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CTEQ-TEA group

CTEQ: The Coordinated TheoreticalFExperimental Project on QCD

CTEQT Tung Et Al. (TEA)
in memory of Prof. Wu-Ki Tung, who co-established CTEQ Col | aboration i n early
Current members and collaborators:

China: Sayipjamal Dulat, Ibrahim Sitiwaldi, Alim Albet (Xinjiang U.), Tie-Jiun Hou (U. of South
China), Liang Han, Minghui Liu, Sigi Yang (USTC) and other coauthors.

Mexico: Aurore Courtoy (Unam, Mexico)

USA: Marco Guzzi (Kennesaw State U.), Tim Hobbs (Argonne Lab), Pavel Nadolsky (Southern
Methodist U.), Yao Fu, Joey Huston, Huey-Wen Lin, Max Ponce-Chavez, Dan Stump, Carl Schmidt,
Keping Xie, C.-.P Yuan (Michigan State U.) and other coauthors.

Some useful websites:

u CT18 PDFs https://ct.hepforge.org/PDFs/ct18/

U L2 Sensitivity https://ct.hepforge.org/PDFs/ct18/figures/L2Sensitivity/
u ePump https://epump.hepforge.org/

U ResBos2 https://gitlab.com/resbos?2
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What is the bread -and-butter physics at the LHC?

The bread and butter of a situation or activity Is its
most basic or important aspects. - Dictionary

Standard Model Production Cross Section Measurements Status: February 2022

U Goals: 1. Test Standard Model (SM)
2. Find New Physics (NP)
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New Physics Found (in 1996) ?
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x = p(parton) / p(proton)
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iIn the Standard Model
J. Huston, E. Kovacs, l®uhlmann J.L. Lai, J.F. Owens, Boper W.K. Tung , Phys. Rev. Lett. 77 (1996) 444
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Finding the Quarks at SLI-MCT (1968) CTE Q

A The quark structure of proton was first revealed by the SMAT deep inelastic scattering (DIS)
experimentof high energy electrons on protons and bound neutrons.

A The exp data showed that the probability of deep inelastic scattering, where the electron lose a
fraction of its energy and emerges at a high scattering angle, was much greater than expected.
results were surprising to many as the proton appeared to be behaving as made wuilcé point
objects which respond independently to the high energy impinging electrons.

A The interpretation in terms of poilike scatterers followed from the scaling property predicted by

Bjorkena couple of years earlier. ce o

x 10° a 26°
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A The Parton Model was proposed by Feynman to interpreBjoekenscaling, observed in the SL-MTT
experiment, as the poinlike nature of the nucleon's constituents (i.partons when they were
Incoherently scattered by the incident electron. Namely, in the large momentum transfers, the
underlying process is elastic scattering off a pake parton of mass, charge and spin.

A These poimlike partonswere later identified experimentally as (anti)quarks, which have fractional
electric charge (2/3 o1l/3 for up and down quarks, respectively) with spin 2.

2F, N
I ) § 12 < Q¥(GeV/c)? < 16
“ } % spin 2
T
X "°"%'ﬁ+f}ﬁ%"+*'ﬂ?"’ﬁb mT
2 ﬁ | + 1
Scattering from a proton - Scattering from a point-like Wby in 0
with structure functions quark within the proton Sl \
Protons consist of poufike spirhalf constituents (quarks). X

CallarGross relation g



P4

Scattering from a proton = | Scattering from a point-like
Feynman with structure functions quark within the proton

'/0 T [u(m) +u(x) + d(z) +d(x) + s(z) + ?(g{:)} da ~ 0.45.

:> There must exist neutral guanta which contribute about 55% to
the momentum of a fastoving proton.

j> The strong interactions could be described by-abwian
gauge theory, in which the neutral quanta are the.gluons ¢




Quantum Chromodynamics (QCD) Is a
YangMills nonrAbelian Gauge Theory

in which the carrier particles of a force can SU(B)colour

themselves radiate further carrier particles. (This is Gauge boson (gluon) Sielferactions
different from Quantum Electrodynamics, QED,

where the photons that carry the electromagnetic Quarks have 3 colors, gluon have 8 colors.
force do not radiate further photons.) However, hadrons have to be colorless.

10



In 1971Fritzschand GelMann introduced the color
guantum number as the exact symmetry underlying
the strong interactions. In 1972, Fritzsch and Gell
Mann proposed a Yanqilills gauge theory with local

color symmetry, which is now called quantum o
HaraldFritzsch Murray GelMann

chromodynamics (QCD). (19432022)  (19292019)
HaraldFritzsch Murray GeltMann,ICHEP
1 72 (1972), hepphv0208010
L =a 8 + 7 —AA — —FA FA Hv H. Fritzsch Murray GeltMann, H.
q Ys 9 4 HY Leutwyler, Phys.Lett.Bt7 (1973)365
4 4 N B AC _are GellMann matrices
F., =0,A, —0A, —gsfacA,A; "Q are called SU(3) structure constants

This publication, together with papers by Grd3slitzerand Wilczekabout asymptotic
freedom in norAbelian gauge theories, is regarded as the beginning of QCD.
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Perturbative QCD

AQCD was shown in 1973 to have a unique
property of asymptotic freedom that its

coupling constant decreases logarithmicallyry—

with momentum scale.

ay(Q%)

-—)

Asymptotic

Politzer GrossWilczek 2004 Nobel Prize
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Nonperturbative QCD
Gluonsbind quarks together inside proton

AThe quarks are stuck together by the
exchange of gluons.

AAt low energy, one cannot see free
guarks. The quarks are confined inside tt
proton due taolorconfinement. This Is
the nonperturbative nature of QCD
Interaction QCD Confinement.

Current (ant)quarks

Constituent quarks | 3jence and sea) and gluons

AAt high energy, QCD has the unique propertpefmptotically freedom
AAsymptotlc freedom ensures that when QCD is probed over short enough distances

and times, it is well described by weakly interacting quarks and gllibrssis the
perturbative nature of QCD Iinteraction.
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, IS the hard cross section; computed ord®rorder in|]
"Q ot ) is the distribution foparton wwith momentum fractionw at scalé

Unpolarized collinear  parton distribution functions (PDFs)
fa/h (.’XT, Q) "Qr (ahb) are associated with probabilities for finding a parton wwith

t he A+0 my nrearhadromQwvi t h t he A +)0fomo ment
n © Hb, ataresolutionscalev 1GeV.

The (unpolarized) collinear PDFs describe long-distance dynamics of (single parton
scattering) in high-energy collisions.
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Lepton-hadron Sc.

Master Equation for QCD Parton Model
— the Factorization Theorem

i@ 5 5) =X 14" @R L +0((5)?)
/g s
£ -
a \
Theory
1 Input
Experimental 7
Input Hard Cross-section

perturbative, calculable
(may contain o'"'Log"(M/Q))
universal Parton Dist. Fn.
Non-Perturbative Parametrization at Qo
DGLAP Evolution to Q

Extracted by global analysis
7/18/2025 15




QCD Factorization and

Parton Distribution Functions

Zhite Yu
Jefferson Lab

Winner of the 2024 J. J. and Noriko Sakural Dissertation Award In
Theoretical Particle Physics, the American Physics Society

Ph.D. Thesis (Spring 2023, MSU):

https://pa.msu.edu/graduateprogram/currentgraduatestudents/thesis_ZhiteYu.pdf
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CTE Q

To be Inserted from another set of slides
prepared by Zhite Yu
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Conclusion of Part |

v/ 5 CFEOU2NRT FOAZ2Y Ad 0KS NA3I2Npamn YI {
model from the first principles of QCD.

1 It separates hard and low energy scales, and makes use of asymptotic freedom of QC
1 It provides a clear operator definition for the PDFs, allowing it to be studied by itself
within field theory (Lattice QCD).

1 It allows an unambiguous procedure for perturbatively calculating the partbn
scattering cross sections, whose convolution with PDFs provides physical predictions.
1 It introduces a factorization scaleto both the PDF and hard scattering coefficients.

1 Requiring the physical cross sections to be independehtlefds to a set of evolution
equations, called DGLAP equations.

1 The full spin dependence of both the hadron gaitonscan be consistently included,
together with their evolution equations.

1 Higher order QCD and electroweak corrections are needed to compare to precision
experimental data.
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How to use PDFs and their tools

from a usero0os pol |l
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Some basics about PDFs:
relevant kinematics in o

LAkl BEEE R ALl SN R B LRl B AL B L L R

= amsmdos ScCale M = Q -~ .
’glo.g [ Atlas and ONS rapidity plateau “7’{3 f’l,/p :U]_7 Q) ® f]/p($27 Q) ® O-,I’j (aj]‘, a’;2’ Q)
[0 F o o ST 7 . Parton D|str|but|on Function f(x, Q)
lo’:r NC :
o'}, mm * Given a heavy resonance with mass Q produced
F 0 SLAC 2 . .
103} /;:/ at hadron collider with c.m. energy /¢
2 -
:: I||| —— ¢  What’s the typical x value?
Ly ﬂ‘ . .
¥ m;-iFu:::m! e () atcentral rapidity (y=0)
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107 10 10 10 10 10 10° J AY) LS () ()
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Y) \/; S

)
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PDF uncertainties vary as Q via

. DGLAP evolution
arXiv 1912.10053
| CT18 NNLO PDFs
- o l CTISI.\’NLI() at l.3chV : . CI'ISI.\'NLIO at Z.UIGeV : :
et 08 Q=20GeV —u U Faster DGLAP evolution at
' low Q values.
U Smaller PDF error bands at
higher Q values.

e ¢ |
d . ~—06F
— T @ A
u :

U At high Q, perturbaive
contribution becomes more

Important than the non-

Q=1.3 GeV
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Momentum fractions inside proton
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7/18/2025 C-P. Yuan, sdu 2025 22



CT18 PDFs and their uncertainties

o

PDF Ratio to CT18NNLO

| 2(x,Q) at Q =100.0 GeV 90%C.L. /]
1 CT18NNLO ,

u(x,Q) at Q =100.0 GeV 90%C.L.|

CICTIBNNLO
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U PDFs are better determined
atpnm o 1@

U Regions of
not experimentally
accessible; could use lattice
QCD predictions at large x

U Large uncertainty for
strangeness PDF, especially
in large x region.
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QCD Global analysis of PDFs

Based on QCD Factorization formalism

///////// C-P. Yuan, sdu 2025 24



Global analysis of PDFs

+ PDFs are usually extracted from global analysis on variety of data, e.g., DIS, Drell-Yan, jets and top quark
productions at fixed-target and collider experiments, with increasing weight from LHC, together with SM

QCD parameters [see 1709.04922, 1905.06957 for recent review articles]
'E,_ F R D L '2""'"| '2""'"| T ""'E ],[} 1 LERLE JLLRLL
G108 T Atlas and OfS scale M" = Q : A parameter variations
— F [ Atlas and CMS rapidity platesu
l‘bm'?:_ E= D0 Central+Pwd, Jets = 1 e
" == coFDO Central Jets 08P v ag(Mz)
106 =
o T Mc, Mb, Mt
107 =¥ wc 7 bl oo TR e, e, e
3 06F TAR == N
104 mm :
N GaC i =7 SRR SR N S N — _
1030 " 04 QCD/EW corrections
2
10 M= ToGeY e nuclear corrections
H IIIH |||||||||I|||||| »
10 | “ o 02k
N NI GEs EW parameters
1 .u|||||||I|II|II|||||||||||||||||||||||||||||||||“"' “
10 ¢ ! 0.0% = New Physics
E v vvvinl vl vl sl vl 0 el 0 i -2 -1 4 r
107 100°% 10° ww?* 10? 10? ' 10° 10 10" 02 05 09

+ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias;
possible extensions to include EW parameters and possible new physics for a self-consistent determination

< alternative approach from lattice QCD simulations, for various PDF moments or PDFs directly calculated in x-space
with large momentum effective theory or pseudo-PDFs [2004.03543] 25



Expenmental data |n CT18 PDF anaIyS|s
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Comparing predictions from various
QCD global analysis groups

Snowmass 2021, 2203.13923

1.20
o Smaller PDF errors lead to smaller
1.10
B PDF luminosity errors, then smaller PDF-induced errors in cross sections.
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Comparing predictions from various
QCD global analysis groups

Snowmass 2022203.13923

The PD#induced errors @ 68% CL in — _ _
"Q'@ "QandA 3 © & NNLO cross sections Due to different choices of

|||||||||||||||||||||||||||||||||||||||||

- o (CTI8
%65F o114 ]
[ & MSHT20 ] . < s
56.0° o MMHT2014 4 NNPDF3.1 Their predictions do £ _
- ©NNPDF4.0 ] Xperi- Theo
TR L 4 NNPDF4.0 Notoverlap ap ,level. P _ _"Y
- ment Precision
L: 55.0 New collider and SpeP(I::i);liSZ’ed
b ] i i fixed-target
a ] Dlﬁe_rept (though mostly consistent ) LR PDFs
; ] predictions on
54.0: SHT20]; | i central values and error estimates
53.5; CT18 LHC 14 TeV of PDFs _ Hessian, Monte-Carlo
ST | | 0 parton luminosities RSB e
760 770 780 790 800 810 820 830 U physica| Cross Sectionand reweighting, meta-
o7 [ph] . . . PDFs...
” U various correlations among PDFs
and dataX

Components of a global QCD fit
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Benchmark Study: PDF4LHC21

arXiv:2203.05506

Relative PDF uncertainties on the "Q"Q (i Each analysis group (CT, MSHT, NNPDF) used the
luminosity at 14 TeV in three same (reduced) data sets and same theory
PDF4LHC21 fits to the identical reduced predictions in the analysis

global data set
arXiv:2203.05506 » Smaller error size found by NNPDF

Ill'l'l

0.14 — 1) - :

01 —  MSHT20(red) / U NNPDF3. 106 and especially 4.
S -- CT18(red) -' NNés+ MC technique) tend to
K 0.10 -~ NNPDF31(red) |- - uncertainties in data-constrained regions
~_ 0.08 '

S 0.06
;1 0.04 -
N The size of PDF error estimates depends on the
0.02 :
methodology of global analysis adopted by the

“'”“1{ PDF fitting group.

my (GeV)
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Sources of PDF errors

Factorization Theorem:

Data= PDFs @ Hard part cross sections (Wilson coeff.)

Experimental errors: Extracted with errors, Theoretical errors:
| dependent of - : _
U Statistical methodology of analysis U Which or der: (NLO, N
i Systematic reSL_Jmmatlonl BFKL, qT, threshold)
A uncorrelated i Nonperturbative parametrization U Which scale: (. " ) |
A correlated forms of PDEs U Which code: (antenna subtraction,
i ... definition U Additional theory prior Ssec tor ] decomplN-si tion
(experimental or o (i Choice of ToleranceY) value _ Jettiness, , € ) N

i Possible tensions U Monte Carlo error: (most efficient

among data sets I mpl ementation, e)

7/18/2025 C-P. Yuan, sdu 2025 30



QCD global analysis

Error estimate is important.
Two different methodology in global anM
Hessian PDF eigenvector (EV) sets,

from analytic parametrizations of PDFs
- (ABM, CTEQ, HERA, MSHT, é )

Monte Carlo (MC) PDF replicas,
from Neural Network (NN) parametrizations

‘ (NNPDF)

Both methods assume some non-perturbative input of PDFs at
the initial 0 scale, around 1 GeV. (analytical parametrization vs.
NN architecture)

x*g(x,Q)

They are two powerful and complementary representations.
Hessian PDFs can be converted into MC ones, and vice versa.

7/18/2025 C-P. Yuan, sdu 2025

How to estimate PDF errors In

'CTISNNLOat2.0 GeV —

5
— g/5 -

IV

"o(x,Q) at Q =2.0 GeV 68%C.L.
NNPDF4.0 NNLO

Replicagcentralvalue and 68% CL
error band ]

10"



How to quantify PDF uncertainties

was first introduced in 2001 by
Jon Pumplin, Dan Stump and Wu-Ki Tung
@ Michigan State University

hep-ph/0101032
Uncertainties of predictions from PDFs:

The Hessian method

hep-ph/0101051
Uncertainties of predictions from PDFs:

The Lagrange multiplier method

. " 0 0 They were used to determine uncertainty of PDFs, physical
X =%oT ZHU (ai—a;) ("j—aj ) cross sections, | and & as well as exploring tensions among
L data sets in the CTEQ-TEA analysis.

It was first implemented in CTQEG6 PDFs.

7/18/2025
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100—

(A Pexpt.

-20
0.

Lagrange Multiplier scan

To explorePDFinduced errordn the determination of (-

andtensions among data seiscluded in the fit

CT18 NNLO

@(M7)=0.1164+0.0026 at 68% C.L.

80r
601
401

207

arxXiv:1912.10053

CTI8 NNLO

DIS

1 HERAI+II

Total

/1 BCDMS p

. -€MSS jets

[—EMST jets

E866pp

1—EDF?2 jets

| LHCb8WZ

— 1~ ATLAST jets
D02 jets

| ATL8ZpT

110 0.112 0.114 0.116 0.118 0.120 0.122 0.124
| (_ ) as(Mz)

7/18/2025

1

Prefer larger 0

(AX : ) expl.

5(M7)=0.1164+0.0026 at 68% C.L.
100 1 . — —

80F\

60r

40t |

20r

-

0.115

G )

0.120
@(Mz)

DIS

1 Jets+top
| DY

Total

)

U The opposing pulls

(i.e., tensions) of DIS and
jet+top&DY experiments
significantly exceed 3-...

p variation, as implied by the
simplest statistical
framework.

U Require a large value

of Tolerance “Y, the
maximum allowed total 3-...,
with 3... p

U To agree with the error in
| (- ),0.007, as provided
by PDG (in 2010), without
including hadron collider data
in the fit, it requires

P ... L pT

The scan of| (-

) values in CT18 NNLO PDF analysis.

C-P. Yuan, sdu 2025
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Possible tensions among
experimental data sets

Requiresz-... p



CT18 NNLO

as(M7)=0.1164+0.0026 at 68% C.L.

100 —

801
60

40}
|

(AX 2)expt.

20F

7T

1 HERAI+II

Total
BCDMS p

CMSS jets

CMS7 jets
E866pp

CDF2 jets

LHCb8WZ

ATLAST7 jets
D02 jets
ATL8ZpT

e e Y e
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124

a',S(MZ)

7/18/2025

Tensions among experimental data sets

CT18 NNLO

50—

40

30f

(AXZ )expt,

10}

Total
CMS7 jets
CMSS8 jets
ATL8ZpT
ATLASY jets

HERAI+|
CMSS8 ttb pTtyt

LEHCb7ZWrap

E866pp
D02 jets

ATLS ttb ptMtt
CCFR F2

CDHSW F2

C-P. Yuan, sdu 2025

0.30
9(0.3.125 GeV)

0.25

035

0.40 I

Prefer harder gluon
PDF at large x.
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0

Tolerance ("Y) values In various
PDF analysis groups

To reduce PDF uncertainty,

Tolerance "Y, the maximum allowed total 3-... value away from the .
one must maximize both

best (or central) fit, was introduced to account for the sampling of

non-perturbative parametrization of PDFs (or NN architecture, PDF fitting accuracy
smoothness, positivity) and f
the allowed PDF variation due to various choices of data sets and (accuracy g .
theory calculations, etc. experimental, theoretical
and other inputs)
Roughly speaking, at the 68% CL, and
CTEQ-TEA(CT) Tier-1 Y Do 1
MSHT dynamical 'Y D p T | | | PDF sampling accuracy
NNPDF effective Y D ¢ (for MC replicas and their Hessian
: ’ (adequacy of
representation) o
sampling in space of
A smaller "Y value typically yields a smaller PDF error estimate. possible solutions)

CT tolerance includes both Tier-1 and Tier-2 contributions.

7/18/2025 C-P. Yuan, sdu 2025 36



1.2 oy Bebone |

1-2 s | L ] T = | T T T
2(x,Q) at Q =100.0 GeV 68%C.L. u(x,Q) at Q =100.0 GeV 68%C.L.
MSHT20nnloas118 MSHT20nnloas118
! 271 CTISNNLO-Refit-T30

[e—
—
- -

i
-

oo

Z

2

=

g
~

=,

o0 T
) 2

A A A A A AR

Error bands of g(x,Q)
>

Error bands of u(x,Q)
>

0.9F \ 09F
0.8 _l.—l .._J-3 l-7 l-l L \ 0‘8 -l-—J .._1-3 l.2 I-l 1 1
100407 1072 10" 02 05 09 10007 10 107 02 05 09

[u—
)

2-0 L i | i | L] L] L] 1 1 l_._ i l : , l
s(x.Q) at Q =100.0 GeV 68%C.L. ux.Q atQ =100.01Ge\- 68%C.L.
' MSHT20nnloas118 _ 12 &= MSHT201m oasl18 )
515 =71 CT18NNLO-Refit-T30 ] © & 721 CT1SNNLO-Refit-T30
5 ) 1.1
& =]
kS 3
o 2 1.0
= 1 %
=2 2
5 0.9
g g
505 {1
0.8
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Compare PDF error bands with T = 37 or 10
(of CT18) and MSHT?Z20, at 68% CL

1-2 e | i

[
—

d(x,Q) at Q =100.0 GeV 68%C.L.
MSHT20nnloas118

......

Error bands of d(x,Q)
o

e
=
s

0.8 j— | ol L L L 3
100402 107 g{o" 0.2 05 09
1.3F d(x.Q)at Q=100.0 GeV 68%C.L. i
MSHT20nnloas118
&L12F 22 CTISNNLO-Refit-T30 E
stk T 3
- \
B 1.0 et ]
I {
g 09F -
=
M 08F 3
0.7F -
10f0%0° 107 ;{0‘1 0.2 05 09
2A

The PDF
errors of
MSHT?20
and CT18
(T=10)

are alike
iIn many
cases.

37



Hessian profiling of CT and MSHT PDFs
cannotuse 3... p

ATLASONRPR023015 arXiv: 1907.12177 arxXiv:1912.10053

The statistical analysis for the determination of ag(mz) is performed with the xFitter framework [60].
The value of ag(mz) is determined by minimising a y* function which includes both the experimental

e b it g M i U xFitter profiling uses ... p, by default.
uncertainties and the theoretical uncertainties arising rrom variations: . .
) U For CT (or MSHT) PDFs, using 3-... p in
Y (Bexp- Bn) = profiling is equivalent to assigning a weight of

Naws (070 + 5, TEPB) g — 0 — 3, T ljk‘m): about 30 (or 10) to the new data included in

A A2 the fit. Hence, it will overestimate the impact

+'Z PR ' of new data.

e - i CT:"Y Dom;MSHT:"Y Dp m

profiling of CT e}nd MSHT PDFs requires to include ayhen profiling a new experimentith the prior
tolerance factor'Y  p mas in theePumpcode imposed on PDF nuisance parameterg :

Npi ex 2 ‘
— = - Dt' —l_Ea- 81 QPACI:..E}}{ _Ti _Zﬂ_ﬁfﬁf\aih Tz(f;_) _T‘I(f.-_-t_)
SPWSHES phabeSLELL - ool s e ST, A - TUD ST
i=1 B o v
new experiment priors on expt. systematics

and PDF params
7/18/2025 C-P. Yuan, sdu 2025 38
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Impact of higher order
theoretical predictions

U Theoretical errors can be larger than experimental errors, even at the
NNLO in QCD Iinteraction.



Different (NNLO) theory predictions
from various codes; require 3-... P

arxiv:1912.10053 U Compare predictions of three different codes:
- A FEWZ (sector decomposition)
1.03;— W ATLAS TeV _; A MCFM (N-jettiness)
102E- - A DYNNLO (gT)
%1'013_ 3 U Their predictions agree well at NLO.
2 ——
Z 09— -+ = U Their NNLO predictions agree well for inclusive cross sections
098F- EEE = (without imposing kinematic cuts).
097 —
= = U Their NNLO predictions for fiducial cross sections (with kinematic
(B E cuts) can differ at percent level, while the statistical error of the data
wE W -|_MCFM -|_FEWZ — DYRMLO® 3 is at the sub-percent level.
9 101 =
= E—— ) i .. .
3 | ———, ] V The resulting PDFs from various theory predictions only differ
2 09 ’ E slightly, when including this data in the CT18A fit.
gzj_ e V The kind of theory uncertainty is accounted for by choosing a
TE | L ] larger Tolerance value than 1 (i.e... p) atthe 68% CL.
0 0.5 1 1.5 2 25
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Missing higher order (MHO) uncertainty
estimated by scale variation

0 DSYSN}f gA&R2YY I NEAY3 | -popinte LIAOIFIE aolrtSé o6& | Tl
scales) to estimate missing higher order (MHO) contribution.

i This wisdom does not always work. Namedyying the factorization The complete higher order
and normalization scales by a factor of 2 cannot accurately estimate calculations in QCD, EW,
MHO contribution. and the mixed QCD+EW are

all very important for

60 T
— e making precision theor
- gy e B 4, Q'@ O at 14TeVLHC ngp y
| LHC 5= T — prediction to compare to
- e —— 1 . . .
ol ' || 7-point scale variatiort N3LO in QCD precision experimental data
T for @ p X& GeV and In order toextract precision
_LD L . . . . 4 o ’
- ey L p G GeV PDFs.
R | ~= PDFame G68%6.CL | w - 1 ]
- T - fF/lﬂlfr’,ﬂRéf}%f} /M :
2% - : '_'E ) f'5)) . 0.5 3.4% 3.6% -
ol L — (1 1) ] U The Kfactor of electroweak (EW)
— '—'E ga 21 )} 1 -0.6% - 0.6% correction is about 1.05
157 — (1,2 I U The PDF uncertainty is about 2.8%
10 j i i i 2 - -5.6% -4 7%
LO NLO NNLO NNNLO

Tools :;ggHiggéMarcoBonvin)
71182625 C:P. Yuan, sdu 2025 41



viavarying‘ and
S T T _
SCET+NNLOJET pp->171"(y") VE=13TeV
110.0
] — LO — NMNLOD
107.5 § —— NLO —— N3LO
1 —
105.0 I e |
E ] = = T ._4‘—|_—;_‘
o :u:|2_5E | ‘_l‘_l—x—l_v_l_x,_‘ |
"> 100.0] . . . . .
= 200.0 T
o ] =2
= a7.5] - - |
%’ ; PDF4LHC15 nnlo
a5 0 ] i | 7-point scale variation _

] UF = g = 100 GeV =
92.554%—.I—|+|%
wifor-—-+-14—-"—+—"—+-——++F
Loz gt = 075 GeV gt = 1.0 GeV g5t = 1.5 GeV

o 2

+“ 0O 1o ' ' ' . |

o - | | |

e = 2 H B H

AR R e = —

oc | . e Sl

0.96
00 o5 w s 28 25 3.0
|.Vv"|
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Estimating missing higher order contribution

scales

arxiv:2107.09085

U Varying the factorization

and renormalization

* scales by a factor of 2 around their nominal
values (with 7-point scale variation) does not
always lead to a good estimate of missing
higher order (MHO) effect in the perturbative
calculation.

U The N3LO correction is outside the scale

variation band predicted at NNLO, due to
accidental cancellation among various partonic
subprocess contributions.

'

This comparison does not include PDF
and| induced errors.
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Some data requires all-order
(resummation) calculations

U When applying a symmetric 1] cut (with same magnitude) on the decay leptons of inclusive W or Z
boson production, the two leptons are almost back-to-back, decaying from a low r; gauge boson.

U Fixed order predictions cannot correctly predict the low r} distribution of W or Z.

U It requires a resummation calculation, such as ResBos, to resum all the large logs arising from

multiple soft-gluon radiation.

What’s QCD Resummation?

* Perturbative expansion
do
dq;

. : 1 ,

* The singular pieces, as — (1 or log’s)

qr

~ LZJZ? ay” In'™ { (‘)j

(11_ n=l m=0 (11

~a { l+o, +al+--- :

do

dg;

~ —

qr

+ag (P +L +L+1)

+ag (C+L'+ L+ + L+1)

SRR :

Resummation is to reorganize the results in terms of the large Log’s.

7/18/2025

L{ ag (L) L=l

“j}‘

)

Compare td.HCHL3 TeVZ data; arXiv:2112.07458

L7 ' T T
ResBos + CT18 lli -StatisticaIUncenainty LHCb1 nghr] ((JO)
can deSCI'Ibe ) Total Uncertainty S-I_fb- reg|0n
well lowr} (63 T ressonicri ST 13TV need
reglon’ Wlth é contrinution
n (@ ¢ 3 E
1.1 —
GeV = I II 1l =
L L ] ; I K} 4
) 09 F .
| Ir']_ Dp 0.8 =
0.7 E . PR | . N 3
1 1 10°
C-P. Yuan, sdu 2025 20 GeV Py [GeVie] 43




Some data requires all-order
(resummation) calculations: ResBos

Compare to ATLAST@VZ data; arXiv:1606.00689 https://gitlab.com/resbos2
e, g%_ 10 .
ggam | | arXiv:2205.02788
150 } T s =f= ATLAS 8TeV Data Mass=[66, 116]
- == ATLAS 8TeV Data Mass=[66, 116] 10! - == ResBos2 Scale = M, o )
oo | T -~ esesn I Sensitive to scale choices| at
of . ~— u H_|ghr] (w) region requires yet
- S i —— higher order|  contribution.
0; ; ———
- ResBos 0k L
50— % g Use’ ‘ 1
—— i . | Invariant mass, at
-100— | L= —_—_ ——
:'4; ]E *—5—_;_ L | I —— . -
N Use' I
0 2 4 6 8§ 10 12 14 16 Zés 20 0-82— Whered U h
0s0n p. F
. . . " 07T T 0 R0 W0 S0 60 700800 900 Transverse maSS! |at
The lown) Z datawithn (0w) ¢ 1GeV, & Bosenp

can be described well by ResBos, but not ' Require higher (fixed) order calculations fpr(ew) ¢ 1GeV]
FAESR 2NRSNJ 0b[ hX b bcprrea@idhincréabet Dalrtd by dbauy1®% when using the scale
which yield singular result ap () © T8 and renders a good agreement with data.
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Higher order contributions are important

NNLOJET pp— Z+X, v, inclusive Vs=8TeV
— - T 1 T 1 1 1 T 1 I T 1 T 1 T_]
% :E_E .
o 10 T
L E
= N il ]
N 10 = E
o F e -
= 10° — =
S FEELo =
° L, IE_- NLO | e _
E = NNLO | 3 :
L s arXiv:1708.00008
_F _g

' —— U Thel prediction has much smaller
scale variation as compared
- to| calculation.
U Forn (y ¢ 1GeV, the Kactor of

Dﬁf_ T e S IO i = | 7 is roughly a constant, about 1.1

1.2

08 =--

Ratio to NLO
||||H|||||
i I
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Impact of SIDIS data

U Di-muon data
0 Couple to final state fragmentation function and decay branching ratio



p p X

Neutral Current DIS Charged Current DIS Semi-Inclusive DIS Exclusive Processes

A Electron beam can be longitudinally polarized.
A Proton (lon) beam can be longitudinally or transversely polarized.
A The measurements of exclusive processes are special at the EIC, as compared to the LHC
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20 E— i | L L L

s(x,Q) at Q =100.0 GeV 90% CL
CTI14HERA2mD.54

15k CTl4mDeAll

CT14mDeDimu

. m/“

PDF Ratio to CTI4HERA2mD.54

10" 0.2
X

FIG. 16: Comparison of ePump-updated s-PDF, at Q = 100 GeV. CTI14mDeDimu is ob-
tained by adding only the DIS charged current dimuon data (NuTeV [18], and CCFR [19]) to

CT14HERA2mD with ePump.

7/18/2025

05 09

arXiv:1907.12177

20 e i | T | ]
s(x.Q) at Q =100.0 GeV 90% CL
CT14HERA2mD.54
=15k CT14mDeAll
i CT14mDeDimu
2 1.0
=
<
Ha)
505
10° 10% 107 107 10" 02 05 09

X
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A NuTeV and CCFRrduon

Ve

data provide important
constraints orsandi [PDFs
at large x.

They are SIDIS data, so that
constraints on PDFs

depend on the modeling of
final state fragmentation

and the value ofx© *

decay branching ratio R.

A The LHC W and Z data can

constrainsandi [PDFs at
wDp 18
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PDF Ratio to CTISANNLO.56

arXiv:2211.11064

100 1 ] 1 L
90 F CTI18A xzscan on BR of dimuon data K
2
80 — Xiot /4 ]
— 124 NuTeV vuu
70 — 125 NuTeV vup 2
60 —— 126 CCFR vup ]
) — 127 CCFR vuu
50 ]

40F
30F
20F

1 L L L
8.05 0.06 0.07 0.08
BR

taken to be 0.099

20 L | ™ T T I |7 2.0 Tv— . | T T T T
[ s(x,Q) at Q =100.0 GeV 68%C.L. (s+8)/(u+d)(x,Q) at Q =100.0 GeV 68%C.L.
_ CT18A.56 CTI8A.56
1.5} CTI8ABRO0.092 156 CT18ABR0.092 i
7 CT18ABRO0.075 ' '
BRBONI | £ St
TR RIS RS |
1.0 Ry = 10 ]
- e R 0 D RRRRAAAR S
IRRRIX S -
XXX |
S,
DS 0.5F 4
. |
0.0 _I _l_ _l_ l_ l_ L L YL 0.0 | (R | el 1 1 1 1
e 102 10 L 62 05 0 10°10%10° 107 l 10 02 05 09
# fitname 248 124 125 126 127
CT18A 87.55 31.91 52.81 35.59 20.88
CT18ABR0.092 85.16 31.49 49.97 34.65 20.53
CT18ABRO.075 79.02 32.83 43.25 34.64 21.30 to 0.092

(ID=248 refers to ATLAS 7 TeV W/Z data.)

7/18/2025
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0.09

A In CT18A, theé© * decay branching ratio R is

A No noticeable changes by varying R from 0.099
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U Identify sensitive, mutually consistent new experimental data sets using
preliminary fits and fast techniques (0 sensitivities and Q0 6 § N

U Implement N3LO QCD and NLO EW contributions as they become available.
N3LO accuracy is reached only when N3LO terms are fully implemented.

U Explore quark sea flavor dependence: i i [{[CT18As), fitted charm
(CT18FC), é

U Include lattice QCD constraints (CT18As Lat)

U Next-generation PDF uncertainty quantification: META PDFs, Bézier curves,
MC sampling, multi-Gaussianc o mbi nati on, €

U Lattice QCD: Provides constraints on hadron structures not currently accessible
experimentally, e.g.i i[l[andgPDFs at largex.
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