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QCD collinear tactorization

+ QCD collinear factorization ensures universal separation of long-distance and short-distance contributions
in high energy scatterings involving initial state hadrons, and enables predictions on cross sections
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DIS structure functions ;
+ ) Fy(z,Q%) = ) / de Cy(x /€, Q% ut pg® g, s (p2))
¢ €5 Ve i=q,3.9 7"

xf@-/h(g, 1) [Collins, Soper, Sterman, 1989]

+ coefficient functions, hard scattering; infrared (IR) safe,
calculable in pQCD, independent of the hadron

+ PDFs, reveal inner structure of hadrons; non-perturbative
(NP) origin, universality, e.g. DIS vs. pp collisions

+ factorization scale ps

% runnings of fin with Y are governed by the DGLAP
equation

choose Mi= Pr= Q, thus Q dependence (scaling violation) of F; are
mostly from PDFs and thus are predicted by the DGLAP evolution




Global analysis of PDFs

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

CD parameters [see JG, Harland-Lang, Rojo 1709.04922 for review article]
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+ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias;
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]
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https://arxiv.org/abs/2004.03543
https://arxiv.org/abs/2004.03543

Major analysis groups

+ PDFs provided by several major analysis groups (CT, MSHT, NNPDF, ABM, HERAPDF, ATLASpdf, C],
JAM...) using slightly different heavy-quark schemes, selections of data, and methodologies

! HERA Tevatron +  LHC Run1 (30 fb1) LHC Run 2 (150 fb-1) * Run 3 + HL-LHC
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must have as many independent analyses as possible to have a faithful determination of PDFs and their uncertainties;
state of the art PDFs are extracted at NNLO in QCD (+NLO EW) and with numerous LHC data
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PDF comparisons

+ Many ongoing efforts on comparisons and understanding of differences of up-to-date PDFs, in order to

have a faithful determination of PDFs and its uncertainties [Snowmass 2021, 2203.13923]
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+ 2. A framework of Global analysis boosted with machine learnings and applications



Global analysis with Machine Learnings

+ We developed an efficient framework of using neural networks and machine learnings to modeling

dependencies of the log-likelihood functions (x2) or cross sections on parton distributions; the computing
efficiency improved by orders of magnitudes comparing to traditional method [JG, DY Liu, CL Sun 2201.06586]
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+ 2. A framework of Global analysis boosted with machine learnings and applications

» Understanding PDF uncertainties in W-mass direct measurements



Question 1: PDF uncertainties in W-mass direct measurements

+

PDFs are key inputs for precision programs at hadron colliders, e.g., direct measurements on the W boson

mass and the weak mixing angle

W boson rapidity distribution

[1203.1290]

W boson mass from different experiments
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PDF variations can not explain CDF discrepancy

+ We estimate shift of extracted W boson mass induced by variation of PDFs, and the associated PDF
uncertainty for a variety of PDFs, focusing on the kinematic variable of transverse mass at CDF

[JG, DY Liu, KP Xie, 2205.03942] mean value of mt
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PDF variations can not explain CDF discrepancy

+ We carry out a series of Lagrange multiplier scans to identify the constraints on the transverse mass
distribution (using mean Mrt) imposed by individual data sets in the CT18 global analysis

PDF induced correlations
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Strangeness is moderately suppressed

+ We include NOMAD data into a global analysis of PDFs (CT18 as the baseline), and analysis its impact to
PDFs, especially focusing on strange-quark PDF and strange to light sea-quark ratio Rs=(s+sb)/(ub+db)

[JG, DY Liu, CL Sun 2201.06586]
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+ reduction of PDF uncertainty by more than 30% % most recent ATLAS data shows Rs~0.8
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+ 2. A framework of Global analysis boosted with machine learnings and applications

Implications of PDF for searches of new physics at the LHC
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Question 2: PDF bias in searches of new physics at the LHC

+ PDFs are key inputs for searches of new physics beyond the SM at hadron colliders, especially non-
resonance signatures hiding in high mass tails taking SM effective theory (SMEFT) as an example

Standard Model Total Production Cross Section Measurements
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Joint fit of PDFs and BSM

+ Based on our framework of neural networks we performed a joint fit of PDFs and new physics beyond the
SM (PDF+BSM); the later are described by EFT couplings of operators in SMEFT
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Experimental data in CT18 PDF analysis

[JG, DY Liu+, 2022]
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tf my; dist. | Hr/4 | NNLO(ANLP) | NLO | NLO lip R VAL,

tt 2D dist. | Hp/4 | NNLO no NLO no

inc. jet PT NNLO NLO NLO 0.5% uncor.
dijet m;; NNLO NLO NLO 0.5% uncor

d6;; C;C,

dO A4



Correlations of PDFs and BSM are mild

+ Unbiased results on four-quark and gluonic operators are obtained using global data sets with different
tolerance criteria; current correlations between EFT and PDFs in global analyses are found to be mild

SMEFT coefficients extracted gluon PDFs from SM/SM+EFT fits
Wilson coefficient at 90% C.L. Wilson coefficient at 90% C.L.
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Top-quark mass from global analysis

+ Meanwhile we extract the top-quark mass from the global analyses including the same data sets on total

and differential cross sections of top-quark pair production

[JG, DY Liu+, 2022]

setup nominal nominal nominal PDF fixed no the. unc. NLP
PDG world average
ags(Myg) free 0.1162 0.118 0.118 0.118 0.118 172 740 3 GeV
10.99 10.98 10.90 10.90 10.43 +1.12 T
m¢(GeV) | 172.58 g 17208 yrg |172.797 05~ || 17279 os  172.7175755  173.127 557

174}

172}

S 168}
166

1641

Individual constraint on mx

3 170}

INSEAENI

¢ a,=0.118
as =0.118 (without The. Unc.)

¢ as=0.118 (with NLP correction)

§ a.=0.118 (my)

¢

Unc._by LM at 68% C.L.

bl b

N ® N N
y & F 8
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top-quark pole mass extracted at various conditions

18

% top-mass variations induce changes
on total cross sections and
kinematic bins close to threshold

<+ individual data sets from LHC are
more or less consistent with

preference on the central values
lower for CMS than ATLAS

+ theoretical unc. (beyond NNLO) are
dominant; Coulomb corrections lead
to larger top mass but can not

account for differences between
ATLAS and CMS



+ 3. Summary
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Summary

+ We developed a framework of global analysis for efficient evaluation on uncertainties of QCD inputs and
BSM parameters using machine learnings and neural networks

+ PDF uncertainties are one of the dominant theoretical uncertainties in direct measurements of the W-
boson mass; variations due to PDFs are much smaller than discrepancies of the CDF measurement

+ Strange-quark PDFs are slightly suppressed at x~0.02 as now supported by both DIS and LHC data

+ Correlations between gluon PDFs and BSM effects in global analyses with top-quark pair and jet
production data are mild, indicating robustness of the global analyses of QCD

+ Top-quark mass determinations from measurements of total and differential cross sections are consistent
with those determinations based on kinematic reconstructions
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CTEQ-TEA PDFs

+ CT18 PDFs show moderate reductions of PDF uncertainties due to new LHC data sets, and agree with
previous CT14 within uncertainties; alternative fits CT18Z/A/X for evaluation of certain systematic effects

1.2

i |
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