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Introduction to Parton Distribution Functions (PDFs)

e e
Strong force makes it difficult
to perform analytic calculations _
of scattering processes involving D perturbative
hadronic particles. < calculable
v S0Q? coefficient function
: : " Q 2
The weakening of ag(p?) at Q CF(x,04(Q?))
higher scales — the Factorization <
Theorem.
Hadron  scattering with an
; N
electron factorizes. =
: | turbati
()? — Scale of scattering X honperturbative
x| incalculable
Q2 _ | parton distribution
r = 35— — Momentum fraction of L ‘ N
>mu fi(x, Q% a(Q?))
Parton (r=energy transfer) o ST s
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The  coefficient  functions
CP(x.0,(Q?) are process P
dependent (new physics) but
are calculable as a power-series

in o 2) _ :
in ay(Q?) = fi(zi, Q% as(Q%))

CP(z, 04(Q?)) = Z("’_f'k(.'z.-}rmg((}j).

k

Since the parton distributions

filz. Q% ay(Q?)) are process-
independent, i.e. universal, el (e M2 ()2
and evolution with scale S il Q% as(Q7))
is calculable, once they

have been measured at

one experiment, one can

predict many other scattering

processes.
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Obtaining PDF sets — General procedure.

Start parton evolution at low scale Q2 ~ 1GeV*. 6 independent PDF
combinations, or 7 if we assume s = s.

May also consider independent (nonperturbative) to contributions heavy
quarks c, b.

Evolve partons upwards using L O, or DGLAP equations.

(x, 2,CVS 2
df;( c?anQ(Q ) _ Zj pij(%%(Q%) & fj(x,Q2,as(Q2))

Fit data above ~ 2GeV?. Need very many types for full determination.
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Range of Data Sets used

" Ann.Rev.Nucl.Part.Sci. 70 (2020) 43-76
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Methodology

* Two distinct methodologies on the market to z
< fi(2, Qo)+ Apx (1 — x)Pr  —> 2, @riPiO0) . CT, MSHT...
parameterising PDFs: Neural Nets (NNPDF) i=1

or Explicit Parameterisation (CT, MSHT). NN;(z) NNPDF

+ MSHT: 52 free parameters in terms of * NNPDF: 763 free parameter Neural Net,
Chebyshev polynomials.

G [
uy (x, Q%) = Ay(1 — )™ (L + Z au_:]';\'“i,r(.r]]) sp(z,Q0) = Ap, (1 — z)+ 2" (J. + Zﬂg__;ﬂ[.ﬁ"lﬂ‘l.‘-')
i=1 i=1

4

i 2 _ 4 \7g 1 f¥) y g
. A . glr, Q7)) = Ag(1 — )"z J.+E agiTi(y(z)) | + Ag—(1 — x)W-z"
dy (2, Q) = Ayl — &)™ (L+foff.fﬂ<;.uu.r_JJ) S ( = !
i1

s (7,Q0) = As_(1—2)" (1 — /z0)z™

il o e i e o i, + =20
1 . e 2 0

o P2V Aof] — )75 05 LT \ _ . e Y T B e e e i

b\\.r. Q._]J _‘15[1 b B (l =+ Zl: as .T.\\y(.r_l)) fff,-"ﬁ_‘.-:'\.?". Qé} _ .-1;,"\1 — )% (J. m E f'p_fo{yfT:'_\J) FEEaE e
i= i=1
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r"" ) / -’”/ "II ‘I"- \\‘ \4 \\\‘\
. . (i\-;g(\-.goz AE. ) aVindy)  aVale @) aVele Gy T3 Gy) 2Tyl gy .\-r‘su.;;rbg
+ LE‘.SS ﬂex1b|e 1n general - neecl to IZ)E‘. sure

{.\';.:(,\'. ) wule.Gp) i@ wd0eQy)  xdegy) sy xE@g)  xetle @)

flexible enough! Allows direct handle on o o
Lo i ) * Increased ﬂex1b1|1ty, but needs robust optlmlsatlon
uncertainties in Hesslan framework.

+ stopping (avoid over and under fitting).

Most groups use a parton parameterization and Hessian approach.

NNPDF fit to data replicas obtaining PDF replicas qf”et)(k).
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Importance of perturbative

precision.

NLO is very far

from sufficient. Large
change In some

cross sections at

NNLO.

Also, a very poor
fit at NLO to some
data sets.
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MSHT20
NLO NNLO
Data set N+
ATLAS 8 TeV s. diff tt 25 1.56 0.98
CMS 8 TeV d. diff tt 15 2.19 1.50
ATLAS 7 TeV W, Z 61 5.00 1.91
ATLAS 8 TeV W 22 3.85 2.61
ATLAS 8 TeV d. diff Z 59 2.67 1.45
ATLAS 8 TeV Z PT 104 2.26 1.61
ATLAS 8 TeV W + jets 39 1.13 0.60
Total LHC data 1328 1.79 1.33
Total non-LHC data 3035 1.13 1.10
Total 4363 1.33 1.17

Image Credit: Tom Cl'idge



This procedure is generally successful and is part of a large-scale,
ongoing project. Results in partons of the general form shown.

| 9 MSHT20NNLO, Q? = 10GeV? 1 9 MSHT20NNLO, Q? = 10* GeV?
. T T T T T T T T TorTTTTT . T T T T T T

zf(z, Q%) xf(z, Q%)
0.8 0.8 - .
0.4 0.4 | .
0 e N | R O Lol Lol Y e ‘\‘m
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1

Various choices of PDF — MSHT, CT, NNPDF, ABM(P), HERA/ATLAS,

CJ et al etc.. All cross-sections in hadron collisions rely on our
understanding of these partons.
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Major PDF Analyses — slide from J. Gao
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1 1 "
Many updates over the last few years.
Changes in methodology , not just more data included.
IPPP — Sept 2024 8



Importance of PDFs.

T . 2 I I
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I
OPDFE ~ Otot /2
PDF unc. of CDF / ATLAS / LHCh: 3.9/8/9 MeV

Beyond their fundamental interest in understanding and the
structure of the proton PDFs vitally important in particle physics.

Input to cross-sections.

Also major uncertainty in extracting seemingly unrelated fundamental
parameters, e.g. My, sin?6y,. Fundamentally correlated with the
strong coupling in many determinations.
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Impact of Recent Data.

130 [ o053 oGy sazcr” [N
) CT18 A

I CT18mJet

gPDFmMMnQL—w“%Vz | - mlju‘mmGTmmhMmTﬂdhﬁ“
No Jets/Dljets (NNLO) S ' = CT18mJet+nTT1-Hr f4.,
1.1 1 Jets (NNLO) —— B 1.10 i
Dijets (NNLO) — 2
) 2 1.00
). =
& 0.90
a
p..
0.80
0.70

107%10~% 1072

Recently many new types of data, but just a couple of examples.

Dijets and inclusive jets pull slightly differently. The latter are a better fit
and are more stable under corrections.

Top and jet data tend to pull the high-z gluon differently.
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New Data Sets.

N
I

Ratio to data
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P P RN I RPN PP B
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Iyl
PDF set Total y* /d.o.f. y? p-value Pull on luminosity

MSHT20aN>LO [58]
CT18A [59]
MSHT20 [60]
NNPDF4.0 [61]
ABMP16 [62, 63]
HERAPDE2.0 [64]
ATLASpdf21 [65]

13/8 0.11
12/8 0.17
10/8 0.26
30/8 0.0002
30/8 0.0002
22/8 0.005
20/8 0.01

1.2+ 0.6
0.9+0.7
0.9+0.6
0.0+0.2
1.8 +04
-1.3=08
-1.1=08

ATLAS, arXiv:2309.09318

Some high precision
types of data recently presented
(and soon to appear) will
have an important impact.
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Implications for Charm PDF.

Suggestions from structure
function data and LHC collider

data that fitted charm required.

Not overwhelming, and “fitted”
and “intrinsic” difficult to
disentangle.

Even some suggestion of
intrinsic valence charm.
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aN’LO PDFs and Theory Uncertainties

Leading source of uncertainties is from from Missing Higher Orders
In perturbation theory. Numerous sources of this for e.g structure
functions, i.e. splitting functions

P(z,0a,) = a;P9z) + o?PY(2) + 2 PP (2) + o P®(z) + ...

but also heavy flavour transition matrix elements and cross-sections
(coefficient functions)

( VF, nf—|—1
q,x
ac{H,q,9}

Fy(z,Q%) =Y © Aai(Q?/m3) ® f;7(Q%)

FChn @ A(@¥md) @ £17(QY),

Current knowledge is up to , with full higher orders unknown.

Already lots of progress in calculating features at [2-13]. Since
PDFs appeared also [14-18]
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- What do we know?

Zero-mass structure function coefficient functions are known [2],
and flavour transition matrix elements for partons recently finalised
[17,18].

For splitting functions some information from leading terms in the small
x and large = regime [3-12], e.g.

C5 (82 1In*1/z Inl/x

34\ 81 2 =z r

Some numerical constraints (Low-integer Mellin moments) [3-12], and
intuition from lower orders and expectations from perturbation theory.

Splitting Functions at — N,, Mellin moments and small-z
constraints can be used to define

Choose a set of relevant functions and solve for A;.
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Very little about many cross-sections (K-factors). e.g. parametrize the
K-factor as a superposition of both and K-factors.

K@) =1+ 2D + (%) Bw) + (%) F) + 0,

T v

2
KNSLO/LO _ KNNLO/LO (1 i Oéi&l./\/—’D i QE&QME) .
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-
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=
—_
©

=
=
©
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Calculations of Drell Yan production now exist [19-21], but not in
practical terms so far.
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Global Fit Quality at

The overall x? follows the general trend one may expect from

perturbation theory.

LO | NLO | NNLO | aN’LO
2
2.57 1.33 1.17 1.14
XNpts
Including has reduced tensions between small and large-z.
1009 Ratio to NNLO, Q* =10 GeV? 100 % Ratio to NNLO, @* = 10* GeV?
1.0751 aN*LO (Hj; + K ;) 1.075 - i
1oso [ >\ - aN*LO (Hj) 1.050 |, ¥
N NNLO (without HERA) i
1.025 1 \-\ 1.025 mu : 3
1.000 - \\\ """""""""" \ 1.000 S = | — = 3 ,'
RO T R R by
0.975 1 Nt e e \_:y\,\ 0975 =—==te ‘lll E
N 9% i
08501 .- \ | 0.950 1 i
L=~ i L
0.925 | '!l‘\‘ 0.925 \ |
B |
o5 10° 107 101 00 %04 103 10?2 101 10°
xr xr

The gluon is enhanced at small-z due to the large logarithms present at
higher orders. Light quarks enhanced slightly at high .
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NNPDF study recently completed [16]. Similar in numerous respects.
More up-to-date inputs.

; () D . —
xPy(x), a, =02n; =4

Approximate N2LO splitting functions as

(3)

3 3 3 - (3
o (3) (3) (_’) (3)

= Yignd T ViiN—oo T VijN—0 Ty
Parametrise ﬁ-ﬁ’) = > aé?@;(f\f)

— (&1 for the leading unknown large-N term

— (49 for the leading unknown small-N term

— 3 or 8 (] for the sub-leading unknown small- - LO

and large-N contributions P e e e e
— vary the functions (] to generate a variety of :

approximations and estimate IHOU | 2Fyg(x), o =027 =4

— determine the coefficients a.ﬁ-j with known =) — aN’LO

moments and momentum conservation 0y __"_ ::(1;() i

| basis function for #3)
Adopted basis function for 7,

G1(N) M([(1 — z) In*(1 — z)]
GEEN} _,:;\.-i]):r + ;\.-]2
Ga(N) L, &, M[(1-2)In(1 - 2)]

M[(1—z)2In(1 — 2)?], v — &, M|[(1 —x)In(z))

Ml -2)(+22)], MO-2)2), ™
MI(1 - 2)z(1 + 2)], M(1 - z)] o o o :

G4(N)
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g at 100 GeV u at 100 GeV

-, 1154 _ 115
2 s 771 NNPDF4.0 aN3LO no MHOU
E 1.10 = 1104 1 NNPDF4.0 NNLO no MHOU
c e 1 NNPDF4.0 NLO no MHOU
2 1.051 S 1.05-
= m
© s
fr' 1.00 o 1.00
L =
o &
o 0.95 % 0.95 i
z .
2 = -
[=]
H -
o 0.90 E 0.90 -
[1*] L]
o
0.35 T T T T T T T T T T T T T T T T T ED.EE T LR | T T T T T T T T T T T
10— 103 102 101 10~ 103 1072 10!
X X
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1.15 1.154
= =
D G
T I
= 1.10 = 1.104
0 g
S 1.05- S 1.05 -
™ M
Z 3
o 1.00 o 1.00
L 5
% 0.95 % 0.95 ——
=z = ?—-"’.‘
[=] Q
"é' 0.90 - o 0.90 1
= =
[i3] [1+]
o o
0.85 +——rm — T — — — 0.85 T T T
10— 10-3 10-2 101 10— 10-3 10-2 1072
x x

PDFs - main change in g
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Consequences for Higgs Cross Sections.

%10 Higgs in Gluon Fusion (PDF + MHOUs) A Higgs in Vector Boson Fusion (PDF + MHOUS)
2.0
Vs =136 TeV § NNPDFa.0 V5 = 13.6 TeV
16l ¥ NNPDF4.0 (NNLO,a) N
§ MsHT20
| $ MSHT20 (NNLO,4)

T M

|
o(pp — Hjj) (VBF) [pb)
. :
.
|

| NNPDF4.0 ‘ I I !
2ol " § NNPDF4.0 (NNLOpas) | 13k 7
§ wmsHT20
1 MSHT20 (NNLO
2.5 - | $ { l ) | 42 | .
NLO NNLO N*LO '

| |
NLO NNLO N*LO

Perturbative Order (ME) Perturbative Order (ME)

Changes in N“LO cross section relative to use of NNLO PDFs obvious.
Smaller for NNPDF than MSHT.
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Recent improvements in knowledge of splitting functions.

Now 5 moments available for P,,. Allows improved constraint provided
by [17] (Moch et al.)

Now 10 moments for P/ > and P,,, and very recently P,,. Allows much
improved constraint in [17,18] (Falconi, et al.).

rPy(x), oy =0.2 ny =4 1 Pyy(), o =0.2 ny =4

2
—— MSHT (prior)
= MSHT (posterior)

=== Moch et al.
== NNPDF

S~o —_———.
N

N~ ——-

—— MSHT (prior)
= MSHT (posterior
=== Moch et al.

)

Range of allowed total splitting splitting functions.
We are close to the level at that we were when PDFs were

becoming standard ~ 2008.
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Effect of MSHT fits with improved [14-16] splitting functions.

1.10

: 1.10
—— MSHT20aN3LO po_sterlor L —— MSHT20nnlo
1052 —*— MSHT20aN3LO prior il N —:— MSHT20aN3LO posterior
> MSHT20aN3LO FHMV splits LOSE N MSHT20aN3LO + FHMV splits |
T e N .".\ o RN
- - N/ = EN
> 100 P v i > 1.00 <
" \\
= 4 l S \'\ “TN
7 PRELIMINARY : ‘. . S
0.95F ../ by 0.05 1 i \
/ [ Y \
/_/ Q = 100 GeV i PRELIMINARY Q = 100 GeV 1
0—90 L““'f L : |||||||7‘ . : ‘Illllli- L : ‘IIIIII7 L : IIIIII.LI. ( \I\II 1 1 ||||||| 1 1 III\III 1 1 III\III 1 1 III‘III
10 1073 102 10! 0.90 =% 103 10-2 101
X x
Note - only central value.
v* still over 100 lower than , very largely at small x - would

improve further once uncertainty accounted for.

gluon changes a little compared to published MSHT PDFs,
raising 1.5% near x = 0.01.

Main features of comparison to remain the extremely
similar.
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Best fit value of a5(1/2%) at possible 2404 .02964

5900 5600

: ‘ : , :
aN3LO  pest fit a (mz?) = 0.1170,
X2 = 5313.1 for 4534 points

T T T T T
| NNLO best fit a (mz2) = 0.1171,
L X2 = 5525.6 for 4534 points

total Y2+
fit

total 2 +
fit

.|
5800

¥2 5700

5400 -
5600 -

8.1 12 | 0.1|14 | 0.1‘16 (xS(I\IAZZ) 0.1‘18 | 0.1‘20 | 0.122 530(()).1 12 | 0.1‘14 | 0.1|16 GS(I;AZ ) 0.1‘18 | 0.1‘20 | 0.122
Previously [21] we found at that ag(M%) = 0.1174 4+ 0.0013.
Repeat analysis at with new baseline (ATLAS 8 TeV inclusive jet

data) and also at
as(M2) = 0.1171 £ 0.0014
ag(M2) = 0.1170 4 0.0016

Determine uncertainty by dynamical tolerance procedure, same as for
eigenvector uncertainties. Uncertainty corresponds to Ax? = 13 :
Ax? =16
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PDFs up to with corrections 2312.07665

At the level of accuracy we are now approaching it is important to
account for electroweak corrections. For a consistent treatment we

need PDFs which incorporate into the evolution, i.e. the inclusion
of the photon PDF ~(z, Q%) [22-24].
€ €
oz, Q%) o ['d )
y s %/ m (PW@WZ@P”@%)
Y
p X

Put on truly quantitative footing in LUXqged photon PDF [25]. Relates
photon to structure functions, and uncertainty of at most a few percent.

2 heavy neutral lepton L
o) 1 Yaz | = dQ? 2(0?) (mass M)
xT J = ————a+ — — neutral lepton [
Hla /et 2ma(p?) ), 2 | JEZmE Q2 “ (sl
0522 L# (k, q)
my 2 2 T 9
2pyg(2) + 0 Fo(z/z,Q%) — 2 FL(:,Q )
—_
— a?(p?)22Fy (—,,ug) } , (6) proton (\
B I.{TMU(IL q) :ﬂjw”i;ﬂfﬁi

22
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This results in a
largely consistent
set of photon PDFs
between groups.

Differences similar
to differences in
quark PDFs, couple
of percent uncertainties.

Direct impact due
to input photon PDF
In some cases, e.g.
Z + H.

Generally small impact
(reduction) due to

other PDF modifications.
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1.04 - o CT18qged
a 1 MSHT20qed
cr
=2 1.02
=
L
o
2 1.00-
=
L
‘5 0,981
o
o
0.96 1 NNPDF, arXiv:2401.08749
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2 _ ar2
Q= M2 -
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T. Cridge, LHL.R. S. .
Thorne, arXiv:2312.07665
= 2]
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N*LO -‘QEDJ —— e
N3LO (QED) —%— 5
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do gz« /dInQ? [nb]
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New Physics and PDFs.

Nominal setup

Look for indirect 100
signs of new physics
in standard high
energy data. 60

—_— total

— total+p

—= CMSS8 tt

—-= ATLASS tt
CMS13 tt

—-= ATLAS13 tt

—-= tt cross sec

== Unc. at 90% CL

Parametrize in SMEFT “éf 40

ESMEFE%;:£SM+ 20~
;0! N\
Zi v 4 ... 0

—20

CLIN? (Tev~2)
Need to account for interplay of BSM Physics with PDFs.
Example, CT study 2211.01094, joint fit to SMEFT + PDF parameters.
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Similar study by NNPDF. Also consider HL-LHC pseudodata, and if it

can be absorbed in PDF fit 2307.10370.

ud + dd luminosity

Vs =14 TeV

1.0
= -
@ 091 New Physics =
o
=
= 0.8
=
aQ
E
5 07
b
2 061 E.Hammou et al., arXiv:2307.10370
[
o Underlying law

DE? T Contaminated W=3e-5 (58 ¢l +L1a)

Conteminated W=0=-5 (68 ¢ l.+1o)
U4 ] Conteminated -.".'—lD:-SIEEIE cl.+1a) I I o a
10! 10° 10°
my (GeV)

prob. density

._.
Fod
T

=
=)
T

=
=
T

=
™
T

=
=

=
i
T

=
=}

e

A

.E:
HL-LHC HM DY 14 TeW - charged current - e ch,

Mg
=2,8 0,0 2,8 5.7 8.5 11,3 14,1

W=3.10" |
W=g8 10"%
W=15-10" |
basaline

1k

a 2 3 q 5 &
2

Reasonable X

For some models, depending on new physics scale, it can.

Can reduce effects by looking a cross section ratios.

Much better to constrain PDFs from both high and lower energy

constraints, e.g. HL-LHC and EIC. Highlights need for global fits.
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Current PDFs at

1 7. PDFratio, @7 = 101 GeV” | 2 PDF ratio, @ — 10° Gev?
| —— MsHT20 |
== NNPDF4.0 i
CTis ]
1.05 - 11} RE
)
‘N ||
~~~~~~~ N g |
_____________________________ ~o
1.00 =T — 1.0 f———m=maa= =l
\\
\
\
A
0.95 Neey 1T 0.9 -
—— MSHT20 |
== NNPDF4.0 |i
! I<:T1I8II\II Lol Lol Lol L 0.8 r il Ll Ll Ll A
0.9y 103 103 102 107 {07 10— 10— 102 101
xT &T

An illustration of a current comparison of PDFs.
Uncertainties and agreement has improved with time.

However, still disagreement in some central values, and quite markedly
IN some uncertainties.
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Future Experiment Impacts — HL-LHC - study in 1810.036309.

Top quark pair production W + ¢ production Drell-Yan production
t . W I
s,d
Z/
t > C [~
Jet production Z pr Direct photon production
> Z/y > ¥

\
\

Types of data sets used in the study. Chosen to maximise impact on
currently less well-known PDFs, regions.
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PDFs at the HL-LHC (Q =10 GeV) PDFs at the HL-LHC (Q =10 GeV)

ESS| PDFALHC15

////////

[#=% PDF4LHC15

=
w

////////

s + HL-LHC (scen C)

=
N

s + HL-LHC (scen C)

=
= =

g(x,Q)/g(x Q) |ref]

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

o
)

IIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 1 11
107 1073 1072
X

IIII 1
107t

°
3

=
S
o

Impact in more or less optimistic (regarding systematic uncertainties)
scenarios.

Note, “tolerance” in Ax? = 9 has been used to be roughly consistent
with global fit procedure.

Smallest effect at low = where HERA constraints remain dominant.
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Uncertanties in PDF luminosities @ {s=14 TeV Uncertanties in PDF luminosities @ {s=14 TeV

=
o

=
o

T 1T \‘ T T
= Baseline = Baseline

e + HL-LHC (scen A) e + HL-LHC (scen A)

i
N S
R =

= e
N i
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wnnnn + HL-LHC (Scen C) wnmn + HL-LHC (Scen C)
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~

Gluon-Gluon Lumi (ratio to baseline)

Quark-Antiquark Lumi (ratio to baseline)

b - it 11, (L]
% 7 S,
%, . - R
0.8[Z 0.8 2 S
P — g % &5 —
- % b - EA S ]
2, Z OS
- 2 | L % S n
0.6 2, 3 0.6~ 2 U
= 2%, = RN —
L 2%, K2 C = RIS 1
% Y, wstie, oS e LA
o 2, My, ot ‘e, o S o Ze, POLLAL L T PP L LM S ]
O 4— 2, Ya, L 3 ot S O 4 o0 gunt S
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10? 10°
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10? 10°

[y
o
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Impact on related quantities of parton luminosity functions.

Smallest effects at smaller My, i.e. small z PDFs.
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Higgs production in gluon fusion @ LHC Ys=14 TeV Squark-Gluino production @ HL-LHC Vs=14 TeV

PDF4LHC15

+ HL-LHC (scen A
1.2 3%%& ( ) 1.6

S5 + HL-LHC (scen C)

2———r—T——T—"T—T"T—T—7T—T—7T—T— LIS S B N B B B B B B
¥ PDF4LHCI5

SR+ HL-LHC (scen A)

N0

42224 + HL-LHC (scen C)

//////

13

1.8

14

12

Ratio to baseline
Ratio to baseline

1
- 0.8
: 0.6
0.8 :_ — 0.4 :—
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p]:t,mln (GeV) quuark ( GeV )

gluino™

This translates into similar reductions on uncertainties for cross section
predictions.
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Future Experiment Impacts — LHC -FPF - J. Rojo, DIS2024

The LHC also acts
as a source of high
energy neutrinos from
decays of produced
mesons.

Detected at e.g. FASERv,
SND.

Mid-range energy (10* —

SND@LHC

oxd, /xd,

103GeV muon neutrinos from
pion and kaon decay provide
improved information of flavour
separation in PDFs.

1.1

0.9

102
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aaaal
10"

Oxs/xs

| @?=10"GeV?
| 4% Baseline (BL)
<« BL+FPF, stat

1.2~ 144 BL+FPF, stat+syst

1 AN I ia 11 aaal
107 102 107"
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Charm meson production probed by neutrino production.

Charm mesons dominant source of neutrino flux, or more specifically

interactions at SND.

Charm produced in LHC
collisions at pseudo-rapidity
~7—09.

Corresponds to =1 ~ 0.04 —
0.8and x5 ~ 107" —5x 1072,

On the edge of LHCb lower
limit.

Provides info. on small-x
physics and high-z intrinsic
charm.
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Gluon PDF with Neutrinos from Charm Decay

104
FixedTarget PRELIMINARY
LHC .
Tevatron F. Kllng
HERA
LHCv, with 7<n,<B8

104 + LHCv,withB<n,<9

LHCv, with 9 <n,

10° 1

0 [GeV]

10" 4

HERA

Fixed Tar.qat
aa*
’

LY
L]

i

10~ 10'-* 16-‘

-1 101
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EIC constraints on PDFs.

Kinematic range compared
with other experiments e 007 1441
providing constraints. 5 FCC-he

LHeC

6

10
Much better precision

than previous experiments '
at high z. o0

5

Not too low (< 15GeV?) 10
W2 — less higher twist

contamination (compare
with JLAB) 10

10 2

o 1w 1w 1w 17 17 10
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o - o s
>, B Gsysforyfﬂm e e ::
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£ ® o, forQ%<10GeV? s * 0
@ 107" *» * § 9 =
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107 0‘3 1{:r2 10~ 1

Dominated by systematic rather than statistical uncertainties. Latter
projected to be much better than previous DIS experiments.
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Impact of EIC proton structure function data.

% (NNLO), Q? =1.9GeV?

(_Donsider this within a_global VSHT20

fit (e.g. MSHT - impact MSHT20 + ATHENA == g
clearly larger in DIS-only fit. |
2309.11260. VTR R

1
Main impact on high-z quarks, |
but some also on gluon
distribution.
09 0.1 0.2 0.3 0.4 0.‘5 0.6 0.7 0.8 0.9

ggF Higgs aon3 o Uncertainties with/without EIC
Has a noticeable effect on T e
Higgs cross-section via gluon- Ve = 13TeV POF+scale error =
gluon fusion at the LHC. s E W

Extra improvements possible
from deuteron data, especially
with neutron tagglng MSHT20 NNLO + EIC

0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05
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Big impact on Nuclear PDFS

10 &
= Measurements with A = 56 (Fe):
B e eA/pADIS (E-139, E-665, EMC, NMC)
B JLAB-12
10° = = vADIS (CCFR, CDHSW, CHORUS, NuTeV)
- o DY (E772, E866)
- DY (E906)
—_— 2| s
Y 10%
q) E o000 O O
g — o000 0O i b .
10 =
[e = QF (Au)
1 5 perturbative
E non-perturbatiye” Qi T e—g et s sV -
0.1 | | IIIIIII | :I'TIIIIII 1 IIIIIII I."f’IIIIIII
10 104 103 102 107!
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Test the nuclear corrections
in much more detail, e.g.
2309.112609.

Significant reduction in gluon
uncertainty at small x.
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Projection for possible EIC heavy flavour data.

O Inclusive eA scattering measurements

5F e+Au s Vs=316GeV
] del- I s Vs=447 GeV
45 o = ™ Vf5=394 GeV
[ . World Data (A = Fe)
L O A — CT14NLO+EPPS16
o 5-5‘2" A0
a4F 2= o2 FRC o --- V5 =40 GeV
[« * 5 & A gl‘ﬁ o 3 kinematic limit
E 35 '_"L_“ ..-l'.‘ o ‘52011 ‘05
(=] r N a2
= - - = o?
S’ 3 e ::-‘t..;";"—:‘ﬁg'zi" o*
:'-\. - ‘_.X.’ - 1‘32'1 2
‘b 2.5 ot -__--’\“"- x=1 310
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E m' x=3.2:10"
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dxdQ?
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arXiv:1708.01527

0.7
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06FL © V8=316.387447GeV Ldt = [10 b '/A
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Tensions between inclusive structure function data and heavy flavour.
Latter prefers steeper gluon — (EPJC 78 (2018) 6, 473).
H1 and ZEUS

-
E 12 yf = 1.9 GeV*

2 [ 4. HERAPDF-HGMASS [DIS x_ > 0.01]
101" »s HERAPDF-HQMASS

The EIC will get into this range where tension is seen.
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High-z Strange Quark.

There is also the possibility U,
of looking at the less e /
well know strange quark >

via charm quark jets.

Requires dealing with W
. \

fragmentation (but so

do some current methods \

at some level).

Similar type of data
from neutrino scattering
on iron targets from
CCFR/NuTeV already
used.

p

Plot from https://arxiv.org/abs/2006.12520.
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Polarized PDFs.

10*f  Current polarized DIS data:
F OCERN a DESY ¢ JLab-6 0 SLAC

current polarized BNL-RHIC pp data:
e PHENIX2° & STAR 1-jet ¥ W bosons

oo JLab-12

Very significant expansion of coverage to small =, as well as higher Q>
at high z. (0g1(z,Q%)/0InQ?) ~ —Ag(x,Q?). Significant impact on
PDFs and spin sum rule.
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as(MZ) determinations from structure functions.

min

(T T T | T T —]
%< 60 NNLO * HERA and EIC Inclusive data -
% [ eHERAInclusivedata v HERA and EIC(Vs = 45 GeV) Inclusive data
50— Q. =3.5GeV =
40 =
30— —
20 =
- * -
10 ¢ =
o, | 1 | | 1 =

0.105 0.11 0.115 0.12 0.125 0.13 02.135

High-z, not too low Q2 W2 data very clean probe of as(M%) via non-
singlet structure function evolution.

EIC data can improve constraints dramatically 2307.01183.

Need also to consider theoretical/methodological uncertainties.
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Future Experiment Impacts — LHeC.

107 ——
[ s e*HENCO, | LHeC pseudo data I
10°F o e+HECCO R
S " LENCo; mﬂwwm:r:
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f o e  HENCo, RS :"fd‘* G g
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> 10%E NG F& 00 80 O TR O G Bz,
C &
v | ° 2 (05 E G T0Bu%0 Bt g o e
O o NCFb 0500 B G40 BNGO D G ) SR |
~ 103t C S — G0 T8 5 G 00 B O- - O 50 BB
O ¢« CCF; °dbguf NS ubgw“ zﬂowm JEDR.:
: 0 00 00 59 am 0 00 00 50 Coh o0 B0 BN S & 00000 ]
102¢ G- 05O S G0 S O GO BBt -
a0 Qo ©ao © ao @ol Oam © A @@l Oaam 4 4 <
i 6 6.6 o6 o066 o o6
- AD o AD §0 &0 o &T O &0 o &D Oi < Q
101 oo AGL--OA -0 AC-QE - 0AT - O AG- QO A -0 -AS 09 <
F A0 Q0 %0 9 a0 & Oam O A Q@ 4w @ 4 4 <
o o o o o o o o o
o o o o o o o o
100 1 -5 “10-4  1n-3 __ _1n0-2 _ _10-1
10 10 10 10 10
X
Example, impact of pseudodata shown above considered

1906.10127.
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PDF errors, Q =10 GeV PDF errors, Q =10 GeV

B — PDF4LHC15 7 B — PDF4LHC15

o | e + LHeC (Tolerance = 1) % S ISR + LHeC (Tolerance = 1) :
3] [ - 3
= — 3 — I~ 3l
A S N + LHeC (Tolerance = 3) E o PN + LHeC (Tolerance = 3) &
< i A 3 i : ]
— 107 = = ~ 10 —
o E 3 B E 3
o [ i o N i
X 102, - Zgge [ —
o - . = =] - =
o N 7 S C 7

10’3 \H\‘ Il Il \\\H\‘ Il Il \\\H\‘ Il Il \\\H\‘ Il Il \\\H\‘ Il I 111 10’3 \\H‘ ‘ Il Il H‘ ‘ ‘ Il

10° 107 102 102 10* X 10° 10™ 102 102 10 x

Very considerable impact on PDFs seen, particularly at small = (contrast
with HL-LHC).

Impact of taking “tolerance” Ay? = 9 for consistency with global PDF fit
compared to Ay? = 1 - not a naive factor of 3 increase in uncertainty.
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Uncertanties in PDF luminosities @ {s=14 TeV
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Uncertanties in PDF luminosities @ {s=14 TeV

Impact of just LHeC pseudodata, just HL-LHC or both.

Clearly different regions where one or the other dominates.
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Excellent improvement in a very wide range of places when both can be
applied.

IPPP —

Sept 2024
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PDF errors, Q =10 GeV PDF errors, Q =10 GeV

- ——— PDF4LHC15 | 1 - —— PDF4LHC15 | 'F

I T HERAPDF (total) T HERAPDF (total) ]

= ] e PDF4LHC + LHeC % E ] PDF4LHC + LHeC 3
£ NPT HERAPDF (total) + LHeC s B NPT HERAPDF (total) + LHeC E
5 F 4 > hk £
X 107 = X0t =
5 L A : E
O ol | O e, T
< 1072 ; é 5 1072 ? é
; C ] = C ]
o B i o L e e i
10—3; ................ — o] S -

E \‘ ‘ ‘ 1 \\\H\‘ ‘ o E ‘ ‘ 1 1 \H‘ 1 1 ‘ ‘ \:

107 10™ 10 1072 10 X 10 107 107 107 10 x

Note PDF parameterization must allow the same level of precision as
that achieved by the constraint in order for results to be reliable.

Potentially the constraint can be limited by the parameterization not the
data, more so as the data precision improves.

Using exactly same procedure the improvement at high = for simple
version of HERAPDF with 14 parameters is much greater than for 100
eigenvector PDF4LHC.

Much more similar at very small .
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Non-collider experiments.

PDFs matter for neutrino experiments, not only at ultra high-energy.

See e-g. 2 4 O 9 . O :I_ 2 5 8 . CrOSS [lgl‘?'-"ll".".li"lr'-.".: {-'ITI:!‘I'I\"LI.-" { ( a i‘i‘jllj:..l:ll' ) I
- 17T+ - 1

sections depend on different dedy — w(1+Q*/M§)? 2E, My

combinations of structure functions + K] r) (] _ -”rg-?‘)_é,} B

due to different lepton masses. A2k
(-9 -ig]s W

Particularly for v..

3} ) -] o

mylmy + °) Ty ]

+— ,_ir ——F) - : Fy 3.
LE; My x By My

Correlations between cross 1w . —

sections then depends on o} 1t
PDFs. 2

Uncertainty of o, /o, at e.g. k ZZZ/ _

IceCube-DeepCore, KM3NET  , o2F | | ]
or DUNE, shown. Z)%i- : : _ : o :_
5[ 0lo0 —— :
5-0.02 , . 1 B, . E
5 10 15 20 10! 107 103

E, [GeV] E, [GeV]
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Challenges - Improving/understanding Methodology.

Tensions
g at 100 GeV
1,15+ 2.4
[ MMPOF4,0 (68 c,l,+1a) —— MSHT20 (new)
1,10 S MMNPDFA.0 I:rIE‘I _IE'l.] EE"-B I:.'.|.+].U]' MSHTE{]_'_Sanuest
— . - 2if) (68 el 41 20 N
o MMNPDF4.0 (no top-quark pair) (68 c.l.4+1a) . —:= MSHT20+Seaquest-NuSea
T 105 -« o
% L= lapF H__.--"'I h""-\ -
Z 1.00 = 07 ~,
B — e b
2 =0l N
a e 1.0} —
5 0,95 4 I'-:-__.-— /_’
0.00] | [NNPDF] 05
a 9 T
Q = 100 Ge\
D.ES TTITT T T T TTTTIT T T T TTTTT T T rorrror o — 1 T T T TT1T1TT | |_ |
10~ 1072 1072 102 10" U0 02

04 [ (.5
X

T

Clearly tensions on pulls of PDFs from different data sets.

Sometimes different types of data, e.g. LHC jets and top data seems to
prefer different high-x gluons - could be for variety of reasons.

Sometimes from identical types of data, e.g. Seaquest and Nusea Drell-
Yan asymmetry - less scope for reasons.
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) o 2 _ 2 r
Y., PDF ratio, Q% = 10* GeV 2% ., PDF ratio, Q2 = 101 GeV?

1.10 :
S 1.10 : ,
“\ “ o 1
N 2 InT = .-"I ! T I
- \ (2/Npe ~ 0.995 A 7/ Npe ~ 1.036
1.05 = N Iy 1.05 = \ o
AN ' AN . : }
a [] \ Two lllpllt.‘_i (tension) I
Ny I \‘_ _____________ i
A L L, 200 fpm=m==mToT T e =
1.00 — = — w 100[= s mee e 'E-...__.h. e “l.
b= ——— Saa_ TN II \
- \ i
\
Single Input (no tension) Vi
0.95 — — (.95 [== global (T =1) v 4
m— global (T2=1) global (dyn. T) it ||
== |ow energy DIS/DY+HERA (NNPDF4.0 pch input, T2 = 1) == low energy DIS/DY+HERA (HERAPDF2.0 input, T2 = 1) |
== hadron collider (NNPDF4.0 pch input, T% = 1) == hadron collider (NNPDF4.0 input, T2 = 1) !
UO) - 1 L1 iiitit 1 1 1 | - 1 ||IIIII| | L 1111 (JDJ — | R 1 IIII””. 1 L Ll | |IIIIII| - |
’ h‘)'** 1074 1073 1072 1071 E('J"" 101 103 102 10!

T x

Look at effect when generating purposefully inconsistent sets of data
2407.07944.

Inconsistent data does not lead to an increase in PDF uncertainty using
conventional treatments.

Clear inconsistencies in pulls from different data types, but global fit 2
is not “that bad”.
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Issues of Parameterization limitations — Closure Test.

zg, PDF ratio, @ = 10* GeV? xit, PDF ratio, Q2 = 104 GeV?
| =— MSHTLO(T?=1) | 1.10 —— MSHTLO (72 — 1)
1.04 == MSHT LO(T? = 10) == MSHTLO (72 = 10)
LO input LO input
e Ik _

102 - 105

1.00 1.00

0.98 — .

0.95 — =

0.96 — H

11 nl cevrl il Lol [ N 0.00 Ll Lol Lol Ll Lol
10-° 104 103 1072 1071 o5 104 1073 1072 107!
xr T
* Ratio of (NNPDF4.0pch) LO input to fit result, including PDF uncertainties with 72 = 1 and 10 that
come from the closure test fit. Latter 1s ~ result of dynamic tolerance used in MSHT20 (checked here).
zuy , PDF ratio, Q% = 10* GeV? i, Q2 = 10* GeV?

1.3 _ 102 — .
—— MSHTLO(T? =1) = — MSHTLO (T2 = 1)
== MSHT L0 (T2 = 10} E == MSHTLO(T? = 10) ]

1.2 L0 input 1 102t =1 LOinput .

1.1 . - ~. ]

1074 =

1.0 = c .

- ~

= N

0.9 - E 3

1075 =

0.8 — E 3
o7l Ll Ll L rrrnul Ll NIRRT 1[}_7_ l_ I |7 l

10-5 10—4 10-3 10-2 10-1 0.4 0.5 0.6 0.7 0.8 0.9
T

T
* In less well constrained regions deviation larger, e.g for uv.dy at low and high x and the @, d at high z .

¢ Hence in extrapolation region L0 input not always consistent within uncertainties
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Relies of having enough parameters (and a suitably well-chosen form
of parameterization) to be successful for a given number of PDFs over
a given range in x and at a certain level of precision.

g, PDF ratio, {L}E 104 GeV® r(s + &), PDF ratio, % = 109 CeV?
1.10 :
I —— MSHT (T2 =1) £ 3
1.04 B 1 “ == MSHT(T? = 10) E
] ! input I
.. 1.05 s = = Input {raio to n = 2 fi) \E
.02 ™, P i ] ==+ Input {ratic to n = 4 fit) r .
- . i 1 h ot S
1.00 e e e B L - reent -
=EEdend —_ ey . H [ e, ‘____.--' ’ . H
nosl =" —— MSHT (T2 =1) el -
== MSHT {T* =10) . 95— Cma=r T —~
Input e -
0.96 =« Input {ratio to n = 2 fit) o
e === |nput {ratio to n = 4 fit) . :
1l (I NRTY L I I A T O .o L— Ll L1l Ll I T I I
10— 10— o2 10— 10~—* Tlo® 10— 1o—* 102 10—

Limitations from less flexible parametrizations can lead to inaccuracies
in PDFs consistent with > Ay? = 10 over a range of PDFs.

Note — CT justify part of their (larger “tolerance”) by comparing variation
between parameter choices in their PDF fits.
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Methodology uncertainties - compare extremely like-to-like fits.

* Readily extend previous study to include fitted charm. NNPDF theory inputs change accordingly,

while PDFs parametrised at Qo = 1.65GeV (> m,) rather than 1 GeV, and parameterise charm:

NNPDF

Data

N
%

6
zey(x,Qo) = A, 20+ (1 — ) et (1 + Z uc_l]'}(y(r))) ..
re_(x,Q) =0 = — :

PDFz= at input
e

zoale Q[:

e Find:

NNPDF4.0

MSHT fit

MSHT fit (w positivity)

X, 5692.1 (1.233) | 5645.2 (1.222) 5651.0 (1.224)
AXZ: —46.9(0.011)  —41.1(0.000)
110 zg, PDFratio, Q? = 10! GeV? ru, PDFratio, Q° = 10* GeV? 2d, PDF ratio, Q2 = 10° GeV?
‘ —— NNPDF4.0 1.2 — \PDFeo 1.2 T
.g == MSHT ft (I = 10) a7 —— MBHTH (17 = 10) d — T m'r_u-r2 ~ 10
Lo MSHT fit w positivity (T = 10) u MSHT fit w positivity (T2 = 10) / MSHT fitw positivity (T2 = 10)
05 - 11 . - 11 —
— ——, ___,,—”’ \\\ ,‘rhll
1.00 — T mmmos P zaN L0f= = \‘H L0f— v
'“....“ _’_—’ \ S =l T E ”___/ 1
_____ \ T Sa i
0.95 L ooof - oop -
'.. |
PP ER YO0 H P HE PSP IR 1 QY | SO S ST RT T R A WTIY| MR WRVRT Y SUTT 0% T T T T -
0.90 = T 0= 102 e JUR 107 1072 102 10~ )¢ 10 10 107 10
T T
T

Clearly differences of order the uncertainties. Not always clear why.
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PDF changes due to treatment of (correlated) systematics

Issues related to correlations between data sets and due to correlations
within data sets.

Combined, p.s decorrelated between distributions

1.1 Baseime N

' I , 105 2

S 14 ATLAS Q? = 10000 GeV? i
H- | s
@ [ %% ATLASpdf21, T=1 0ss

.E‘ B ' Mo unoertainty comrelation o ;
= 1.05— between data seta % 1':

2 [ 5o

B % 5 F

E g i

-._-T-._.'_..—-._-'_._-—-'_-_;1-—.'_"””ﬂl‘:— el
R e A
. —

108 14 100
¥

S. Bailey and LHL, arXiv:1909.10541

gy e ey
NN N
% T

0.95 ATLAS, arXiv:2112.11266

] L1 a1l 1 L1111l ] L1 Ndat default stat. uncorr. p.s. uncorr

-3 -2 -1
10 10 10 25 7.00 3.28 1.80

Systematics related to variations in Monte Carlo generators likely to not
fully represent correlations or absolute size of the uncertainty.
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Potential issues due to lack of
complete knowledge of what
the error is.

Need to consider the “error on
the error”.

Variance increases if r; >
0 especially (but not only) if
2 calculation not modifies
to acknowledge this, e.g.
2408.12922.
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m Model the estimated variances, v;, of oﬁr_, as Gamma distributed
gives:

N o
0= 1 o i _
L(w, 8, u,-) = P(y|u, 0) | I e_{u’_e‘)2/2GEvaf’"_1e—BfVi
=1

V2mnoy, M) !
1 1
X =—5 = 5
Tar Mg

m 7; is defined as the relative uncertainty in the estimate of the
systematic error. The parameters r; can therefore be referred to as
the “error on errors”.

2Cowan arXiv:1809.05778v3

Note that forrp;s; > 0, VAR[x?] > 2
even ierz = Tpist

1/2 Var[Chi*2]

——r_chi*2=0.001 r_chi*2=0.1 ——r-hi*2=0.25 ——r_chi*2=0.35
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Taking Account of Lepton Sector at EIC - example of complicated
systematic.

Take properly into account
photon radiation from both
the lepton and the quarks

2408.08377.

Strictly, need to account for

. . . . Erw.—_*“ = —I B d—ﬁﬂe.‘ (g —= fijel£
lepton distributions functions =~ 4 -J{m g D) | g Iuer)
and fragmentation. ) [ 5 fapnlo ) Blam (5P 5,47+ O (1/65)°
2.00 | ]
. . I i S = e
Simpler perturbative models ~ *7°1 | i sl
1504 @1 i 0.01<y=<0.95
currently used at e.g. L i
HERA. 3[E 127 j
f\b 1.00 WI\ //:<_//
Modifies the kinematics  i[g,,| || i 0 aGev?
and can affect the cross 8 | ! | 0?=10GeV?
section at specified points. | i o
0.25 i l /B_ Q“/s
ooolid A TR
IPPP — Sept 2024 1073 107 107 166
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Summary.

PDFs fully (in practice) established at , and are approaching
uncertainties of 17 in many regions - flavour decomposition not at this
level in general.

Both improving theory, e.g. (reasonably) complete and future
experiments can drive us to sub percent accuracy over most PDF
flavours and kinematic regions. But ....

— Require very wide range of experiments to achieve this, particularly if
some constraints on PDFs are in the very high energy limit.

— We are at the point where all methodological uncertainties in PDF
determination need to be understood and quantified better.

— This interacts with experiment - uncertainties need to be presented in
a comprehensive and genuinely realistic manner.

— Vital to understand variation in not only PDF central values but
uncertainties in order to both understand with precision and to
utilize PDFs in other studies - e.g. CMS inflating PDF uncertainties by
varying amounts for My, determination.
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Parts unknown at estimated using existing covariance
matrix/scale variation approach.

A (iG. k) = Ton(ij, k) — Ton.

N,

1 - . .
C'DVE:E?). - = _ Am (U‘ L)An (U- k).
IHOU e A gqg . R

1 B e (3) A2
AT 2 s LR AT . AT
(0i(N)? = =——=> _ (j (N) = (N )) .
i\-.ij —1 P

Gives uncertainty on splitting functions, similar approach for other
quantities.
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Comparison with MSHT and NNPDF versions

0.30

xPyy(x), as =02 ny =4

0.25

0.20

0.15

0.10

MSHT (prior)
—— MSHT (posterior)

0A05 | RPN
=== Moch et al.
—:= NNPDF
N : :
O'OPO"’ 1071 1073 1072 1071
xPyy(x), o, =0.2n; =4
0.14 -
—— MSHT (prior)
0.12 — MSHT (posterior)
=== Moch et al.
0.10 —:= NNPDF

—0.02 -

107 1074
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MSHT (prior)
MSHT (posterior)
Moch et al.
NNPDF

107° 102

0.12
—— MSHT (prior)
— MSHT (posterior)
O10F o Moch et al.
—-+= NNPDF
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Future Experiment Impacts — HL-LHC - study in 1810.03639

Details of data _— S vl i | eline
sets used in the 20GeV < pll <35 TeV
study. Z pr 12GeV < my <150 GeV | 338 | 05 | (0.4,1) 52] (8 TeV)

vl =24

Chosen to maximise high-mass Drell-Yan = A {;f':\_': | 32 | os | (o4 17] (8 TeV)
impact on currently ] < 25, mu = 116GeV

less well-known — | moe e ey
PDFS, reg|0ns W +charm (central) | ~° p {2.1_

o = 20GeV, ph = 20GeV

top quark pair myp = 5 TeV, || < 2.5 110 | 0.5 (0.4,1) [50] (8 TeV)

12 0.5 | (0.2,05) [24] (13 TeV)

W +charm (forward) ppt > 20GeV 10 0.5 (04,17 | LHCh projection

2t 245,22 <" < 4.2

Direct photon E; < 3TeV, [m| <25 118 | 0.5 | (0.2,0.5) [55] (13 TeV)

P >20GeV, 20 <4 <45

GOGeY < my < 120GV

Forward W, 2 a0 0.5 (04,1} 19] (8 TeW)

Inchisive jots yl <3, R=04 o] 0.5 | (0.2,0.5) [1] (13 TeV)

Total T6E

Table 2.1. Summary of the features of the HL-LHC psendo-data penerated for the present study.
For each process we indicate the kinematic coverage, the mumber of psewdo-data points used scross all
detectors Ngg,, the values of the correction factors fapey and frpq; and finally the reference from the 8

TeV or 13 TeV messurement used as bascline to define the binning and the systematic uncertaintics of
the HL-LHC pseudo-dacs, as discussed in the text.
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[ | | | e Bdson
0.130 | | i = <

0.130 |
0.126 | 0.126 |

0.122 | 0.122 |

[ r \
ag(Mz%) 0118 ETT I TT1° L e

o114l ||t

0.114 [

0.110 | 0.110 |

0.106 | 0.106 |

Determine uncertainty by dynamical tolerance procedure, same as for
eigenvector uncertainties.

Examine fit quality with varying as(M%) for each data set, and find most
limiting set in each direction.

Find very similar constraints regarding datasets at each order, though
slightly wider bounds at aN’LO on data types with current K-
factors freedom. Better measure of true theoretical uncertainty.

Uncertainty corresponds to Ay? = 13 , Ax? =16
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Deuteron structure Functions.
Possibility of tagging a final state neutron in deuteron scattering.

As t — m3% — 0 corresponds to scattering of neutron, i.e. “on-shell
extrapolation”.

§FIC(e~+TDIS) /6F1%(e)
0.50

proton — Uy —d/u
@y . Pp1 0.25 r d+u a/ﬁ CJ
-9 — R, Q? = 10 GeV?
[].{J{] L Is aiiaanal .is aiiaasal _;I. PR i a- a_ .
10 107 10~ 0.1 03 0.5 07g

Eliminates uncertainty in deuteron correction to sum of free p,n
distributions.

Can possibly start testing isospin symmetry.
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Semi-Inclusive DIS

1.05

1.00
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il

WiynppE (%)

1.10
1.00
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0.80

0.70

S SNNPDF

L i L L 1 Sn i | il LI
NNPDF3.0 ===sss =140 GeV NNPDF3.0 ==:s:s
NNPDF3.0p,,, | V&= 1.40 ¢ !\'!\PDF,?. — vs=140 GeV
1.30 Q =5GeV"
Q*=5GeV?” - 1.20

(s+5)/(i+d)
'S 'S

0.85

1.10 ddypppr (%)
1.05
1.00
0.95

0.90

d/dyppr (%)

0.30

| o2t
020 |
015 |
010 |

0.05
0.00
0.05
0.10

(G-dy/(fi+d)

0.85 - o
10 107 x5 10

107

10 Xp 107"

10 10° 10” xg 10"

-3 2 |
10 107 x5 10

Also an impact, particularly on strange from kaon production, though

tied to uncertainty on fragmentation functions Phys. Rev.

990094004.
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Leads directly to the below improvements in PDFs Borsa et al.,
Phys. Rev. D.102 (2020) 094018.

Slight caveat, need care that parameterization flexibility consistent with
precision of data and pseudodata — PDFs have 5 parameters here,
probably sufficient.

IPPP — Sept 2024 67



Related to this is the possible impact on the knowledge of the sum rule.

2.0
DSSV14 dataset
1.5 +EIC DIS /s = 45GeV
B 2ICDIS /s = 45 — 140 GeV
5 LOp
A
T.:]. 0.5} ,
iy =05
+  0.0F
A L=y
'-‘:'.:: —0.5F
= S ~0.5
—1.0p
()? = 10 GeV?
—1.5F
~0.6 04 ~0.2 0.0 0.0 0.4

1.-’“.22"[]][]-:1(.3_1'} -+ lj.?.'_\E}rh
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A direct example of how PDF replicas are selected and focussed by the
potential new data.

0.10 — — - 1.0
e DSSVi4 . - It v 1t
008 @ DSSVILEIC 15GeV IR o ' .
. . ., *°* i 14 0.8 - 14
0.06 .2 _ 12 12
. . s et . 0.6 *
0.04 . " Pe e,  eles . o 10 = 10
- ! A o R L . -
1 - » 4 5 I ] &
= 0.02 L -~ 8 = , A 8 =
. -" -_.-'- -'.. ‘._-" - —_ .
0.00 AT ) v 0.2 ¢
' . . ...;!.uﬁﬁﬁiﬂfqﬁh)ﬁh -
- e, N : ! !
—-0.02 : o'
Q* =10GeV? = 0.04 _
. ) . 2 ® DsSSVi4 2
—0.04 r=1 . +"s. ® DSSVI4+EIC 45GeV
. . — . . —t 0 —0.2 y - . - 0
=0.016 =0.014 =0.012 =0.010 =0.008 =0.006 0.05 0.10 0.15 0.20 0.25

r AL

§ Jios AXdz

Distinct bunching, but also variation of weight within reduced set of
PDFs.
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Uncertainties on PDFs

Uncertainties from same data
using various approaches.

Gluon distribution.

Anti-down distribution.
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zg, PDF errors, Q% = 10* GeV?

10° 3
[ = MSHT (T2 = 1) ]
[ —— MSHT (T2 = 10) ]
NNPDF4.0 (pch)
101

1072

10—3 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|
107° 1074 1073 1072 1071
x
100 xd, PDF errors, Q? = 10* GeV?
E —— MSHT (72 = 1) j
[ —— MSHT (72 = 10) y
NNPDF4.0 (pch)
107t

TT IIIII|

/
|

1072

10~3 Ll
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Use 26 parameters, [T oo e ] [T wean ol e
but use various A8 Z1 e
different choices ; b

and investigate z 21

PDF changes. - S oo

13F CTISNNLD CTIENNLO

Require consistency  “r—wmormae 7 e [

with y“ tolerance 2 12} CTisper 120} CTi¥pa
o | F I
Z1L1E 4 = 15F J E
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Extension of parameterisation.

1
General parameterisation used A(1 — z)72°(1 + > a;T;(1 — 222)),
1 :
where T;(1 — 222)) are Chebyshev polynomials.
Fractional deviation Fractional deviation
””” T < ,’
01k ‘ 01k 1
I \ |
1 : ;
0.01 /] X I
OLe W ~ 1 00te ' I
Y ) - \ 4 i
AN v \ ~ PR
NN pd SINE \ Vo g
0.001 - by / | Vb 0.001 - VANE iy YT
y i / | R | i ' | I |
! i | \r o i | b
b il I, | ., | i N | Ll
0.001 0.01 0.1 1 0.001 0.005 0.010 0.050 0.100 0.500 1.000

lllustration of precision possible with increasing n, sea-like (left) and

valence-like (right) (where pseudo-data for x > 0.01).
would lead to much better than 1% precision.

Using n = 6

For most PDFs n = 4 default for MMHT2014 — 36 parameters.

Now extend to n = 6 — total of 51 parton parameters.

When determining uncertainties go from 25 eigenvector pairs to 32.
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Uncertainties on PDF - Methodology.

s at 100 GeV 115 u at 100 GeV

0,14 NMPDF4,0 NNPDF4.0 (68 c.l.+10)

012 WMPDF3, 1 (NNPDF4,0 dataset) 1.10 ! NNPDF4.0 (flavor basis) (68 c.l.+1a)
=0
d (=]
g 0,10 ¥ 1.05
I O
Z 0.08 z
0 Z 1.00
i} o
E 0,06 '5 0.95
fi+] - .
= 0,04 &
(=]

0.02 0-907

UuUD T T LR | T T T L T LR | 085 T T T T T T L T L

10~ 103 1072 10t 107 10~ 1073 1072 1071 10°
x X
g at 100 Gey 115 d at 100 GeV

0.14 NMPDF4,0 71 NNPDF4.0 (68 c.l.+10)

o1z NMPDF3,1 (NNPDF4,0 dataset) 1.10 1 %7 NNPDF4.0 (flavor basis) (68 cl.+10)

112 4
:-_T o
&Lo0,10 J 1.05
= o
=

0,08 =
a; =Z 1.00
o 0,06 8
= S 0.95
= 0,04 e

0,02 0.90

0,00 e

! bl . 0.85 LR | T T T T T T T TrTrTTTTT T TrTrTrTTTT
—4 -3 -2 —1
10 10 10 10 10" 10~ 1073 1072 107! 10°

X

Comparison between uncertainty on NNPDF4.0 and NNPDF3.1 and
comparison between bases for PDF input for NNPDF4.0 when using
exactly the same data.
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