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Outline - Precision PDFs

o Overview - Where do we stand?
Q Experimental Data Progress
@ Methodological Developments
0 Theoretical Advances
e Simultaneous Parameter Determination
e Conclusions

More information in: 2012.04684, 2207.04739, 2306.14885, 2309.11269, 2312.07665,

2312.12505, 2404.02964, 2407.07944, 2411.05373, 2508.06603, 2510.03753, 2510.09321,
2512.06092, 2602.06908, etc, by TC, L.A. Harland-Lang and R.S. Thorne (MSHT) and others.



1. Overview - Where do we stand?

Qverview

- Why are PDFs important?

- Where do we stand?
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1. Overview - Where do we stand?

Precision PDFs - Infroduction:

@ PDFs are a key input and output of many calculations/measurements.
@ Moreover, they are often a dominant contribution to the uncertainty.
@ In era of precision LHC physics, we need precise and accurate PDFs.
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1. Overview - Where do we stand?

Precision PDFs - Infroduction:

@ PDFs are a key input and output of many calculations/measurements.

@ Moreover, they are often a dominant contribution to the uncertainty.

@ In era of precision LHC physics, we need precise and accurate PDFs.

2. Higgs:
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Precision PDFs - Introduction:

@ PDFs are a key input and output of many calculations/measurements.
@ Moreover, they are often a dominant contribution to the uncertainty.

@ In era of precision LHC physics, we need precise and accurate PDFs.
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If looking in high energy tails for new BSM resonances, SimuNet: 2104.02723

e.g. dijet searches, then gluon PDF uncertainty blows up

Or if looking for small deviations
= limiting sensitivity to new physics.

from SM, need precise PDFs to
separate out new physics.
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1. Overview - Where do we stand?

Precision PDFs - Status:

@ Several different PDF analysis groups — ABM, ATLASPDF, CJ, CT,
HERAPDF, JAM, MSHT, NNPDF, PDF4LHC and others.
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@ Continuous Improvements made, e.g.:

» Experimentally - More data.
» Methodologically - Improved Fit and uncertainties. Closure Testing.

» Theoretically - Higher Orders (aN3LO), theory uncertainties, QED.
@ Here | will focus on MSHT.
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1. Overview - Where do we

PDF Comparison:
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1. Overview - Where do we

PDF Comparison:

L1
L= MsHT20reps
“ NNPDF3.1reps
105 | == CT18reps
N . ~ PDFALHC21-900reps
N e AN | T I AT e g
S
= .
0.95)
0. i L L i 0. L L L L L L n L
0707107 107 10T 107 10T 10T 107 10T 07107 107 10T
0.104 0.104
"\ il
Q =100 GeV —— MSHT20reps i
0.08] 1 oosf i NNPDF3.1reps 1
. .3 —.— CT18 reps. i
S . g PDFALHC21-900reps i
] &
Eum. anm. . i
Som o 4 LY 00a\> PDF4LHC21
< < (2203.05506) Sy
0.02 1 00 g
= Z - = S ey
0. . L L L 0. ul n i i 0. n ul L ul T e e
7107 107 107 107 07107 107 107 107 07107 107 107 10T L [ T T
xr x xr xr

@ Good agreement + PDF uncertatinties O(%) in data region.
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1. Overview - Where do we

PDF Comparison:
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1. Overview - Where do we stand?
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PDF Comparison:
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@ Good agreement + PDF uncertatinties O(%) in data region.

@ Differences exist elsewhere, e.g. high X gluon, strangeness.
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PDF Comparison:
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1. Overview - Where do we stand?

PDF Comparison:
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@ Differences exist elsewhere, e.g. high X gluon, strangeness.

@ Uncertainties vary in size, often based on methodology/choices made.
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1. Overview - Where do we stand?

PDF Comparison:
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1. Overview - Where do we stand?

Cross-section Comparison:

@ Similar level of agreement holds at level of total cross-sections:

@ Particularly amongst global PDF sets:
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2. Experimental Data Progress

Experimental Progress

- New LHC Data
- Non LHC

(e.g. Fermilab Seaquest - see backup)
- Future Colliders (see backup)

More information in articles: arXiv:ihep-ph/2012.04684, 2312.12505, 2309.11269, and
2512.06092.
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2. Experimental Data Progress

Kinematic Coverage of Data:

@ Global PDF fits - broad coverage of (x, @7) plane from complementary
experiments = robust (central values and uncertainties!).

@ Huge range of LHC Run 1 + 2 data already included.
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2. Experimental Data Progress

New LHC Data:

@ Impact of new data being assessed, both 13TeV and alternative 7-8TeV.

@ Jets: Inclusive jet vs dijet production at up to aN3LO (more later).

, PDF ratio at Q? = 10* GeV? . PDF ratio at Q* = 10* GeV?*
No Jets/Dijets (NNLO) ——

Total Total

2

X /Npts jets dijets
Npts 643 266

NNLO 1.67 1.13

aN3LO 1.63 1.04

MSHT, 2312.12505.

CT, 2307.11153.

@ Top: 13TeV data studied, some impact + complementary to jet data.

L3

@ Drell-Yan data:

> All groups observe enhanced strangeness
from precision 7-8TeV data.

» CT observe same from 13TeV data.

Ratio to CT18

— CTI8
- CTISA

CT18As

s(,Q = 100 GeV), 68%CL # /

CTI8+nDY
-- CTISA+nDY
CT18As+nDY

CT, 2305.10733.
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2. Experimental Data Progress

Data Challenges: 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
//o7) and different datasets of same type (e.g. ATLAS vs CMS).

110 fLINNLO) PDF ratios to MSHTZ0.21 @ - 10" G2
MSHT20 default ——
Jets vs Top vs ZpD5 e 15| CT18 NNLO, g(x, 100 GeV)
p p!

top only —— /\

6 Zpronly
MMHT14 defaut

ratio

<o LHObaWZ e canewtz
o ATLBZOTOT o5 canowia
sia CMSTRRTYST o colzmi
s ATLTARGUT 47 HniXoo
cussrRTT esseppxt
HERApII cot2qcorz
MSHT20, arXiv: 2012.04684

o1 BodFapCor
BodF2aCor

voo L ity O 10000 GeV?
10°% 104 10% . 102 107 CT18, arXiv: 1912.10053
+ joint CT-MSHT-ex
CMS vs ATLAS s:udy i 2306.03918
X2 /Nots (4363) | 257 | 133 | 117 | 114 | x

@ Limits improvements in precision + causes )(2/NptS > 1.

@ Many reasons, sometimes connected with treatment of systematics.
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3. Methodological Developments

Methodological
Developments

- Uncertainty freatment
- Errors on errors

- Closure Testing

More information in articles: arXiv:ihep-ph/2407.07944, 2408.11423, 1909.10541, 2012.04684.
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3. Methodological Developments

Challenge: Uncertainty Quantification

@ How to quantify PDF uncertainties in presence of tensions?

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

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

@ Ax? = 1 would apply if:
» Complete Statistical compatibility
between all datasets.
» Completely faithful evaluation of exp. 095~
uncertainties of each dataset. Y T IR
» Theoretical calculations to match '
these data exactly.

IS/DY+HERA (NNPDF4.0 peh input, 72 = 1)
(NNPDF4.0 pehinput, 72 = 1)

Harland-Lang, TC, R.S. Thorne 2407.07944
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3. Methodological Developments

Challenge: Uncertainty Quantification

@ 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:

o Pm-'mm\u? = 10" GeV?

o AX2 - -l WOU|d apply |f SIorHERA NPDFes it 7= )
. . ap ey 103 -
» Complete Statistical compatibility >
between all datasets. e
» Completely faithful evaluation of exp. 0% B\
uncertainties of each dataset. P18 PRSRPEERS VYIS S SV |
» Theoretical calculations to match WXDFW,S,QzZI\WW
10"
these data exactly. D\ aro ey
”
107 E
1072 E
0\0* \0 \0‘" m‘ m‘

Harland-Lang, TC, R.S. Thorne 2407.07944
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3. Methodological Developments

Challenge: Uncertainty Quantification

@ How to quantify PDF uncertainties in presence of tensions?

@ Size of uncertainties not affected at all by tensions using a “textbook”

A =1("T=1).

@ Ax? = 1 would apply if:
» Complete Statistical compatibility
between all datasets.

» Completely faithful evaluation of exp.
uncertainties of each dataset.

» Theoretical calculations to match

these data exactly.

v

@ MSHT (and CT) use a tolerance to account
for dataset tensions + other effects
(similar idea to PDG rescaling):

AZ2=T2 (T>1).

g, PDF ratio, Q? = 10* GeV*
Y,

- ! ! 1 1
107 10" 0% = 1072 10+

Harland-Lang, TC, R.S. Thorne 2407.07944
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3. Methodological Developments

Treatment of Experimental Systematics:

@ 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), @ =10 GeV?, R =06

Combined, p.s decorrelated between distributions H
MMHT (0 jets) — - § 14 ATLAS
0 ATLAS - Z
AS 0 i g % ATLASpf21, T=1
5 g i § .§  Nowoerany cardaton
) el N\ 1081~ X between data sets

- 2 No correlations
-1} Inclusive jets

15 —
o0t 001 [

Correlations
3
S. Bail 1 LHL, arXiv:1909.10541 08
S. Bailey et al., arXiv:2012.04684 5. Bailey and LHL, arXiv:1909.10>
! 107 10? o
dat default part. decorr. full decorr Maat = default_stat. uncorr.  ps. uncorr
/Nps
140 /Npre 189 1.28 0.83 kal A o 32 L8

@ Currently investigating better correlation models...

@ But how precisely do we know these systematic errors anyway?
= "“Errors on errors”.
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3. Methodological Developments

PDF Uncertainties - Errors on errors:

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

@ Model variances of uncertainty as Gamma-distributed:

a/

L(M,G)_P(y|u,9)H \/—U exp(—(ui— 0/)2/20u1) Vai ]eXp(_ﬁiVi)

May)

where oy = 1/(4r?), i = 1/(4r?02)
I; is relative uncertainty on systematic error = “error on error”.
@ Model equivalent to Student's t-distribution:

M+ 1)/2 2o
L(u,0) = P(ym,e)n \/((_r*( ,)//2>( # Ly

where f,' = (U,' — 9,)/\/7,, v = ]/(2[’,2),

@ 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.
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Errors on errors: Preliminary!

@ Taking Student’s t-distribution compute expectation value of )(2/NptS
as r (“error on error”) increases.

@ E[x?/Npis] increases to > 1 as r Note hatlor o > 06> 1/
increases, particularly if assuming r =0 \
in fit, but even if taking “correct” r # 0.

ez

@ Would explain why (at least partly)
PDF fits observe )(2/Npts > 1.

@ Perhaps T2 ~ 2 — 5 could result from

. . 2 160 ATLAS 7 TeV high precision W,Z
such uncertainties? BN 2 fit

@ How does this impact XZ/N? -Tryon =

precision ATLAS 7 TeV W, Z data: @ X |

20 |

. 2 = ~ |

@ Observed \?/Nyis = 2, requires T X Npts 21 r~04)
r~0.4. ey

M. Reader 2408.12922 and MSHT, Reader et al, in preparation.
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3. Methodological Developments

Closure Testing:
Other methodological PDF uncertainties = test by “closure testing”.

@ Idea: Generate pseudodata (fluctuated/unfluctuated) + attempt to fit it.

@ MSHT parameterisation in Chebyshevs
chosen to give few per mille precision.

@ Test 1: Analyse MSHT parameterisation
uncertainty — generate pseudodata with
NNPDF4.0 and fit.

0.001 001 ol 1

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

@ Fit quality very close to 0, in fact better than

1.04 .
NNPDF achieve: 2 N ] S

Fit quality: 2.4 0.0005 LO0 =

0.98

@ Excellent agreement, particularly in data i)
regions => parameterisation uncertainty very "L i
Sma” for MSHT Harland-Lang, TC, R.S. Thorne 2407.07944
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Closure Testing: corprang

SNy = —12 R
@ What if we used fewer parameters?

S Npar = —24

@ Fails closure = care required fitting with ~ osp-
fewer parameters: precision vs accuracy.

L
1077
2, PDFratio, Q* = 10* GeV*

@ Test 2: Fit MSHT parameterisation using S
NNPDF data/theory (using public code). . d
. . . . . U ——— A
@ Fit quality with MSHT parameterisation \
. . . 1
slightly improved cf NNPDF central replica. , , , i
= o [Tl [ [
NNPDF4.0 [ MSHT fit | MSHT fit (w positivity) | 5 Fitied Charn
3| 56021 (1.233) | 5645.2 (1.222) | 56510 (1.224) | -
MSHT fit (T2 = 1) =
A —469(0.011)  —41.1(0.009) - =
@ PDFs in some cases similar, but not always [ - ——
consistent within a T2 = 1 uncertainty.

oot
| 2 _
* Quark flavour decomposition: ¢ (NNPDF) ~o(MSHT, T5=1) 1\ 7 RS, Thorne 2407.07944

* Gluon (singlet at intermediate 2 ): U(I\”ISHT, T2 = 1) s U(NNPDF) S U(I\ISHT, T2 = 10)
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4. Theoretical Advances

Theoretical Advances

- Inclusion of theory uncertainties
- Approximate N3LO

- QED effects

More information in articles: arXiv:hep-ph/2207.04739, 2312.07665, 2406.16188, 2408.10008,
2411.05373, 2508.06603, 2510.03753, 2510.09321, 2602.06908.
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4. Theoretical Advances

Motivation

@ Experiments more precise = need more precise (and accurate!) theory.
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4. Theoretical Advances

Motivation

@ Experiments more precise = need more precise (and accurate!) theory.
@ Progress for N3LO cross-sections: Higgs (ggF, VBF, VH), DY(NC, CC).

Higgs - ggF: Drell-Yan - NC:
2 ! etal  Czakopetal LHC & 13TeV — 6(PDF)
f : (1902.00134) ~ (2105.04436) o — §PDF+ay)
m; I 9 ~ G§(PDF+a5)+6(PDF-TH)
g s 1 &PDFra) E
30 H
§ 6 6(1/m;) H
s G &), 3
af H
f S(PDF-TH) E
i
f | siscale)
o 1
) 20 a0 60 \ 80 100
Bonetti etal ~Coliider nergy/Tev  Bonciani et al 80 100 120 140 160 180 200 220 240 260 280 300
(1801.10403) (2010.09451); oG
LHC Higgs XSWG 2019 Duhr, Mistelberger 2111.10379
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4. Theoretical Advances

Motivation

@ Experiments more precise = need more precise (and accurate!) theory.

@ Progress for N3LO cross-sections: Higgs (ggF, VBF, VH), DY(NC, CC).
Higgs - ggF: Drell-Yan - NC:

etal  Czakopetal 1 LHC 6 13TeV ~ 6(PDF)

I
: (1902.00134) ~ (2105.04436) o — §PDF+ay)
m; I 9 ~ G§(PDF+a5)+6(PDF-TH)
£ < i
é 6 6(17my) H
s 0 G &), 3
ar H
f L
2
f | siscale)
o 1
) 20 a0 60 \ 80 100
Bonetti etal  Colider Eneray/Tev  Bongjani et al
(1801.10403) (2010.09451); ot
LHC Higgs XSWG 2019 Duhr, Mistelberger 2111.10379

@ PDFs at N3LO with theory uncertainties were becoming a bottleneck.
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Motivation

@ Experiments more precise = need more precise (and accurate!) theory.

@ Progress for N3LO cross-sections: Higgs (ggF, VBF, VH), DY(NC, CC).
Higgs - ggF: Drell-Yan - NC:

‘ggnegiaelél‘ ‘9‘;@ etal ] 1 LHC & 13TeV — 6(PDF)

(1902.00134)  (2105.04436) ] : o ~ G(PDF+a5)

= 6(PDF+a5)+6(PDF-TH)

6i/6r0rax100%
Relative Uncertainty [%]

6 (7m)
o £lkba W)
A A\ — .
| sscate)
ol 1
o 20 40 60 \ 80 100
Bonetti etal  Colider Eneray/Tev  Bongjani et al
(1801.10403) (2010.09451); Qe
LHC Higgs XSWG 2019 Duhr, Mistelberger 2111.10379

@ PDFs at N3LO with theory uncertainties were becoming a bottleneck.
@ Two steps required for more accurate and precise PDFs:

@ Higher order PDFs = aN3LO (“approximate N3LO").

@ Theoretical uncertainties from missing higher orders = MHOU.

Thomas Cridge PDFs: Opportunities and Challenges




4. Theoretical Advances

Approximate N3LO PDFs Available

@ World first aN3LO PDF set = MSHT20aN3L0 available for ~ 3 years.

HERA Tevatron

LHC Run 1 (30 o)

LHC Run 2 (160 o)

RUN 3+ HL

11 1004 2002 2004

2008 2000 2010

b [(creos |

[ee]

ire] [meros [ oweres

2012

f e ]

2013 2014

2020

[ ABKMOO ]

ABM11

Gao
Cridge

[[annersd ] [[msnra0 | [ ms#T20anaL0 | [ MsHTaNsLO qED MSHT
] +NNPDF
was] [Fm1] [Fwores] [weoreers b
o] i [rowess]
[remaao | [(arcasppds |

@ Also available for ~ 1.5 years: MSHT20an310+QED (more later).
@ First time at approximate N3LO (“aN3LO") and first inclusion of theory
uncertainties in PDFs at highest order.

Thomas Cridge PDFs: Opportunities and Challenges

Basic Idea:

» Include all known N3LO terms into the PDFs (a lot!)
» Include theoretical uncertainty for the missing ingredients
= aN3LO PDFs + theory uncertainty.




What do we need to know for N3LO PDFs?

@ Need to know:
» Splitting functions - at 4-loop to evolve PDFs in (x, Q2):
P(x, as) = asPO(X) + 3PV (x) + 3PP (x) + adPO(x) + ...
» Transition Matrix Elements (TMEs) - at 3-loop to change number of
PDF flavours at heavy quark mass (mp) thresholds.
ot (x, @) = [Aa(Q2/mh) @ 7 (Q@%)](x)

» Coefficient Functions for DIS - at 3-loop to determine
structure functions.

FQ(X, QQ) — Z (Cgi;nf‘l'] ®Aai(@2/m/%) ® finf(Q2))
a€H,q,g:.8€q,H
» Hadronic cross-section k-factors - at N3LO.

o=o0g+o0y+02+03+...=0N30F ..

@ Much already known, only a few remaining missing pieces.
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What do we need to know for N3LO PDFs?

o Need to knOW: Mellin moments, small X,
high x limits
» Splitting functions - at 4-loop to evolve PDFs in (x, Q2): j
P(x, as) = asPOX) + e3P (x) + o3P (x) + atP® (x) + ...

» Transition Matrix Elements (TMEs) - at 3-loop to chan%& number of
ellin moments, small x,
PDF flavours at heavy quark mass (mp) thresholds.

I+ (x, @) = [Aai(Q%/m}) @ £ (Q9)](X)

high x limits

» Coefficient Functions for DIS - at 3-loop to determine _Light flavour known, heavy
flavour high @“ known,

structure functions. approx for low Q2.
2 VF,ne+1 2 2 n 2
RX&@)= Y (Cy @AW /mp) @ (&%)
a€H,q,g:8€q,H
. . Very little known, PDFs
» Hadronic cross-section k-factors - at N3LO. need differential with cuts.

o=o0g+o0y+02+03+...=0N30F ..

@ Much already known, only a few remaining missing pieces.
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4. Theoretical Advances

Approach in MSHT20aN3LO:

@ Include known info (already a lot, even more now) for each ingredient.

@ Use Theoretical Nuisance Parameters (TNPs) to include effect of
unknown pieces, added to fit a la experimental nuisance parameters.

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

Expenmental Nuisance parameters

pr Neorr Neorr

P(TlD)O(eXp(_ Z 2(Dl< Tk_ Z gka (1)2+ Z )‘
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Approach in MSHT20aN3LO:

@ Include known info (already a lot, even more now) for each ingredient.

@ Use Theoretical Nuisance Parameters (TNPs) to include effect of
unknown pieces, added to fit a la experimental nuisance parameters.

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

Experimental Nuisance parameters

b 1 Not 1 Neorr ) /\ ) Ncorr 7‘2
(T|D) ocexp(—E > S—Z(Dk — T = Brara) + D> Aa
k=1 "k a=1 a=1

Nrnps Neorr Nrnps

N
TE 1
S DOICEED WU EDIEREDY o)
k=1 Sk K f= ]l
Theory Nuisance

Parameters

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

@ 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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4. Theoretical Advances

Splitting Functions: Ingredient 1

@ Splitting functions now almost completely known at N3LO (for pheno).

@ MSHT20aN3LO: 4 mellin moments for ng,qg,gq,ggv 8 for ng

@ Now 10 moments for all singlet P;.
@ Consider MSHT:

» Add varying parameter for missing piece of each N3LO ingredient.
Eg fOI’ ng Construct from known

K Mellin moments.
PEX) = > AfX) + fo(X.pap)

i=1 1/ Variational parameter
as unknown coefficient.

where Contains exact small (and high) x
info e.g. from resummation.
/ / Known structure
5 82 11n%(1/x In1/x
ooy 1P 7

Ci
fe(X, pag) = 37(5 +208) 5 99—

» Uncertainty on aN3LO comes through varying functional basis f;(x) and
varying unknown coefficient (“theory nuisance parameter” - TNP).

= aN3LO PDF + theory uncertainty.

Thomas Cridge PDFs: Opportunities and Challenges



4. Theoretical Advances

Theory Uncertainty via TNPs
Advantages of TNP method:

Probes precisely the missing higher order terms.

Allows inclusion of known N3LO information (a lot) without needing
to wait for remaining few pieces.

Can be included in PDF fit in same way experimental data are.

No requirement for scale variations - can underestimate MHOU, issue
of correlation between PDF fit and use [11].

Exactly same data can be included at all orders - no need to raise &2
cut on data to enable downwards scale variations.

Output eigenvectors include theory uncertainty from missing higher
orders out-of-the-box = using MSHT20aN3L0 PDF set exactly as
previous sets includes theory uncertainty for no extra user effort.

- Applications also more widely - e.g. theory uncertainty for Z pr

Spectrum and ag. F. Tackmann SCET 2019; and T.C., G. Marinelli, F. Tackmann 2506.13874.
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4. Theoretical Advances

4.1 - Impact of aN3LO on PDFs

More information in articles: arXiv:hep-ph/2207.04739, 2312.07665, 2406.16188, 2408.10008,
2411.05373, 2510.09321.
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4. Theoretical Advances

Impacts of aN3LO on MSHT PDFs:
@ MSHT (and NNPDF) - Improvement order by order of fit quality:

5.
) Lo NLO NNLO aN3LO £ improves by
MSHT x2/Npys (4363) ~ —1580 in original aN3LO,
2.57 1.33 117 114 (~ —85 after new updates

- more later).

@ Mild effects on light quark PDFs:

1 1 ¢, Ratio to NNLO, Q* = 10* GeV?
== MSHT20 NNLO |
~— MSHT20aN3LO bl

. ]
— 3] 105 T

K =
n

| =
100

I
095 B 005k 4 -

Q = 100 GeV
.

N L L L L L L L
T T T T T T T ¥ T T 0.0 - -
o 10 10 10 10 it} 10 10 10 10 o Tov

@ Generally percent level impacts of aN3LO in data region, only mild
effects on quarks - same seen in NNPDF.

@ Inclusion for first time of theoretical uncertainty from MHOUs enlarges
PDF uncertainty at small X.

@ Heavy quarks raised at low and high X, similarly singlet raised at high x.
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4. Theoretical Advances

Impacts of aN3LO on MSHT PDFs:

@ Larger effect on gluon PDF:

—— MSHT20 NNLO 104 —— MSHT20 NNLO
~——— MSHT20 aN3LO ~ = MSHT20 aN3LO
1 L02F i

0.98 = A

Q =100 GeV 096 @ = 100 GeV -
Il i L il | L
i T 10 102 T 107 107 107 107 107

@ Observed impact onxgluon of aN3LO is larger than for quarks, with
~ 5% dip around 1072, Cf NNPDF also sees a dip here but of ~ 2%.

@ Inclusion of theoretical uncertainty enlarges gluon uncertainty,
including in data (Higgs) region.

@ Whilst PDF uncertainty is larger, it's more complete (inclusion of
theoretical error), accurate and reliable.

@ May expect larger effects on gluon, particularly at small X due to
NNLO — N3LO at small x: PS) ~ logx/x, cf P§) ~log®x/x.

Thomas Cridge PDFs: Opportunities and Challenges



What do we need to know for N3LO PDFs?

o Need to knOW: Mellin moments, small X,
high x limits
» Splitting functions - at 4-loop to evolve PDFs in (x, Q2): j
P(x, as) = asPOX) + e3P (x) + o3P (x) + atP® (x) + ...

» Transition Matrix Elements (TMEs) - at 3-loop to chan%& number of
ellin moments, small x,
PDF flavours at heavy quark mass (mp) thresholds.

I+ (x, @) = [Aai(Q%/m}) @ £ (Q9)](X)

high x limits

» Coefficient Functions for DIS - at 3-loop to determine _Light flavour known, heavy
flavour high @“ known,

structure functions. approx for low Q2.
2 VF,ne+1 2 2 n 2
RX&@)= Y (Cy @AW /mp) @ (&%)
a€H,q,g:8€q,H
. . Very little known, PDFs
» Hadronic cross-section k-factors - at N3LO. need differential with cuts.

o=o0g+o0y+02+03+...=0N30F ..

@ Much already known, only a few remaining missing pieces.
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What do we need to know for N3LO PDFs?

o Need to knOW: Mellin moments, small X,
high x limits
» Splitting functions - at 4-loop to evolve PDFs in (X, @2): g/
New moments for
Paga.co P25 — P(X, as) = asPO(x) + a3PM (x) + a3PP (x) + adP® (x) + ...
(FHRMUVV)

» Transition Matrix Elements (TMEs) - at 3-loop to chan%& number of
ellin moments, small x,

a0, Aqq,H,Aggl,DHDF flavours at heavy quark mass (mp) thW high X limits
since determined. D fgf+] (X, Q2) = [AaI(Q2/m/21) X flnf(Q2)](X)

(Bliimlein et al)

» Coefficient Functions for DIS - at 3-loop to determine _Light flavour known, heavy
flavour high @“ known,

structure functions. approx for low Q2.
No further info. 2 VF,ne+1 2 2 n 2
TR = > (CLM e AN /M) e (@)
€H,q,9:8€q,H
. « . 99 peq Very little known, PDFs
» Hadronic cross-section k-factors - at N3LO. need differential with cuts.
N3LO DY y distribution,
not yet usable in PDFs - «——— g =ogg+ 01+ 02+ 03+ ... = 0on310 + ...
(Chen et al)

References in backup

@ Much already known, only a few remaining missing pieces.
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4. Theoretical Advances

Impact of Updated P; + A; on aN3LO PDFs:

@ How do updated FHMRUVYV splitting functions and new results for

-F|)_||:\)/||ES? A, ASHr Ad g since MSHT20aN3LO affect the aN3LO
St

N.B. Preliminary as no uncertainty included for MHOU in P’,j(.3) here or A;.A).

L1
10 “~— aN‘LO prior == MSHT20aN3LO new

ww NLO g aN'LOposterior M4 e T MSHT20aN3LO new + FHMRUVV i
S NN oro TIRUWY L05fe . =7 MSHT20aN3LO now + THES 5" i
S._ == MSHT20aN3LO new + FHMRUVV + TMEs &

ef

r

= 100

@Lyy(x)

o
- ~ 095
— ass Preliminary Q =100 GeV
------- 7 % w 102 109 10 0%y i it 0 o
10! 107 10° U Y 109 10° 107 10¢ 10* x T
@ Pj and TMEs largely consistent within uncertainties with MSHT
apprOXImatlons Thanks to G. Magni for providing TME grids.

FHMRUVV + TME references in backup.
@ Impact on PDFs limited, in MSHT see rise of ~ 1.5% at x ~ 1072 in

gluon, (cf NNPDF sees reduction of ~ 1% at x ~ 1073))
@ aN3LO/NNLO ratio moves closer between MSHT and NNPDF.

TC, Harland-Lang, Thorne 2510.09321.
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4. Theoretical Advances

4.2 - QED Effects in PDF fits

More information in articles: arXiv:hep-ph/2207.04739, 2312.07665, 2411.056373, 2508.06603,
2602.06908.
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What about QED effects?:

@ Naively aqrp(Mz) ~ a%(MZ), therefore need to include QED
evolution = a photon PDF. Also photon-initiated and EW corrections.

@ Global PDFs do this via LUXQED:

Yd @A dQ? 22%m?
22, ) = 5 f o Q%u-%@?)[(:n.q(:) + —’QZ"’)@(.::/Z.QZ)

2,02,
2z m,z

—22Fp(a/z, 6‘)2)-‘ —a*(QP) (22 +In(l —2)zP, 4(z) — oz )Fg(r/z. Qﬁ)} )

Manohar et al 1607.04266

@ Adding a v PDF requires momentum:
1 o]
/O S(E(X, @)+ g0x. @) = 1= [ cx(x(x. @) + glx. @) +7(x, @)
JO

@ Various subtleties in application:

» Scale at which LUXQED is » How momentum is obtained
applied. from the other partons.
» EW corrections included. » Baseline QCD PDFs.
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4. Theoretical Advances

PDF Impacts of QED corrections:

@ However some differences in where the momentum comes from:

— crisnwo
== CTI8NNLO.QED
—~ CT18 NNLO+QED(reft)

— crisnno
-~ CTIBNNLOJQED
- CT18 NNLOQED(reft) |

Vs = 14 TeV

V5 =14 TeV

1o 1o
my (GeV)

V5 = 14 TeV

st

0" 10

i
my (GeV)

&

o 3 v
my (GeV)

(0aeo - Gaco) / Gaco (%)

TC et al 2508.06603, 2602.06908

(0.95| == MSHTZONMOWQED == CTIBNMLOWED ki

NNPDF40 NNLOAGED
NNPDF4.0 SN3LOGED

O 10 0= 107 10T

A MSHT20020 (NNLO)
¥ MSHT200e0(aN3LO)

NNPDF3.10c0
P> NNPDF4.0ceo (NNLO)
NNPDF4.0ccp (aN3LO)

Gluon PDF Moment - Cross Section Shift

-06 -04

(<xg>ae0 = <Xg>acn) | <Xg>aco (%)

-02 0.0

@ All PDFs depleted at high x in quarks (M in Lgq) due to g — g~.
@ Gluon reduced by photon momentum, reduces gluon-initiated xsecs.
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4. Theoretical Advances

AaN3LO QCD + QED:

@ All groups now provide NNLO + QED PDF sets. MSHT produced
the first aN3LO + QED PDFs - highest possible theoretical precision.

@ Need to combine aN3LO QCD evolution and O(«, aerg, &?):

@00 9s pa) | (2N 502)
QD Py = P P+ (55)

. as pL0) | (@s\? 20 (@)D 530
NNLoQep 2Py (52) P+ (52)

as

4
(4.0)
aN3LO QCD +(§) LT

@ Impact on fit at NNLO and aN3LO, substantial fit quality
improvement remains true after adding QED:

X*/ Nyt Axivoro | Axfnwo | AXaep.gep
aN*LO (QED) | QED-QCD | QED-QCD | aN®LO-NNLO
Total 5323.6/4534 | (+3.6) | (+17.3) | (-209.3, -223.1)

T.C., L.A. Harland Lang, R.S. Thorne 2312.07665
Now also NNPDF 2406.01779.
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ONSLO @CD + QED: T.C., L.A. Harland Lang, R.S. Thorne 2312.07665.

@ Impact small relative to aN3LO QCD corrections in most regions.
@ Effect of adding QED similar when applied to NNLO and aN3LO.

, ratio to NNLO (QCD), @* = 10¢ GeV? 1 9@ =10 Gev? 1 QP =100Gev?

NNLO (QCD) aN*LO (QCD) — NNLO —
aNLO (QCD) -~ aN’LO (QED) aNLO
aN'LO (QED) 1.05 QED/QCD (NNLO) -~ 1.05

1e-05 0.0001 0.001 0.01 01 105 0.0001 0.001 001 01 1e-05 0.0001 0.001 001 [

@ Knock-on impact on cross-sections, ggF Higgs (left), Z (;ight):

Gluon Fusion: gg = H (4= mu/2) Neutral Current Z/y" DY production at Q = mz
[Light: PDF + Scale uncertainty
Light: PDF + Scale uncertainty
50 |Dark: PDF uncertainty

Dark: PDF uncertainty

) bopee T
a5 l + Y | oo { f * H*

= & 21000
© 4 ©
35 }
Vs =13 TeV 20000
ggH xsec reduced by Vs =13TeV, uo=0Q
30 o WLoRet  § WML PP . 19000 - WLOResut  # NNLOFDF
NN Res 4 NLoPDF ~ 1% by QED effects. NNLO Result  §  N°LO PDF
LO Result NNLO4+QED PDF NLO Resut NNLO+QED FDF
25 NLO PDF # N°LO+QED PDF Nwo POF # NLO+QED PDF
I L L 18000 L. L !
NLO NNLO NLO NLO NNLO NLO
O accuracy 0 accuracy
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4. Theoretical Advances

Drell-Yan production - Transverse Momentum:

@ Z pr spectrum - wish to use aN3LO PDFs to match resummation
accuracy in predictions for Zpr spectrum at low Qr:

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

-

N B S ® C

T T
T opp— Z/y e (13TeV) ol wsr o weer

ratio to MSHT20nnlo — 1 (%)

1 1 L.
0.80-) TR | P | P B |
0 5 10 15 20 30 40 50 60 1 3 10 30 1 3 10
ar [GeV] arf 1o

@ Substantial aN3LO PDF effect on N3LL'/N4LL Q7 spectrum.
Left: SCET1ib - Johannes Michel LHC EW WG meeting Sep 2022.
Centre: CuTe-MCFM - Tobias Neumann Loops and Legs March 2024
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4. Theoretical Advances

4.3 - aN3LO PDF Combination
+ effects on Cross-sections

More information in articles: arXiv:hep-ph/2207.04739, 2312.07665, 2406.16188, 2408.10008,
2411.05373, 2510.09321.
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How do MSHT and NNPDF aN3LO compare?
@ Compare NNLO PDFs (top) and aN3LO PDFs (bottom):

MSHT20 NNLO
H NNPDF4.0 NNLO H H H
f...| MSHT an3LO
f | NNPDF aN3LO
3 : i3t 2 EEH 1
£ 10 107 10 10 2o 10 10 10 10° ¢ 10 10° 10° 10 ¢ 10° 107 10 10
- NNPDF4.0 aN’LO / NNLO MSHT20 aN’LO / NNLO
@ Most differences already present .
Lo Vemomio.

at NNLO.
@ Largest aN3LO effect is on the  |be]  easess ROSREREEETR .

gluon, both see suppression but 0

~5,2% in MSHT,NNPDF.
@ aN3LO/NNLO ratios generally qualitatively similar between groups.

4. Theoretical Advances
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Combination of the aN3LO PDFs:

@ Given the different aN3LO PDFs, a conservative approach to estimate
the total aN3LO PDF uncertainty is to combine them.

Central value: unweighted average of two sets
Uncertainty: accounts for both individual PDF sets’ uncertainties
and any differences in their central values.

@ A la PDF4LHC21, constructed by combining 100 replicas of MSHT
and NNPDF aN3LO sets. (See TC et al - MSHT and NNPDF - 2411.05373)

(i at 100 GeV' s at 100 GeV g at 100 GeV' cat 100 GeV

"IMSHT aN3LO " y- -
NNPDF aN3LO |}

100 e /—/

\
\
i

"

0 to MSHT20XNNPDF40 aN3LO

MSHTXNNPDF
aN3LO k|

@ Caveat - unlike PDF4LHC21 no attempt to minimise differences, e.g.
different heavy quark masses = use only at sufficiently large Q2.
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Ratio to MSHT20XNNPDF40 aN3LO
} ’ | :
ru—‘—H—u:L
Ratio to MSHT20xNNPDF40 aN3LO
l\‘\ T
f ’
»KB
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aN3LO PDF effects on Cross-sections: Higgs

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

PDF MSHT NNPDF MSHTxNNPDF
ggF 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 =0 _ ’,‘f'f",",;_ﬁ'.,‘.'j.""‘ = L PP + MO
result in +2.5%. : o { { 1 ] I
@ ZH and W*H: all ‘ ] [ i
observe ~ +0.5% 1 [ TN

from aN°LO+QED.

@ Consistent trends in
all cases between
MSHT and NNPDF
aN3LO PDFs.

(See TC et al - MSHT and NNPDF - 2411.05373) ™
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5. Simultaneous Parameter Determination

Simultaneous determination
of SM parameters with PDFs

- Strong Coupling
- Top mass
- PDF Profiling (see backup)

More information in articles: arXiv:ihep-ph/2106.10289, 2306.14885, 2404.02964, 2512.06092
+ Ongoing Work...

PDFs: Opportunities and Challenges



5. Simultaneous Parameter Determination

Determining as(M3) jointly with PDFs:
@ Default PDFs provided at fixed ag(M2) = 0.118, but can also allow
«s to be a free parameter in the fit.

@ Global fit nature of PDFs = individual datasets have different
dependences on ag, but robust determination utilising all datasets.

0 as(Mg) sensitivity in PDF fit comes from:

» Direct ag(M2) dependence in coefficient functions.

P, =Y [Ci(as(@) ® (@) (x) Clas) = ah[Cy + agCy + a3Cy + alCs +...]
i=q.3.9

» Indirect ag(M2) dependence through PDF evolution.

df d b P,, n;P, P)
dln 2 = dn p? ( g ) = ( p” I[’ " ) ® ( B > =Pxf TC, L.A. Harland-Lang,
/ / "o R.S. Thorne: 2404.02064.
P(x,a,) = a,PO(x) + alPV(x) + alPP(2) + olPU(x) + ... First PDF as(Mg) determination at aN3LO.

) May lower with updates/TMCs, work ongoing...
@ The best fit values are found to be:

&3 NNLO

Thomas Cridge PDFs: Opportunities and Challenges
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5. Simultaneous Parameter Determination

MSHT20 as bounds - NNLO

Consistent with ag bounds
seen in previous studies,
and between orders

NNLO and aN3LO).

L s e e L e
H \ , Top  LHCb Gauge [Boson Jets
0.130 [ i . =
. ! !
BCDMSp data 0.126 [ ' ' ]
strongest constraint ! !
ATLAS 8 TeV Z
upwards: AO‘S(M§) 0122 - J : : ] data gives IZwer
= +0.0014. I I JaNEs, L L : 2
aMz?) 0.118 j‘r'—'}i AT daEdREuEE b°“”§-0§;’(‘)5('v’z)
-+ - FEH A - HF F-FHAHF = —0. X
o [0 T TTEELT I PP
- 1 1
| ! !
SLACp and ATLAS 8TeV 0.110 - ! ! : 1 NMC deuteron
Zpr both give upper bound: 455 [ ! : ! ] ATLAS 8 TeV High
Aas(/\/@) = +0.0018. F it s b B s P A A B B il AN B Mass DY give lower
§ LS PR 908 SEa S AN SIS PNII N gL L L0 bounds of Acce(M2) -
\,}“;\?3’"95’5f?ff[}fyg\i#g§§§:§§f€’§§’?’2§,§;%‘Zﬁ,%z 200 :) .0017 7&3( )
LLOLP P IL LSS P S S IVLSEEESS b3 6 LK & & 0.0017, —0.00T8.
8 T N N SIS RIS LIS
CMS/ATLAS (dilepton) FEEFE WIEELS e FFT T
F single diff. would § & g5 o8 &
single diff. wou S ;\vj: &g <
$

give lower/same upper ag
bound, but not used.

@ Therefore upper/lower bounds are +0.0014/-0.0010 at NNLO.

TC, L.A. Harland-Lang,
R.S. Thorne: 2404.02964.

asNNLo(M2) = 0.1171 +0.0014

Consistent with World Average
of 0.1180 4 0.0009.

)
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5. Simultaneous Parameter Determination

MSHT20 a5 bounds - aN3LO

Consistent with ag bounds
seen in previous studies,
and between orders

NNLO and aN3LO).

L s e L e
HERF , Top LHCb  GaugqBi Jets
0.130 |- R . ; -
[ !
BCDMSp data 0.126 [ ' ' ]
strongest constraint ! !
. 2 ' SLAC deuteron
upwaor%sm%as(l\ﬂz) 0122 - ' ] data gives lower
= +0U. . ' ) 2
ana o AP U P somn: aagody
SENNENE ,71, H. N —Ll - 1 T C ‘t7 HNA = —0.0016.
0114 | = 9
Al
C : 0.110 ' ' 4
F2 provides | | | NMC deuteron,
upwards bound of: 0.106 [ ' | | ] ATLAS 8 TeV 7
- ) ! | !
Aas(/\/@) = +0.0020. L fvedtaet | HERATevaton) | [ e [ both give lower "
2 N My LES S @ 8 Saloe 8 w\wﬁ%"’“'“"’*"‘ = —0. .
2678 o S@,8 S 3> &
CMS and ATLAS (dilepton) g% 8§ &ifgs OO LA
I \\v & @ e . . .
tt single diff. would é;\b < ;@gi{;’ Ss¢ & gg & Missing Higher Order Uncertainties
give slightly higher upper N <& now included, in particular causes

ag bounds, but not used.

some LHC bounds to weaken
as unknown N3LO K-factors.

@ Therefore upper/lower bounds are +0.0013/-0.0016 at aN3LO.

TC, L.A. Harland-Lang,
R.S. Thorne: 2404.02964.

as.an3Lo(M2) = 0.1170 + 0.0016

Consistent with World Average
of 0.1180 4 0.0009.

)
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5. Simultaneous Parameter Determination

MSHT20 Top mass ag Correlation e s ma. Lim: anxivasos.1azss.

@ How much correlatlon between mf and Qg is there in a PDF fit?

MSHT m ou(M3) o top dat MSHT » CAS STV y

. N.B. Analysed at NNLO here.

@ Without top data (Jﬁper left), no m; senwé‘i’\tivity.

@ Total xsec data and rapidity-differential data (upper centre, upper
right) show m;-as correlation.

@ Data differential in pr or my (lower left) much less correlated.

@ Overall for total fit (lower right) very limited correlation seen = can
extract My at fixed ag. Obtain mfROIe = 173.0+ 0.6GeV.
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6. Conclusions

Conclusions
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6. Conclusions

Conclusions

@ 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.

More information: arXiv:hep-ph/2012.04684, 2207.04739, 2306.14885, 2309.11269, 2312.07665,
2312.12505, 2404.02964, 2407.07944, 2411.05373, 2508.06603, 2510.03753, 2510.09321,
2512.06092, 2602.06908, etc by TC, L.A. Harland-Lang and R.S. Thorne (MSHT) and others.
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6. Conclusions

Conclusions

@ 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.

Thankyoul!
Any Questions?

More information: arXiv:hep-ph/2012.04684, 2207.04739, 2306.14885, 2309.11269, 2312.07665,
2312.12505, 2404.02964, 2407.07944, 2411.05373, 2508.06603, 2510.03753, 2510.09321,
2512.06092, 2602.06908, etc by TC, L.A. Harland-Lang and R.S. Thorne (MSHT) and others.
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PDF Uncertainties:

@ Given precision demands placed on PDFs there is an increasing focus on
PDF uncertainties.

@ Different groups have different methods - neural network,
parameterisation, tolerance, etc. Also include different data and theory.

@ PDF4LHC21 benchmarking revealed with the same input data, groups
report similar central values but different PDF uncertainties:

13 " r r T 110
_|[==MmsHT20red 1.08
_ 121== NNPDF3.1red = 1.06
z == CT1sred 2104
211 S 104
AT
> 0 o2
> L 1.00
0.9 0.98 2 S |
— UTE— 0.96 Bttt s AR
107 1077 1077 1072 1077 10107 1077 10-2 7101 > ST 0 107 1071
0.20 e 0.10
—  MSHT20red 0 ()8“
= O5F |- NNPDF3tred| |45 L
= CT18red 11 5 0061,
0.0k Ry
S | LY 0.04F
005 17 00t /
Ll - 2 R e >/,’ T R — et
.00 L il o L 0.0 L L v 00 Lt n n n .00 L™ mmimr s wima "
B R TR IR (2R Tt RTINS AN i 0 107 1077 107 1072 107" B R T I (T T

Thomas Cridge PDFs: Opportunities and Challenges



7. Backup Slides

Fermilab Seaquest at NNLO and aN3LO:; Preliminary!
@ Seaquest (E906) fixed target DY data at high x: op/oy ~ 1+ d/Q.
@ Raises high x d/U. Tension with NuSea(E866) which pulls it down.
NNLO:

—— MSHT20 (new)

20 o VST St e @ NuSea x?/ Nps: 0.65 — 1.27,
when Seaquest added. Rest of
data worsens by Ax? = +9.

@ General Q: How to deal with

" @=100GeV . datasets that are in tension?
D.0 0.2 0.4 0.6 0.8
120 d, Ratio to NNLO, Q2 =10 Gevﬁ
aN3LO: o
@ Similar effect to at NNLO. oo I

Lo
“e— aN’LO

NNLO with SQ
-~ aN’LO with SQ

@ Improves NNLO-aN3LO consistency  ouk
once Seaquest data is added.

o e
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Complementarity of Future Colliders:

HL-LHC: Huge stats can reduce PDF uncertainties by factor of 2-3.
EIC: Precision can reduce high X PDF, gluon and even ag uncertainties.
LHeC: Precision DIS could boost this further, particularly at low x/my.

Forward Physics Facility at HL-LHC: use neutrinos - production probes
charm/gluon at high and low X, vDIS probes strangeness.

Uncertanties in PDF luminosities @ {s=14 TeV
Ty -

2 == PDF4LHC15 5; %g; =} ‘1‘49 GeVv?
3 . Z
£ Bl — O - HLLHC, V& = 14TV
&
£ hw [SSS—d——
o
= il hjj (VBF) [SSSS~—
g o
£ 0. 1 /Z = —_—
H ‘ ‘ Wz —_—
2 3 -5 = =3 -2 - 3 2 1 o0 1 2
10 10° 10° M, (Gev) 10° 10° 10 100 107 107 1 Saro(op = X) (%)
LHeC/FCC-eh Study Group 2007.14491 HHeC Input to EPPSU anivi2503.17721 FPF Input to EPPSU arXiv:2503.19010
(see also Abdul Khalek et al 1906.10127)
But:

. .. .. Harland-Lang, TC, Th
@ Assumes consistency of data (limits PDF precision). eic. 2300 11360, 9512 06002
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Future Colliders: EIC TC et al, 2309.11269
@ Impact of EIC pseudodata on MSHT20 - high x lower @2 sensitivity.

11 4y (NNLO), Q = 1.0GeV? (NNLO), Q2 = 10* Gev?

NSHT20 = MSHT20 ==
MSHT20 + EIC e== MSHT20 + EIC e==
MSHT20 + EIC (high Acc.) == Here considered only
inclusive DIS at
NNLO, more

opportunities from
sIDis, Fy, FS°°.

09

01 02 03 04 05 06 07 08 09 1005 00001 0001 0.01 01

@ Up valence uncertainty reduced at high X = 0L reduced at high my.
@ Gluon uncertainty reduced across range of X.

@ (Lgg reduced across X = smaller PDF uncertainty for gg — H.

ggF Higgs ong Lo Uncertainties with/without EIC

o.14f —— MSHT20 NNLO 0141 —— MSHT20 NNLO
~-~ MSHT20 NNLO + EIC high Acc | oag 77 MSHT20NNLO + EIC high Ace

~ Vs = 13TeV.
010

MSHT20 NNLO

008

g/ L

< 006
=
0.04 )

002 4 MSHT20 NNLO + EIC

|
0.001L; i e 0.00
my (GeV)

L C 1

i 10 L L L L L L L

my (GeV I
x (GeV) Rato

@ Studies also show constraints possible on . Hartand-Lang, TC, R'S. Thome 2512.06002
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EIC Further PDF Constraints - F; in HERAPDF:

@ Additional direct sensitivity to the gluon

from F; measurements. F; ~ asg Sl BRI EEIIIEEEIE BRREEIIILE
@ Possible over larger range than HERA. ) —
o — HERAPDF2.0 NNLO
@ Separate by Rosenbluth method using: . M
2 . .
NC y
ored ~ F2— F -
+ ! - :
o = Q
= S e N HI Collaboration
o M 04
i i
103 ) 02l
o :
oo © H1 . F N eraPDFLSNNLO [ ABMI2NNLO
. peey W crono I NPDR2 NNLO
N ;"::;;;::: 1 10 100 1000
M heme > B Q(Gev)

0 0 107 0"

XJiménez—Lopez, Newman, Wichmann 2412.16123
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EIC Further PDF Constraints - Strangeness:
@ Limited strangeness sensitivity from inclusive DIS EIC measurements.

@ Use SIDIS - parton content of outgoing hadron is connected to
fragmenting parton and via CC/NC vertex to the parton in the proton.

@ Pickup uncertainties from fragmentation functions.

@ Similar to vDIS already used from NuTeV, which provides main
constraint on S — § asymmetry, and from future FPF at CERN.

@ Proton strangeness observed to be larger at LHC.

" NNPDF3.0 ====--

@ Further S constraints come from charm jets. 140 NNPDF,,, ES
(see e.g. Arratia, Hobbs et al in 2006.12520) 130 Q*=5Gev?
120 i
R.(NNLO), @* = 1.0GeV?, & = 0.023 110
MMHT 14 —a— 1.00
MSHT20) e
NNPDF3L 0.90
—_— A'l’LA&(-:i\ilZRl‘:\_’ —— 0.80
—_—— ATLAS- cpW216 —e— 0.70 S/SNNPDF
04 0.6 0.8 1 12 14 00 100 107 10

NNPDF in 2103.05419
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EIC Further PDF Constraints - Heavy Quarks:

@ Measurements of charm and bottom structure functions will be
extended to higher X.

@ Gives sensitivity to high x heavy quark PDFs, and to heavy quark
masses. E.g. used HERA data in MSHT (lower left).

@ Recent suggestions of a fitted charm component of proton at high X
by NNPDF, using EMC F§ and LHCb (Z+-c) data.

@ Several questions in community about this = can be resolved by EIC.

MSHT2020 NNLO m,, HERA F 0°¢: %82 variation 1071
T T

wl T T T ] E Q? =20 GeV?
F /5 =63 GeV
20 L HERA Fp 0% 0y2 4 i
HERA Fy 0% 06fit —— 1072 3
15 NQ’ > |
X2 X2 \&: \'\\
10 |- 'Sa103k . u
& E Sy
sk i F === NNPDF4.0 perturbative charm s
[ === NNPDF4.0 fitted charm (¢ = &) S
ol i 104 = NNPDF4.0 f-itted (:lnuj:n (c#2) 1_
F ¥ EIC projection (10 )
11 12 13 14 15 16 17 ; 0T
mg (GeV)
MSHT, TC et al 2106.10289 NNPDF, R.D. Ball et al 2311.00743
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Determination of ag at EIC:

@ Utilise same pseudodata now generated at aN3LO and with
as(Mg) = 0.117 - consistent with PDFs. Fit simultaneously PDF+ag.

@ Examine x?2 profile of EIC pseudodata to determine its bounds on as.

200 Ax? Global, aN*LO, pd(ag = 0.117) 50 Ayx? Local, aN*LO, no CC, pd(ag = 0.117)
B T | i i
160 X 40 -
120 30 - x
00 x
80 X
emessssssssssssssssssssssssmnannnn. K mmmmmmen
x 07
o x T ' x T
X 0F X X
o, % ¥ ‘
0.15 0116 0117 0118 0119 012 0121 S i o oas om0z o
as(M3) as(MZ)

@ Bounds set via dynamical tolerance Ax? < (1 — %X%) ~ 13 for EIC
NC data. Upper bound on ag found not competitive.

@ Lower bound ~ —0.0015 competitive = would be best lower bound,
better than SLAC/NMC d ~ —0.0016/17 which currently set limits.

Harland-Lang, TC, Thorne et al (work in progress) - Preliminary!
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Determination of ag at EIC:
@ What happens if preferred ag value different to global PDF fit?
@ Instead generate pseudodata with ocs(M%) = 0.118 and repeat.

@ Now global aS(M;) best fit is shifted up, from 0.1170 to 0.1172.

900 AX’, Global, aN*LO 50 AX* Local, aN’LO, no CC__
w. EIC X
160 - 40
X
120 F - 0 x
20 <
80+ -
X X eeaeemmeaa- g
10 - B
, T N
x x 0- Xx x -
X
0r Xx X
, . ) 7 . . 10— . ) ) .
0115 0115 0117 0118 0119 012 0121 0115 0116 0117 0118 0119 012 0121
as(M3) as(M3)

@ Now sets tighter lower bound than before ~ —0.0012 (as it prefers
larger as(Mf)) and weaker upper bound.

@ Interplay of preferred ag and uncertainty on bounds is often neglected.

@ Improved precision on ag directly reduces uncertainties on many key
SM processes. Harland-Lang, TC, Thorne et al (work in progress) - Preliminary!
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Future Colliders - HL-LHC

e Huge statistics of HL-LHC will reduce PDF
uncertainties across wide range by factor of 2-3.

e Quark-antiquark improvement -> precision SM
mW, sin?@, .

e Gluon uncertainty improvement -> Higgs.

e Large x uncertainty reductions -> BSM searches.

e (Caveats:

- Only subset of HL-LHC processes!

- Depends on understanding of systematics +
correlations within/between datasets

- Assumes consistency of data

Quark-Antiquark Lumi (ratio to baseline)

Ratio to baseline

Uncertanties in PDF luminosities @ (s=14 TeV

o o o o

N

== Baseline

HL-LHG (scen A}

0.

1
10 10° M, ( GoV) 10°

Higgs production in gluon fusion @ LHC {5=14 TeV

B PoFaLHCIS
5 + HL-LHC (scen A)

8|

#95 + HL-LHC (scen €)

3 Perhaps time
F toupdate?

40

Abdul Khalek et al arXiv:1810.03639

From TC talk at ESPPU Update 14th May 2025 - https://indico.cermn.ch/event/ 15627574/
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More info on Precision QCD at LHeC in

Future colliders - LHec Daniel Britzger's talk in 2 weeks time

Quirkantiquark luminosity atEe = 14 TeV

15
FDRALHCII
LHeC 1ab?

e LHeC clean DIS environment - reduce PDF uncertainties, _ »| =g
particularly at low x (mX). Informs FCChh (related FCCeh). "~ \

T
:

Ratio to PDFILHC21

e Much of impact from initial 50 fb™! (1 year of data).

e Combination of HL-LHC+LHeC complementary, st :
reduction in PDF uncertainties from LHeC would LHeC Input to EPPSU arkive2503.17727
improve SM precision at HL-LHC (+ also Higgs/BSM):

AMW =43 MeV N.B. Can also be

constrained

_ Asin26W=J_rO 00008 independently at

LHeC as can o

e Potential for DIS only PDFs - simpler systematics.

Uncertanties in PDF luminosities @ {s=14 TeV.

b

>

o o o o
Y

e Caveats:

- Assumes consistency of data, upper plot

tolerance of 1 and limited parameterisation. LHaC/FCC-sh Study Group 2007.14491
(see also Abdul Khalek et al 1906.10127)

5
T

Quark-Antiquark Lumi (ratio to baseline)

.
ka 10w (Gev)

From TC talk at ESPPU Update 14th May 2025 - https://indico.cermn.ch/event/ 15627574/
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Future Colliders - Forward Physics Facility

10

FPF Snowmass arXiv:2203.05090

e Exploit HL-LHC produced neutrinos.
e Production -> charm, gluon at high and low x.

e [nteraction in vDIS -> strangeness.

Momentum Transfer Q [Gevl

e Significant uncertainty reductions and knock-on
impacts on key LHC processes.

e Complementary with HL-LHC. Informs also FCC.

HERA

w0 10

0 107
Momentum Fraction x

FPF Input to EPPSU arXiv:2503.19010

HLLHC, 5 = 14 TeV

Wt _

hij (VBE) i
vz _—

w*z —_——

2 -3 2

Jruirlﬂ(ﬂ}* ﬁ‘ux) (%) I
From TC talk at ESPPU Update 14th May 2025 - https://indico.cermn.ch/event/ 15627574/
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MSHT work on aN3LO PDFs:

@ First Approximate N3LO PDF set plus with inclusion of theoretical
uncertainties for missing higher orders (MHOUSs) - 2207.04739.
Analysis of experimental pulls on PDFs including MSHT20aN3LO
PDFs, with CT and others, 2306.03918.

MSHT20aN3LO QCD + QED - combining aN3LO QCD with QED
PDF evolution for highest accuracy PDFs, 2312.07665.

Analysis of high X gluon data in aN3LO PDFs - Jets, dijets, Z pr,
clear preference for aN3LO, 2312.12505.

First Determination of ag at aN3LO in PDF fit, 2404.02964.
Les Houches SM WG Report - Impact of aN3LO PDFs on ggF Higgs
Uncertainties, 2406.00708, with theory colleagues and NNPDF.

with theory
(FHMRUVV), NNPDF and other colleagues (also in Les Houches SM
WG Report), 2406.16188.

@ Approximate N3LO Combination + Higgs Pheno Study 2411.05373.
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aN3LO effects on the PDF fit:

@ aN3LO (and theory uncertainties) have impact on PDF fit.
» MSHT (and NNPDF) - Improvement order by order of fit quality:

) Lo NLO NNLO aN3LO Ax? improves by
MSHT x /prs (4363) 257 133 117 114 ~ —150 in original aN3LO,
. . - - (~ —85 after new updates
o Ratio to NNLO, Q* =10 GeV? - more later).
- MSHT - DY data (in particular ] R e
Z pr data) notably better fit. SN " |
- Reduced tensions between data o /N\
also seen. L

- MSHT - Dijet data also better ] .
fit at aN3LO than NNLO.

T.C. et al, 2312.12505

\

WY
Y,‘\‘;f"“‘, .
N
YD 7}

@ High precision data requires high -~ < \~ eV,
preCision theory_ w g stndroi i an

2 study 2306.03918
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Transition Matrix Elements Ingredient 2

@ General perturbative expansion for heavy quark TME:

oo /
Aj? /mR) = 85+ > ol Y log (u? /mR)af 0

I=1 k=0

@ Apply at 4 = mp, then only Olg-”o) relevant, other powers determined
by lower orders in any case.

@ o9 = o904 na®>1, focus on Ne-independent pieces.

@ At time of MSHTaN3LO: Af,i;(s), Ag%,H known completely.

@ For others we knew:
> Even low-integer N Mellin Moments (4-8)
- constrain intermediate and high X via fo] ax xN-1P(x).
» Form at low X, in some case low and high X limits.
@ Deal with as for Splitting functions = 1 TNP for AQ ANS) - AG)

Hg'”‘qq,H ' " 'gg,H"
) A%, AIC\IIZ”(S), ASQ)J,H since determined, former not in NNPDF.

Thomas Cridge PDFs: Opportunities and Challenges




7. Backup Slides

Transition Matrix Elements:

--- NNLO ~- NNLO
—— aNLo 0000 {_ O s
AL mest i) TSI Cr/Ca Az —0)
NG
0.00:
O =
3 £
= £F
3 ERIC
~0.0005 “"‘\\
sos|-00010 \
0.0015- AN |
10 08 06 04 02
s 0020 s
107! 107 107 104 10°

APS @ A®  Kknown completely, need to be approximated (without

9q.H
uncertainty) due to complex form. Ag’é ANZ (,_3;), ASBH have one

theory nuisance parameter each at low X.

Thomas Cridge PDFs: Opportunities and Challenges




7. Backup Slides

DIS Coefficient Functions Ingredient 3

@ Needed to produce N3LO Structure Functions, we know:
» Light flavour contributions to coefficient functions (CFs) known.

» Heavy flavour contributions to heavy flavour coefficient function:

0 Zero Mass (Q% — oo) case e Massive case Q% < m? (FFNS)
(ZM-VENS) known exactly. approximations known.

@ Low-Q? FFNS CFs Cy {g,g} - known LL small X and mass threshold
info, but unknown NLL small X = mtroduce TNPs CNLL and CNLL

1 N1
COMH@ =0yt 4 o

] fori=q,g.

1010 r=10¢ /mi w0
4 ~2500

mf =m? 2525

13
—— GMVFNS 2550
—= ZMVENS

== GM-VENS (best fit)

12
_ 255
e 2600
T aes
~2650
2675
2700

1
ERTIR)
o 09 A

08

07

20 0 60 €0 160
Q?* (GeV?) Q7 (GeV?)

@ Heavy flavour contribution to light quark CFs unknown at low @2, use
known high Q? info + lower order behaviour. Very small generally.
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DIS Coefficient Functions Ingredient 3

@ Need to interpolate low and high @2 to generate full General-Mass
Variable Flavour Number Scheme (GM-VFNS) for all Q2.
@ Use regression model and guidance from lower orders for interpolation.
@ Include Transition Matrix Elements at aN3LO so full cancellation of
PDF discontinuties in the structure functions.
@ Therefore some DIS coefficient functions inherit some uncertainty
bands from these, e.g. C,\_,/Fg’(?’) from AS’&:
VF,(3) _ ~FF,(3) VF,(2) 1 VF,NS+PS,(2) 1
Chg” =Ciig” = Cig” ® Agan = Ciii 2 ALY
VF.(1) 2 VF.(1) 2 VF,(0) 3
~Cig ®@Agn = Crp @Al = Chji” @ Al

) C/\_//g,(3) and C,_\fg’(s) have uncertainties from CQ"L and CgLL parameters,

C,L/g’(s) and ng:ﬁg inherit uncertainty from A% and ASQJ’NS.

Thomas Cridge PDFs: Opportunities and Challenges
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Hadronic K-factors Ingredient 4

@ N3LO calculations becoming available but not yet for PDF fits:
» Drell-Yan - Inclusive + some differential - not yet usable for PDFs.

» Higgs - ggF, VBF and VH - doesn't go in PDFs.
» Top (aN3LO) - soft gluon resummation approximation.
@ Overall, much less known than for other N3LO PDF fit ingredients.

@ Challenge: include a theory uncertainty for unknown N3LO into PDFs.

@ Parameterise N3LO k-factor as combination of
, a1, 0y coeffs incorporating MHOUs into PDF uncertainties:

KN3LO/LO _ (1 +a1N2a3( — D+ amNag( -

@ Default prior is d7,0, =0, i.e. no N3LO correction.

@ Categorise all hadronic processes into 5 types - jets (or dijets),
Drell-Yan, top, vector boson pr/jets, and dimuon = 10 TNPs added.

@ Very limited impact on aN3LO PDFs, more complex parameterisations

pOSSib|e (M.A. Lim, R. Poncelet: 2412.14910) .
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Hadronic K-factors - Drell-Yan
@ Drell-Yan (DY)
@ Fit prefers a &~ 1% decrease in the N3LO k-factors relative to NNLO.
@ Improved perturbative convergence with aN3LO PDFs.
@ In qualitative agreement with recent N3LO results for NC DY®3.

SCET+NNLOJET pp=>1*17(y") VE=13Tev

. ] — 1 — W
#“ —— NLO i 1075 — NLO  — N3LO

PDFALHCIS nnlo

-point scale variation
e =11 =100 GeV

K factor

{
; ‘H
il

o Iy;l
@ Key point: Method allows N3LO info. on any piece to be incorporated
as it becomes available, rather than needing to wait for all info. - e.g.

can include N3LO k-factors as they become available for PDFs.
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Impact of New Moments on the aN3LO PDFs:

@ How much do the new mellin moments calculated since MSHT20aN3L0
affect the aN3LO PDFS? N.B. Preliminary as no uncertainty included for remaining MHOU in P;a).

16

o ~— aN’LO prior i/ Ho k
L4{ - NLO  gm== aN’LO posterior /" ;
P NNLO oo aN?LO FHMRUWV /) ",
/ 105 % 1
10 / ) :
s / £ e
o L —
) / Koo T
=" / ST
] 7 -
04 /
";"ﬂ,» 095 1
02 = g
o 0o ] | I 1 L
0ol vl v i
o L e U U O
107 107 100 10f  10° 100 107 108 10°

z T
@ Splitting functions largely consistent, e.g. Pgg very good agreement.

@ Only Pgq (not shown) significantly changed, has highest power

unknown small X log. Partly anticorrelated with Pgg, limited PDF
impact.

@ PDFs move by up to ~ 1o, very little impact on quark singlet.
See TC et al 2510.09321.
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Impact of New Moments on the aN3LO PDFs:

@ How much do the new mellin moments calculated since MSHT20aN3L0
affect the aN3LO PDFS? N.B. Preliminary as no uncertainty included for remaining MHOU in P;a).

110 13
—— MSHT20aN3LO new .
------- MSHT20aN3LO new + FHMRUVV g 12r
1051 ) -
11p &%
2 N DT t . N g ﬁ
Ly e :
e 2 1
,,,,,,,,,,,, O oot
0.95 ‘L‘
Q =100 GeV Sost
Ll Ll Ll Ll L l]llki | mami sl i PR AT
0%y 1071 107 1072 107! 0o 10" 1073 1072 107!
T xT

@ MSHT sees rise of ~ 1.5% at x ~ 1072 in gluon, (cf NNPDF sees
reduction of ~ 1% at x ~ 1073.)

@ aN3LO/NNLO ratio moves closer between MSHT and NNPDF (e.g.
Lgg rises by ~ 1% for MSHT and lowers by ~ 0.5% for NNPDF.)

@ Charm (and bottom) PDF slightly altered, reflecting gluon changes.

See TC et al 2510.09321.
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Impact of aN3LO + MHOU on PDF uncertainties:

@ aN3LO and theory uncertainties from Missing Higher Orders
(MHOUs) impact PDF errors.

@ MSHT (left) and NNPDF (right) both see added theory uncertainty

increasing PDF uncertainties at low X, e.g. gluon:

@ Whilst PDF uncertainty is larger, it's more accurate and reliable.

1.100

aN°LO (Hy + Ky) ,,' —— NNPDF NNLO
1.075 aN*LO () 0.04}- —— NNPDF aN3LO f
1.050 aN’LO (no theory unc.) NNPDF aN3LO inc MHOU
1.025 < 0.03F f
= Q =100 GeV
1.000 T >

0975{

0.950

0.925

0.900
1

g, Ratio to N*’LO, Q2 = 10" GeV?

/== aNLO (NNLO K-factors)
--- aN’LO (no HERA)

ot 10? 102 10t

x

)0’5 107
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Theory Nuisance Parameter Summmary

@ So in total, we add 20 added theory nuisance parameters, on top of 51
central PDF parameters (which give 32 PDF uncertainty parameters).

@ Now have 52 eigenvectors (32 as before 4+ 20 new theory).

Origin Parameters Number of Added Parameters
Splitting Functions - NS PS 5
3) pNS,(3) pPS,3) p@B) p@A) Pag: Paq Paq P9q: Pgg
Pog: Pag™” Pag ™ Pogr Paa
Transition Matrix Elements - NS
A(3) ANS,() - A®) QHg: Agq,H» 9gg.H 3
qq.H ' "'gg.H
DIS Coefhuent Functions - NLL NLL
CONL ~@),NLL Cq ' Cg 2
Hg ' “Hyg
Hadronic K-factors -
Drell-Yan DYNLOv DYNNLO
To| To, , To,
p Pnoy 10PNNLO 5%2=10
Jets Jetnio, Jetnno
pr Jets prJetnio, Prdetanio
Dimuon Dimuonpy;o, Dimuonynio

@ Using MSHT20an31lo_as118 eigenvectors as usual naturally
incorporates MHOUs at aN3LO into the PDF uncertainties.

N.B. We find the penalties on these parameters are almost all < 1 = conservative priors set.
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Perform aN3LO fit - fit quality:

@ Perform aN3LO fit with identical dataset to MSHT20 NNLO PDF fit.
@ Overall fit quality (4363 points)

LO NLO NNLO aN3LO

2.57 1.33 1.17 1.14

Smooth fit improvement with order

X2 /Nots

and amount of improvement reducing

with order - as we might hope.

@ Improvement in fit quality from NNLO to aN3LO is Ax2 = —154.4.
- Much larger than number of parameters (20) introduced.

2

Dataset type Total Xz/Nst AX2 from NNLO ax ’\::)LT) ’:_'\:,:go(":;‘t ne
DIS datasets 2580.9/2375 -90.8 -86.2
Drell-Yan datasets 1065.4/864 -12.8 +10.4
Dimuon datasets 125.0/170 -1.2 +0.5
Top datasets 75.1/71 -4.2 -2.5
V pr/ V + jets datasets 138.0/144 -77.2 -54.7
Inclusive Jets datasets 963.6/739 +21.5 +42.2
Total 4957.2/4363 -154.4 -83.6

@ Over half of fit improvement occurs

without N3LO k-factors freedom.

@ Average TNP penalty 0.460 < 1. Fit able to describe data well with
known info and only small departures around prior.
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Comparison of aN3LO Splitting Functions:

@ Overall consistent trends observed across PDFs, largest impact in both
MSHT and NNPDF is suppression of gluon at intermediate x.

@ But size of the effect observed is different, can we understand this?

@ One significant ingredient is the splitting functions, how do these
compare?: e B ——

" NNPDF 2402.18635

@ Newer results are within MSHT uncertainties, exception Pgq = highest
power unknown log, impact partly anticorrelated with Pgg, latter more
important. MSHT don't impose Casimir scaling here, NNPDF do.

Thomas Cridge PDFs: Opportunities and Challenges
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Impact of aN3LO evolution on PDFs

@ N3LO evolution benchmarking - use toy PDFs, no

100

075

050

MSHT prior 025
MSHT posterior
MSHT FHMRUVV
NNPDF

NNPDF 4 mom
NNPDF FHMRUVV 07

0.00

2w L+

-025

050

-06

-07

fit or other issues:

100

08 B S
0 10! 071000 107t 10t 1070

071070 107 0t 100

€

1072 107!

077070 107t 107t 10 1002 10

€T

@ Agreement down to 1072 with < (few) % impacts over data region.

@ Differences with larger uncertainties at (very) low x.

@ New information (FHMRUVV) provides
some additional constraints but still
consistent with previous determinations.

@ Per mille agreement when using the same
splitting functions (right).

Les Houches Proceedings (2406.00708) and article - 2406.16188.
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Examination of aN3LO effects on the gluon:

@ Not only evolution, other N3LO ingredients also important (lower left) -
heavy flavour transition matrix elements and CFs also impact gluon.

@ Different implementation of theory uncertainties - theory nuisance
parameters or scale variations. Different @2 cut in DIS? (lower centre).
@ Plus we have the usual sources of PDF differences (as at NNLO):

» Methodology, e.g. perturbative vs fitted charm, positivity can cause
~ 1% differences in the gluon.
» Data, e.g. new 13TeV jet data lower NNPDF gluon (lower right).

4, Ratio to NNLO, Q? = 10 GeV*

NNLO
aN'LO (H,; + K;)
- aN‘LO

aN"LO (H,,

N3LO NNLO
g /g

PRELIMINARY

—— N3LO/NNLO ratio 4
—— N3LONNLO Q2 > 13.96GeV? ratio

Q=100 GeV

Ratio to Baseline Fit

gat 100 GeV

NNPDF

New datasets Fit (68% c..+10)
Baseline Fit (68% c1.+10)
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aN3LO PDF luminosities:

12 12 12
N === NSHT20NNLO ) i === USHT20NNLD
115 \ — NSFT20aNALOT L5 4 115 o 151 - MSHT20aN3LO
Hil*\ N — L0 — 10 —
:';EHL'A’ \\ N 1 :';‘EHLA’ 1 :';EJOU’ 1
NN 4 A
fuew - g Jost g jm% E
oot \ 1w 1 uwf 1
085 Vs=UTeV X sk 1 osf 1 usp R
| | | sl " " L | i "
10" 10* 0 L0t 10° 1 10 10? o 10" 10¢ '
my (GeV) my (GeV) my (GeV) my (GeV)
o — NSHT20 \WLO = V=14 TeV — NSHT20NNLO
ol -~ NSHT20 aN3LO | - MeHT20 ahaLO

(0)
99

L9/ Lyg

! .
102 I ' 0 10¢
my (GeV) my (GeV)

@ PDF changes have implications for PDF luminosities for phenomenology.
@ 99 luminosity reduced around 100GeV and increased at 10GeV.

@ Luminosity uncertainties enlarged (and more so at lower invariant
masses) due to inclusion of aN3LO and PDF theory uncertainties.
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@ Despite rise in gluon PDF with FHMV splitting functions[26-30], very
little change in gg luminosity as integrating over rapidity (X).

~d ool all?
PRELIMINARY s PRELIMINARY
100 1000 “hlkl 100
My [GeV)] Mx [GeV]
Thomas Cridge PDFs: Opportunities and Challenges

12

@ Adding rapidity cuts - no change with |y| < 2.4 (lower left), only with

105

\.

gg Luminosity with FHMV and rapidity cufts:

N

1.00(—

9/

0.93

= MSHT20nnlo

== MSHT20aN3LO posterior

MSHT20aN3LO + FHMV splits ]

0.90 bk

PRELIMINARY

Q = 100 GeV
‘

102

12

, Lqg: ratio to aN3LO (default)

MSHTaN*LO

aN*LO (FHMV) .-

aN*LO (FHMV) -~

1077

stricter cuts (e.g. |y| < 0.4, lower right) do we see the lumi rise.
. L4g, ratio to aN3LO (default), ly| < 2.1
Ll

MSHTaN*LO ——

12

PRELIMINARY
100

1000
My [GeV]

, Lgg: ratio to aN3LO (default), [y| < 0.1

MSHTaN'LO ——

aN*LO (FHMV) .-

1000
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PDF Luminosities of the aN3LO combined sets:

@ Compare combined PDF set luminosities for aN3LO and aN3LO+QED
with PDF4LHC21 NNLO benchmark:

P 3 AT LT
@ Most significant aN°LO e
o 120 MSHT20xNNPDF40 a. o120
effect is gluon_gluon |um| %1]5 L gMzHTstNNPDFASaNiiQED %,15
reduction of ~ 3.5% at my. =fs o -
goss > — g 095 / I %
° Further Suppressed by Kzz: Relevant for ggH, jets, to| K::: !
~ 1.5% by QED effects o "
. . luminosity q luminosit
= due to reduction in gluon ... A A
momentum, seen also at i i
S110 §110 ).
NNLO gms;z.,_ glosf*, i ;
@ Also rise in aN3LO quark- £ 4
Relevant for H-VBF Relevant for DY, VBF
quark lumi at large my. wooTw wooTw

@ QED corrections similar in magnitude to aN3LO effects for quark sector.
(See TC et al - MSHT and NNPDF - 2411.05373)
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Impact on Higgs cross-sections - VBF: ™™
@ Consider impact of our aN3LO PDFs on known N3LO Higgs
production in vector boson fusion?’:

s Vector Boson Fusion: gg— H (1 =Q?)

,,,,,, aN*LO oygr NLO PDFs
NNLO ovsr # NNLO PDFs
13 NLO ovar § aN®LO (H;+K;) ! PDFs
$ aN'LO i/, | PDFs
42 N.B. For scale variations - do up and
pr at NNLO but only pp at aN3LO
= as PDF uncertainty from MHOs
241 = already in PDF eigenvectors.
©
1.0 \ \
3.9
Light: PDF + Scale uncertainty
e Dark: PDF uncertainty V5 =13 TeV
: NLO NNLO NLO

Results obtained using proVBFH code?8:57
o accuracy

@ Increase in o using aN3LO PDFs, occurs due to enhanced charm and
light quarks at high Xx.

@ VBF more reliant on quark sector - changes less (~ 2.5%, cf ~ 5%
for ggF) with PDF order as more data constraints on quarks.

Thomas Cridge PDFs: Opportunities and Challenges
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Impact on VH cross-sections:

@ Consider impact of our aN3LO PDFs on VH associated production
(Higgsstrahlung) at LHC, e.g. W*H at 13 TeV:

0.94

0.92

0.90

0.88

o (pb)

0.82

W * H production at vs=13 TeV

Light: PDF + Scale uncertainty
Dark: PDF uncertainty

Preliminary!

oA

Vs =13TeV

---- N’LO Result
-~ NNLO Result
NLO Result

MSHT20 NLO PDF
$  MSHT20 NNLO PDF
4 MSHT20 N°LO Hj ~* PDF

NLO NNLO N°LO
0 accuracy

Preliminary!

N.B. For scale variations - do up and
e at NNLO but only pp at aN3LO
as PDF uncertainty from MHOs
already in PDF eigenvectors.

Results obtained using the n3loxs code’.

@ Result with aN3LO PDFs raised slightly, reflects increased quarks at
high X, antiquarks at low X and strange and charm.
@ N3LO o + aN3LO PDF result very close to NNLO ¢ + NNLO PDF

result, increased stability in predictions.
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aN3LO PDF effects on Xsecs:
@ aN3LO PDFs can be used:

@ With N3LO matrix elements to compute cross-sections more precisely.
@ To evaluate the PDF uncertainty from using NNLO PDFs with N3LO
cross-sections (previous “highest order” available).

@ Before aN3LO PDFs, often N3LO cross-section with NNLO PDFs
taken as “highest order” result + AYY[ 5 for PDF MHOU uncertainty.

GNNLO—xsec __  NNLO—xsec PDF set A o(gg — H) o(H VBF)
PR i g ey — - d
Lo TG EL’ES:;?; MSHT20 ANNLO 5.3% 2.3%
approx
ARPPrO 1.4% 1.3%
t 0, 0,
; exact . ARNLO 2.2% 1.3%
Compare with AZF 6" NNPDF4.0
approx o o
ARpPrO: 0.2% 0.2%
oNSLO—xsec _ ;NILO—xsec pexact 3.3% 2.3%
B = | e MSHT20xNNPDF4.0 NNLO o o
NSLO_PDF A2PPrOx 1.6% 0.5%
NNLO i .

@ AJYLQ is very unreliable, underestimating ARESY, for ggF and VBF.

(See TC et al - MSHT and NNPDF - 2411.05373)
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Impact of TMCs and Higher Twists

@ Target mass corrections - O(m?/Q?) corrections, known results:

TMC T 20 2 606#5 _ B 2%
A @ e @ 1 ] e
@ Higher twist - more general class of O(]/QQ) corrections. Models exist,

but we choose to parameterise freely:

FI (0, Q%) = B (r, Q?) (1 T

)

@ In standard (“baseline”) MSHT we cut @ > 2 Gev?, W2 > 15 GeV?, here
investigate lower cuts W2 > 5 Gev? = also means more DIS data.

aN3LO

Baseline cuts, no
TMC, no HT

lower cuts, no
TMC no HT

lower cuts,
TMC, no HT

lower cuts,

TMC, HT

Baseline cuts,
TMC, HT

Fixed Target
Global

22011 (1.11)
6214.7 (1.23)

2590.7 (1.15)
6646.4 (1.26)

25111 (1.12)
6526.4 (1.23)

2464.3 (1.10)
6469.8 (1.22)

2116.0 (1.06)
6121.7 (1.21)

@ Negligible TMC impact for standard cuts but needed for lower cuts.

@ Higher twists improve x2/Nys even for standard cuts, mops up some
MHOU. Limited PDF impact.

Thomas Cridge PDFs: Opportunities and Challenges
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MSHT20 ATLAS 8 TeV Z pr as dependence
@ ATLAS 8 TeV Z pr data with p% > 30 GeV is in the MSHT PDF fit.
@ What bounds does it offer within the global PDF fit on aS(M§)7

ATLASaTVZpleastpT >30GeV
12 best fit ag (mz?) = 0.1179,

X2 = 109.0 for 104 points N
10 fit

total 2 +

a2l

8
6
4
2
0
0

I h I I
1112 0.114 0.116 0118 0.120 0.122
a(Mz?)

@ If you do individual dataset extraction you use Ax2 = 1 for bounds.

@ If you do do in a global fit, factoring in tensions with other data you
use Ax?2 = T2 = 7.25 for bounds.

° p% > 30 GeV not very constraining on as(Mg) in global PDF fit.

@ ATLAS Z pr ag result used ,O% < 29GeV part of spectrum. Used
MSHT20 aN3LO PDFs to correspond to accuracy used in resummation.
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MSHT20 PDF a5 dependence Forte fassabov: 200104586

@ Correlations between PDFs and ag = necessity of global fit.

110 T 110

Q = 100 GeV Q = 100 GeV

Lol Ll Lol Lol PR Lol sl IEranm| M| L
0-90)= 1074 1073 1072 1071 0-90)= 107+ 1073 1072 1071

x x

@ Changes generally within PDF uncertainties for Aag(My) ~ +0.001.

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

@ Larger effect at low @2 as less evolution distance.

@ Smaller effects on quarks, reduced/increased at high/low X by splitting.
S less impacted, at high X may absorb some of change.

Thomas Cridge PDFs: Opportunities and Challenges
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MSHT20 aN3LO pieces as dependence

@ Technical aside - we have theory "nuisance” parameters for the few
unknown (at time of publication) theoretical ingredients at aN3LO.
- How do the posteriors change with as(Mg)?

@ Most change very little. Splitting functions show some change:

012

Lo
== NLO
-=- NNLO
aN’LO Prior
aN’LO Posterior 04
---- aN’LObestfit g3

@ Py(x)

o1
1o

Aag = :E0.00\

@ Changes within uncertainties, well within for everything except Pyg -
shows most change, as expected it's the most correlated with ag.
@ As seen in dataset X2 profiles, unknown aN3LO K-factors weaken ag

sensitivity. May obtain stronger bounds as these become known.
T.C., L.A. Harland-Lang, R.S. Thorne 2404.02964.
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MSHT20 Cross-section PDF + as dependence
@ Cross-section uncertainties at NNLO/aN3LO (left/right) at the LHC.

NNLO Aag(Myz) = £0.001 T
JRTT . —
g9H - -: ------ 99H
—_— PDF +.m - 7
ag -4 . rot
7 i PDF + o W —_—
] W= A
wt e
]
-k
....... TN A
w- rebocs
]
0.94 0.96 0.98 1 1.02 1.04 1.06 0.9 0.95 1 1.05 1.1
0 /0ot /e

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

@ Direct ag uncertainty of ggF Higgs is larger (~ 2 — 3%), reduced by
anti-correlation of gluon with ag.

@ Higher energies sample lower X quarks = larger aig uncertainties.

@ Interplay of direct and indirect (through PDFs) effects = importance of
treating PDFS—i—Ozs together. T.C., L.A. Harland-Lang, R.S. Thorne 2404.02964.
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NLO and NNLO Cross-section Scale Variations

@ For many processes NLO scale variations were not sufficient to
incorporate NNLO result.

e NNLO o ||
G. Salam

NLG

@ Is there a better way to do this?

Thomas Cridge PDFs: Opportunities and Challenges
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NNLO and aN3LO Data “Pulls” - L, Sensitivities - g

MSHT20 NNLO MSHT20 approx. N3LO
CMS 8 TeV jets (73), Q=100 GeV CMS 8 TeV jets (73), Q=100 GeV'
) 10
— s
_ 5 ——d
i 9
2 — 9 B
8 —u 8 — n,
3 I e
% — % e —
. n
-5
10* 10 001002005 0.1 02 0507 10% 10° 001002005 0.1 02 0507
x x
MSHT20 NNLO MSHT20 approx. N3LO MSHT20 NNLO reduced
9l 2GeV) a(x 2 GeV) 9l 2GeV)

— TATAS8Tev Zpy — T3cusaTovin == 980 HERA DS Continad

H Zlremosomms  § Zssrezs,  E v ooz OnY
H — s H — 2 NERAOPNCSOGOY B 73 CHS 8 Tev et
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See X. Jing et al. (inc. TC) 2306.03918.
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7. Backup Slides

NNLO and aN3LO Data “Pulls” - L, Sensitivities -
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MSHT20 Cross-section PDF + as dependence
° Cross—sectlon uncertainties at NNLO/aN3LO (Ieft/rlght) at the LHC.

I PDF errorbar * AOA{,‘(Mz) +0. 001 _
goF Higgs LHC (18TeV) 1= - — = - - 4 agerorbar - < -1 | T T Vs=14TeV
— |PDF+agerrorbar —— ggH RO
—_—
ZLHC (13TeV) b z : ‘‘‘‘‘
—_—
........... T
W* LHC (13TeV) ] wt -
—_— —_—
_ e B
W~ LHC (13TeV) w Tk
L L L L L L L L L L L L L L L . . . n . . .
083 0.94 0.95 0.96 0.97 0.98 0.9 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07 0.94 0.96 0.98 1 1.02 1.04 1.06

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

@ Direct ag uncertainty of ggF Higgs is larger (~ 2 — 3%), reduced by
anti-correlation of gluon with ag.

@ Higher energies sample lower X quarks = larger aig uncertainties.

@ Interplay of direct and indirect (through PDFs) effects = importance of
treating PDFs+ag together.
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Profiling PDFs with Tolerance:

@ Increasingly experimental collaborations
profile PDFs:

» See impact of new data on PDFs.

» Extract SM parameters, e.g. as(My). %

X) paJenbs—V_lD
L8

@ What this means is construct a joint x?
of new data 4+ PDF:

o
s
o

(¢

new data
Nnew data

PDF constraints
2 - E
Xtotal =
i,j=1

——N—
(D; — E + Z riDFQI/:DF)CU—W (O - + Z [-jFI’DFGIPDF) i Z (OII:DF)Z '
k ! K
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Profiling PDFs with Tolerance:

@ Increasingly experimental collaborations
profile PDFs:

» See impact of new data on PDFs.

» Extract SM parameters, e.g. as(My).

@ What this means is construct a joint x?
of new data 4+ PDF:

W ngEan \ve)
14 N

N,

new data

new data

Xiotal = Z O —E+ Z s lonl (R T Z
ij=1

k

PDF constraints
——
r]{IDDFG;DDF)+Z (OII:DF)Z'
/ k

@ Issue - Last term >, (67°F)? r 2 I PDF fi
(0 epresents x“ penalty to move rom

its best fit, given by data constraints already in PDFs.

@ But many PDFs (MSHT, CT) use a “tolerance” so f P = £1 means
Ax? # 1
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Profiling PDFs with Tolerance:

@ Increasingly experimental collaborations
profile PDFs:

» See impact of new data on PDFs.

» Extract SM parameters, e.g. as(My).

@ What this means is construct a joint x?
of new data 4+ PDF:

W ngEan \ve]
14 N

N,

new data

new data

PDF constraints
ot = D Oi—E+ > TF6PHC O —E+ Y [P0+ > 12652
ij=1 Kk | Kk
) PDF\2 2
@ Issue - Last term 3", (0,77 )* represents x“ penalty to move PDF from
its best fit, given by data constraints already in PDFs.

@ But many PDFs (MSHT, CT) use a “tolerance” so f P = £1 means
Ax? # 1, but Ay? = T? = need Tkz.
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PDF Uncertainty - Tolerance in Profiling

@ Consider PDF impact of B Srowo. e | W
. MR === MSHT20NNLO + ZEUS high+ |
- = — % i+ .
high-x ZEUS data, T =1 S—— e

clearly overestimates pull

09 1 & — MSHT20NNLO+ ZEUS all - |
(|Eft colum n) and Q =100 GeV T — MSHT20NNLO + ZEUS high «

H H H 1= T i i o o u:" u:" m"l m‘"
uncertainty reduction (right . .
COlUmn) relative to T = dyn " — MSHT20NNLO !

st MSHT20NNLO + ZEUS all » E sl
H === MSHT20NNLO + ZEUS highs | &
L.A. Harland-Lang, T.C., M. T Q=100GeV
Reader, R.S. Thorne: 2510.03753 H g
- . 098 R — MSHT2ONNLO + ZEUS al -
@ Profiling also relies on two Q=G | T o s
assum ptlons 1 107" 10" p 107 0" 10 107 107 , 10 107!

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

@ The PDFs are not altered significantly (i.e. central values
moved < 1o and uncertainties not substantially changed).
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Profiling PDFs and extracting as(My)

@ Same occurs in extracting ag(My) from Zps. (Use Asimov setup as in

10F | TC, G. Marinelli, F.J.
Tackmann 2506.13874)

0.8
PRELIMINARY
ook Q =100 GeV

—— MSHT20 aN3LO profiled T=1

—— MSHT20 aN3LO profiled T=3

0.4} —— MSHT20 aN3LO profiled T true B
i Tl il

g(‘n /gMSHT err

1l
107° 1074 107° 1072 107!

x
@ Gluon constrained by Zpr data, though overestimated with T = 1.

@ Underestimated profiled PDF uncertainty propagates into ag PDF
uncertainty = Must include tolerance when profiling PDFs.

@ Challenge: How to include this effect without including a tolerance also
in ag uncertainty for new data (as is done in global PDF ag extractions
where aim is instead to extract combined as(My)).

Nnew data N,

ot = D D= Eas)+ Y _THPFOPOC (D) - Blas) + Y T[PFofPN) + > T26[P")2.
ij=1 Kk I Kk
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PDF Uncertainty - Tolerance in Profiling ~ Preliminary!
@ How can | propagate this to ag uncertainty? Suggestion (WIP):

@ 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.

N*LL/ SCETIlib 04121 N*LL/ SCETIlib 0121 N*LL/ SCETIlib

0.121
+ PDF members — PDF uncertainty « PDF members — PDF uncertainty « PDF members — PDF uncertainty
0120 Scanning o0l T _ 0 T = dyn
P AalPF & 4.3 x 107 P A T X 10
_ o9 BalPP = 104 % 104 o o
N N N
n 3 n . L o o
<] 5] g
0117 0117 0117
o116 Y = [0.0,0.4,0.8,1.2,1.6,2.0, 2.4, 2.8, 3.2, 3.6] 0116 1.2,1.6,2.0, 2.4, 2.8, 3.2, 3.6] 0116 2,1.6,2.0,2.4,2.8,3.2,3.6]
8TeV, Z pr, ATLAS binning, p# < 29 GeV 8TeV, Zpr, S binning, pf < 29 GeV binning, pf < 29 GeV
SCETIib preliminary SCETIib pre
011 10 20 30 40 50 0118, i0 20 30 a0 0 0118, 30 0 0
N, Noar N,

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