y

T

Precision PDFs
- Background, Status, State of the Art

5 (,\&

\ o
B 4O £

- A NS PETRA '
A Z b:‘—'{':;'

5

Terascale alliance Monte Carlo school
DESY, Hamburg, Germany.

Thomas Cridge, DESY, 20" February 2024 RO



P Outline @‘

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

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

know, particularly in
introduction.

3) PDF Fitting and Parameterisation

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

Far from exhaustive,
5) PDF methodology and Uncertainties chosen my favourite

examples, obviously
6) PDF comparison and PDF4LHC often used MSHT

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

8) Strong coupling
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P References @‘

1)
2)
3)
4)
5)
6)

7)

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

Black book of QCD — Campbell, Huston, Krauss Far from exhaustive!
QCD and Collider Physics (“Pink book”’) — Ellis, Stirling, Webber
Modern Particle Physics - Thomson.

Review of Particle Physics (Sections 9, 15, 18 and others)

Handbook of Perturbative QCD — Sterman et al

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

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

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

1) Precision Standard Model (SM) Measurements —

(a) Electroweak Precision: (b) Strong coupling (as(M3)):

MSHT2020 NNLO ag(Mz?) bounds of datasets

_Wboson maSS (MW): 0130:_III\I\II1\:1I:I I:{I\II\\I\II\{\II\I_:
0126 : : E
CDF (2022) i - |
0.122 |- X e i .
SM PDF-Set p-[MeV]  mr[MeV] | combined [MeV | , T [ I 1. HL : L IRANINE
—— = T T T E
. o CTI10 80355.6*13%  80378.1%244 | 80355.8*137 T B I Tf _‘ﬂ_‘_lr P _ ﬁhl: PL
CDFI 80432 + 79 —_— o157 o248 Oo157 0.114 [- e ]
DELPHI 80336 + 67 — CT14 80358.07\%3  80388.8733% |  80358.4%\%3 o110 | INERK ]
L3 80270 + 55 —e— CTI8 80360.1%153  80382.2735 | 80360.4% )% 0106 F RRR N E
' ' . [ Fixed target HERA' Tevatroy | tHe
OPAL 80415 + 52 —— MMHT2014 | 80360339 803862239 | 803610713 pron ey oy ‘jf'g‘ TP
: : : 3 O@ii"“'f“wé‘? FSEEKS ::@/v"gi@ SRS idesss
ALEPH 80440 + 51 —— MSHT20 | 80358.97130  80379.4724¢ | 80356.3+13¢ MSHT20 &595% g;feew :}gf&%ﬁ wjfi@ &
Do II 80376 + 23 15.6 2.6 15.5 S8 §IF £ T SIFE Ted
Pl i —.— NNPDF3.1 | 80344.7" 22 80354350 | 80345.0° ;2 (210610289) gp § & § f‘r@@g &
- I~ NNPDF40 | 80342.27133  80354.3223 | 80342.9*133 N
T — Input to PDG determination (2021)
79900 80000 80100 80200 80300 80400 80500

W boson mass (MeV/c?)

ATLAS (CONF-2023-004) See also Snowmass review (2203.08271)
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P Motivation @‘

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

2) Higgs Measurements:

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

LHC Higgs
XSWG 2019 PDF4LHC21 (2203.05506)
R L ] 0.415F T T T T T T T T T
12f | Cepeda et al Czakon et al .o [ LHC 14 Tev
; (1902.00134)  (2105.04436) ] Higgs I
10} | 1 ole} i
i ] ' 0.405]
2'8\° 8 S5(PDF+a) B M:ZD_"“ ggF (N]LG} I . . PDF mpb - b
ER ] i e s = 0.400f
E 6f \ &(1imy) 1 s z
2 [ N albo - | . VBF (N2LO) I W Sale 377 pb " 0305} o epy
r S ] W, Z Oy e [ & NN 3.1
2 EEEAREAN o 5 10 15 0 ¢ 0300 et
i | &(scale) / \ ] % theo. unceming 0 38"35 4 PDF4LHC21
ey oL N o T : : : : : :
° 0 20 / 40 60 N\ 80 100 51.0  5L5 520 525  53.0 535
Bonetti et al ~ Collider Energy /Tev  Bonciani et al ay [ph]
(1801.10403) (2010.09451):
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P Motivation ©

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

3) Beyond Standard Model (BSM) Searches:

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

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

2.0
0.10
- —_— ] —_— 1.5
1.4 Q = 5000 GeV MSHT20 NNLO MSHT20 NNLO
===- CT18 NNLO .08 —— CT18NNLO 1ol
Lok —.— NNPDF4.0 NNLO - —— NNPDF4.0 NNLO
[ 0.5
2 | o 0.06 Q = 5000 GeV <
=10 — = = b= ]
" e = ~ = % 0.0
= '\,\ - < 0-04 = 0.5
0.8 . —0.
N
. 2 -1.0
NS 002 —— SMPDFs
0.6~ | 1 \-\ . | _15{ —— SMcons. PDFs
0.0 0.2 0.4 0.6 0.8 0.0{)075 100 oo ——— SMEFT PDFs
€T '~2.0 -15 —-1.0 —-0.5 0.0 0.5 1.0 1.5 2.0

W (x10%)

PDF + SMEFT combined fit —
Ubiali et al (2104.02723)

Gluon, e.g. for dijet searches, at high x central values differ and
uncertainty blows up - Lack of data constraint
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P Motivation ©

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

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

2) Higges Measurements

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

“““““““““““““
SM —»12£ \ 1 LHC @ 13 TeV = &(PDF)
Do | 80478 + 83 T 1 PDFALHCI15
/ o ] PP-e'e” +X — O(PDF+ay)
+ — /———’/,
CDF I 80432 + 79 I a— f ] ] —_ 1 5 — 6(PDF+ay)+6(PDF-TH)
DELPHI 80336 + 67 —_—— / .l I-e = 1z
/ £
L3 80270 + 55 ——o—— / Q g
- @
<
OPAL 80415 =+ 52 —_— £ %
ALEPH 80440 + 51 —_— S a -2
DO II 80376 = 23 —e—
ATLAS 80370 + 19 —o— 2
CDF I 80433 = 9 - 0
79900 80000 80100 80200 80300 80400 80500 0 / 80 100 120 140 160 180 200 220 240 260 280 300
W boson mass (MeV/c?) Collider Energy / TeV e o i Q[GeV]
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2. Introduction
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P Introduction — QCD Coupling O N

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

Outline — seen

» Strong coupling runs with energy scale: already in T
Sjostrand’s Lectures

5(q?)
2
= + + + +... O (Qz) = — as('u )
E E E % % S 1+ (11/\/1@:&)\@(”2) e
) +ve

o5(q?

» Strong coupling grows at low energies — non-perturbative physics, but reduces at
high energies — asymptotic freedom.

 Makes first principles analytic calculations of hadronic physics difficult — instead
rely on separation of short (collider energy) and long distance (proton content)

physics — Factorisation.
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P Introduction - Factorisation © 9

* Consider electron scattering off a proton:
« Can separate short distance perturbative physics \/
>

in coefficient functions and hard cross-sections

perturbative
calculable

T 2 coefficient function
. . VS Q2 ‘
from non-perturbative long distance PDFs. S CF (2, 0a(Q?))
* Based on Quark Parton Model -
o Schematic! See
- In “infinite momentum frame?’, electron scatters references for
off independent partons inside proton. g more detall
I
- No transverse motion, difference in energy scales E nonperturbative
: : . ! incalculabl
means no quark interactions over this time. | parton distribution

fi(x, Q% as(Q%))

00 -~~~

» Separate short distance perturbative physics in
scattering from non-perturbative physics

T
-
~

determining parton distributions in the proton. QCD splittings alter this
. . . . . (LO) picture somewhat —
« Parton Distribution Functions (PDFs) are universal. OCD improved parton model
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P Introduction - Factorisation © 9

e Therefore write DIS cross-section in factorised form:

)

olep — eX) = Z CH(z,as(Q%)) ® fi(:,r;, Q% as(Q?)) +0(Ag§
P >

1
where (a(x) ® b(x) = / a(z)b(x/z)dz) Corrections to this
x separation.
« «PDFs”, fi(x, Q°) represent probability of finding a parton of type i carrying
momentum fraction x of the proton, independent of process!

» Coefficient functions, ¢l (x, Q%) are process (P) dependent and perturbative —

expand as power series in strong coupling: chematicl See

references for

CF(x, a,(Q%)) ZC’Pk Q). more detail
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P Introduction - Factorisation © 9

 Same applies for pp collisions (LHC): \
1 B

7= Z XmdX2 ﬁ(xl,[l%)ﬂ'(xb H’?—)a-lj(xlpl: xX2pP2, Q: /J’!2:) \
U o - _ T N

min -

fi(xi: QQ: aS(QZ))

/|
fr‘rxli

 Formally what we’re doing is doing is absorbing
collinear emissions from coefficient functions into
redefinitions of the parton distributions.

* We factor any emission with transverse momentum / Schematic! See

<some scale (factorisation scale, F) into PDFs. i reterences for

fj(wjv QZ: aS(QZ))

F1TY

 In this process we absorb collinear divergences from initial state radiation.
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P Introduction — PDF evolution © 9

e What do the PDFs look like?

free quarks bound quarks bound quarks + RCPD effects

— | N P 7

So QCD splittings affect PDFs — transfer momentum between partons.

* Consider e—y splitting (proxy for q—g), following Peskin and Schroder:

2
_ Py 2(1-2) <& Parity violation -
- ) 10: T a_ s y - - —] :
q 7= (zp,p1,0,2p QZP) ZM(eL - EL’YL) = 1€ Z(l—z) pL- unchanged if all
pi helicities flipped
k= ((l—z)p, —p_]_,O., (1—Z)p+ 5——) 5 o 5
p P 1 Z IM|? = 2e"p) [1 +(1-2) ] Contains PeY
k iM = ar(k)(—ievu)ur(p)er(q), 2 o #(1-2) g splitting function
2
21—z _1+(1-2)
iM(eg — eprm) = ie Y202y Pre(z) = =

A
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P Introduction — PDF evolution © 9

« Similar for other QED splitting functions, can then convert to QCD via correct
colour factors (except new g—gg splitting), obtain LO Splitting functions:

9 qu qu
1 1+
py =4 | Lt T4 9601 - a),
Interpreted as (I—x)], 3 (1—a)s
emission
“ ” g 1+(1_I)2
probabilities” in Py=1 [1, +(1—2) } Py =34 | ———

parton showers — )
seen T. Sjostrand’s 1—=x xr 11 n
Lectures ng=6{ + (1 —x) + ] {___f 5(1_"‘)
@ (1—a)4

 These connect partons at different x and Q2, via DGLAP equations (2Nf+1 coupled

integro-differential equations): Can also obtain

,{; T by requiring
Saw already in T. — fi iy ” Z l d‘g q? 45 E) Pq'«*lg ( E) fj (5 P’J) independence of
Sjostrand’s Lectures d L fg T, p, g 4 ?) Pg g ( % structure functions

of unphysical
scale L.
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P Introduction — PDF evolution © 9

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

Schematic! See
5 _ references for
g(x, Q%) ) more detail!
i ~ Singlet Q’S) - ( Fag Fyq ) ® ( qs)
gs(r,Q%) = Z [ai(z. Q) + q(z, Q%)] _J dlog Q? ( g Pgg  Pyg 9
gy

v (2,Q%) =Y [ai(=, Q%) — a(=,Q%)] ~

i=1

dqv
a5 (2, Q%) = (¢ + @) — (4; £ @)

leg Q2 — Rn & qv

_ dq;;
J Non-Singlet X

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

Pi(x) = Oés(/uz)P(O)( )4 Oés(uz)zpu)( " &s(M2)3P(2)( "
e At o At o\
So whilst the form of the PDFs is non-perturbative their evolution between

different (x,Q2?) is perturbative (for strong coupling in perturbative regime).

20" February 2024 Thomas Cridge - Precision PDF's
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' Introduction — PDF evolution

0 N

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

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

as(p?)

oy 2s(1?) o)
Pi(x) = === Py (x) + =~

(1)
Pij (x)

%)) 201 >[8 56
Pps(x) = 4CFnF(?;72+6X74HQ+X [EHO*?] +(1+x)|:5H072H0_0:|)

218

) 20 1 [ 44
Py (x) = 4Cyny e 24 25x — 2pqe(—x)H_1 o — 2pqg(x)Hy 1 + x 3 5

+4(1 — X) |:Hg‘0 — 2H0 + XH1:| - 4C2X — GHQ‘O + gHo) + 4 CF ¥ (2pqg(x) {Hl o+ Hl 1+ H2

29] 15 H H )
4 0,0 0

5
_gz:l +ax? {HO +Hy o+ E:I +2(1 — x) |:Hg + Hy o — 2xH; + 5

) 1 11 ,[8 44
qu (X) = 4CACF ; —+ 2pgq()¢) HLQ =+ Hl,l =+ H2 = FHl — X §Ho = ? —+ 4C2 — 2

37 2
—THg + 2Hgp — 2Hyx + (1 + x) |:2H0‘_0 — 5Hp + ?:I — 2pgq(—x)H,1‘0) — 4 Cpng (;X

10

—pgq(x)[ Hy — E]) +4 CFQ(pgq(x) [3H1 - sz] +(14%) [Hm - ; + gHO] —3Hg

3
+1 — EHQ + 2H1x)

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

2 2 2 2
— X ) — —(1+ x)Hg — —5(1 x)) +4Cy (2?
9 \x 3

67 /1 2
——( —x)—lZHg
9 \x

44 67
_?XQHO + 2pgg(x){— —¢2+ Hp g +2H; g+ 2H2] +8(1 — x)[ + 3g3]) + 4 Cpng (ZHO

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

21

10
+-—-+ X — 12+ (1+x) |:4 5Hg — 2Hg, g] — —5(1 x)) .
3 x 3 2
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' ntroduction — PDF evolut

* Gets much more complicated at higher "

uch recent progress on

orders... : N3LO (4-loop) — see
N3LO PDFs lat d

NNLO (3-loop): (Moch, Vermaseren, ) refere;c;,e c

Vogt “04):

Py = W) poy o as(k?) 2P(1) )+ as(p® 2P(2)

)= 4 o\ 4m U 4 U
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' Introduction — PDF evolution

How does DGLAP affect PDFs?
P, diverge at small x,

P

gg’

means PDFs evolve to lower x

with increasing Q2.

Can visualise this with LO

example, take just quarks:

xq(x,Q%), xg(x,Q%)

xq(x,Q%), xg(x,Q)

xq(x,Q%), xg(x,Q%)

0 N

3 . 3 ‘ 3 —
xg(x,.Q%) —— xg(x,Q%) —— xg(x,Q%) ——

o5 L Xq + xgbar o5 | xq + xgbar 25 Xq + xgbar

2r Q? = 12.0 GeV? 127 Q? = 27.0 GeV? 27 Q” = 90.0 GeV* |

°" | EVOLVE! *" | EVOLVE!

1.5 i P15 -

14 1+ 1 1
05 | 05 | ' ] 05

Plots from G. Salam 0 ‘ 0 ‘
00.01 01 0.01 0.1 1 0.01 0.1
X X X
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P Introduction — PDF Fitting O N

 This means, once we know the PDFs at one scale (Q2?) for all x, we know them
for all (perturbative) (x,Q2)!

e PLUS — we saw from factorisation that PDFs are universal — fit to one/one set of

process(es) and use for predictions for others — PDF (global) fitting.
 How does this work?

Choose PDF DGLAP
[input parameters | = ‘ PDFs @ Qo ]_>[PDF5 @ any Q]

Adjust 3. Theory calculations
initial parameters @ NLO, NNLO
Compare j
theory & data (X?)
Experimental Theory .
data (partonic 0, F2 ) Flguguf;;)im M.
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3. Global PDF
Fitting
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'Global PDF Fitting

1) Experiment

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

Kinematic coverage

07 (GeV?)
o
[}

NNPDF4.0

(2109.02653)  ** i ECE e

zf(z,Q%)

0.8

04+

1.2 MSHTZONNLO Q* = IOG V2

2) Methodology

arameterise at low scale

- Uncertainty prescription

ﬁ : e, .
/ 1nimisation of x*

AN

3) Theory

State of the
Art PDFs

- Most precise theoretical
calculations available — usually
grids + k-factors

- NNLO QCD + NLO EW standard
- Efforts to extend to approximate

0 ; L o )
0.0001 0.001 0.01 0.1

N3LO + theory uncertainties

20" February 2024

Thomas Cridge - Precision PDF's 22/87



P PDF Parameterisation © Q

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

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

u, u, (f_._ d , S, S, c, C, (’), IL),_. g antiquarks. n~2*#"spectators”+1
. For things that scale with gluon (singlet, \ } ;ﬁ
e Parameterise as: gluon) & ~ 0. Otherwise 6~0.5. =, . = g I = }”"4
N =
be(x, Q ) — X (1 — X)”F(x) f(@) = (1 - 2p)* (1 - ap)° (1— ap)
 F(x) can then be fixed extendable parameterisation, g e
neural network, etc.
 Must determine number of free parameters, neural

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

Also have sum rules:

0 N

5
>=> (a+3)
i=1

Valence sum rules: Momentum sum rule:

! 1 1
A uy (x) dr = 2 /U dy(z)dr =1 / 2(z) + zg(x) dr = 1.

0
« Cannot constrain all partons independently (see later).

« What is F(x)? xfo(x, Q%) = x°(1 — x)"F(x)

More info in
MMSTWW
(1211.1215)

« In MSHT it’s an orthogonal basis of functions — “Chebyshevs?’: 7y =1-2Vx)
 In NNPDF it’s a neural network (with constraints applied). \
* In CT, “Bernstein polynomials®: p, =dypy) + dipi(y) + dapaly) + dspsly) + depaly) 05}
« In HERAPDF it’s standard polynomial: 1+ Dx+ Ex? oo ]ZX
— All involve some choices, then investigate these in the fit... Il
20" February 2024 Thomas Cridge - Precision PDF's 24/87



P PDF Parameterisation (MSHT) @

@ MSHT use Chebyshev polynomials oo P Mol\r/lesig? in

Ti(1—2x°5) to parameterise PDFs. ! (2012.04684)

@ MMHT used 4 Chebyshevs, MSHT “‘—-—-—-_._\'\_} o B ‘ Study using pseudo-
now uses 6 Chebyshevs = enables PO EORS N T (7][ata Otf dtfr’lv'a“(on thf)'t
.. . b VCRRNEAL (N il rom truth - (muc
fitting to < 1% if data allows. TR I Y VL less than 1%.

0.001 ¢ ! / [/ ol LT [
k 1 IS T \ ‘.

e Parameterise d/u instead of d — 1, o

with d/u — constant as x — 0. R
MMHT: 1211.1215.

New parameterisation:

wy, (2, Q)= A, (1—x) a1 +z[is=]_”i,"uTi( 1_25’75)): A, fixed by J;)I Uy dv =2 -
51 parton parameters Sea, S(X) :2(U(X) + d(X))

do(. Q3) = Au(1—a)xda(1+ 320 a; 4T3 (1-222)); Ayfixed by [d, dr —1 (36 in MMHT14)

sea(x, Q3) =As(1—x)15x% (1 + 3.0, a; sTi(1 —QI%}); i S(X) i S(X)
_ X 7 extra eigenvectors

sH(x, Q)= As(1—x) a5 (1 4+ 307, ai s Ti(1—222)); (ai,s # ais,i = 5,6) - 1 extra in each of PDFs, Si(X) = S(X) + §(X)

(d/a) (2, Q3) = Apar (1 —x)Trat (1 + 329 {L,,-_M,T,-(l—z;f.-%)); except in s, 2 extra in st

(@, Q3) = Ay(L—x)ads (1 + 31, a;  Ti(1—222)) — A, (1—a)"-a’-; Net Ax2 L. = —73. What about heavy

s (r,Q3)=A. (1—x)"~ (1—x,/x)x’~. x0 fixed by fUls* dx =0, §,_ fixed. MSHT20: 2012.04684 quarks? c, b

(see later!)
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4. PDF Constraints
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PP Global PDF Fitting 0 N

) Experiment
- Latest experimental data
- Fixed target, collider

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

2) Methodology

Parameterise at low scale
DGLAP, flavour schemes, ...
Minimisation of x?
Uncertainty prescription

il
!

V. 3) Theory
o IS;cate of the - Most precise theoretical
0 Art PDFs | calculations available — usually

e
AN

Q* (6eV?)
o

uy

grids + k-factors

- NNLO QCD + NLO EW standard
S T 0 <L\ - Efforts to extend to approximate

(2106.07653) = st oo e N3LO + theory uncertainties

04+
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' PDF Constraints - What data?

O,

e Must therefore constrain the PDFs
with fits to data:

 Huge amount of data in global
PDF fits — CT, MSHT, NNPDF.

* More than 4000 datapoints. %
» Fixed target DIS, collider DIS,
Drell-Yan, jets, top from pp (or

pﬁ) colliders and more!.

 (Constrains central values and uncertainites.

106 <

105 4

104 4

103 4

102 4

107 +

NNPDF3.1

Kinematic coverage

® Fixed target DIS
¥ Collider DIS
4 Fixed target Drell-Yan

Collider pp
< Collider Inclusive Jet Productiol

Collider Drell-Yan (Or pp) LHC
Collider Z transverse momentum (Or Tevatron)

Collider Top-guark pair productiol
O Black edge: New in NNPDF3.1

“.4.
LT
- < 1‘((‘ 0¢.«U‘«.a‘ oo
< 049 O, <
:D.»D-D.-Dbbbb.b?ﬁ%-b.ﬂ m.q‘o?qh.o? h# lhcé 5 B ane : "
401 0 40 0O« 040 Qg « ¥ a¥
“ a4 b<° oo t,ao c? o 1“, 01‘3? b‘? 59‘:° oao;‘ O‘:‘u‘: ‘4: :« : «
- 44 1 TerrfrurderrBorrrure Pun 2l ve Brre Boorfre ;4.: By 4a¥ 4Y Y44 ¥ Ya FIXED
¢ o o o © © o o qo,’g:;'o;o‘ ¥ ! t I ¥ 3
ottt g BTk i ki P.§ TARGET
B Y YWYFW YY ¥ v ¥ ¥y v v L
AR L2 A0 I I S B B B O AN DY
0 N TN S AT
Collider DIS "5""'y'*'r" A LML AR BE BN .
wryvwe ¥v ¥ ¥ .’
(HERA) \ wvwvm'vvv YwY YYVY W v : : iy
vy ‘ "iv" ! ¥ v A
L ¥ y Ladaa
'i“ "% ‘%.'i P ;i Ei FIXED
Y EEHHET TARGET DIS
1074 1073 1072 107! 10°

Figure adapted from
NNPDF3.1 (1706.00428)
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P PDF Constraints (DIS reminder)

« How do we constrain all these PDFs and parameters? (>50 in MSHT!)
 Backbone of PDFs is (still) Deep Inelastic Scattering (DIS), i.e. ep = eX:
* Lepton scattering off a proton via vector boson exchange:
 Can write differential xsec as: LeptonicTensor Hadronic Tensor
(EW phyS|cs) (Non-perturbatlve)
d?c d?o _ 27Tyoz ZWLWWJ'
dxdy dxdQ? ’
Propagators and

 Most general form of hadronic tensor: couplings, n =1

a
pr = (—8uv T F1 Q ‘|‘ Q i€jwap=—F3(x.Q
(—& q2 "), ) X ( ) = i€uas 2p.g»- & )

= x(s — m*)——

Stru cture

. " Functions ~__ Pacr)'t]}’ VIOIIEaIgng

e Obtain overall: > 2 p a2 (0 for QED)
d’c  4ma? x“y M< _; > i 5 ;
ady oz \Umy = —gr IRty xFiF (v = y7/2)xFs
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'PDF Constraints (DIS reminder) @‘

 Compute in Parton model — it’s just eq scattering weighted by chance of

interacting with each quark in proton (assume Q° < M3): Aside:
Can understand 1+(1-y?) factor by helicity:

!
d?’c 8ma® 5 5 | - o
dxdQ? ﬁll + (1 —y)7] Z’: e;qi(x) i Sir;i f;e:cnty Opp:fieﬁfle“mty
 Compare with last page (simplified — forget last term | /e
as QED): | e‘;_ q
d? 4 |
o A4ra B 5 5 5 k
dxdQ2 ~ Q4 ((1 Y)F2(X=Q )/x—|—y Fl(XaQ )) :
| i
I .-
* (Callan Gross relation and Bjorken scaling: |1 cos8 41 1 cosg
: eq tﬁ;\llllirpl)%ls?:ible Angular distribution
like 0.5(1+cos
Falx, @) = 2xFa(x, @) = x 3. €2ai(x) : i
' |

Sum all 4 possibilities = 1 + (1-y)?
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PP oDF Constraints - Fixed Target DIS (® <

e Must therefore constrain the PDFs
with fits to data: S

Kinematic coverage

¥ Collider DIS
4 Fixed target Drell-Yan I I er
< Collider Inclusive Jet Production (
6
10 Collider Drell-Yan Or LH

° Huge amount Of data in global EZ:::::iut;:::f;:?z?oﬁ;ﬁ?;n Tev on)

PDF fits — CT, MSHT, NNPDF. o ;‘ g

 More than 4000 datapoints.

Q*(GeV?)
of g %

1
4«44«««‘#-«@4 o

ot a

FIXED
TARGET
DY

©
10° 4 h ) ° © R0 0 0y
o o o o B o o lo
\J v

« 0¥ g ¢

o 4 4o qq:q«bq > i

» Fixed target DIS, collider DIS, 107] Collider DIS g = .

Drell-Yan, jets, top from pp (or (HERA) ;:vi"“
pp) colliders. ] ,:'::r':"";" ARSI

mh YYYY VW ¥

FIXED
TARGET DIS

10°* 1073 107 10”

: . x ~1100 datapoints
« Constrains central values and uncertainites. Fiqure adapted from

NNPDF3.1 (1706.00428)
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'PDF Constraints (Fixed Target DIS) @‘

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

4 1 1 4 1- 1
Fep = — — - — U ~ ~C
* Structure function sensitive to charge-weighted sum of quarks.

 Measure at high x in fixed target experiments (BCDMS,

SLAC, NMC, etc) = high x quarks! Ty
: J %ﬂ* SLAC
* If also measure on neutrons then you get different 08 f ++;r;q ]
charge-weighted sum — break some degeneracy in s Pt ﬁ%i
o 06 -
flavour decomposition (u vs d). T 4 *%ﬁm
 Ratio tells us sea quarks (S(x)) dominate at low x, and & L Valence region, H‘% .
dv/uv ratio —» 0 (exclusion principle?) at high x as: N B iy e + ]
Fs" 4d, v : ]
2°(x) _ 4dv(x) Fun(x) +a50) y gogach o, ol

F5P(x) ~ 4uy(x) + d,(x) + aS(x)

0 0.2 0.4 0.6 0.8 1
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'PDF Constraints (Fixed Target DIS) @‘

* This was Neutral Current DIS, also Charged Current — neutrino scattering
 Mediated by W bosons, therefore sensitive to differently- welghted A

combinations of quarks.

Fy = 2zxld+s+u+¢] )
FY = 2z[u+c+d+ 3 Fy+ by = QZI;Z(Q +q) =X
—> 7
oy = 2zx[d+s—1u—{ FY4+F = uy+dy.
oFy = 2z[u+c—d— 3

 Determine total valence and total singlet (sea) quarks.
 How can we disentangle strange PDFs? CKM matrix |Vcs|~1
so if you produce charm you likely scattered off strange —

Semi inclusive DIS Dimuon Processes. NuTeV experiment

 One of main constraints on strangeness asymmetry s-s in PDFs.

/
\ %

s - $(NNLO) PDF at Q = 10* GeV?2

MSHT20

= (2012.04684)

Ax? = 427.0

0.010 — =
0.005 — -
0.000 =

-0.005 —

MSHT20 defa
MSHT20 with s =§ ——

Q? = 10000 GeV?

10°

104 10° 102
X

107!
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' PDF Constraints -

Collider DIS (@)

e Must therefore constrain the PDFs
with fits to data:

106 <

 Huge amount of data in global

PDF fits — CT, MSHT, NNPDF. 1
* More than 4000 datapoints. %
* Fixed target DIS, collider DIS, 107

Drell-Yan, jets, top from pp (or
pp) colliders.

 (Constrains central values and uncertainites.

107 +

Figure adapted from
NNPDF3.1 (1706.00428)

Kinematic coverage

@  Fixed target DIS

¥ Collider DIS
4 Fixed target Drell-Yan I I er
< Collider Inclusive Jet Production
Collider Drell-Yan (Or LH A
Collider Z transverse momentum Tev 0 n) . N ‘4
Collider Top-quark pair production a ‘-' q:
O Black edge: New in NNPDF3.1 o )
¥
4
- .‘ «
« R IS
o o...“v',.‘&
q 040
S s ";?»}’n?ﬁ%}’ﬂ mﬁfg‘é&"
=] 04
- - « o 1 o
. 0. iy FIXED
i, TARGET
v
7 DY
v
Collider DIS "3
(HERA) :
FIXED
TARGET DIS

10°

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

~1500 datapoints
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PP Collider DIS - HERA

« HERA at DESY (1992-2007).

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

* Range of Q2 gives access partons
over wide range.

» Also observe scaling violations —
access indirectly gluon PDF.

S ’ AL’/,/ ~ "-‘.__: EDETRA b 4

- -
-
st

 Backbone of PDF fits! ~1500 datapoints.
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' PDF Constraints - HERA (4)

e Observe scaling violations — dF,/dQ? depends on Q2! H1 and ZEUS
. -': | e HERANCep 04!
* QCD improved parton model means we have parton ) m HERANCe'p05
. . L. f .‘ T Vs =318 GeV
splittings = dF,/dQ2~a.g. Indirect sensitivity to g PDF. & .. e TW Fixed Target
| ﬂ-'"‘. sy ™= HERAPDF20 €p NNLO
« F, (parity violating component) comes in at high Q2 e s T OO
[ - x,-lJ.OﬂlIir—-H
104 ﬁ,ﬂ. = 0020, =13
. Can do PDF fits usmg only HERA — HERAPDF sets. ': ‘-r"l“f:’;;’lf"
s - Ll ““’”:S s 1 ‘/ @(NNLO) PI?F ratio to MSHT20 m? 1BGJ:H120NNL0“ o 103:_ W Xy = :MQL::'H
] 1.20 i MSHT20 NNLO a (m?) = 0.118 no HERA 1 ! Xy =002,i=8
08 . ] ) lllzg_— '-M gy = 0032, =7
= HERAPDF2. 0AG NNLO 1 mer . | . | ® f B .Afjx:'oflﬂg,hi
i Sglc:aré 1/20 / ] 100 e e Il “]\I ; - —-— ias '%"’::::::m
Lm0t N ; ... Global Fit without | N e =022
soaled 1720 | ' = ' HERA — bigger _,-_ m'm“:';a: 14y =040, =1
—— \§ oo uncertainties! g " i |
i EPJ C7I;4(2015) 851 ,; 10 104 108 . 102 107 m'zf i xy; =065, i=0

« Also measure heavy quark components — F.,c, F.b, I e
10

1 10 10 10 10

. 2 2
constrain heavy quarks. Q" GeV
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P Heavy quarks in PDFs O

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

« No — at input we have Q,~1GeV < m, m,.
« Heavy quarks perturbatively generated by gluon splittings to quark-antiquark pairs.
« It’s a bit more complicated in structure functions. Two regimes:

High Q%> mi, m?

C

Lower Q° ~ m3, m>

sk
Zero-Mass e ZM-VEFNS 7 Q%:ENS 5 Fixed Flavour
i 2 2 = m
Variable Flavour Q- > my N HH Number Scheme
(FFNS)
Number Scheme 7M1 > H (g # 0)
ZMVENS)  C2HEH } (mp = 0)
————————————— FE
CS

 Connect both regimes to get description over whole Q2 range — General Mass
Variable Flavour Number Scheme (GMVFNS). Measurement of F,, F.,b, constrains

heavy quarks.
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P PDF Constraints - Fixed Target DY <

Figure adapted from
NNPDF3.1 (1706.00428)

 Must therefore constrain the PDFs
Wl th fl tS tO data' Kinematic coverage m
ot llider ‘
109] | Copemricmesronan | (OF pp) LH P pP
« Huge amount of data in global e, (orTevation) . £
PDF fits — CT, MSHT, NNPDF. 1 ;‘ ,,
| R
h d . €7 Bt R B e a e ey ok .
° U] . “_ooo_o_oeooo:.ao: Qo.ooo v
More than 4000 datapoints. 5 B S B B e G i« FIXED
ol e D £ I BY ¢ TARGET
- Fixed target DIS, collider DIS | ol 4t o
1Xe arge , Collider ’ 1024 Collider DIS STy E ey
wilwewhyY Wy Wy wy ¥v ¥
Drell-Yan, jets, top from pp (or (HERA) ﬁ‘aw L MEY SR IR
— R A S AL I " FIXED
pp) colliders. o L AL AR IR AL I A TARGET DIS
o e o o 4 o
 Constrains central values and uncertainites. ~200 datapoints
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PP PDF Constraints — Fixed Target DY @ <

* Only sensitive to certain combinations of quark PDFs in DIS.

 Need other type of data to break degeneracy and constrain “flavour decomposition”’
— i.e. how many of each type of quark and antiquark rather than sums.

» Fixed Target Drell-Yan (e.g.) at Fermilab E605, 772, 866 p
(NuSea), 905(Seaquest) experiments.

do _ 9 Nep L .
dM2day X Z e;(q(x1)q(x2)+q(2s)q(x,)). < Photon mediated
* Q2 relatively low (y* exgbgﬂge)_ Lyj(w1,22) = ;1) (22)

. N do dra? 9
: v d,ydM2 = 9M2S ZeiLij((Ehmz)

probe u,, d,, u, d at high x.

. ..o do  nGpMZ\/2
« Higher Q2would be sensitive to  Z: g, =35 20+ el)Lilana)
other combinations via Z, W: we b _ O M S o 1,

20" February 2024 Thomas Cridge - Precision PDFs 39/87



PP PDF Constraints — Fixed Target DY @ <

e Difference between u, d at high x still difficult to disentangle.
* Therefore again can consider both proton and deuteron targets!

~ (4u(x)b(x) + d(x1)d(x2)) < Takingu, d(x1) > u, d(x2)
pn ~ (4u(x1)d(x2) + d(x1)u(x2))

pd d(x) < 4u(x)
~— =(pp + pn)/2pp
20 ( )/ / \
d(x2
~0.5 (1 + _(X2)> (1 + 0.2 ]) ( + 0. 25%)(2)) Most complex
o(x2) 1) yek1) W) models have
d>u at high x.
 Direct measure of d/u, at high x. Not clear though: More L thar g means rmore
« What do we expect? Difficult Question — Pauli Exclusion —» d>u ? ‘

- Pion cloud, p » T+ > p » nOorp - 1- - d>u ? - Antisymmetrisation » u>d ?
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PP PDF Constraints — Fixed Target DY @ <

 What does Fixed Target DY at E866(NuSea) tell us then?

25

SeaQuest, Nature 590 (2021) 7847, 561-565

° Remember d - data implies d <u T SeauestE90s
p— :(pp _|_ pn)/2pp . \2:_ DSyst.uncert.
2 pp at hl gh X ; —+ NusearE8e6
d(x2) 51.55— 7z
~0.5 {1+ - Unlike most == S =
U(X2) th tical dels! E [JAbergand Miter — o
SorEHieAl MoreR 05:_ Bafgﬁaumsechnikand Soffer \%
. L /7CT1BNLO, SeaQuest kinematics L
* Puzzling — remeasured recently b Screoim St
— e e T
by E906 (Seaquest) Fermilab. - . :
. _— —— MSHT20 (new)
» Different results! _ »ol -~ MSHT20.Seaquest |
. . — . // @ —:— MSHT20+Seaquest-NuSea
— data implies d>u at high x. ° In better agreement =
with theory. —
— Not clear why? =
~
o . (d ? —
» How to deal with in Global PDF fit: O — 100 Gev  MSHT DIS22
— example of tensions between datasets which is ofter  oy3 52 o1 55 08
an issue in PDF fits. .
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' PDF Constraints

Collider pp/pp

e Must therefore constrain the PDFs
with fits to data:

 Huge amount of data in global
PDF fits — CT, MSHT, NNPDF. ]
* More than 4000 datapoints. %
* Fixed target DIS, collider DIS, 107
Drell-Yan, jets, top from pp (or

pp) colliders.

» Constrains central values and uncertainites.

Huge amount of
data! Very wide
range of x, Q?

@  Fixed target DIS

~1800 datapoints.

Kinematic coverage

v Collider DIS
4 Fixed target Drell-Yan " er
Collider Inclusive Jet Production (
Collider Drell-Yan Or LH
Collider Z transverse momentum Tev 0 n‘
Collider Top-quark pair production o
O Black edge: New in NNPDF3.1 \
<
L
* < 1“
a a g
== PR = %ﬁnﬁ%
o, 04‘04‘0 43 Joyex =3N z
ok 4°:p°a001°¢404010 d“‘ < < e i
P R SO el P n R molipoh BoL S ach mobs TR R
=] © o o =] =] o ] [+] Q O, Qi - ¥
© o o L] (+) o g o o 'O o o S
9. .0 .0 © o o0 0 o o o & o  To0o T 3 FIXED
ooooooocooaooqooo;o;of;;;].
. ¥ T 4
Lo adgBgud L.i Ld .} TARGET
oy v
- B ]
i B REER } DY
Collider DIS ik AR B .
YRV RTWY YY YY YWY vV v ™
HERA Vuvywa?&vﬁ--;v ¥v ¥ ¥ ¥
v “ v
( ) A e TN L
AR OO el
L ] >
L 4 A 8 AR A i E”i g * _FIXED
W TWYWTYWY YV v v v v v
T AR HHRE TARGET DIS

10 10 10°
Figure adapted from
NNPDF3.1 (1706.00428)
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PP PDF Constraints — Tevatron DY (@) Q

* Proton colliders also provide a lot of information for modern global fit PDFs.
 Tevatron at Fermilab — pp collider at Vs=1.96TeV from 1983-2011. Also Tevatron jets

data — discussed

e Higher Q2 — Z, W mediated (rather than y) and lower x probed. later for LHC jets!
e W+ W- Asymmetry gives further info: 7. Z_‘;—MZ(%Z+%Z>LH($I,@)

V-A structure of lepton
decay means e+/- emitted . do_ _ “GFM V2 Z [VSEMP L (21, 22)

opposite to W+/-. Aud M2
ASSUI‘De u frgm p W+/- produced_ PP Z/y Rapidity
and d frqm pto dominantly in p/p g | - el — NNLO, MRSTO1
Slmp“fy direction Eﬂ.(u:— @ -R r'zllllllrlllll?'Ir § Electron cha easvmmﬂr\Fh) : e } { —=
[ — ¢' pseudorapidity Elr® 0 : er
EOUS. --- ¢ pseudorapidity E‘ - 4 et
Ay L o W charge asymmetry
A () do(WH)/dy —do(W~)/dy E } 0.5 wf, 02
w\y) = . [
/ do (W) /dy + do (W) /dy

y = 1/2]11((E+p g

w(xy)d(xe) — d(x1)u(rs)
w(xy)d(zo) + d(xy)u(xs)’

Q

005 D@ Run Il Preliminary
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¥ . PDF Constraints — ATLAS/CMS DY (@

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

e Includes Drell-Yan of course, higher Q2 still so lower x and now pp so
complementary PDF sensitivity. -~ ——

« ATLAS 7TeV W,Z is high precision. (CMS results as well)

 Up and down quarks/antiquarks already quite constrained

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

2 _ 2
2.000 [t (NNLO) PDF at Q7 = 1.9 GeV~

from non-LHC data, therefore precision means

" MMHTI4NNLO a, (m?) = 0118 — —
1.750 |- MSHT20 NNLO a (mz?) = 0.118 _
. L A B A BSNSAE S N R MSHT20 NNLO a (mz?) = 0.118 no new LHC data

ATLAS Q°=1.9GeV*, x =0.023
strangeness is most as " 19s o | S SHTD0—
. < cris 1.250 fo (2012.04684) -
constrained. o ol )
§ s | :
A o | |

_ I exp. uncertainty
S —|_ S exp.+mod. uncertaint 0250 1) ]
Strangenessl RS - — =3 [ ex::.q-mod.-c-par. unce:’tainty 0.000 — | | | Q= 1|'9 GeV? N
enhancement' u —I_ d —0.4I- ‘ ;d.él Il‘]‘ ‘ blz‘ I ‘0.|4‘ ‘ bisl I 0.8 - “l - I112‘ 105 104 1073 102 10-1
ATLASpdf21 (2112.11266) R
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'  PDF Constraints — LHCb DY

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

— good fits obtained in global PDF fits:

LHCb 8 TeV Z-—-ee, MSHT20 data/theory ratio

Figs from
MSHT20

LHCb 7 and 8 TeV W+, MSHT20 data/theory ratio 100 -
a
1200 7 TeV W+ data b—— | — ( )
TeV W+ theo ry theory 2012.04684
8 TeV W* data + 20 ——
1000 [~ 8TeV W theory + 20 ——  —| L i
. 80 T T I .
¥ I 20.0 U(NNLO) PDF percentage errors at Q2 = 104 Gev2
800 . , MMHT14 NNLO @ (mz?) = 0.118
60 Az I _ 150 L MSHT20 NNLO o (m;?) = 0.118 —— |
do/dn,  goo |- | / :
I
(pb) do/dyz / % 100 b @2 = 10000 GeV? g
400 - o (pb) 5 L ¥ \ |
5 5.0 — B
200 |- - \
20 |- 7 = | 0.0
0 — / :
S Jos - I / = 50 — |
= 105 — — == .
B wi-}—I —F 5 T 5 x - =
Z oh [ 7Tevwe | 2 . A8F T T T I I 100 — R
@ T T T T T T T = 130 [~ —
s M-I - = 120 - —
E e E T + = x E I . 8 mop— T T — -15.0 = N
8 oes [ 8TV £ oo T T ¥ 5y T v x F ¢ T g T + -
080 [~ | I | I | | | | % g::g — | | | \ | | | A L A | 7 200 | ul | |
20 22 24 26 28 30 32 34 36 38 40 42 44 < 20 22 24 28 28 30 32 354 38 58 40 42 44 105 104 109 102 10
M yz
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P « PDF Constraints — W/Z + charm (& <

* Additionally more exclusive measurements can constrain — VWV
strange/charm. E.g. CMS W+c data available at 7, 13TeV. I°
BTTOTOOL————
* Full NNLO calculation difficult due to mismatch of theory ° °
s, d w*

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

e Sensitive to strange content of proton.

S osf ATLAS c
» Prefers intermediate strangeness, not as Ea o= 19.GeV* ° ? ’
ak 44 ATLASpdf21, T=1
enhanced as ATLAS 7TeV W,Z data. N W MsTovvies | Theory calculated using

flavour kT algorithm vs
experiment using anti-kT.

« Also W/Z + jet data — additional probe

YA More work recently on theory
of light quarks, higher Q2. : side Wl'th Q't'rf]fefe”t jet
— : algorithms.
. : oib  ATLASpdf21
« ATLASpdf21 see notable impact, more than L (2112.11266) " Need IRC safe observable
. ] 3 ot i | ] i [ N i i1 f th | | t- .
in global PDF fits as less other data included. w " e
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P . PDF Constraints — Intrinsic charm?® Q

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

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

. . MSHT20 with s =§ ——

w  MSHT20 ]
| ™ (2012.04684)

0.020 -

* Weak evidence for strangeness asymmetry: W&V PmuonSIDISda@ - e o

« Charm - no evidence of asymmetry yet.

0.015 —

| Ax?=+27.0

 But could also be total charm > expected ol ]

0.000 =

from perturbative splittings. N

-0.005 Q2 = 10000 GeV? |
| L] TR sl Lo

10 104 10° 102 107

« NNPDF obtain “fitted charm” — parameterise charm

NNPDF (2 208 . 0837 2) Intrinsic Charm

like other PDFs + ““subtract” off perturbative part. K e
§’ / S
« Difficult to separate from other effects Pl
(mc, gluon, higher orders) NNPDF claim evidence for - —

“instrinsic” charm, CT same o LHOD Ete

. . | « ) f. . ) . == + EMC Fj + LHCh Z+c
e Z + c jet — probes charm in proton. analysis don'tfind 1t

20" February 2024 Thomas Cridge - Precision PDFs 47/87



P . PDF Constraints — High x gluon & Q

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

CMS, 19.7 b at Vs = 8 TeV

. H = ET 7 7] T T T T T T 3 — qroevy T T T E ;
OW cCan we 8 10°F ATLAS = -8!? 0.351 efu + Jets E <  1E ATLAS V5=8TeV, 203 o' 2
2 jotpe (s=8TeV, 202 10" g ™= 0.3f 3 S 107  S6GeVSmy <116 GeV. lyj <24 —
= F e ot anti-k, R= 0.4 k| i ] e
. . %" 103?.54-..< P - 0.25F E _a»-10 % <
constrain 1t? R o 1 §oop =
® g 1 E e e P, 1 C + Data ] S qo [+ eechannel . =
= "’ T L e J - — MadGraph+Pythiab E i=] E h | '.
£ 0F e Sime R, | 0445, - MC@NLO+Herwig6 ] = josf- 7 pichanne - o
1 e T i - 1 0.1} - - - Powheg+Pythia6 3 bt F —%— Combined .,
L4 N d p JE L - a“:'" = 3 —- Powheg+Herwigh 1 E Statistical uncertainty - 5
. o) osE Approx. NNLO =] i =
ee rocesses 10 = " ""...' Du:'.._ “g;.' !: 0:05 :Phpyegezvrud.‘sj(zmq:?m ] 107 = I Total uncertainty .‘ =
102k - o oo;_. - 0 AN T T 10° b : . -
= I o = | = 1 5|
= o "
which are oluon o @i vweme = e 1 EE L N 5 T N
8 0 0 M s e e T ER 4 S et
0%k ° 1.0< ly| <1.5 (x1.0 10°) - e s - a E & i . | il
e e W E- & o :;: g E:“"::g;’) 2 % Y T 25 2 15 1 05 0 05 1 15 2 25 099 oNDF=43/43 Tel|
- . 2. 5 (1. = y .
E 3 t [=) 2r
initiated. 10f - 2smimaocesio) B om TOP PAIR = B
1o F T NLO GOD® o ., MMHT2014, | . N 2 E

70 107 2x10° 10° 2x10° 1 10 10%

- J etS Py jo: [GV] p! [GeV]

—_ Py
- TOP g Jet g t

9 Z
- Z pT spectrum “Sﬁ\)

q 9 tb q jet
(latter beyond LO). | .
Fig from M. Ubiali
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P . PDF Constraints — LHC jets (9

* Inclusive jet data sensitive to high x gluon, more so at LHC than Tevatron.

« ATLAS and CMS 7 and 8TeV inclusive jet data impact gluon. ?
« Some tensions observed between datasets. 5
 Also some issues in fitting the data: “2-point systematics”” where ,, Moreinfo in
——— P> ATLAS:
two MCs used and difference taken as fully correlated uncertainty 1706.03192
o . . o Tevatron,\/g =1.96 TeV LHC,\/E =14 TeV
 This causes issues in PDF fit - need to decorrelate. . -0 ¢ o
S o9l A<y<0.7] S oof 0.0<y<0.8]
g (NNLO) PIDflrlaluo to MSHT20 Iatl 02=1q4|t3:e|\§éh1'20|de[;u|nm . 'é ool _ _§ o8k
L 1 § o7t aaiesi  F o7
o | oo — | 50 1 goe
£ 050 gq jets g 05
£ 1ow E o4 E o4
- 0.3F 0.3f gg — jets
0.975 | \ 0.2} 0.2F
MSHTZO \ 0.1 _gg — jets 3 01 _:‘as(:‘lLt':"whi'trtn‘.::'{""'=;F-=°T,;7T
| QOO0 o e .
10° 10 103 X 102 107 [MSTW, ArXiv: 0901.0002] pT (GeV) pT (GeV)
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v PDF Constraints — Jets/Dijets?

@ Dijets may have some advantages here - 30 measurement now
possible, non-unitary nature of inclusive jets, etc

@ We have also investigated dijets instead:
» Obtain better fit quality at NNLO and aN3LO than inclusive jets.

» Moreover, dijet fit quality improves further slightly at aN3LO.

12

. g, PDF ratio at Q7 = 10° GeV?
T

0 N

115 F

LLE

106 F

Jets [NNLO) —
Dijets (NNLOY - .-

Jets (alN*L0O)
Dijets [aW*LO) -.—.o

N Xz/Npts N XZ/Npts
Inclusive Jets pts NNLO aN3LO Dijets pts NNLO aN3LO
Total 472 1.39 1.43 Total 266 1.12 1.04
Total (+ATLAS
8 TeV jets) 643 1.67 1.61 Total 266 1.12 1.04

015

o Limited effect on PDFs at aN3LO - gluon consistent between
dijets/inclusive jets. Dijets slightly more constraining on gluon.
@ Results here leading colour, full colour effects limited on PDFs.

01t

G

. 4, PDF ervors at % = 10°GeV?
T

)
No Jots/Dijets (aN'LO) —— Hl
Jets (aN'LO) —— |
Dijets {aN*LO)

TC et al
(2312.12505)
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0 N

o PDF Constraints — ZpT data

« ATLAS 8TeV Z pT data also sensitive to gluon. o ﬂiﬂlﬁﬁ EEtS ':; ZZ;}T
105 m
« Very precise data ~1% uncertainties out to large pT. <
N —— -
« Has large NNLO corrections. B SN
- Different global fit PDF groups fit different amounts M 0 — 100 GeV )
= \
of data and with different assumptions and 090 e
uncertainties applied — see slightly different impacts. e
e MSHT see largest impact — upwards pull on high x ool MeTan Lo NP e 52 |
- MSHT20 NNLO CT-like (48)
gluon — and fit most data g f 7 SR e ——
(104 datapoints). Also recent = 2
: . . 0951 TCetal e
evidence of improved fit at (2312.12505) @ = 100 GeV
aN3LO (see later!) MO ;’I T
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. PDF Constraints — Top data

cos ol f, H;f}

 Top total/differential cross-sections also sensitive to gluon at high x. 9 2o000 '
 CMS single/double differential top quark data and ATLAS

multi-differential data provided with correlations.

g OO0 tb

* Also some issues with systematics observed in latter. Harland-Lang et

I —
al 1909.10541

* Generally reduce uncertainty on high x gluon.

« Some tensions between Top, ZpT, Jets data — global fit is balance of pulls.

(NNLO) PDF ratios'to MSHT20 at Q2 = 10* GeV?

1.20 ey T T T T 1.10 T T T
1.0 glax, Q Tj':i‘c{%GBV} 90%CL g E MSHT20 default
/ r — j
—d—u ATLAS 13 TeV 115 CT18+nTT1-Hr /2 ]::: Z::;
o 1.10 CT18 +nTT1-Hy /4 £ X 1.0 Z pronly ]
0.5t —y—s ; : MMHT14 default ———
= U 1.05 0
ook : = 7 : é 1.00 7 "% 1.00 |- TR SR
: 0.95 o S
)~ 4N
= Ablat et al
—0.5 ; 0.90 ’ 0.95 (- Bl
Ablat et al | oas (2307.11153) MSHT20
2307.111 ’ '
N (2307.11153) ol 1 ] (2012.04684) o 1000 cere
105 10 1073 1072 10! 10 10-%10-* 102 10t 0.2 0.4 0.7 1 050

- 105 104 103 102 107"
T
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P . PDF Constraints —Top data-mt (O N

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

MSHT oy a(M3) 1o tap da : MSHT

MSHT Mz CME

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

TC, M. Lim
(2306.14885)

it o
75 '.1_\\.- CraNi] 1TL0 IT_' 3 1733 ITl'.i_\.\.-

e Without top data, no my; sensitivity and no mt-as correlation. _
T | d d i diff | d h i Can therefore also fit

@ Total 0,7 data and rapidity differential data show significant m;-as top (pole) mass,
correlation. Reducing m; and awg = cross-sections =~ unchanged. MSHT obtained:

@ Data differential in p7+ or m much less correlated. mP® = 173.0 + 0.6 GeV

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

NNLO so far) = can extract m; at fixed as. TC and M.A. Lim: arXiv:2306.14885.
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5. PDF Methodology
and Uncertainties
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PP Global PDF Fitting 6
1) Experiment 2) Methodology % J

- Latest e¥nerimental data - Parameterise at
llider

- Fixed
DIS, T
- EW 1
- Large range in x, Q°

Kinematic coverage

hemes, ...

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

Art PDFs | calculations available — usually

X grids + k-factors

- NNLO QCD + NLO EW standard
o] LEEEEETIT fngiranlll 0 <N\ - Efforts to extend to approximate

(2106.07653) = st oo e N3LO + theory uncertainties

zf(z,Q%)

0.8

(* (GeV?)
n

04+
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¥  PDF Methodology - X? 6 W

« How is this data used to give the global fit PDFs?
 Compare with theoretical predictions at NNLO in QCD (+NLO EW where relevant).
« Minimise X2, which measures difference of data and theory:

Consider Usual PD F f|t prObab” |ty Theory Data Hessian matrix - contains uncor.rel.atedr(sk)

1 7\ and correlated uncertainties (5 )

P(T‘D) X exp (_X2) X exp (_E(T — D)THO(T — D)) N.B. Alternative is

covariance matrix instead of
Nt nuisance parameters —
1 Neorr Neorr equivalent!
oxexp (— Z_l% (Dk = Tk — Z Br,a z 4 Z/\(i X2:%(T—D)Tc—1(T—D)

Experimental Nuisance parameters
e Must call theory predictions at each step of minimisation — use theory “grids” —
Applgrid, FastNLO, etc, available at NLO + NNLO K-factors, or increasingly NNLO.

e Obtain “best fit>> PDF with minimum x2.
 PDFs then made available on LHAPDF for use by community (and on group websites).
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Y PDF Methodology - Uncertainty 6 N

« Then two main ways used to obtain central PDF and uncertainty.
2) Replica

1) Hessian

- Minimise difference of real data and - Fluctuate real data by its uncertainties

I
I
I
|
|
theory to obtain best fit PDF as central . — pseudo-data replicas.
value. .- For each replica minimise difference of
- Obtain uncertainty by diagonalising at | pseudo-data and theory to get PDF.
central value to obtain eigenvectors and | - Central value is average and uncertainty
using A\y?=1 or T to set PDF uncertainty. | as 68% width of replica distribution.
I .
- ~20-100 eigenvectors. - ~100-1000 replicas.
|

- CT, MSHT. (+HERAPDF, ATLASPDFE21) - NNPDF
(= e
Al = E\l Z [F(S;) B F(Sk_)]Q’ Cantﬁgqu%ragfngvgeen AF = 0'5(F(Nr6p,84%) - F(Nrep,16%)
k=1 (1205.4024,1401.0013,

1505.06736)
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y PDF Methodology - Tolerance

6 N

« How are dataset tensions accounted for in the uncertainty?
* In replica approach these mean you have a non-Gaussian distribution with outliers,

may enlarge uncertainty or may not.

 In Hessian approach you can enlarge AX? criterion used to reflect dataset tensions.
Ax?=1 may not be appropriate due to dataset tensions, issues of systematics, missing

theory contributions etc = CT and MSHT use a “tolerance”, Ay2=Tz.

AX* Global y?

Dataset i Dataset |
\\ Two datasets |, j sit °
\ 2_r2 outside Ax*=1 bound .
AX =1 ) on either side.
Ax’= \\ !
4 ~ Enlarge bounds to
Schematic! Eigenvector — ™ Ax*=T" to account for it

Idea essentially is to
enlarge PDF
uncertainty to account
for dataset tensions

How much to enlarge?
Different prescriptions, in
MSHT enlarge so each
dataset sits within 68% of
expected X2 for Ndatapoints.
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P Dataset Tension - L2 Sensitivity O

] Publicly available ? ) ﬁr
« Seen a few examples now of “dataset tensions”. program (0 Sr2(E) = VXE - &
. . . calculate it.
« May be due to several effects; including fluctuations, % Jing et al
data/systematic issues, missing higher order theory, etc. (2306.03918)
* Limits reduction of PDF uncertainty. CT18 NNLO, g(x, 100 GeV)
e Can visualise via L2 sensitivity — think of as 15 oT18
AX? of dataset upon moving PDF by <10”. ol (1912.10053)
e Illustrates dataset tensions, e.g. high x gluon——-—7 iz e
CT18NNLO MSHT20 NNLO g 0 I
CMS 8 TeV jets (545), Q=2 GeV CMS 8 TeV jets (73), Q=2 GeV 3 0 e AT e 00
b | ’ 7210 § of :fflefﬂm o
g “I 18 / \ _5;’" 102 BedF2dCor
E i et Sy R i
h:g -5F 5 ‘\\ T _10;
10’10‘4 10° 001002005 01 02 0507 ' 10 10° 001002005 01 02 0507 107 107 001002005 01 02 U507
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6. Current PDF
Landscape
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'Several Global PDF Fitting Groups @‘

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

! HERA Tevatron LHC Run 1 (30 fb-1) LHC Run 2 (150 fb-1) Run 3 + HL-LHC Default
: E : E now
1991} 1994 2002 2004 2008 2009 2010 i 2012 2013 2014 : 2015 2017 2020 2021
: : : . NNLO
CTED1 CTEQS CTEQ6.6 cT10 |! [ cT10 | " CT14 cT18 :
: : : QCD +
h&HS MRSTO02 MRSTO04 || MSTwWos E MMHT1«; MSHT20 E NLO EW
' . and latest
NNPDF1.0 | | NN2.1 | NN2.3 NN3.0 NN3.1 NNPDF4.0 LHC and
: other data
ABKMO09 { ABM11 | ABM12 ABMP16 .
Color Codes: - - . Image Credit:
o | [esrev aom | [ 1o 1oy aom { Collider only HERA2.0 ATLASpdf21 combination of
' MSHT?20, CT18,
NNPDF3.1

(2203.05506)

» Different focuses, methodologies, uncertainty prescriptions — beneficial!
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' PDF Comparison

 Compare several of these at the level of the PDFs

1.20

1.20

s sl Q = 100 GeV
1.10 1.10
o 105 ’g 1.05
e =
& 1.00 L3 1.00
~ ~
= 0.95 —— NNPDF4.0 L1 0.95
—— cTi8
0.90 - MSHT20 /- 0.90
0.85 EER ABMP16 - 0.85
—— ATLASpdf21 \
| 1l L Ll Lol Lo ol Ll [ EREeT | Lol Lo
0-80)= w0 1073 1072 10! 0-80)= 10 1073 102 107
0.10 0.10
—— NNPDF4.0 Q = 100 GeV
0.08 — CT18 ]
’ —— MSHT20
. —— ABMP16
% 0.06 —— ATLASpdf21 N
=
2 0.04 _
0.02 _
ol Ll ol L1 | m
0-00)=5 10°* 103 102 10! 00fy= 104 103 102 10"

and uncertainties:

LaE Snowmass
(2203.13923)

0-0%= 10~ 1073 1072 107t
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' PDF Comparison

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

1.20 1.20
115 s Q@ = 100 GeV L4 Snowmass .
1.10 1.10
B (2203.13923)
= 105 < 1.05
D L -
= B :
& 1.00 L3 1.00 = —
~_ & -~
= 0.95 ~—— NNPDF4.0 [J 0.95
——— CT18 \N —
0.90 |- MSHT20 <\ 0.90 *
0.85 —— ABMP16 N\ - 0.85
—— ATLASpdf21 \ l -
P /Y S Y S S i U Y B MR RN codil el sl | L
08— 10+ 1072 1072 107t AN 0800 10t 1073 102 I 10~ 10— 10" , 10 10— 10
0.10 N\ 0.10 0.40 P2
—— NNPDF4.0 N
— 0.35
0.08 cT18 — 00?
—— MSHT20 0.30
. —— ABMP16 = .
% 0.06 —— ATLASpdf21 15 0.06 +mg 02}
= o ol
0.04 — 0.04
S o ;‘g/ 0.15
0.02 — 0.02 0.10
0.05
ol Ll ol M| L Lol L L ST Tl M
0.00)=% e s o e 0.00,= e e She | 1o T E—— e .‘..1.371 L

xT

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

 Compare several of these at the level of the PDFs and uncertainties:
1i|5 |i15— Q = 100 GeV 14 SnowmaSS B
o (2203.13923)
é/LOO NE 1.00 e e
é 0.95 a 0.95
0.10 n 0.10
—— NNPDF4.0 1
0.08 — CTi8 ¥ 0.08
— MSHT20
. —— ABMP16 N~
8@ 0.06 —— ATLASpdf21 _'.%q 0.06
§004 N l'.g 0.04
0.0y =0 107 el oo T [
x \ T
 General agreement over data range (10 4.< x < 10-1) within uncertainties.
» Differences exist (high x gluon strangeness, ).
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' PDF Comparison

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

1.20 1.20
= 1 e - —
115 sk Q@ = 100 GeV L4 Snowmass
1.10 1.10
o 105 ’g 1.05
e =
& 1.00 LI 1.00
~ ~
= 095 L 0.95
0.90 0.90
0.85 - —— /ABMP1s - 0.85
—— ATLASpdf21 \
Lo h vl Lo TR AT Lol L1 ol Ll [ EREeT | Lol Lo
0-80)= w0 1073 1072 10! 0-80)= 10 1073 102 107
0.10 0.10 0.40
—— NNPDF4.0 Q = 100 GeV
0.08 CT18 — 0.08 0-35
: —— MSHT20 ) 0.30
. —— ABMP16 = .
%006 —— ATLASpdf21 1 & 0.06 +m9025
g E +\ 0.20
0.04 - 0.04
S o B 015
0.02 - 0.02 0.10
T . : 0.05
gl il bb{;ia vl ol e 0,00 =
0~ 10 107 10 10 (U 107 107 10 = 101 L0 ? 102 10T

xX

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

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

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

B g Useful way to view PDFs
_NNPDFL0 SN ~NNPDF4.0
1of e o o is in terms of PDF
\ —ABMPIG ~ —ABMPI6 . .
%@ 11r ; —ATLASpdf21 ga Lk lumanSIty:
% N 2
g s — F 10 1 5 o n 5
" — 0= Z/ dxydxa fi(x, pif )02, 1) 0 (x1pP1, Xap2, Q. 1)
Vs = 14TV ‘ " Vs = 14 TeV . ij *min \\‘ ¢
0.8 5l el N /AR & Y I O O
10 10 10° 10! 102 103 5 dﬁ
mx [GeV] my [GeV] o = Z Ts&b(fe ,ui_) 30".ab(§, MZ,,UE, ,ui“)
: : : : : : ‘ ‘ ‘ ‘ ‘ ' ' a.b=q.q.g m> S ‘\
92000 & \ISTer20 L10p[ LHO 14 TeV, 20 \v
- NNPDF3.1
9000F ~ ABMP16 1050F
8800*:1;5;?5}%%?51 2 1 ! dx 2 2
B Z Lamup) =3 | oSl 3400 S pp)
> sa00 © osof Zﬁlﬁggi%l ]
900 - ﬁlB"lI\ﬁ)sl 6df21 1 1
8200¢ + PDFALHCIS Bottom plOtS ShOW Cross-sections (Central
8000+ LHC 14 TeV, 201 8501 :Egg%&cgl ] . .
o we e wn e s R IS h value and uncertainty for different PDF
oz [pb] o [pb] o .
Snowmass (2203.13923) sets) and their correlations
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PP Parton luminosities and Xsecs (®)

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

1.3

[ YA T (' * General agreement over
—CT18 \ —CTI8
1.2p —MSHT20 1.2f — . . . . .
\ e e i+ =- intermediate invariant masses (10
T LT —ATLASpdf21 g1l —<—-7:FLKS§EF21_ 1 5
< N - - GeV< M < 10°GeV).
5 — = 3 —
J 1.0 — = < 10 & ———5 X
09 | nof * Xsecs show 20 error ellipses,
Vs =14 TeV \! \
A A A Ll R\ N o o . o o
0.8 Y. e A
0 W o T - " correlations in cross-sections visible.
my [GeV] my [GeV]
EYen ‘ i
9200k OMSgTZO 11007LHC 14 TeV, 20
9000} o XE&%‘IS’ !
2 ATLASpdf21 1050f
88001 ¢ PDF4LHC15
= % PDF4LHC21 =" 1000¢
= 8600F ® NNPDF4.0 - o CT18
S S o © MSHT20 ]
° 8400 950 4~ NNPDF3.1
9001 : 2¥LM§SIGdf21 ]
82001 < PDF4LII{)015
8000F LHC 14 TeV, 201 8501 # PDF4LHC21 -
. ‘ . ‘ . ‘ , ‘ ‘ ‘ ‘ ‘ = NNPDF4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb] on [pb)

Snowmass (2203.13923)
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PP Parton luminosities and Xsecs (®)

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

1.3

T '—II\HI\T#]IDVF"JiO T mmns T 1‘3‘\ .

* General agreement over

| —NNPDFLO

T8 \ —CTI18
125 —MSHT20 Laf —M 1 d 1 1
\ — ABMPI6 _fgﬁ?l% intermediate invariant masses (10
Te 1‘1-\ —ATLASpdf21 -l )
O O < GeV < M < 10° GeV).
< LOp — < 10 X
—— .
09 | 09 * Xsecs show 20 error ellipses,
Vs =14 Tev Vs =14 TeV
048||”| L R L Lol e A L ) L L ° o ° b4
0 W o T - " _ _-correlations in cross-sections visible.
ma [GeV] me GV — - P “
— -— >
o C;I‘IS ' ‘ ‘ " - ‘ ‘ . /I -
9200F o MSHT20 1 ppgtiE e
- NNPDF3. —
9000 © ABMPlg ' 4’ - 1050F
2 ATLASpdf21 050
88001 ¢ PDF4LHC15 ]
= # PDF4LHC21 =" 1000}
. 8600F * NNPDF4.0 -~ = CT18
g S g ©MSHT20 |
° 8400 950 4 NNPDF3.1
000 ~ ATLASpdE1
8200¢ © PDF4LHCI5
8000+ LHC 14 TeV, 201 8501 # PDF4LHC21 -
: ‘ . ‘ . ‘ . ‘ ‘ ‘ ‘ ‘ © NNPDF4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb] on [pb)

Snowmass (2203.13923)
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' Parton luminosities and Xsecs

O,

General agreement over
intermediate invariant masses (10

GeV < M < 10° GeV).

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

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

. . .
L]
« Compare several of these at luminosity and cross-section level:
1.3 T U SR LAY T T T 1.3 — : T )
NNPDFL0 AW —NNPDF10
—CT18 W\ —CT18
12 \ —MSHT?20 1.2f \\\ \ —MSHT20
\ —ABMP16 SO\ —ABMPI16
T LIL \\ —ATLASpdf21 S 11\ N —ATLASpdRL
< § N & AN —
= ~ > ~ P — —
Jd 10 = - = 3 10 —
0.9 T\ 0.9 N ®
Vs =14 TV \ V= 14T
0.8lrisl I . 1 ol R ) N ‘ N
10* 102 10° 08 o 102 107
my [GeV] my [GeV]
°
= CT18 LHC 14 TeV, 2
92007 o MSHT20 1100 e T Bt
2 NNPDF3.1 A- r
9000[ ©« ABMP16 1050 ]
2 ATLASpdf21
8800 ¢ PDF4LHC15
= # PDF4LHC21 = 1000[
“~ 8600 * NNPDF4.0 ? ©MSHT20
® sa00f 950¢ 4 NNPDF3.1 |
< ABMP16
b 9001 -~ ATLASpdf21]
8200 < PDF4LHC15
8000+ LHC 14 TeV, 201 8501 # PDF4LHC21 -
‘ ‘ = NNPDF4.0
760 780 800 820 840 860 880 50 52 54 56 58 60 62
oz [pb]

o [pb]

Snowmass (2203.13923)
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PP Parton luminosities and Xsecs (®)

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

1.3 ———rrr : T
\ —NNPDFLO '
—CTI8
125 \ —MSHT20
—ABMPI16
\
Te LI —ATLASpdf21
= . >
<J 1.0 — =
0.9F T\
V5 =14 TeV \
0.8l A A Ll PR\
10! 10? 103
my [GeV]
='CT18
92007 o MSHT20
- NNPDF3.1
9000F « ABMP16
2 ATLASpdf21
88001 ¢ PDF4LHC15

# PDF4LHC21
8600F = NNPDF4.0

oy [ph]

84001

82001

80001

LHC 14 TV, 20

760 780 800 820 840 860

880

1.3prTr T T T [
AW T NNPDFLO '
W\ —CTI18
L2E NN\ —MSHT20
SO\ —ABMPIG
o LIf S\ —ATLASpdf21
< N
3 ——
g 1.0 ——
0.9 \ °
Vs = 14 Tev
O‘OII\\I i ool ol
10! 10? 10°
mx [GeV]
: : °
LHC 14 TeV, 20
0 Ty ] La=mt
1050 1
= 1000F
S r ©MSHT20 |
950 2 NNPDF3.1
< ABMP16
900F A ATLASpdf211]
< PDF4LHC15
8501 % PDF4LHC21 °
‘ ‘ = NNPDF4.0
50 52 54 56 58 60 62

on [pb)

Snowmass (2203.13923)

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

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

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

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

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

L3 1.3 —rrreemy . .
— MSHT20red 12k i
— L2H ~ - NNPDF3.1red - \
Z 11l cTisred E 1108
=L 1= 1.0
e —— — ;
= 1.0 e IS 0.9F
0.0F | 0.8k
R ERIREEIES T Y e ot Pt IS e e . g T
) — MSHT20red | | 0,081 0.25 i 0.35- PDF4LHC21 (TC -}
_ 015H | -- NNPDF3red| § 4 = [ L 00 ]z 030 2108.09099 |7
= | 6 | J1 = 095 ) .
Sy CT18red AR S 1 7= o500\ and 2203.05506 ); | ]
2 0.10 : Ly ! ~= 0.15 = 0.20 ,
= L] 0.04F Y 0.0l 1= 0.15F v
Lo - = e U 1w
0.05F ) . 0.0oL = e 0.10p, -
-0 . e _N ”[JJ - [J[JS—‘ N _
(N[ ——— ..T.ﬁ..l_._.._.:...l vl e 0,00 st el e 0L00 D i it il 0.00 r...‘:.;l-'“.'-‘.;..'.—;.1-7.‘I..‘..ﬁ_._..’.....l .
=100 10" 1o =010~ 10— 101 iu—-’ w1107 w2 10! 107 107* 107~ 1072 10!

« Common settings — consistent PDFs! Central values in agreement.
* Uncertainties still differ, reflecting underlying methodological differences.
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PP PDF4LHC21 ®

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

110 ; 110
I 14— MSHT20reps
f ~—— NMNPDF3.1reps
1.05 . . L.05 19k = CT18reps
S s ~— PDF4LHC21-900reps
= 1000 AR n—
—~ ~ T~
S 0]
0.95F (.95 08
06k . l
TR AR TIY R SR TIT] B SN RTIT MR W RTTY MR SN RTITI R S W ATTT] R W ATTT R S W T1TT A AN TR RTTY R S A TTT B SR TRIT] R AT | |l L
R T T R TR T B R T R T S A T A T s wt owt 1wt 1wt
0.10 - 0.10 04 —
: () =100 GeV —— MSHT20reps ¥
0.08 it 4 0.08 == NNPDF3.1reps H
i - 0.3 —— cT18reps P
S 006 1= 006 - PDF4LHC21-900reps £
B - " |
E ‘[;ﬂ.\ {]2_ J-'I_:: - ]
Lg,n_m ARARTT PDF4LHC21 I
“ | (2203.05508) ] |
0.02 L '
TR RETTT B RS RTTT| B S R TTTT BRI B N RN TR RTTTY R RS RTTTY _||||||| L |T|T|ﬁ.—'|_||||| L :::.IITI:':;.-.T' ITT:.I'IT:-S.;_.;I_I-IIIIIH L
R S T B T B T T S T S T B T T I T B T S TR T

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

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

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

» (Central values and uncertainties of all 3 PDFs reflected.

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

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

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

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

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

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

O,

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

s000f @ CT18
o MSHT20 gof LHC 14 TeV, 2
& NNPDF3.1 -
3R00F & ABMP16
& ATLASpdi21 60
agonk ¢ PDFALHCLS
= # PDF4LHC21 . 58
- o NNPDF4.0 =
= 3T00[ = 56k
e e o0 SHT20
& NNPDF3.1
3600F 54f > ABMP16
& ATLASpdi21
3500 ] s2b [ o & PDFALHC15 ]
LHC 14 TeV, 2a \ / = PDFALHC21
L L L L N 1 L N N L N N L 1 L 50F — e NNPDF4.0 ]
2z 2z = -4 L L L L L L L L =
4600 4800 5000 5200 — o0 =0 o
aw- [ph] 7z [ph]
LI00T HE 14 TeV, 26 046 LHC 14 TV, 20
10501 0.44F
— 1000F = 0.42
= — : = = CT18
£ gsob €A MSHT20 ] < 0.40p © MSHT20
ot = 5 & NNPDF3.1 1 ' @ NNPDES.1
T © ABMP16 | 0.38f Y o ABMPLG
900F ( ™\ = ATLASpdf21] y # ATLASpdf21
Ve < PDFALHCLS | 056k / o/ < PDFALHC15 |
\ ) # PDF4LHC21 ] e # PDFALHC21
8500 ~ o NNPDF4.0 ] R o NNPDF4.0
750 800 850 900 50 52 54 56 58 60 62
Tz []ﬂ]] T I|:l|)|

PDF4LHC21 uncertainty
encompasses central
values of CT18, MSHT20,
NNPDEF3.1 here.

Some PDFs (ABMP,
ATLASpdf21) can differ
notably, different settings
and input data.

See PDF4LHC21
(2203.05506) for more info!
Plots from 2203.13923
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7. PDF State of the
Art
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P OED PDFs () N

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

@ MSHT20 include EW corrections for:

» Drell-Yan » inclusive jets
> top » DIS.
@ QED corrections via QED modifications °®

to DGLAP, via photon PDF and
photon-initiated processes.

@ Obtain v(x, Q%) with O(%) uncertainties
via LUXQED related method.

- dz = dQ?
J @ @) = gy | {f 1 Q2

Manohar et al, 1708.01256

Harland-Lang et al
1907.02750

l/v-f

LA Y
T-F | mD<
[} ey, .
e
— .'\J'\Jr\_

N — i
A A -

| W]
PPl
LA o
o

Photon-lnitiated contributions to Drell-Yan.

Idea is to use the NC
expression for DIS at low Q¢
then rewrite to obtain the
photon PDF from
experimentally measured
structure functions:

) 2x2m>2 )
-Q(CJQ}{(ZPT,@(Z) + - D)FQ(-T/Z: Q)

Q>

— 22 Fp(x/z, Q? }} — a?(QR) 22 Fa(x /=, (J%)}
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P OED PDFs

@ General consistency with NNPDF, CT.

@ Quarks reduced at high x by g — g7,

gluon reduced by momentum sum rule.

Ly Y ANNLO), @2 = 10¢ Gev?

105 F .

NNPDF3lhooged —-—--

CT18qed]l 30GeW

T T
MSHT20ged ——

T 1 Begead
CT18lax - - - -

0 N

Gluon-initiated processes, lower by

~ 1% in QED case.

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

Effect of QED < PDF uncertainties.

L =g @ Uncertainties similar to QCD only.
R LHC (13 TeV), NNLO
R T O.o00T 0001 ] oot o1 I ._._:_. IggH. QED refIiL —
|| 9 (NNLO), @2 = 10% GeV? " — _agH, QCD '

: . . —— i, QED refit +—x—
| TC et al QED%?:;: - - ZW, ngqriﬁ[: —
1.05 — 211105357 1 ._,IP_, Z/W, QUD —a—
T : / — e Z. QED refit —e—
1 — ; Z, Q0D —e—
................. —_———— W=, QED refit +——
—_—— W™, QCD —%—
0.95 [ —_— W, QED refit —8—
—_—— W+, QUD —B—

O fe05 00001 0.001 001 0.1 0.95 0.975 1 1.025 1.05 1.075 1., 1
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PP 2N3LO PDFs - Motivation @

Confronting Precise Data

 To exploit precision data we need precision theory predictions. Must now consider
higher orders and associated theoretical uncertainties, and other effects.

Need for Higher Orders (N3LO):

* Progress in recent years on N3LO cross-sections for key processes, e.g. Higgs, DY:

ggF

NNLOJET + RapidiX p p — H (— y y) + X Js= 13 Tev
T T T T

Lo E=== N3L0 u
NLO NNLO > Ky3jq
E=—3 NNLO

- Chen et al

%102.07607) 1

dofdly"| [f0]
W B o
@ o ()

N
®

Il
|

Ratio to NNLO

o000 - -
N0 = =N ®
T T T

NC DY Z/photon

‘LHC 13TeV : : — LO : NLO
'PDF4LHCI15_nnlo_mc ° i i : i

— NNLO — N3LO |

By | ‘
200 400 600 800 1000 1200 1400 1600

Duhr, Mistelberger Q [GeV]
: - — : (2111.10379)
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' aN3LO PDFs - Motivation (7)

Need for Higher Orders

 Only NNLO PDFs have been available — often PDF errors significant + there’s
mismatch between cross-section and PDF order.

12} LHC Higgs 7 LHC @ 13 TeV = o(PDF) NC DY lehoton
. XSWG 2019 ] poraLcls — §(PDF+ay) LHC 13TeV “L0 O
1o 1 g — S(PDF+as)+3(PDF-TH) gll),Ffe‘,Hg;"“l"*mc \NLO - N
r B - - = N
% g; K 5(PDF+a,) b %’ g Heen.-Q
% o6l k 5(Lime) 1 & W
S L N\ owbo 1 = ~
S N =2 S(EW) 1 £ W
E K &(PDF-TH) é
2r secore ] Duhr, Mistelberger } | ‘ } | ‘ | |
r scale,
o, . A (2111.10379) 200 400 600 800 1000 1200 1400 1600
° 20 40 e0 80 100 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 Q0 [GeV]
Collider Energy / TeV Q[GeV]
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' aN3LO PDFs - Motivation

@

Need for Higher Orders

« Only NNLO PDFs have been available — often PDF errors significant + there’s
mismatch between cross-section and PDF order. Reflected in a “PDF-th?” uncertainty.

4
P “
/
A
7 /
/ 7 /
/
Ve /
e —e—e-- 7 /

b LHC Higgs : P T —  5PDF) NC DY Z/photon

10 7 XSWG 2019 7 - gl;Ff;{SfX I i ]l;glgtgl[é\lg nnlo_me =10 NLO
., . §/ — §(PDF+as)+6(PDF-TH) . PP e(;e#Xi = — NNLO = N3LO
EN L +a B Heent =
: N e :
éé 6 & 8(1imy) —Z g _[d
s 5(t.b.C) -
3 - S(EW) —*—; Z R

4; K 5(PDF-TH) 1 é

2 o ] Duhr, Mistelberger } | ‘ : ‘ ‘ | |

b, ] (2111.10379) 200 400 600 800 1000 1200 1400 1600

0 20 40 60 80 100 . , , H . ; . . , , . . . . . Q [GeV]
Collider Energy / TeV 20 40 60 80 100 120 143 [1(;(\)]]180 200 220 240 260 280 300
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' aN3LO PDFs - Motivation

6ilbtota1x100%

0 N

Need for Higher Orders

« Only NNLO PDFs have been available — — often PDF errors significant + there’s
mismatch between cross-section and PDF order. Reflected in a “PDF-th?” uncertainty.

* Without consideration of this you cannot estimate the full theoretical uncertainty.

 Only way to remove these bands and properly understand associated uncertainties is
determining N3LO PDFs, plus inclusion of PDF theoretical uncertainties.

12l LHC Higgs ]
A XSWG 2019 ]
10 - _

K 5(PDF+ay) ]
} k 5(1/m) f
r o 6(t,b,c) SEW) ]

5(PDF=TH)

(=)}

S(scale)

Collider Energy / TeV

LHC @ 13 TeV = 6(PDF)
PDF4LHCIS

PPoete +X — o(PDF+ay)

— §(PDF+ag)+3(PDF-TH)

Relative Uncertainty [%]

Duhr, Mistelberger
(2111.10379)
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
QIGeV]

NC DY Z/photon

LHC 13TeV -10 NLO
PDF4LHCI5_nnlo_mc

PPoete +X
Mcem‘:Q

= NNLO = N3LO

|
W0 400 600 800 1000 1200 1400 1600
Q[GeV]
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0 N

MSHT20aN*LO, @2 =10 GeV?

' aN3LO PDFs - Idea

@ As PDFs become more precise two issues are more pressing:

@ Moving to higher orders (N3LO).

@ Inclusion of theoretical uncertainties. =
= we can address both in one go! Foe
J. McGowan et al
= MSHT20aN3LO PDFs. (3507 04739) e

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

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

73/87
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P aN3LO PDFs — What's required?

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

0 N

Lots of effort by

cross-sections to be known, not yet possible as several pieces missing.

e Still, a lot of information is known already (schematic summary):

theory
community!

References in

backup
rd
Theory Utility © .er What's known?
required
Mellin moments® >, leading small-x
1. Splitting functions Pg? (x) PDF evolution 4-loop behaviour®® =1 plus some leading
large-x in places®. Plus new 1?15
. . Transitions between Mellin moment516=17, leading small-x
2. Transition matrix elements i . 18—19 _
A(3) (x) number of flavours in 3-loop behaviour , plus some leading
ab,H PDFs at mass thresholds large-x in places'??Y. Plus new 21— 23,
Some approximations to FFNS (low
2 .. . 3 .
Combine with PDEs and Q) coefh(:lent- functions at ar¢ (with
.. . . . exact LL pieces at low x, NLL
3. DIS Coefficient functions Transition Matrix Elements 24— 26 . >
VF ,(3) N3LO unknown) , ZM-VFNS (high Q¢)
(NCDIS) C, to form Structure . ,
H.a v "’ NC DIS) N3LO coefficient functions known
unctions ( exact|y27. Therefore GM-VFNS not
completely known.
4. Hadronic Coefficients Determine cross-sections N3LO Very little (none in usable form for
(K-factors) at N3LO PDFs)
20" February 2024 Thomas Cridge -
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PP aN3LO PDFs - Methodology 0 N

S Consider usual PDF .I:It probabillty Theory Data Hessian matrix - contains uncorrelated (s )
f 7\ and correlated uncertainties (3, )

P(T|D) ocxexp (— X)ocexp(——(T DY Ho(T — D))

Npt %l Ncorr
X exp (_E P (Dk — Tk — > Brara)®+ D A7)
k=1 k a=1 \/ a=1 l

Experimental Nuisance parameters

@ Include known N3LO pieces + parameterise remaining unknown pieces
= theory nuisance parameters (') and allow to vary — uncertainty.

» Probes precisely the missing higher order terms. v

» Allows inclusion of known N3LO information (a lot) without needing to

' ni : L.A. Harland-Lang, NNPDF NNPDF theory
wait for remaining few pieces. v’ R.S. Thorne 1811.08434 2207.07616  uncertainties on

. L . . . NNLO (not aN3LO
» Avoids scale variations - can underestimate MHOU, issue of correlation | eapos 2830
between PDF fit and use, no need to raise Q2 cut on data to enable 2401.10319

downwards scale variations. v* (Theoretical Nuisance Parameters more generally — F. Tackmann SCET Workshop 2019)
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' aN3LO PDFs - PDF Impacts

0 N

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

Total Fit quality

LO

NLO

NNLO aN3LO

X2/Npts

2.57

1.33

1.17 1.14

1.100 7=

1.075
1.050

1.025

g, Ratio to NNLO, @2
NNLO
aNTLO (H,; + ;)

M aN'LO (H]))

10* GeV?

NNLO {without HERA)

==l

=

e

1.000
0,975
0.950

0,925

0,900
104

= =
— —

1.20

1.15

1.10

1.05

1.00
095
090

0.85

.80

1o

1o 10

g, Ratio to NLO, @? — 10 GeV?

1.100 .
— aN'LO (H, + K,) /.E
1078 aMNILO (8] H
1.050 aN*LO (no theory unc.) i
v iy
1.025 e 2 I
P =
1.000 e ¢ e e e e _'{-. - _--. -
0.9754 o
0.950
0.925 : —-—= aMN'LO (NNLO K-factors)
--- aN'LO (no HERA)
0,900
104 10 102 1ot 108
@x
oo u, Ratio to NNLO, @2 — 101 GeV?
1.075
1.050
1.025 e s
i e =T
1.000 = — — .
e e c
0.975 = -—_-_-:.,p—--—
o.as0 -
0,925
0,900
1o 1o 102 1c 10

Smooth fit improvement with order.

Ax? = —154.4 from NNLO
to aN3LO.

Gluon PDF raises and
Its uncertainty
increases at low x.

Heavy quarks also
Increase across X,
purely perturbative.

Other PDFs much
more mildy affected.

J. McGowan et al
(2207.04739)

20" February 2024

Thomas Cridge -

Precision PDF's

76/87



p aN3LO PDF Luminosities ©

120 1.20 1.20 1.20
g === MSHT20 NNLO . _ . === MSHT20 NNLO
LI5S, “— MSHT20 aN3LO ] LI5 = T L5 I 115 “ MSHT20 aN3LO |
A |
L E L10 =~ E 110} = L0 B
= N o N = o
Ex l05= N g LG \\ T 2 MGF T o 16 — _— — T
~ ]““._._____k ......................... 4 W .00 s = ==== ey ] R s - S 1.00 _)'C ..... ———— -
e . =" % — S S Bt
% 005 - \\— g 01,05 = %] ||_!J.l—/a 1 ||_!J>—II,- =
000 - \— 0.90 B 0.0 E 0.90 —
085 \/; = 14 TeV s 0.8 B 085 . 0.85 E
0s0ll T T Y L Y S S T Y E R R L I Y E ST o.solt L Ll
1° 10? 10 0! 1 i 1 10? 1w 10! 107 ur
my (GeV) my (GeV) my (GeV) my (GeV)
1 T
014 - —— MSHT20 NNLO 0.1 - Vs =14 TeV 1 ! | —— MSHT20 NNLO

-= MSHT20 aN3LO -= MSHT20 aN3LO |

| 1 | | | 1 L

oo
6 g 006
-
] 0.4 {
2 0.2 1.02 i
L il L el PR L i N — — = =1 N s ia L NPT | T | L L P pasl P sl
T B 107 000351 1 g 00057 102 10 000,53 107 100
my (GeV) my (GeV) my (GeV) my (GeV)

@ PDF changes have implications for PDF luminosities for phenomenology.
@ gg 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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' aN3LO PDFs - PDF Impacts

@ Reduced tensions between some datasets

seen at aN3LO.

@ Small x - high x data tension reduced.

@ Precise ATLAS 8 TeV Zp7 data fit quality
at NNLO is poor, but at aN3LO is good:

Order NNLO aN3LO
ATLAS 8 TeV Zpr 1.87 1.04
Total 1.22 1.17

Table: Fit qualities X2/Npts-

1.6

1.4 ™,

1.2

1.0

0.8

g, Ratio to NNLO, Q2 = 10 GeV?

-
\\ aN*LO (M, + K,;)

NNLO

aN*LO low-r cut

10 102 o0

s ot 001062 008 01 02 0S5 0T

L2 study 2306.03918

0 N

@ Tensions between ATLAS 8TeV Zpr and other data reduced at aN3LO.

@ High precision data requires high precision theory.
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' aN3LO PDFs — Xsec Impacts

@

Gluon Fusion: gg — H (u = mu/2)

Light: POF + Scale uncertainty
50 Dark: PDF uncertainty
as | +t
=
= 40
=]
+
25 +
-==- NELO Aesult HLO PDF
wo NNLD Result # NNLD PDF
MLO Result #  NILO (M, + Ky) " PDF
20 —— NLOu= Resul r
H=my Result 4+ NLOH, -~ PDF
NLO MNMNLOD NFLO
O accuracy
24000 Neutral Current Z/y " DY production at Q@ = mz
Light: POF + Scale uncertainty
Dark: PDF uncertainty
23000 4 +
22000 | i‘ + * + --1'
=3
= 210004 ¢
=
20000 4
V5 =13 TeV, ug = Q2
18000 - -+ MLO Result I MSHT20 NLO PDF
------- NNLO Result # MSHT20 NNLO PDF
NLO Result # MSHT20 NLO H} ~* PDF
18000

NLD NNLD
O accuracy

NYLO

a(pb)

Vector Boson Fusion: gqg — H (u=0Q%)

4.4
aMN LO avnp NLO PDFs
NNLO ovpy # MNMNLO PDFs
43 NLO avse § aN'LO (H,+ K, ! PDFs

4.2
=
£ a1

ol 1

* aMN?LO H[ ' PDFs

LE—

3.9
Light: PDF + Scale uncertain
Drark: PDF uncertainty
3.8 . e <
NLO NNLO MALO
o accuracy
0.04 W * H production at v's=13 TeV
Light: PDF + Scale uncertainty
Dark: PDF uncertainty
0.92
0.90
0.88 i ? | r'"*'
0.86
Vs = 13TeV
0.84 -+ MNALO Result I MSHT20 NLO PDF
NMLO Result 4  MSHT2O0 NNLD PDF
NLO Result # MSHTZO NLO H) ~' PDF
0.82
MLO MNMNLO NALO

O accuracy

How does aN3LO affect
xsecs?

ggF Higgs — increase
from N3LO xsec balanced
by reduction from g PDF
at aN3LO.

Increase in VBF xsec due
to increase in heavy
quarks.

Only small change in DY
or VH as more quark

dominated. J. McGowan et al

(2207.04739)
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PP IN3LO QCD + QED PDFs (bonus!) ()

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

QED

NNLO QCD

+ (rlgg)
aN3LO QCD o

___' (01} s (1,1) o
P 271'P":J ( )QPU (
+ (l[))+( ) (zn)+( =
P(w .

P({J 2)

Ly

(3.0)
)

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

g, ratio to NNLO (QCD), @* = 10* GeV?
T T T

g, €2 = 101 GeV?
.

4y QF =100 GeV?2
T

L1 1.1 ; . 1.1
' NNLO (QCD) — aNILO (QOD) — NNLOQ —
aNILO (OD) - - -=: aNILO (QED) — NILO —
1.05 aNILO (QED) - LG E QED/QCD (NNLO} == .- 4 LOG|
l l reTETETE TS SIS R TR T T C Tr——— R - l S
.05 0.05 4 nost
0.0 ' | | 0.9 | | | ' 0.9 | | | |
Le-015 000001 0.001 0.01 1e-05 00001 0.001 0.01 0.1 Le-005 000001 0.001 0.01 0.1
th . . .
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PP PDF Constraints — Future LHC (@)

e HL-LHC — Reduce PDF uncertainties where processes currently statistically

limited/coverage can be extended, e.g. high x gluon and gg luminosity. LHeC review
. .. . .. i (2007.14491)
e LheC — Inclusive/Semi-inclusive DIS data constrain intermediate/small x.
10 g A = _ 16 "I’
§ —— PDF4LHC15 § 2 H = PoFauicts
R S PR +LHeC b g 1_-’-1-5 ------ v LHeC -
I S Iy +HL-LHC 5 1 2H :f;fm.mc g /o hen N/ theTevscae
8_ E § % 13-- N ;
e #7 Fost Abdul Khalek etal 3 ongeness
S /& 3o (1906.10127) 31\ =
© " : é 02 "".I...ImI.":.::'i":.:?.'fr:';':':'.:':".'uvuw\'ﬁ“"‘c:‘:“_:
" :..\ 1 i | 1 _§ @ GE" | L -:
10’® 10 10° 10% 10 " 10° M, [ GeV ) FPF review

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

Complementarity between all future experiments and knock on effects for physics goals!
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PP PDF Constraints — Future EIC (@)

3 ) ”> Frorm T DA DAL L B RLALN IR T
o Electron lon Collider to run at Brookhaven in 2030s. @mg cor. EIC Yellow Report
@ Impact of EIC pseudodata on MSHT2O high x Iower Q2 sensitivity.” | i LHeo (2103.05419)

11 wv (NNLO), Q% = 1.9GeV’ . pe—— _,_(NNLO) Q* =10! GEV\I,,HTJ,,:, E

\ISIiTJfJ-)EIISfH;[P(u:l AE.I..(\::: a R 3 105? %

1 et 1 104;_ =
. . 103;—
..|Armesto et al (2309.11269) F

L L L L 3
0.1 0.2 0. 0.4 [ 0.6 0.7 0.8 0.9 le05 0.0001 0.001 001 0.1 10 2

B x

o Effect on up valence larger due to charge-squared ~ coupling in DIS.

@ Gluon uncertainty nonetheless reduced across range of x. LE
Impact on luminosity uncertainties - 0/, reduced at high x. T T
® 0L, reduced across x causes smaller PDF uncertainty for gg — H. "
ggF Higgs Opg o Uncertainties with/without EIC 1.6
ol  MSHTZO0 NNLO ] 014 —— MSHT20 NNLO . ‘ : ‘ ‘ 1.4
0.12 ~== MSHT20 NNLQ + EIC high Acc || 012 MSHTZ0 NNLO + BIC high Ace f Ve = 13TeV POF +acmlo s et 1.2
=5 o0 Armesto et al o . L0
00s fi n MSHT20 NNLO 0.5
o<t (2309.11269) 0
’ i 0.4
| : T ' MSHT20 NMLO + EIC 0'2
L | " l B oo = 0.0 0.2 0.4 0.6 0.8 2 1
! T;'H.,\' (ch) N 0 ".’:T\' (( {'\ ) v 0ss 096 087 098 069 r‘::?n 1o .02 1.03 104 105 EIC Ye”OW Report (210305419)
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8. Strong Coupling
Determination
(if time!)
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p Strong Coupling sensitivity

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

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

» Direct as(M3) dependence in coefficient
functions.
Fz.Q*) = Y [Ci(a(@%) & £i(@QY)] (x)

1=q,4,9

i 2
Clas) = as[Co + asCy + a2Cy + asCs+...] X

» Indirect as(M%) dependence through PDF
evolution.

dog =m0 )~ B )e(y)=rer
P(z,a,) = a,PY(z) + o’ PV (2) + * PP () + ! PP (z) + ...
@ Perform fit at different values of strong coupling and
determine best fit x2 = best fit as(M3)

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

Ayala 2023

T decays
&

low Q2

Mateu 2018
Peset 2018
Narison 2018 (c

BM19 (c&)
BM20 (bb)

BBGO6

JR14

ABMP16
NNPDF31

cT18

MSHT20
HERAPDF20jets

1
T
- ¢ Q0
! . bound
Narison 2018 (bb) states
1
r
—_—

PDF fits

T

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

ete™
jets
&

Shapes

Klijnsma (tf)
CMS (tt)

H1 (jets)*
d'Enterria (W/Z)
HERA (jets)
CMS (incl. jets)*
ATLAS ([AJTEEC

hadron
collider

)

Gfitter 2018
HEPfit 2022
PDG 2022 EW

FLAG 2021

‘f:_: electroweak
——
Hon

lattice

1
0.11

1
0.130
Q’s(m%)

1 1 1 1
0 0.115 0.120 0.125

PDG 2023 Update -
2312.14015.
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p Strong Coupling sensitivity

@ Good perturbative convergence of aws determination.

More in backup!

new 2 new 2
|, aS,NNLO(MZ) = 0.1171 aS,aNBLO(MZ) = 0.1170 }
5900 T T T T 5600
| i smomoirons X+ ra A
e New ' - 5500+ New : Nice Quadratic
)(_2 profile
¥ 5700 - N X2 v
5600 =T Missing Higher Order Uncertainties
| now included, in particular causes
5500 NN LO L L L 5300 aN3LO I I 'SOITIE LHC bounds to weaken
0112 0114 0116 M2 0.118 0120 0122 0112 0114 0.116350‘}122} 0.118 0.120 0122 as UI'IkI'IOWI'I N3LO K_factors

ith tolerance):

@ Determine bounds on strong coupling exactly as those on PDFs

Consistent with World AverageJ

e TC et al — upcoming!
Consistent with (NNLO) WorIdJ

aS,aNSLO(ME') = 0.1170 = 0.0016  Average of 0.1180 + 0.0009.
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9. Conclusions

TC is funded from a project of the European Research Council (ERC) under the European Union's Horizon 2020 research and
innovation programme (Grant agreement No. 101002090 COLORFREE).

20" February 2024 Thomas Cridge - Precision PDFs 86/87



'Summary O

« Parton Distribution Functions remain a crucial input for our goals at colliders.

* At the same time they are also a key output of ongoing/future experiments.

 Thanks to global efforts from the experimental and theoretical communities PDFs
are currently more accurate and precise than ever before.

« However they face challenges on experimental, methodological and theoretical fronts
to keep pace with the demands. And we must be careful to ensure accuracy and
precision.

* Recent significant progress on many issues from understanding dataset tensions, to
examining uncertainties and including higher orders (approximate N3LO) and
theoretical uncertainties.

» Complementarity between different groups is greatly beneficial for these aims.
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'Summary O

« Parton Distribution Functions remain a crucial input for our goals at colliders.

* At the same time they are also a key output of ongoing/future experiments.

 Thanks to global efforts from the experimental and theoretical communities PDFs
are currently more accurate and precise than ever before.

« However they face challenges on experimental, methodological and theoretical fronts
to keep pace with the demands. And we must be careful to ensure accuracy and
precision.

* Recent significant progress on many issues from understanding dataset tensions, to
examining uncertainties and including higher orders (approximate N3LO) and
theoretical uncertainties.

» Complementarity between different groups is greatly beneficial for these aims.

Thankyou! Any Questions?
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Backup

TC is funded from a project of the European Research Council (ERC) under the European Union's Horizon 2020 research and
innovation programme (Grant agreement No. 101002090 COLORFREE).
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' Introduction

* Consider electron scattering off a hadron (proton):

* Collider physics relies on QCD Collinear factorisation:
DIS: Hadron-Hadron (pp):

A2 '
Fa(x, @) = Z / —f(z Q%) Ca,i ( ,as(Q2)> +O( QCD) 0= Z]X _ dxrdxa fi(x1, 1 )i (%2, 17)8i5(xap1, x2p2, Q; )
’J‘ min

2
i=q,9.& Q

» Separate short distance perturbative physics in coefficient functions and hard

. . . NS(x,11?)  « z
cross-sections from non-perturbative long distance PDFs. /vafg,(fg;ﬁ )05 [M 9 s )P (x2)

 PDFs are universal and evolve between scales by DGLAP equations.
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'PDF Constraints (Fixed Target DIS) @‘

Momentum
contribution
of other light

Integral over x gives total u, d momentum (f, f,) in proton: F5" = F;"(u + d)

1 ep 1 4 1 _ 4 1 quarkls(:/_
— _ 7 - _ - antiquarks is
[ EPax = [ x (G + 300) + (d) + () ) = gha+ gfa e
e Measure and solve — f =~0.36, f;=0.36, rest in gluon! At higher Q°, sensitivity instead
u toZ couplllngs. — different linear
« Can also measure as function of Q2- Scaling violations?! combination of PDFs!
« In QCD improved parton model we have also quark T BODMS
splittings (reduces high x partons with Q2): @Qm —
Fp ‘e ,‘.\i\.‘r"‘“&
df"(x, Q%) NS 2 FNS 2 U e AE——
——s— = P (2,04(Q%) @ [ (2, Q7) e
dln @ o T
« Therefore expected and also seen at HERA (later). T e ’
Fp ™ e %=0.65
. . . . 004 e,
* Also means evolution of high x structure functions is cusceamg el

Q7 (Gev?)y

sensitive to strong coupling — see later!
MRST (hep-ph/9803445)
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Py Heavy quarks in PDFs (HERA) (@)

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

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

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

-
>
. . . . . L] iﬂ
« Also induces sensitivity to m_, m, into PDF fit.
10% & =
MSHT2020 NNLO m HERA Fp 0% %2 variation MSHT2020 NNLO m,, HERA Fp 0% % x2 variation
T T T T T I
25 - - 10 E
30 |- i ; E
HERAF, 0% tBy2 4+ 25 TC et al -
20 - HEHAFZaﬂé-bﬁm —_ ] (210610289) 1 L _
20 | _ E
15 |- s 15 | i
2 .2 2.y 2
X Xo X" Xo 10 L | 0L _:
PDFS 10 - . F = HI Data ]
: 5 _ r = ZEUS (prel.) 39 pb™' x=0.032 |
provided at | i <o MRSTO4 =0 1
. 0+ — 10 "; —— MRST NNLO %'/ 7:
different m HERAF %2 + g CTEQSHQ ]
c 5 HERA F, g°t- %t - o HVQDIS + CTEQS5F4 ]
. 0+ -
mb In case | | I I ! ! \ I L I ! ! |
10 . . .
1.1 1.2 13 1.4 1.5 1.6 1.7 375 400 425 450 475 500 525 550 575 10 102 102
needed! m, (GeV) mp (GeV) Q* IGeV?
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P . PDF Constraints—d/u at highx ()

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

L , 1 _ _
S = /0 [F3(x) = F(x)]dx/x = 3 /0 lu(x) + 4(x) — d(x) — d(x)]

— %/OI[UV(X) — dy(x) 4+ 2(t(x) — El(x)] — % + %/c;l[a(x) — a(X)]

0.14 — P n -
FZ - FZ

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

NMC data  Q* = 4 GeV?

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

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

— Like most theoretical models! not true:

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

Confronting Precise Data

0 N

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

Has improved our knowledge of PDFs in both accuracy and precision.
Clear preference now for NNLO theory from precise LHC data.

In order to exploit this data, more detailed analysis of experimental,

methodological, and theoretical issues is required.

R (NNLO) PDF at Q2 = 1.9 GeV2 g at 100 GeV
2.000 e .M"‘AL“T}?NNL&G.(&] ‘2)‘”(‘)|118 T 1.15 - i
S z7) =Y. - ———
1750 L B <HT20 NNLO a, (M) = 0.118 | "7 NNPDF4.0 (68 c.l.+10) d
MSHT20 NNLO @ (mz?) = 0.118 no new LHC data 1.104 ““X! NNPDF4.0 (no LHC) (68 c.l.+10) {
1.500 — — "
(=} [
1.250 |- - > 1.05 ),
a /
il _ T — __a
1o I s
0.750 [ a 2 \
\ 2 0.95 A
0500 - N 4 B NNPDF4.0 |
\
0.250 MSHT20 . 0.90 (2109.02653) \
: ¥
0.000 - (2012.04684) @2-19Gev2 \
Ll Co el Lo el ol Lo 0.85 | | I I \ |
10 104 102 102 107 1074 1073 1072 107! 10°
X X
th . ..
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Experimental Advances

Confronting Precise Data

O,

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

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

 Clear preference now for NNLO theory from precise LHC data.

 In order to exploit this data, more detailed analysis of ein‘lmental
methodological, and theoretical issues is required.

Rs (NNLO) PDF at 02 1.9 Gev2

2,000 T

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

1.750 —

1.500 —

1.250 |~

1.000 —

0.750 —

0.500 —

0.250 [—

0.000 —

|

MMHT14 NNLO ag (mz?) =0.118 ———

N\ /
\
MSHT20 -

(2012.04684) Q2=19Gev2 |
Ll Ll ol L

105 104 103 y 102 101

Ratio to NNPDF4.0

1.154

1.104

=
o
a

=
o
s}

o
©
ol

o
©
o

0.85

g at 100 GeV

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

NNPDF4.0
(2109.02653)

\ ~
N S
N ™~ .

N ~ NLO NNLO

Data set N\ Npts N V(E/Npts X2/Npts
ATLAS 8 TeV s. diff tt [~ 25 156 0.98
CMS 8 TeV d. diff tF 5 219 1.50
ATLAS 7 TeV W, Z 61 500 A 101
ATLAS 8 TeV W 22 ~ 385 2.61
ATLAS 8 TeV d. diff Z 59 .67 1.45
ATLAS 8 TeV Z pT 104 2.26 N 1.81
ATLAS 8 TeV W + jets 39 113 ‘ 0.60
Total LHC data 1328 1.79 1.33
Total non-LHC data 3035 1.13 1.10
Total 4363 133 1.17

104 1073 102 101

X

MSHT?20 (2012.04684)
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- Challenges and Developments @‘

* Precision Data
4. Experimental * Data Tensions
Challenges

* Correlated
Systematics

Interconnected Interconnected

Interconnected
5. Methodological ﬁ 6. Theoretical
Challenges Challenges
* New algorithms/method
ew.aglg:)o[r)lF _I’I%ZII’:e 0as * Inclusion of N3LO information

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

* Theory grids at NNLO and ) S.mall X resummeql PDFs
beyond Lattice constraints
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Experimental Challenges O

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

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

« Two frequent (experimental/methodological) causes:

CT18 NNLO, g(x, 100 GeV)

1) Dataset tensions S
15 B
— Different datasets have conflicting pulls on the CT18
. | (1912.10053)
PDFs. Examples include o o |
— Antiquark isospin asymmetry g ] ot o
— High x gluon (ets, Zp_, top) 3 . e

10* 10  0.10.02005 0.1 0.2 0.50.7
X

17/39
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Experimental Challenges O

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

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

« Two frequent (experimental/methodological) causes:

CT18 NNLO, g(x, 100 GeV)

1) Dataset tensions
— Different datasets have conflicting pulls on the CT18
, (1912.10053)

PDFs. Examples include

— Antiquark isospin asymmetry 2 5 I

— High x gluon (ets, Zp,, top)~ : ERC——

109 107 0010.02005 01 02 007
Thomas Cridge - Precision PDF's 17/39
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Experimental Challenges

O,

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

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

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

PDFs. Examples include

— Antiquark isospin asymmetry

—
-

- High x gluon (jets, Zp., top)” "

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

-—

Two frequent (experimental/methodological) causes:

Ax3(La sensiti\hy)

-10}F

CT18 NNLO, g(x, 100 GeV)

o

-5F
71

N7

0.010.020.05 0.1 0.2
X

107* 1073

el [E ATL8ZpTbT

CT18
(1912.10053)

cdhswf2
cdhswf3
cefrfi2.mi

256 LHCb8WZ 108
409
542~ CMSTjtR7y6T 16—
544 ATL7jtR6UT 347 Hn1X0c
45— CMSS8jtR7T 204 e866ppxf
HERAIplI 04— cdf2jtCor2
61— BedF2pCor
+e2-- BedF2dCor
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'Experimental Challenges @‘

Confronting Precise Data Can reflect experimental, methodological or theoretical issues!
N.B. Also some

. . . . _ L] L] 2 .
« Issues can arise in fitting some datasets - poor fit qualities x?/N .. evidence of effects
. ) from missing higher
« Two frequent (experimental/methodological) causes: orders (MHOs) —
. CT18 NNLO, g(x, 100 GeV) see later!
1) Dataset tensions ‘ p=xai
151
— Different datasets have conflicting pulls on the CT18
, (1912.10053)
PDFs. Examples include
— Antiquark isospin asymmetry 2T 5 I
— High x gluon (ets, Zp,, top)~ : o e
2) Issues with systematic correlations — Often s
systematic errors now dominate, their less well-
known correlations can notably affect fit quality. L INA
10 10° 001002005 01 02 o507

X
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'Experimental Challenges @‘

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

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

1 1
Theoretical Review in - Gottfried sum rule — NMC found f [FY(x) — F3(x)]dx/x < 3
Peng et al (1402.1236) 0

NMC (Phys. Reuv. Lett. 66,
2712 (1991))
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Experimental Challenges O

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

e High x d/u : - Theoretical models (e.g. pion cloud) generally favour d>u at high x.
1 1

NuSea (hep-ex/0103030) - Gottfried sum rule — NMC found /0 [FF(x) — F3(x)]dx/x < 3

Seaquest (2103.04024) _ .

- E866/NuSea data favoured d<u at high x.

- New Seaquest/E906 data instead favour d>u .

{ SeaQuest =2 JAM (SeaQuest) E sglllllllllllllII“I;”II'“;IHHIHH F_ T T Tt
1.4} | NuSea = JAM (NuSea) {® 455 ATLAS Q=100 GeV sl d/u(x, Q=2 GeV) i
= ATLASpdi21 (T=1) total unc.
Al 048 <z <069 E CT18A S - : 8%%% + E906 STAR ]
PE i woma  ATLASPDRZ Z M D CHETEN06 T STAR - mses
= . G —_— + + -
35 4 NuSea (ES66) (2112-1126 ; =
2.52_ —4— SeaQuest (E906) ; 1.05F
] 2 3)
2:— =) i
1.2} H 4 1.5 = 1
< data/theory SP— = i
b ! 1¢ = . CT18
R = sE N 0950 (2108.06596) l
0.l JAM(2109.00677 f : ] et e S SR R
. . . 0.001 0.01 0.1 0.3 0.5
0.0 09 xo 0.1 005 01 015 0.2 025 03 035 04 045 C)i(.5 X
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Experimental Challenges O

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

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

1 1
NuSea (hep-ex/0103030) - Gottfried sum rule — NMC found /0 [FF(x) — F3(x)]dx/x < 3

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

- New Seaquest/E905 data 1nstead favour d>u . g]obal PDF fit?

{ SeaQuest EJAM(SeaQuest) : sglllllllll IIIIIIII |;"'|""2|""|"" K L
1.4F | NuSea = JAM (NuSea) | R 45 ATLAS Q=100 GeV 115} d/u(x Q 2 GGV) s
== ATLASpdf21 (T=1) total unc.
= Nicrma S| Tmens P srar ’
1 Eimte,  ATLASPDRZL 2 I RIS nu
3E 4 nsemqesy  (2112.112 Z TR eIARS
25F —+ SeaQuest(E906) ; 1.05
E Q
2F . 2 \
Lo " ; 1 150 §— .9 1:}
<! data/theory £ =
; 3 = CT18
1.0 vttty | ﬂ 7 . ;_ 0951 (210806596)
o.s. JAM(2109.00677 { [ oF SRR
B . ] 0.001 0.01 0.1 03 0.5
0.0 02 T2 01 005 01 015 02 025 03 035 04 045 2(5 X
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'Experimental Challenges @‘

Confronting Precise Data

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

types — top and jets. Consider ATLAS 7 TeV jets: ATLAS 7TeV jets ATLAS 8TeV jets
ypP p J J (1410.8857) (1706.03192)
Can fit incljvidual rapidity bins But not multiple rapidity bins!
» Data/Theory, 0.0 < [y| < 0.5, No shift, stat. errors only - Data/Theory, 0.0 < |y| < 0.5, Shift, stat. errors only ) Data/Theory, 0.5 < |y| < 1.0 Data/Theory, 1.0< |y| < 1.5
, } H I o Prediction —s— I L Prediction —e—
12| Stat. errors only shown! ﬁ} 12 lm ] 7 ﬂ |
. | L L05 H 4 105 | 1
\ n,,””mim Shift } | l,fﬂ ,,,,, H,,E,M,ﬁ,,ﬂﬂ Eheﬂ?iﬁﬂﬂﬂﬂ T T R N £ Bomreemaeee]
! '"5"@”;;@”ﬂ‘§'§'i'§ """"""""""""""" B R R A RS RAL T TLIL S B = ﬁ i i HM{HH@E@ B‘ﬁﬁ BH
vl Image Credit: | . | ot 1 o
. L.A. Harland- ) W MSHT | H
' Lang | 1"l (1711.05757) i

p. [GeV] ~ n. [QaV] AT

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

Confronting Precise Data

[ATLAS study - 1706.03192]
2) Correlated Systematics — How to deal with issues? f
 Experiments examine correlations more closely = guidance for ATLAS 7TeV jets.

Useful to provide breakdown of systematics beyond covariance matrix or even full
info on models used, broad community support for this. ————® Cranmeretal (2109.04981)
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'Experimental Challenges @‘

Confronting Precise Data

[ATLAS study - 1706.03192]
2) Correlated Systematics — How to deal with issues? f

 Experiments examine correlations more closely = guidance for ATLAS 7TeV jets.
Useful to provide breakdown of systematics beyond covariance matrix or even full

info on models used, broad community support for this. ————® Cranmeretal (2109.04981)

.. Ap (671 =4) .1 . .
° PI'OpOS&l to mitigate these ATLAS W, Z 7 TeV 2011 Central selection X L amnas Q=19Gev? ]

systematic correlation issues ”
by regularisation of the
covariance matrix — NNPDF.

00 " % ATLASpdf21, T=1
.04 r .
r § No uncertainty correlation between data sets

ATLASPDF21

(2112.11266)

0.6

0.02

— 1 Il

0.2
* Recent efforts to consider Ziow ] o .
correlations between Z."M[!: H gl
experiments — ATLASPDF21. | (2207.00690) ~0.04 o
w W™ Ziow  Zpeak  Zhign 085 Hm1lt|r R ..“‘1.(;_1 -

20" February 2024 Thomas Cridge - Precision PDFs 20/39



'Methodological Challenges @‘

Confronting Precise Data

e PDF fitting groups must continually evolve fitting methodology.

. . . . . mal devistion— MMHT (1211.1215 e,

 Extended parameterisations, investigate different forms: ( LT
- MSHT20 — 51 parton parameters to fit to < 1% 4

. . T o GUNE e i N |

if data allows. Gives Net Axg, ., = —73. A - AT

- ; ‘// i\#‘\‘ // \\ (/ E \‘rf { \\ ‘ l/ ﬁ ‘

P i I Do NN

P i [ I T
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'Methodological Challenges @‘

Confronting Precise Data

e PDF fitting groups must continually evolve fitting methodology.

. . . . . redemien - MMHT (1211.1215
 Extended parameterisations, investigate different forms: —_ ( )

0.1,

- MSHT20 — 51 parton parameters to fit to < 1%

if data allows. Gives Net Ax?, |, = —73.

0.001

- CT18 — Investigation of different functional forms.

0.001 0.01 0.1 1

U(x,Q) at Q =1.3 GeV 68%C.L.
CT18NNLO

—_
=)

PDF Ratio to CT1SNNLO
=)
o0

o
o

(1912.10053)

=}
~
L

10% 107 107 10! 02 0.5 09
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'Methodological Challenges O,

Confronting Precise Data

e PDF fitting groups must continually evolve fitting methodology.

. . . . . Fractional deviation MMHT (1211.1215 e,
 Extended parameterisations, investigate different forms: ( i ) o
- MSHT20 — 51 parton parameters to fit to < 1% N TN T AN
/. WL DLy
) : 2 o T AN /SN )
if data allows. Gives Net Axg, ., = —73. AT
.. : : oot YR RTE  EET
- CT18 - Investigation of different functional forms. T T
| j ‘1 | I ’
' L (T Lo R
- NNPDF4 — New algorithm 5 ot 100 Gey | 16 e
1.154 T T 3 u(x,Q) at Q =1.3 GeV 68%C.L.
1.10 ] " NNPDF3.1 (NNPDF4.0 dataset) (68 c.l.+10) LaF CTISNNLO
methodology % R
m NNPDF3.1 NNPDF4.0 2 oo s e
NNPDF3.1 (4093) 1.19 1.12 goos %
NNPDF4.0 (4491) 1.25 1.17 0.90 - ‘-\‘ 06k (1912.10053)
NNPDF4.0 o " - - ——— . T . N R\
(2109_02653)085 1o 10 ,1(0 10 100 04 10% 107 1072 X 10! 02 0.5 09
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Methodological Challenges

New Codes and Tools

1) Lagrange Multiplier (LM) scans

Vi
2) 12 Sensitivity r.2(E) = VXE - 23

3) Weighted fits

4) Effective Gaussian Variables (S;)

Se = \/2x% — V2Ng - R

“Spartyness”

5) Many more....

Tools for PDF studies (small selection glven here)

- x
- 268 ATLAS7
30r A 125 NuTevy =
A1 - 124 NuTeVv H
20} -- 204 E866pp i
IS % w<>‘<
= Y
<
10
L %
. CT18
——_ 1(1912.10053)
10=75""500 350 600 650
s(x = 0.002, Q = 100 GeV)
1o g at 1.65 GeV
’ == Unweighted (68% c.l.)
- B ATLAS W, Z 7 TeV (central) (68% c.l.)
0.8 \ =2 ATLAS tf f+jets 8 TeV (68% c.l.)
g 3. Weighted fit
< 0.4 \
\ NNPDF4.0
. (2109.02653)
0.0 -

O,

New tools, approaches can enhance our understanding of data pulls, tensions, etc.

CT18 NNLO, g(x, 100 GeV)

2.1.2

-10

CT18 NNLO

4.5
E

CCFR Fa

Se in 39 data sets
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'Methodological Challenges

Understanding Data Pulls in Different PDF sets/group:

6 N

* Ongoing efforts to understand the effects of datasets in different PDF setups:

* Here using 1.2 measure:
* - CMS 8TeV jets pull PDFs similarly

in CT18 and MSHT20 (top) at NNLO.

- Pulls on gluon PDF in MSHT20 at
NNLO and aN3LO (bottom).

* Useful for understanding effects of
different data treatments and
methodologies on output PDFs.

)

DALy sensitivity)

AX?(L, sensitivity)

CT18 NNLO

CMS 8 TeV jets (545), Q=2 GeV

MSHT20 NNLO

CMS 8 TeV jets (73), Q=2 GeV

10} /7 \ —

0 . = =

— =

A
N

o
T

)

T

&
T

0% 107 0.01 0.02 0.05 0.1 0.2 0.5 0.7

10

0% 107

0507

0.010.020.05 0.1 0.2

a2 X, Jlng et al 2306.03918 sxzeem
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'Methodological Challenges @‘

Uncertainties

» Different groups see varying sizes of PDF uncertainties.

 Tolerance prescriptions of CT, MSHT, ATLASPDF21 account for data tensions, incomplete
theory, other issues. ABMP and HERAPDF apply Ax2=1 — smaller uncertainties.
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'Methodological Challenges

Uncertainties

» Different groups see varying sizes of PDF uncertainties.

 Tolerance prescriptions of CT, MSHT, ATLASPDF21 account for data tensions, incomplete
theory, other issues. ABMP and HERAPDF apply Ax2=1 — smaller uncertainties.

» Investigated further using reduced fits in PDF4LHC21
- fit same data — consistent PDFs but differing uncertainties

- further work ongoing to understand this by several groups...

1'3 IR L L L vt
— MSHT20red
L2 NNPDF3.1red
iéjll - CT18red
< ML
S L

L]

vl ol ol
1072 107* 107% 1072 107!

1.08 Q =100 GeV —  MSHT20red ;
= 1.06 EE 0.15F --- NNPDF3.1red | |
£ 1.04 S ~ CTiered |

@ S

0.9 _g‘ ey ""”"_:' ol il o 0 Ll T..‘Mj.’.ﬁ...{;.-‘..;in L

1% 10 ! 10 ; 10 2 10 ! "Ol%—a 10—4 10—5 10—2 10—1

6 N

PDF4LHC21 (2203.05506)

0.10

Q=10GeV ]

S Tl (e T
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'Methodological Challenges @‘

Uncertainties

« Different groups see varying sizes of PDF uncertainties. Other explanations?

 Data sampling — Sampling large multidimensional parameter spaces is difficult.

: " Snowmass (2203.13923) |
jLHCMT&B\/, 20 CT (2205 0444 1

¢ PDF4LHC15
= PDF4LHC21 ]

@ NNPDF4.0

750 800 850 900
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'Methodological Challenges @‘

Uncertainties

« Different groups see varying sizes of PDF uncertainties. Other explanations?

 Data sampling — Sampling large multidimensional parameter spaces is difficult.

e Various ways to test this

~ Snowmass (2203.13923) |

62;,LHC- 14 TeV, 20 CT (2205,10444

- Closure/future testing — use artificial/restricted data _
MSTW(1205.4024) 60F

to test for bias and uncertainty sizes. NNPDF (2103.08606) .
NNPDF4.0 (2109.02653) =

- Parameter space scan, look for additional solutions <™

& ATLASpdf21 |
¢ PDFALHCI5 -
# PDF4LHC21 |

and compare with uncertainties (e.g. “hopscotch?). 5;,

@ NNPDF4.0

750 800 850 900
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'Methodological Challenges @‘

Uncertainties

« Different groups see varying sizes of PDF uncertainties. Other explanations?

 Data sampling — Sampling large multidimensional parameter spaces is difficult.

e Various ways to test this

~ Snowmass (2203.13923) |

62§LHC 14 TeV, 20 CT (2205 0444

- Closure/future testing — use artificial/restricted data _
MSTW(1205.4024) 60r

to test for bias and uncertainty sizes. NNPDF (2103.08606)
NNPDF4.0 (2109.02653) =

- Parameter space scan, look for additional solutions <%

o ABMP16 T
& ATLASpdf21 |
¢ PDF4LHCI5 -
# PDFALHC21 |
4 NNPDF4.0 |

and compare with uncertainties (e.g. “hopscotch?). st

« CJ/JAM study — compared uncertainty estimates in toy

750 800 850 900
oz [pb]

model from Hessian, data resampling, nested sampling, Markov chain MC, etc
Hunt-Smith et al (2206.10782)
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'Methodological Challenges

Intrinsic Charm (IC)

O,

Is it there and
can we see it?

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

* Various theoretical models for IC, BHPS (“valence-like”’), “sea-like”>, meson-baryon.

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

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

.03

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

.02

0.01

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

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

NNPDF
(2208.08372)

X(c+C)

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

0.4 0.6

xT

0.8

102 |

107

1074

| CT18X-BHPS3

CTI8NNLO =z 3
CTI8XNNLO &XxXxXx3
CT18-BHPS3 — =—

CT18-MBMC = = = =
CT18-MBME —— =~

CT (2211.01387)

Q=100 GeV

0.2

0.3

04 05 0.6 0.70.8

X
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PP Theoretical Challenges @‘

Theoretical Uncertainties - MHQOUs:

 PDF uncertainties have typically neglected theoretical uncertainties.

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

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

=
w

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

=
[N

=
=
L

-

Ratio to NNPDF4.0 (NNLO)
(=] |—l
© o

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

=== NNPDF4.0 (NNLO) (68 c.l.+1a) |

o
o

o
~

A
10°° 1073 10 101 10°
X
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PP Theoretical Challenges @‘

Theoretical Uncertainties - MHQOUs:

 PDF uncertainties have up to now typically neglected theoretical uncertainties.

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

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

=
w

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

=
[N

=
=
L

« Three main approaches:

—
I e O —ar < MY
——————— e

o
©

1) Scale variation/joint fits

127777 " NNPDF4.0 (LO) (68 c.l.+10) 4
i %' NNPDF4.0 (NLO) (68 c.l.+10) |
(% NNPDF4.0 (NNLO) (68 c.l.+10) | L

\

104 1073 1072 101 10°

3) Theoretical Nuisance Parameters x

Ratio to NNPDF4.0 (NNLO)
=
o

o
o

2) Bayesian approaches

o
~
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PP Theoretical Challenges @‘

Theoretical Uncertainties - MHQOUSs:

1) Scale variation - Include scale variations as proxy.

NNPDF have done NLO, using “theory covariance matrix?’, S.

Get small improvements in x2/N and larger uncertainties. /'(18%_\3:134)

Potential issue of double counting scale variations in PDFs and cross-sections.

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

NNPDF3.1 Global NLO, Q = 10 GeV NNPDF3.1 Global NLO, Q = 10 GeV

0.07 0.07
= GOV, = COVpypy 1 F = GOV, = COVqp

%UDS = €OV = 0OV, + VS #] %MG = 445 GOV, = 0OV + COV E
:\8“-05’ — (qcio.osf N NPDF 7:
Zous” 1 Zout . (1906.10698]
Zoos- 4 Soos- "..2105.05114) 4
o I c A
<002 4 <002F |
> w
w 0.01— — < 0.01— —

37 Ll P " el PR |: (‘17 PR 1 P— P | il

107 10° 10° 107" 107 107 10°® 10

x?/Naat in the NNPDF3.1 global fits c ’ C+80t) o4 gt 4 glBpt) | C+ ngpt) C+ séﬁﬁfg
| 1130 | 1.109 1.129 1139 | 1113 1220 |
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'Theoretical Challenges

Theoretical Uncertainties - MHQOUSs:

1) Scale variation - Include scale variations as proxy.

- NNPDF have done NLO, using “theory covariance matrix?’, S.

6 N

MMHT

- Get small improvements in x2/N and larger uncertainties. ___w(s1108430

- Potential issue of double counting scale variations in PDFs and cross-sections.

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

NNPDF3.1 Global NLO, Q = 10 GeV NNPDF3.1 Global NLO, Q = 10 GeV
2) Bayesian approach — Determine model I B [ ~ NNPDF
. . . Zood- - Lot . (1906.10698
dependence on order in statistically Zuaf i S *-...2105.05114) 3
Bo nvini . o %0.02; 4 xoer .;
(2006.16203) defined way. Not used in PDFs yet. [N -. /
Cacciari et al i o e e
(1105.5152, - BOHVIHI and CaCCIarl HOUdeau mod@x]ém the NNPDF3.1 global fits C ’ C+SO  C4 g o4 gt |Yc+si(£pt) C 4 5%
1409.5036) | 1139 | 1.109 1.129 1139 | 1113 1.220 |
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'Theoretical Challenges

Theoretical Uncertainties - MHQOUSs:

6 N

MSHT

___—% (2207.04739)

3) Theory Nuisance Parameters and known N3LO

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

remaining unknown pieces via theoretical

nuisance parameters.

0.06
- Variation of theoretical nuisance parameters 005 e
3 0.04 10 os 056 0.4 02
then probes exactly the N3LO MHO terms +  g; new Falcioni et al
D;} 003{ result 2302.07593

gives theoretical uncertainty on aN3LO PDF fit .

= MSHT20aN3LO PDFs.

0.003

0.002

aN3LO prior

aN3LO fit \

T

-
o

P
-
-
-
-
22
o
-
-
-
-
-
-
-
g
-

‘‘‘‘‘‘‘
,—

S

-0.01

V4
NNLO exact

10! 10?2 10°

104 109 10 107 10° 109
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'Theoretical Challenges

PDFs and Beyond Standard Model Physics b0
« PDF uncertainties grow rapidly at large x — limit searches  ““[~— wworeonmo 1
: 0060 Q = 5000 GeV .
for BSM at high mass. |
e Parameterisation or other assumptions here also can have -

an affect e.g. in DY AFB.

10~ DY @ 14 TeV with m,; > 6000 GeV
A e NNPDF
z ; (2209.081153)
—S % 2t =
Ok i ; . ; . ! : TR
- ui + ce NNPDF4.0 CT18 [0 MSHT20
e dd +s5+bb ABMP16
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Theoretical Challenges

PDFs and Beyond Standard Model Physics 010
—— MSHT20 NNLO
PDF uncertainties grow rapidly at large x — limit searches  ““[— worsomo 1
: 00 Q = 5000 GeV .
for BSM at high mass. |
Parameterisation or other assumptions here also can have -
an affect e.g. in DY AFB.

O,

Meanwhile, for fitting of SMEFT parameters, there might be notable correlations

between PDFs and the SMEFT — suggests doing a joint fit.

Nominal setup

™ L

- —— total
< =—— total+p

DY @ 14 TeV with m,; > 6000 GeV 80} g | e
60} e
NNPDF 051 N>< r = Unc. at 90% CL
z (2209.081153) g . SR 1
%3% _____ = sl 20¢ _/‘{;'_
e “101 __ smpDFs NNPDF 0: : r%'t'i_
| e | R3] T S pors (2104.02723) ok I
cem= ufi 4+ cE , -2. + T T - T , : 1
e cyme (rev2)  (2211.01094)
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'Methodological Challenges @‘

Additional Constraints More info on positivity or
] .. . otherwise of MS PDFs:
 In order to ensure physical PDFs, often additional constraints NNPDF (2006.07377)

Collins et al (2111.01170)
are added. Many different types and methods:

1) Parameterisation — Behaviour at low/high x where data limited.
Can also be applied through pre-processing, or priors on parameters.

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

0 2 - 104 GeV2
0.06 d u(h‘.INLO)I PDF at‘Q 10° Cj‘g\f

s at 1.65 GeV

[ — wstrao ] Geve S — — 5050
02k ~
0.02[ ™ jodie =y MSHT20 (2012.04684) waFor 10 63 Cirio)
== NNPDF4.0 A\ 004 i 7 0.025 4 %' NNPDF4.0 (3.1 positivity) (68 c.l.+10)
. L v \ 0.020 -
o 0.02
- 0.015 -
‘ d-u 0.00 E 0.010
%UJ% -0.02 - 0.005 +

MMHT14 NNLO @, (mz?) = 0.118 ——

0.04 | MSHT20 NNLO @ (m;?) = 0.118 —— — 0.0007 NNPDF4O
L | - 1o ~0005(2109.02653)

NI SR T Ll Q2 = 10000 GeV?
1079 10 10-8 102 10-! .0.06 sl WY, | M| | M —0.010

10°5 104 10® 102 10 0.2 0.4 0.6 0.8 1.0
€z X x
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'Methodological Challenges @‘

Theoretical Grids

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

Czakon et al

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

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

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

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

. Important lf we WlSh to . LHC[13 TeV PDF: NNPDF31 Scale: (Bt + pri,)/2

exactly one 55 et st Image Credit: L.A.
consider higher orders Harland-Lang
(see later!).

1.04

R 1.02 |

ratio to first algo.

)
R e Czakon et al L et *
d ' D005 2 aui
Challenges to compute 08 i VIO brcD (2212.00467)
NNLO 11‘1 When ﬂavoured 50 75 100 125‘ LS:) 175 200 225 0.96 o0 000
. Gauld et al pr(f) [GeV] p1 [GeV]
_]et - W+C, Z+c data. (2208.11138)
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Theoretical Challenges

Deuteron and nuclear corrections

O,

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

 Complications of dealing with corrections from deuteron/nuclear environment.

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

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

11s Q=10 GeV 5 00 d at 30 GeV os . |
' = = NNPDF4.0 deuteron fit (NNLO) ’ - NNPDF4.0 (68 c.l.+10) This analysis
==+ NNNPDF2.0 (NLO) 175 o marr e ndofEe e 1o R — | RSS. MSHTZO e
1.10 MSHT (NNLO 4 params.) %! Deut. uncs. only (68 c.l.+10) o nggﬁ o T
o 1.50- === Deut. uncs. only + shift (68 c.l.+1ag) il cJ1s -
1.05 bl f 2 5 JAM21 e
& 1.25 A s f," = 0.6 MARATHON ———
Nao o =T a, K
£ 100 - — - /= Z 1.00 2 — = )
Pl g & il .
: | Pt
= 0.50 - . . N S ] Jt
6.50 NNPDF4.0 = b - 04 Alekhin, Kulagin, M =k
0.25 1(2109.02653) SEEEEETT- 0N = Petti (2203.07333) TR
0.85 0.00 | ! ! o 03 ! J ! . . ! O
102 107t 0.2 0.4 0.6 0.8 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X x X
th . ..
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' Some(!) aN3LO References...

L m. Cepeda et al.,, 1902.00134. 23 . Ablinger et al, 2311.00644.
2 Duhr, Mistelberger, 2111.10379. 24 5. Catani, M. Ciafaloni, and F. Hautmann, Nucl. Phys. B
3 S. Moch, B. Ruijl, T. Ueda, J. A. M. Vermaseren, and A. 366, 135 (1991).
YOgts 1707.08315. 25 E. Laenen and S.-O. Moch, hep-ph/9809550..
5 A. Vogt et al., 1808.08981. 26 . Kawamura, N. A. Lo Presti, S. Moch, and A. Vogt,
S. Moch et al., 2111.15561. 1205.5727.
® 5. Catani and F. Hautmann, Nucl. Phys. B 427, 475 27 g, Vermaseren, A. Vogt, and S. Moch, hep-ph/0504242.

51994)’ hep-ph/9405388. 28 W. Van Neervan, A. Vogt, hep-ph/9907472.
L. N. Lipatov, Sov. J. Nucl. Phys. 23, 338 (1976).

8 E A K LN, L dV.S. Fad 5 Ph 29 W. Van Neervan, A. Vogt, hep-ph/0006154.
AL uraewv, L. . Lipatov, an . 5. Fadin, Sov. ¥S. . ..
JETP 45, 199 (1977). 30 AL Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne,

o hep-ph/0006154.
I. I. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 31 A Moartin. R.G. Roberts. W._J Stirling, R.S. Thorne
(1978). . » R.G. . J. , R.S. \

hep-ph/0201127.

32 C. Anastasiou et al., 1602.00695.
33 B. Mistlberger, 1802.00833.

10 v, S. Fadin and L. N. Lipatov, hep-ph/9802290.
L1 M. Ciafaloni and G. Camici, hep-ph/9803389.

i; G. Falcioni et al., 2310.01245. 34 F.A. Dreyer and A. Karlberg, 1606.00840.
S. O. Moch et al., 2310.05744. 35 J. Baglio, C. Duhr, B. Mistlberger, R. Szafron, 2209.06138.
1; G. Falcioni, A. Herzog, S. O. Moch, A. Vogt, 2302.07593. 36 C. Duhr, F. Dulat and B. Mistlberger, 2001.07717.
G. Falcioni, A. Herzog, S. O. Moch, A. Vogt, 2307.04158. 37 C. Duhr, F. Dulat and B. Mistlberger 2007.13313.
16 |. Bierenbaum, J. Blimlein, and S. Klein, 0904.3563. 38 X . Chen et al., 2107.09085.
L7 J. Ablinger et al., 1406.4654. 39 C. Duhr and B. Mistlberger, 2111.10379.
18 H. Kawamura, N. A. Lo Presti, S. Moch, and A. Vogt, 40 N. Kidonakis, 2203.03698.
}305-572_7- 4l M. Bonvini, 1812.01958.
o j :E:f”ger e: a:-= i:gg-(l)gg- 42 R.D. Ball et al, 1710.05935.
. Ablfnger e a|-= 2211 05460 43 H. Abdolmaleki et al, xFitter, 1802.00064.
oo o inger et al, -05 - 44 M. Bonvini, arXiv:1805.08785.
T. Gehrmann et al., 2308.07958. 45

M. Cacciari et al, 1506.02660.
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VaNBLO — How does it work? @‘

@ How do you include the aN3LO information and a theory uncertainty? Consider Pab:
@ What do we know and how do we incorporate this information?:

[ 3

| g

@ So overall:

Even low-integer N Mellin Moments (4-8) (now 5-10 known'271%)
. . . ) 1

- constrain intermediate and high x via [ dx xV71P(x).

Parameterise sz)(x) with functions f1  , where

k = No. of known moments and vary basis for uncertainty.

Exact LL form at low x from resummation - included in fo(x, pap)-
E.g. for ng:

fe(x, pgg) =

.....

C3 82 1 In2(1/x) In1/x
/1 1 2 - i 4

3ealgy T2y tras

Uncertainty on this through coefficient of leading missing low x log as

theory nuisance parameter (TNP) p.p.

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

k
3 er ittin
PR (x) = S"Af(x) + fo(x, pab) L TNP per Spliting
i=1
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' aN3LO - How accurate is it?

e Now 5 moments for Py, Pgq 1213 and 10 for Pc’;?s, Pyg 1415,

@ Largely good agreement with MSHT determinations in central values.
@ Exception is Pgq, least well determined (one extra low x log unknown).
°

Reduction in P‘DS qu uncertainties. Impacts reduced once in PDF fit.

qq

0.08 01z
0000

0.025 »
07 c.020]
aN3LO prior 010 0 -
0.015
0.06
0010
0.05 0.08 0.005
o o oe b4 o2 5 G
th_*, 0.04 : - - - 2. 006 -
el i =
£5 new FHMV =
8 - result = 0.04
,| aN3LO fit
. 0.02 f
cor| N -
— e S
OO e T e, . gt it 0.00 R
NN LO exact
-0 107 107 10 10 10> 10° 107 10 10 101 102 10* 104 10% 10® 107 109 10
Fa €T
Lo P
14 | 0.8 0.00
0.08
L2 06 0.07 |8
0.0
10
. 04
= = 005 1 ,/
— 08 = /
B | s
[~ R o2
04 \ 00
0.2 "
—n.2
0.0 .
0.2 -0.4
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
x T
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'aN3LO evolution benchmarking @‘

@ aN3LO evolution benchmarking - use toy PDFs, no fit, no other
complications and check impacts, as in hep-ph/0511119 (NNLO).

@ Difference relative to NNLO evolution:

6‘- + -0
=) —}— MSHT prior =) PRELIMINARY
= —+— MSHT posterior :ﬁ 0
= s PRELIMINARY s :l:hl;q;F 061 PRELIMINARY Uncen:;ngr?fe?ggesshown
== NNPDF 4 mom
e Agreement between groups down to 1073, i.e. over data region.
@ Up to few percent level effects on PDFs here due to N3LO evolution.
e Differences outside this with larger uncertainties at (very) low x.
@ New information provides some additional constraints but still

consistent with previous determinations.
e Different groups agree when using the same splitting functions.
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'Alphas bounds — NNLO

MSHT20 as bounds - NNLO

@

Consistent with e bounds

seen in previous studies,
and between orders

(NNLO and aN3LO).

ATLAS 8 TeV Z
data gives lower

bound: ﬂas(Mi)
= —0.0010.

NMC deuteron,
ATLAS 8 TeV High
Mass DY give lower

bounds of Aas(M3)

+ 1 I : Top
0.130 + T | i
BCDMSp data T . T
strongest constraint 0.126 — ! |
upwards: ﬂas(Mi) i : :
= +0.0014. 0922 [ J L ] S J
I
as(Mz%) 0.118 jT = _T—]_L 1T _"'_'"'*]-'_}T' ) :F )
. P - - e = b =] 4= R . - . . - .
0.114 - 1] :l__ 1| i . ]
SLACp and ATLAS 8TeV 0110 L : : + :
ZpT both give upper bound: i | | |
2y _ 0.106 | ' ' '
AmSUWZ) = +0.0018. Fixed target ' HERA 'Tevatron '
| I N N N N N N - | | I 1 1 N T N N NN |
RS A e e,

CMS/ATLAS (dilepton)

] " cg’ NP S

tt single diff. would ¥ &L Sose v
: .559 FE FoFS ¢
give lower/same upper ag § ;f} 3

bound, but not used.

—0.0017, —0.0018.

Preliminary!
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'Alphas bounds —aN3LO

@

Preliminary!

MSHT20 as bounds - aN3LO

Consistent with cvg bounds

seen in previous studies,
and between orders

(NNLO and aN3LO).

rT T T T T 1T 177 T T 777 1T 17 17T 17T 1T 1771 T T i1 I_BL T T T T T T
0.130 | i T , Top LHCb Gaugg Bpson Jets
- I 1 I T
BCDMSp data - I [ I
. - - I 1 -
strongest constramzt 0.126 _ ! ! SLAC deuteron
upwards: AaS(Mz) . ] .
= 0.122 T ] data gives lower
= +0.0013. ! = 2
] ) bound: Aas(M7)
ag(Mz%) 0118 1T~ ']-_'"”'_ (1T T TT" AT I T Ts = —0.0016.
0.114 T wH S ﬁJ['_ THH
: N | 1 ]
. | 1
F5 provides 0.110 [ - ] . NMC deuteron,
upwards bound of: I : : : ATLAS 8 TeV Z
0.106 ] i
AQS(Mg) - +GI0020. | -I- I.:leeciltallrgelt 1 'I-|EIRAII:-|I—ev|atEI:n: L1 1 1 111 1 1| II-HIC | -I- | 1 bOth glve Iower 2
bounds of Aag(M5)
F e R R E R g S Eal PSR PN I VG FEFES _ 4
PR A RSO ?é&i«;}‘iﬁgg{@;,\%&i@;ﬁ;\g}jﬁ = —0.0017.
SSTS LT PO 8L o LT LT LIEFL L 8¢ D SPAAYS
CMS and ATLAS (dilepton) & TURSIESSS iigﬁg}t'ﬁ? 5 8 %ﬁfé‘?ﬁﬁl &g
- . . T SR T MaR 2
tt single diff. would s & ﬁ-ﬁfgé’g}?& o 5:%? &3@% N Missing Higher Order Uncertainties
give slightly higher upper _;ég? < ¥ ° ° £ T now included, in particular causes
A3

g bounds, but not used.

some LHC bounds to weaken

as unknown N3LO K-factors.
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'Alphas correlation with PDFs... @‘

M S H T20 P D F v d epen d ence Forte, Kassabov: 2001.04986
S P s
@ Correlations between PDFs and «vs = necessity of global fit.
1.10 R 1.10
— ag(MZ)=0117
— ag(MZ)=0.118
1.05F —_— as(M3)=0.119 7] 1.05 7
— asg(MZ)=0120 -
g 2
2100 Eji 1.00
= ]
0.95 — 0.95 -
Q = 100 GeV Q) = 100 GeV
T T S o S T R ' T =
X xr

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

e Gluon anti-correlated with as(M2) for x = 0.1 as maintains df,/dQ?
~ «asg. Implies correlated at high x = 0.1 by momentum sum rule.
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P PDF + Strong Coupling for Xsecs @ Q

@ Within Hessian approach to PDF uncertainties, correct manner to

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

© Take PDFs determined at as(M2%) + Aas(M3%) and treat as
additional pair of eigenvectors.

@ Determine quantity to obtain Aoc,,..

Quadrature as whilst
central values correlated

© Combine uncertainties in quadrature: errors uncorrelated.

CT: 1004.4624.
:/
Ao = \/(AO'PDF)2 + (AO‘E‘:S(MQ) J

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

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

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

0 N

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

agF Higgs LHC (13TeV)

————————

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

Z LHC (13TeV)

W* LHC (13TeV)

W LHC (13TeV)

,,,,,,,,,,,

—————

...........

Aag(Mz) = £0.001

Vs =14 TeV
ggH T
_—
........ Weorioniny
VA Feeten
L E———
wt [
_—
Ww- R
Preliminary!
1 1 1 1 1 1 1
0.94 0.96 0.08 1 1.02 1.04 1.06

1 1 1 1 1 1 1 1 1 1 1 1 1
0.93 0.94 0.95 0.96 0.97 0.98 099 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07

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

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

anti-correlation of gluon with as.

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

@ Interplay of direct and indirect (through PDFs) effects = importance
of treating PDFs+as together.
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p Dynamic Tolerance and PDFs 0 W

How exactly is the size of the tolerance determined?

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

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

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

(x?)V/2=1) exp(—x?/2)

Pn(x®) =
() 2N/2I (N /2)
2 £ gives N corresponding to
2 ’ .0 fractional (x/100) cumulant
X’ 550 568 of distribution, e.g. £g5 = Npis.

.
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