bins!
y Data/Theory, 0.0 < |y| < 0.5, No shift, stat. errors only - Data/Theory, 0.0 < |y| < 0.5, Shift, stat. errors only Data/Theory, 0.5 < |y| < 1.0 Data/Theory, 1.0 < [y| < 1.5
7 1 H I H Prediction —e— H Prediction —e—
12| Stat. errors only shown! ﬁ} 1 12 lm 7 |
. | L L0+ H 4 105 1
\A H””ﬂgm Shift } l,fﬂ ,,,,, H,,H,M,ﬁ,,ﬂﬂ Ehﬁﬂ?iﬁmﬂ 5T 0 Y B bEy By
1 ”’i”;”;;'ﬁ”'T‘i'i'i’ﬁ """"""""""""""" T — rf—ﬁ——y—ﬁ——ﬁ—{;—!@ié—i—ﬁéw—“—ivnﬁaﬂ'ﬁﬂ ——————————— -4 ﬁ % i Hﬂﬁﬂﬁ%ﬂiﬂﬁ ﬁ‘ﬁﬁ BH
wl' Image Credit: | . |} 1 o
. L.A. Harland- ) ol MSHT | H
| Lang | 1"l (1712.05757) ‘|

p. [GeV] ~ n. (V] Rt

Systematic correlations between bins prevent a good fit being obtained, even for
neighbouring bins sampling very similar x, Q2. Overly constraining? Decorrelate...
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Experimental Challenges

O,

Confronting Precise Data

2) Correlated Systematics — How to deal with issues?

[ATLAS study - 1706.03192]

f

 Experiments examine correlations more closely — guidance for ATLAS 7TeV jets.
Useful to provide breakdown of systematics beyond covariance matrix or even full
info on models used, broad community support for this. ————® Cranmeretal (2109.04981)

* Proposal to mitigate these
systematic correlation issues
by regularisation of the

covariance matrix — NNPDF.

* Recent efforts to consider
correlations between

experiments — ATLASPDF21.

Ap (671 =4)

ATLAS W, Z 7 TeV 2011 Central selection

Zpeak

high ]

i

(2207. 00690)

'0.04

- 0.02
- 0.00

- —0.02

-0.04

W * W - Zjow Zpeak

T
Zhigh

P
<
x

L T T
- ATLAS Q*=19GeV? 1
081" % ATLASpdf21, T=1

0.6 . § No uncertainty correlation between data sets

ATLASPDF21

- (2112.11266)
0.2

— 1 1
i

0.8 ||\||||| II\\HIl N
10° 10° 107 X
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Exp Challenges - systematics O

@ As LHC datasets become increasingly systematics dominated, we
become sensitive to precise treatment of systematics + their correlations.

@ “Two point systematics” where two MCs/models used and difference
taken as fully correlated are particularly problematic.

|5 Gluon (NNLO), @7 = 10 GeV?, R = 0.6

Combined, p.s decorrelated between distributions B
MMHT {no jets) — S 14~ ATLAS Q% = 10000 GeV?
10 | ATLAS - -- w }
ATLAS ay, -~
ATLAS r-vl,[,: 2 %4 ATLASpdf21, T=1
% ‘No uncertainty correlation
N st w105~ between data sets
5 |
i 7, : ;
= G0 | emrmannm e oier No correlations
1w Inclusive _lct‘\' A TATATATATATATATAT A A e,
15 Sl
0001

0 T a

-, 2l %
N~ Correlations

i n_gs'r ATLAS, arXiv:2112.11266
S. Bailey et al., arXiv:2012.04684 S. Bailey and LHL, arXiv:1909.10541 B S oev S
10 10 10 i
N dnt default part. decorr. full decorr. Tdat i default stat. uncorr. p.s. uncorr
140 X2 /Npes  1.89 1.28 0.83 25 ¢ /Npe  7.00 3.28 1.80

@ Currently investigating better correlation models...

@ But how precisely do we know these systematic errors anyway?
= "“Errors on errors”.
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'Exp Challenges - systematics

@ “Error on error” framework - how uncertain are estimates of error.

@ Model variances of uncertainty as Gamma-distributed:

B
L

L(u,é)—P(y\u,é)H \/—J exp (—(Uj— )2/205,,.-)va “exp(—ivi)

where o = 1/(4r?), B = 1/(4r?o2 ),
Ii is relative uncertainty on systematic error = “error on error”.
@ Model equivalent to Student’s t-distribution:

_ M+ 1)/2 3 1 w2
L, 0) = P(y|1, 9)1_[ e 7oy (14 ) / ? P
where 1 = (U; — 6))/\/7i, v = 1/(2r?), // \
@ So we can treat the nuisance parameters for /
correlated systematics as t-distributed!

“Errors on errors’ - G. Cowan 1809.05778. See M. Reader DIS24 for more details.

0 N
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'Exp Challenges - systematics @‘

Preliminary!

@ Taking Student's t-distribution compute expectation value of ;)(2/Np»GS
as I (“error on error”) increases.

® F[\?/ Npts] increases to > 1 as r b St et f’i Wi
increases, particularly if assuming r =0 P
in fit, but even if taking “correct” r # 0. © et

@ Would explain why (at least partly)
PDF fits observe XQ/NptS > 1.

@ Perhaps T2 ~ 2 — 5 could result from .
. B ? 160 ATLAS 7 TeV high precision W.Z
such uncertainties? © 2 N 2 i i

@ How does this impact x°/N? - Try on =

80

\M

precision ATLAS 7 TeV W, Z data: N
40 1
g 20 2 o — — 1
@ Observed )(2/NpaGS ~ 2, requires o X /Npts =1 re=04;
r % 0.4. ) ) . ;*ES'K.-.‘I'\«"II:. IGS:}:'; . . r

M. Reader 2408.12922 and MSHT, Reader et al, in preparation.
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'Methodological Challenges

Intrinsic Charm (IC)

O,

Is it there and
can we see it?

o Usual perturbative charm PDF generated from DGLAP splittings above m..

e Various theoretical models for IC, BHPS (““valence-like?’), “sea-like’’, meson-baryon.

« NNPDF obtains “fitted charm” by fitting 4FNS ¢ PDF and inverting at matching scale.

e Difficulty is separating IC from higher twist, process dep, higher order and other effects.

.03

 Data on High x DIS, LHCb, etc may offer 0
sensitivity.

.02

0.01

» Issues of flavoured jets, NNLO QCD, MPE ..

Gauld et al (2302.12844)
 Future measurements at EIC, FPF.

NNPDF
(2208.08372)

X(c+C)

Intrinsic Charm, NNLO match (PDFU)
4FNS Charm, Q=151 GeV (PDFU)
—-= Intrinsic Charm, N°LO match (PDFU)

0.4 0.6

xT

0.8

102 |

107

1074

Q=100 GeV

CTI8NNLO z==ma 3
CT18XNNLO EXXxXx3
CT18-BHPS3 — =—
I CT18X-BHPS3
CT18-MBMC = - - -
CT18-MBME —— -

CT (2211.01387)

0.2 0.3 0.4
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'Methodological Challenges

Additional Constraints

 In order to ensure physical PDFs, often additional constraints

are added. Many different types and methods:

6 N

More info on positivity or
otherwise of MS PDFs:
NNPDF (2006.07377)

Collins et al (2111.01170)

1) Parameterisation — Behaviour at low/high x where data limited.

Can also be applied through pre-processing, or priors on parameters.

2) Positivity and integrability — Can require positivity of observables (DIS S.F.s),
NNPDF4.0 also enforces positivity of g, light ¢ PDFs via hard-wall X2 penalties.

d- {i(NNLO) PDF at Q2 = 10* GeV?
0.02 —— MSHT20

& ity - ~ MSHT20 (2012.04684)

\ 0.04 — -1

0.030 4

0.025 4

| == NNPDF4.0 7

0.020 A
0.02

0.015 4

d-0 0.00 0.010 4

X5(x)

0.005 4

-0.02 1

MMHT14 NNLO a, (mz?) = 0.118 —— 0.000 -

-0.04 |- MSHT20 NNLO a, (mz?) = 0.118 —— —

Q2= 1‘0000 Gev?

—0.010

s at 1.65 GeV

# " NNPDF4.0 (68 c.l.+10)
%' NNPDF4.0 (3.1 positivity) (68 c.l.+10)

NNPDF4.0
~0.005(2109.02653)

10—5 10—4 ln—ﬁ 10—2 ln—L -0.08 Ll Lol Lol
105 104 103 i 102 10"

0.2 0.4 0.6 0.8 1.0
X
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'Methodological Challenges @‘

Theoretical Grids

 PDF fitting needs theoretical predictions — encoded by theory grids, produced once.

Czakon et al

« Share grids via online repositories (applgrid, fastnlo, ploughshare). (1912.08801)

* For most datasets, only NLO QCD grids + NNLO k-factors available.
» Differences also exist in treatment of Monte-Carlo errors in k-factors (right).

 However, full NNLO QCD grids becoming available for several processes — e.g. top

Los ZNNLO  CMS, 0.0 <y < 0.5, R=0.7, p’*

° Important lf we WlSh to o LHC 13 TeV PDF: NNPDF31 Scale: (Eray + pri)/2

exactly one 55 et st Image Credit: L.A.
consider higher orders Harland-Lang

1.04 -

ratio to first algo.

(see later!). _t
M= Eiiiiiiﬁlii Czakon et al L Ll Lt b
* Challenges to compute ot 12 Do4en)
NNLO 11‘1 When ﬂavoured 50 ki3 100 L?F»p a {'}:J 175 200 225 0.96 lfl)(J 10‘00
. Gauld et al pr(f) [GeV] P [GeV]
_]et - W+C, Z+c data. (2208.11138)
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p Dynamic Tolerance and PDFs 6 W

How exactly is the size of the tolerance determined?

Different prescriptions — could just expand Ax2 for every eigenvector the same, e.g.
CT in past have used Ax2=100 for 90% CL (now do something more complex).

MSHT look at each eigenvector and the dataset tensions it sees and set different
tolerance — “dynamic tolerance?”.

Consider y2(Ndatapoints) and rescale its Ax2 by its 68% CL width. Then tolerance
(I.e Ax2=T2) set for each eigenvector direction once one dataset exceeds this.
Essentially apply weaker “Hypothesis Testing criteria’” — rescale such that each
dataset lies within its 68% CL for y2(Ndatapoints).

(x?)V/2=1) exp(—x?/2)

Pn(x?) =
() ON/2F(N/2)
X2 £ gives N corresponding to
2 i,0 fractional (x/100) cumulant
Xf < 550 668 of distribution, e.g. £g5 = Npis.
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PP Theoretical Challenges @‘

Theoretical Uncertainties - MHQOUs:

 PDF uncertainties have up to now typically neglected theoretical uncertainties.

 In limit experimental systematics are perfectly known and statistical uncertainties
reduce to 0 then ¥2 -, as theory at fixed order will not match data.

e Need to add theoretical uncertainties into PDFs due to 100 Gev

=
w

Missing Higher Order Uncertainties (MHOUS). | ' NNPDF4.0
(2109.02653)

=
[N}

=
=
L

 Three main approaches:

o
©

1) Scale variation/joint fits

Ratio to NNPDF4.0 (NNLO)
=
o

NNPDF4.0 (LO) (68 c.l.+10)
| NNPDF4.0 (NLO) (68 c.l.+10)
=== NNPDF4.0 (NNLO) (68 c.l.+10)

o
o

2) Bayesian approaches

o
~

10°° 1073 102 101 10°

3) Theoretical Nuisance Parameters x
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Theoretical Challenges O,

Theoretical Uncertainties - MHOUSs:

1) Scale variation - Include scale variations as proxy.
- NNPDF have done NLO, using “theory covariance matrix?’, S.
- Get small improvements in X2/N and larger uncertainties. /'(18%\3:134)
- Potential issue of double counting scale variations in PDFs and cross-sections.

- Degree of variation used is arbitrary, only probes (N)NLO terms.

NNPDF3.1 Global NLO, Q = 10 GeV NNPDF3.1 Global NLO, Q = 10 GeV
2) Bayesian approach — Determine model Z- \ = . e “NNPDF
. . Zon- 1 Zout . (1906.10698;
dependence on order in statistically Zuu § *-..,2105.05114) -
BOI’lVini * o go.oei— 4 xo0f .§
(2006.16203) defined way. Not used in PDFs yet. Bt D --
Cacciari et al s . R
(11055152, - BonV]'n]‘ and CaCCIa‘rl HOUdeau modﬁl§m the NNPDF3.1 global fits Cv' ‘ C+S(9pt) C+S(7pt) C+S(3pt) ir C+S§zpt) C’+S’§g§fp),

1409.5036) \1.139‘ 1.109 1.129 1.139 \ 1.113 1.220 \
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'Theoretical Challenges

6 N

Theoretical Uncertainties - MHQOUSs:

3) Theory Nuisance Parameters and known N3LO

MSHT

/ (2207.04739)

- Idea is to include known N3LO effects already into PDFs and to parameterise

remaining unknown pieces via theoretical

nuisance parameters.

- Variation of theoretical nuisance parameters

then probes exactly the N3LO MHO terms +

PS
zP,>(x)

gives theoretical uncertainty on aN3LO PDF fit
- MSHT20aN3LO PDFs.

0.003

0.002

aN3LO prior

aN3LO fit \

e
-
7
-

0.001

0.000 — P
1.0 0.8 0.6 0.4 0.2

new Falcioni et al
result 2302.07593

-
L
-
-
-
-
=
o
-

7
NNLO exact

10 10?2 107 10* 10° 10 107 10°® 10°
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'Theory Challenges - Uncertainties @‘

@ For many processes NLO scale variations were not sufficient to

incorporate NNLO result.

10% [

5% I
2%

2%
59, k-

-10% [

-15% |

20% L

-—
—_— el e e I e

NNLO o ||
NLO momm

Image Credit:
G. Salam

@ Is there a better way to do this? —» Theory Nuisance Parameters (TNPs)!
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Theoretical Challenges O,

PDFs and Beyond Standard Model Physics o
« PDF uncertainties grow rapidly at large x — limit searches  “*[— wworionmio :
for BSM at high mass. ;;::6 = ST
» Parameterisation or other assumptions here also can have 002 :
an affect e.g. in DY AFB. Ea A S

 Meanwhile, for fitting of SMEFT parameters, there might be notable correlations
between PDFs and the SMEFT — suggests doing a joint fit.

Nominal setup
T T T T o
< =—— total+p

. = . 2.0 80: 7 —- cmsstt
%108 DY @ 14 TeV with My > 6000 GeV LS L 1 —- ATLAsB
T T T T T — T T T T -2 B CMS13 tt
Al - ] 101 . 60r p f e
: NNPDF 051 : N>< 40: 7] =:- Unc.at90%CL
z (2209.081153) g 7] 3 4o
-9%2 - : (;_0.5_ \ / 20
SR = ‘ 107 smeDEs e NNPDF 0: :'.'- i :
_15] — sm . PDF L i i
[y i ; i . i . i i - — SMECFOTn'S)DFS ° (210402723) _207 Lol P v 1 CT
—e—- il cE NNPDF4.0 CT18 MSHT20 2058 15 1.0 —05 00 o5 To 5 2o -1 0 1
o dd +s5+Dbb ABMP16 W (x10) CL/N? (Tev~2) (2211.01094)
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Theoretical Challenges O,

Deuteron and nuclear corrections

 Data of DIS scattering off deuteron/nuclear targets allows separation of u/d at high
x and to examination of flavour decomposition via CC — used in PDF fits.

 Complications of dealing with corrections from deuteron/nuclear environment.

« Different groups use different treatments, generally % effects but more at high x.

 Connected issues of higher twists, target mass corrections, e.g. MARATHON.

11s Q=10 GeV — d at 30 GeV o8 e,
= = NNPDF4.0 deuteron fit (NNLO) i NNPDF4.0 (68 c.l.+10) CT;sgana ysis
==« NNNPDF2.0 (NLO) 175 Hreeer Mok e anlo fER e T 11 A /EE— 0000 | ONSR.. MSHTZO e
1.10 MSHT (NNLO 4 params.) %! Deut. uncs. only (68 c.L.+10) 07 :‘i';;z:z o |1
o 1.50- === Deut. uncs. only + shift (68 c.l.+10) cJ1s s a
1.05 < JAM21 -
5 1.25 4 06 L MARATHON —= |
~Nao = S
% 100 . —_— /= £ 1.00 jeuus =
e - umm E o ...\,"\
w o075 0s | SRS +
0.95 2 NS 4 }
< 0.501 , , S e
0.90 NNPDF4.0 % oa |- Alekhin, Kulagin, e B
0-251(2109.02653) Petti (2203.07333) R
0.85 0.00 T T T : . 03 I 1 I 1 L I C
102 107t 0.2 0.4 0.6 0.8 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X
th . . .
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'aN3LO — How does it work? @‘

@ How do you include the aN3LO information and a theory uncertainty? Consider Pab:
@ What do we know and how do we incorporate this information?:
» Even low-integer N Mellin Moments (4-8) (now 5-10 known'2~19)
- constrain intermediate and high x via fol dx xN=1P(x).

» Parameterise sz)(x) with functions 1, where
k = No. of known moments and vary basis for uncertainty.
> - included in fo(x, pap)-
E.g. for ng:
In 1
fe(x,pag) = + pqgnT/x

» Uncertainty on this through coefficient of leading missing low x log as
theory nuisance parameter (TNP) p.p.

» Include relevant high x known pieces also in fo(x).

@ So overall: P
3 er ittin
P (x) = 3" Aifi(x) + folx. pab) LT per Spline

i=1
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' aN3LO - How accurate is it?

Now 5 moments for Py, Py 1213 and 10 for P&Dcf, Bag 512,

°
@ Largely good agreement with MSHT determinations in central values.

@ Exception is Pgq, least well determined (one extra low x log unknown).
°

Reduct|on in P;Dqs, qu uncertainties. Impacts reduced once in PDF fit.

0.08 T 0.12
0000

0.025
0.020 FF
0.015

0.005

()

o S
new FHMV

result

s
L]

zP
P
2
3

.o, aN3LO fit

N N LO exact

TR T BT = S T e T T

TPy ()
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'Alphas bounds — NNLO

MSHT20 a5 bounds - NNLO

Consistent with e bounds

seen in previous studies,
and between orders

(NNLO and aN3LO).

0.130 | | : Top LHCb Gauge Boson Jets
. B i i i e =
BCDMSp data | i
stronges-t constraw&t 0.126 - T ‘l : ATLAS 8 Tev Z
upwards: Aag(M%) .
— 10.0014 z 0.122 [ | [ data gives lower
o ' ' l: [ :] ;j- 11 lL . bound: &as(Mi)
ag(Mz?) 0.118 :IT'_ I T—]_ T "*'J-_'"'i' _}‘T' @ _-t ':F'_ _J._' i = —0.0010.
fomm =] = - = b b ke b ] e - N . e o - ol b | -
- = I ] J - A
0.114 | HH L | I
SLACp and ATLAS 8TeV 0.110 | : : * : NN deutsren;
ZpT both give upper bound: [ = ! | | ATLAS 8 TeV High
25 0.106 - : : ! i
'&QS(MZ) = +0.0018. Fixed target ' HERA 'Tevatron ' LHC 4 assiN, ghve Iowe;
L1 1 1 1 L 1 1 1 1 1a1 1 1 1 1 1 1 | : 1 1 1 1 1 1 1 1 11 Ll bOundS of ﬂaS(MZ)
PSS SR SRS e Joon, 0 0018
: FEEEI TR L 600 85 8h o S Be RS L F oSS AL o5
t‘t single diff. would & £¢€ §°ﬁ$§§ :5" 3?;‘5’ g T
give lower /same upper ag §(§J TIE = g€ T
bound, but not used. kg
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'Alphas bounds —aN3LO

MSHT20 as bounds - aN3LO

Consistent with cvg bounds

seen in previous studies,
and between orders

(NNLO and aN3LO).

T 7T 17T 17T T 1771 : LI : -I- T : T -Il-opl T IL|—IICbI T T Gial‘:gel_BLst & L JIatsl T
0.130 | 8 : - =
BCDMSp data - | [ [
. | + 1 ] —
strongest constra|r12t 0.126 _ ! | S LAC st
upwards: Aag(M3) . g :
— 10.0013 0.122 - T i ] data gives lower
' ' ] . bound: AaS(M?Z)
ag(Mz%) 0118 1T~ ']-_'"”'_ 'PTITT TT B N = —0.0016.
-_J.___J:J.._J.____h__:___ _j__l sl lad Ll ok de __f__ N
0.114 | b-1-1¢ .
. I 1
F5 provides 0.110 [ | L ] 1 NMC deuteron,
upwards bound of: I ! 1 ! ATLAS 8 TeV Z
0.106 |- o e : ] -
AQS(Mg) - +0.0020. | -I- !:I}"Ieciltalrgellt | 1 lI-|EIF‘AII:-l;ewlaulan: 111 1 | I .| 1| II-HIC | -l- | l bOth glve Iower 2
bounds of Aarg(M5)
F QLT S P o I N e R A Le R LR RN Lo oL RS _ 4
EEANAAA AESS §;§§§ ﬁ?@gﬁ@% - 6@@?@1’&%}%@%%15 = —0.0017.
; S S EPPERTIL RS e 88 T L ST R 0000
CVIS and ATLAS (lepton)  §9 SRR Sr A SRS
tt single diff. would g £ FTEFes & 59@? 5 Missing Higher Order Uncertainties
give slightly higher upper _g? ad e °Fy 9 S now included, in particular causes
T

v bounds, but not used.

some LHC bounds to weaken
as unknown N3LO K-factors.
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P PDF + Strong Coupling for Xsecs <

@ Within Hessian approach to PDF uncertainties, correct manner to

determine combined PDF+as(M2) uncertainty for any quantity,
including correlations between PDFs and ag is:

@ Take PDFs determined at as(M3%) + Aas(M3) and treat as
additional pair of eigenvectors.

@ Determine quantity to obtain Aoc,,..

Quadrature as whilst
central values correlated

© Combine uncertainties in quadrature: errors uncorrelated.

CT: 1004.4624.
_/
AO‘ = \/(AJPDF)z -+ (AO’z > )
aS(MZ)

e Works provided central PDFs are best fit PDFs with avs(M3) free.

e Choice of Aas(M2) up to user but recommended to be close to

our 1o bounds, e.g. £0.001 for simplicity and near that of world
average.
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p PDF + Strong Coupling for Xsecs

O

@ Cross-section uncertainties at NNLO/aN3LO (left/right) at the LHC.

agF Higgs LHC (13TeV)

..........

PDF errorbar = - «- -
Og errorbar - = -1
PDF+ag errorbar ————

Z LHC (13TeV)

W* LHC (13TeV)

W LHC (13TeV)

,,,,,,,,,,,,

‘‘‘‘‘‘‘‘‘‘‘‘

Aag(Mz) = £0.001

Vs =14 TeV
ggH T
_—
........ Wevreosney
VA Feeten
L E———
w+ [
_—
Ww- R
Preliminary!
1 1 1 1 1 1 1
0.96 0.08 1 1.02 1.04 1.06

1 1 1 1 1 1 1 1 1 1 1 1
093 094 095 096 097 0.98 099 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07

@ Direct avg uncertainty through xsec is small for DY. Total ag
sensitivity larger due to change of PDFs with ag.

@ Direct s uncertainty of ggF Higgs is larger (~ 2 — 3%), reduced by

anti-correlation of gluon with as.

@ Higher energies sample lower x quarks = larger avs uncertainties.

@ Interplay of direct and indirect (through PDFs) effects = importance
of treating PDFs+as together.

12*" July 2026

Thomas Cridge

Precision PDF's 29/35



P PDF Uncertainties + PDF Profiling <

@ Step 1 - Evaluate PDF uncertainty for given PDF.
Option 1:

@ Scan/"“offset” PDF eigenvectors: (LHCb myy, and sin? 8, first ATLAS 7TeV my,).

NEV
50 = | > OF - 07)/2F
i=1

@ Typically used for PDF uncertainty on cross-sections:

— 4?“.!!025 = : g -I --I :
p = WH = fee + X i — A PINEY = Nuncerining
R Pl ; : [ : pp — 7 s X Asin0f,; = 5w 10r
NI J-.Ll —_—— ey :\.\lF[)I.‘{ | r T T T QL0020 |-
NNFPDF4.0F == NNPDF4.0E [a— 4 L0 S
MSHT20F THTE
o MSHT20 L S o000 -
CTI18F 1 CTI&F bm— m——— 1 "
N ] X 0.0005 [
ABMP16 —_— ] ABMP1G —— ] A
GGOD G700 GROO GO0 0275 a50 975 1000 0.0000 b L L X . L L . 5 | i
1 1 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
o [pb] a [pb] 1A

@ Can be used for parameter determination, e.g. LHCb sin? O -

@ Now experiments often want to additionally constrain PDFs in situ
= PDF profiling to reduce PDF uncertainties a posteriori.
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P PDF Uncertainties + PDF Profiling <

@ Step 1 - Evaluate PDF uncertainty for given PDF.
Option 2:

@ Profile PDFs - construct a joint 2 of new data + PDF:

3T yl BT n 2
j [(D; N | rexP gexPy _ (T, 4 ' [PDF gPDI )] 5 s
xz({ﬁﬁ"p},{G,ﬁqDF},D): E Z‘ : — Z + E ((;L‘*‘") + E (-f?rlﬂpb)
m

l,stat

i k
N
= E (D.' — TI.) (6:41411 + Cexp + CJ’DF) "_] (D_.' — TI) "\‘\_\_ MNuisance Parameter form
i y Covariance Matrix form
@ Increasingly experimental collaborations profile PDFs:
» See impact of new data on PDFs. - __ 138" (2016:2018, 13TeV)
==l oA
» Extract SM parameters, e.g. as(Myz). oriea = by
S - Al (no-prof)
. o ) CT18 | —— . )
@ Allow fit to move PDF within uncertainty +  wsumo S el AfaCT182
. . . NNPDF40 e
to constrain PDFs simultaneously with POI NNPDF31| | ==
5 - 0.23 0.232 ) 0234
(parameter of interest) p = reduced Ap"Pr. Sir'e

(CMS: 13TeV my, sin? 8y, ATLAS: updated 7TeV myy,, 8TeV sin ).
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P PDF Uncertainties + PDF Profiling ® Q

@ In profiling PDFs fit moves along
eigenvectors in PDF parameter space to

minimise joint x2 of new data + PDF. E?‘l:\\
Relies on 2 assumptions

@ The PDFs are not altered significantly (i.e. central values moved

< lo and uncertainties not substantially changed).=- check PDFs pulls

© PDF uncertainties, representing constraints of previous data in PDFs
are consistently included alongside the new data

|
"'\'ue-\\ data

@ Consider again joint x* of new data + PDF (i.e. existing data)
Xgota.l = Z (D

,- E: + Z rPDFHPDF 1 (D E + Z rﬁDFE,FDF) + Z TE(QEDF
ij=1 / k

@ Last term represents x2 penalty to move PDF from its best fit
@ But MSHT, CT PDFs use a “tolerance” so oPF = +1is Ax? =772 # 1.
12™ July 2026 Thomas Cridge - Precision PDFs
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P PDF Uncertainties + PDF Profiling <

@ Tolerance must be included in profiling PDFs, impact translates to POls.
@ PDF Uncertainty also significant on «g from Z pr, e.g. “scanning”:  Preliminary!

paz1, N°LL’ SCETIib ) o121 NPLL SCETIib See Giulia's talk for setup and further info.
« PDF members PDF uncertainty = PDF members PDF uncertainty LOF
0.120 Scanning [ 0120 =1 )
0,119 0.110- Aol = 43 = 10! 08
S ol =
2 E o1s. e _agee gt Z PRELIMINARY
= 0118 =0a IBWM—.’.IWM— =
uy 5] | . = 1 1 T
3 g | Zosk Q=100 GeV 4
0117 0117 =
': 3] —— MSHT20 aN3LO profiled T=1
| | T~
116 ¥ = [(h0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6] | o.16l ¥ = [0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6] ~ —— MSHT20 aN3LO profiled T=3
i 8TeV, Zpr, ATLAS binning, pf < 20 GeV | " 8TeV, Z pr. ATLAS binning, pi < 20 GeV 0.4k MSHT20 aN3LO profiled T true f | -1
SCETIib preliminary | | SCETIib preliminary - — '”T”l_| — “”“;_n = 'llltll__: — “1'['1_| e
0115, in 30 a0 a0 50 0.1155 i 20 a0 a0 50
var I\r\’illh rf.

@ But, new precise Z o5 data can also constrain PDFs = profile to
constrain PDFs simultaneously with asg.

@ |f you profile PDFs inconsistently without tolerance, “T=1", you get a
substantial uncertainty reduction.

@ But you overestimate the reduction in the uncertainty on the PDFs
which results in an incorrect PDF uncertainty on your POI, here ag.
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P PDF Uncertainties + PDF Profiling <

@ How can | propagate this to ag uncertainty? Suggestion (WIP): Preliminary!

@ Two-step profiling:
@ First profile PDFs with factor of T2 and Ax? = T2 to correctly account
for existing PDF uncertainties = obtain consistently profiled PDFs.

© Then perform fit with Ax? = 1 for other uncertainties and obtain PDF
uncertainty by scanning profiled PDFs as new input set.

NYLL' SCETlib NLL’ SCETIlib

NYLL SCETIib

0,121 1 0121 - - 1 0121 - T
| « PDF membors PDF uncertainty | |« PDF members PDF uncertainty | « PDF memhers PDF uncertainty
120/ - | 01200 o.120/
01200 Scanning ; (T=1 [T =dyn
n.118| AaPDP = 10.4 3 10-1 0.110¢ Al =43 e 0!
- -
S - S b
= | .
E naisle F_— “"' D i[]_1|?§-lw'f:..—.#“—“'-.='—..‘.‘:~fm....—
= - | -
o - - oy | L o
e} =} |
[158 B b 0.1 IT:
ad 1”: Y = |U_I’I. 0.4,0.8,1.2, 1.6, 2.0, 2.4, 2.8, 3.2, .‘LHJ 0. "_: Y = :[I.II.iJ_d_II.H_ 1.2,1.6,2.0,2.4, 2.8, 3.2, :l.l'i] o 'I'I[': Y = |l]_(l_||.-1._ OB, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, -'i_iil
L1016 | BETH 16| |
| 8 TeV, Z pr, ATLAS binning, pf < 20GeV | | BTeV, £ pr, ATLAS binning, p# = 20 GeV | 8TeV, & pr, ATLAS binning, p-_,‘i < 280 GeV |
| SCETIib preliminary | | SCETIib preliminaey | SCETIib preliminary |
B T R T R T R T R T R T ' R 7 R T R 0 T T T R 1 1T BT [T
Noar Noar Noar

@ In terms of PDF uncertainty:
I = 1 < Two-step profiling T = dyn < Offset/scanned input PDFs.
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