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. . . Stefano Camarda, QCD@LHC 2020: link
For more examples of which data constrains which PDFs you can see o |
the following talks from previous iterations of QCD @ LHC: Francesco Giuli, QCD@LHC2023: link
\

With projections from LHeC and HL-LHC
From Stefano’s talk at QCD@LHC 2020

Process Sensitivity

Drell-Yan Flavour decomposition of the sea, u , d , g PDF In this talk:

Wcharm, Wets strange PDF > Why PDFs, How PDFs? From what
V+jets Medium-x gluon PDF PDFs?

Jets High-x gluon and quark PDF _ ' o

SHoton Medium-x gluon PDF > Studies about existing data

Top pair Medium- and high-x gluon PDF » Studies about future (possible) data
Single top High-x u/d ratio (FPF E|C)

@ Precise data requires precise theory: NNLO QCD, NLO EW, non-pQCD, resummation

//‘ | will be talking only about collinear, unpolarized PDFs (apologies to the TMD enjoyers out there)
y
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https://indico.fnal.gov/event/19380/contributions/51880/attachments/32206/39482/PDFsFromLHCData.pdf
https://indico.cern.ch/event/913339/contributions/3843890/attachments/2094143/3520188/LHC_PDF.pdf
https://conference.ippp.dur.ac.uk/event/1128/contributions/6491/attachments/5017/6458/FGiuli_QCD@LHC23.pdf

Why do we still care about PDFs?
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PDF determination ingredients

PDFs cannot be computed analytically from first principles... or can they? More about that after the coffee break!

@ — Z [dxldxz fl(x /’tF) fj(x29 //tF) 81:]'()61’ xZ? //tR’ MF)

)

NNPDF4.0 NNLO Q= 3.2 GeV

W/Z

W/Z




An extremely quick summary

PDF determination ingredients

PDFs cannot be computed analytically from first principles... or can they? More about that after the coffee break!
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Kinematic coverage

Fixed-target DIS
Collider DIS
Fixed-target DY * o,
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The PDF is defined by: theory, methodology, and
data

Kinematic coverage
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Full list of datasets in this plot can be checked in Appendix B of the NNPDF4.0 paper: link
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https://arxiv.org/pdf/2109.02653.pdf

Precision follows the data

DY @ 14 TeV with m,; > 3000 GeV

Not all regions are equally well determined, for PDFs as we go !
to higher values of x we leave the “data region”
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 Parton distributions physics searches: the Drell-Yan forward-
i backward asymmetry as a case study [hep-ph] 2209.08115 ]
R. Ball, A. Candido, S. Forte, F. Hekhorn, E. Nocera, J. Rojo, C. Schwan_ |

I Extrapolation region
Data region: reasonable agreement hic sunt dracones!

between different PDF sets even though
they include different datasets.
aiming for both accuracy & precision !




Precision follows the data

We can play the same game by creating subsets of data, if the

fitting methodology is sound, one would expect better
accuracy and precision as more data is added.

Kinematic coverage
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How well does a PDF accommodate new data?

Which should give us some clue on whether new data will have an effect
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ATLAS dijet Data 13 TeV

Ratio to Baseline fit
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https://arxiv.org/abs/1711.02692

CMS inclusive jet Data 13 TeV

From https://doi.org/10.17182/hepdata.115022.v2 - 2111.10431 [hep-ex] about 80 points
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https://arxiv.org/abs/2108.02803

Impact of LHC Jet Data & Zp, for aN3LO PDFs

—— MSHT20 NNLO inc ZpT - - .- . .‘,., , t . ,_ 1
— s { The Impact o et an pT Data at up to Approximate rder §
LS E MSHTZO AL Mo 21 _ in the MSHT Global PDF Fit [hep-ph] 2312.12505
" T.Cridge, LA Harland-Lang R.S. Thorne
3100 —— <
\.
0.95 |- \ -
T \ | -
() = 100 GeV \ 1.04 | —— MSHT20 aN3LO inc Zp' -
L1l | L1 L1l ] | - | | | | l‘lllll
0.90 =407 10 10 1 MSHT20 aN3LO no Zp"
X 1.02 | -
1.10 o
— ine 7oL =
MSHT20 aN3LO inc Zp E P ——
s —-— MSHT20 aN3LO no Zp! =
I [T ]
0.98 - -
Qoo
&
— e - ——— — — — — — — , L L { 7 N
S 1.00 — .26 Q = 100 GeV
\ .\'\ lllll | | lllllll | | lllllll | | lllllll I | I
- '\ 104 102 10+ 101
\ -
: A
0.95 - \ -
() = 100 GeV \
0.90 IIIII . | ] llIlIII : l | IIIIIII . | | IIIIIII | | Ill.\_l_l_
10~ 1079 1072 1071

/I‘
e A/


https://arxiv.org/abs/2312.12505

Impact of LHC Jet Data & Zp, for aN3LO PDFs

d, PDF ratio at Q2 = 10* GeV?
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Precise data requires precise theory: NNLO
QCD, NLO EW, non-pQCD, resummation...
N3LO
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New data from new experiments




v data from v experiments



The effect of v data: Neutrino DIS in the far-forward regions

- LAC tunnel

Central Region

H, t, SUSY .
SM Physics: ve, vy, vT

FASER:
ForwArd Search ExpeRiment

Forward Region

worso FASER

17 Following slides from T. Rabemananjara talk at Low-x 2023 link



https://indico.cern.ch/event/1214186/contributions/5539840/

hadron propagation

neutrino DIS at
— hadron the TeV scale -B
probing intrinsic charm fragmentation
P ) ,
ot 5 8 | _ - »
D strangeness
from dimuons
BFKL dynamics,

forward D-meson 74W

p q, g production

/ constraints on proton &
nuclear PDFs from neutrino
structure functions

non-linear QCD, CGC

ultra small x proton structure

Let’s focus on the effect that measurements of the DIS
neutrino structure functions might have on PDFs, with results
using methodologies from both xFitter and NNPDF.

Hadron Substructure & QCD

® Explore kinematic regions unavailable to current and

planned experiments

® Constrain PDFs via both NC and CC DIS neutrino

scattering

B8 Improve determination of D-meson Fragmentation
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https://arxiv.org/abs/2309.09581

Impacts on Proton PDFs
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m For a rather conservative estimate of the Systematic, Systematic Uncertainties present some limitations

|JOM, M. Fieg, T. Giani, P Krack, T. Mékeld, T. Rabemananjara, J. Rojo |

I The LHC as a Neutrino-lon Collider [hep-ph] 2309.09581
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x PDF determination improve with LHC neutrino enhance HL-LHC measurements (W mass, etc.)


https://arxiv.org/abs/2309.09581

Impacts on Proton PDFs
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Lo [ L

10~!

102

10~!

x Negligible impact on the gluon distribution (even

when only accounting for statistical errors)

® Provides more information on large-x charm PDF!!

An intrinsically interesting result ;)



https://arxiv.org/abs/2309.09581
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From EIC:

Experimental probes for a charm-anticharm asymmetry!

Flavour-tagged structure functions

Global impact

Kinematic coverage

10%-
: COMPASS
] SLAC
1 v EMC , , _
nermes | 1he EIC huge contribution will
1031 © 8 be in polarized PDFs!
] SMC
| EIC Stay tuned for the next decade!
3
O 10?
[e}
C 9
101 - yof
| ¢
_ o
¢ / i
100 , _— ] , —ops . —_—ri
10~ 1073 102 1071 10°




Intrinsic* charm asymmetry in the EIC

through favour-tagged structure functions

0.03 _
AFN5, Q) = 1.65 GeV e et e et e e e et ettt
‘A ‘ Intrinsic charm quark valence distribution of the proton [hep-ph] 2311.00743 '
0.02 * — 1R. Ball, A. Candido, JCM, S. Forte, T. Giani, F. Hekhorn, G. Magni, E. Nocera,
—~ P {J. Rojo, R. Stegemen ]
= 1
= YO A/ N, | e YADISM NNLO (¢ = &)
Q - _
2 100 — yADISM NNLO (¢ # o)
a7 — ¥ EICs5=63CeV (£L=10fb"1)
—0.01 10
[«
0.8 Perturbative charm | &gﬁ
——==1 Fitted charm (C _ 5) \I-D/ O .............................
Q
0.09 L Fitted charm (c # ¢) | <§b
o>
E‘%ﬁ _50 B 9 9 .
E nof - ) = 20 GeV
'w
S | | | | L 1 1 11 | | | |
i) e VA0 RN, WS — 0.01 0.03 0.05 0.1 0.3 0.5
L
—0.01 | | | | — *I.e., whatever is left after the removal of the contribution coming from DGLAP
0.2 0.4 0.6 0.8 1.0
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Ratio to NNPDF4.0

And what about the large region?

u, at 10 GeV

135 - NNPDF4.0 (68% c.l.+10)
' <] CT18 (68% c.l.)

1 MSHT20 (68% c.l.)
1.30 -

1.25 -

0
1.20 - 8 N We
"N | C

—_

1.15 -

get |

N
\\\

1.10 -

1.05 -

1.00 -




Impact of EIC in global fits *

1.2 > 5
Q° =1.9 GeV
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Impact of inclusive electron ion collider data on collinear parton distributions :
 [hep-ph] 2309.11269 |
tN. Armesto, T. Cridge, F. Giuli, L. Harland-Lang, P. Newman, B. Schmookler, |
t R. Thorne, K. Wichmann
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https://arxiv.org/abs/2309.11269

Conclusions

M The time between Run Il and HL-LHC will be amazing and exciting
in the PDF world.

M A lot to learn still from the LHC data that we already have.
M New experiments open new horizons, new regions
> Far-forward detectors: coverage of very large and very small x

> Electron-lion Collider: BSM-safe data that can constrain a BSM-
rich region!

Thanks!







Data set NNPDF3.1 NNPDF4.0 ABMP16 CT18 MSHT?20 Data set NNPDF3.1 NNPDF4.0 ABMP16 CT18 MSHT20

CMS W asym. 7 TeV (£ =36 pb™') X X X X v ATLAS W, Z 7 TeV (L =35 pb™ ') v v v v 4
CMS Z 7 TeV (£ =36 pb~") X X X X v ATLAS W, Z 7 TeV (£ = 4.6 fb—1 / / X / /
CMS W electron asymmetry 7 TeV v v X v v ATLAS low-mass DY( 7 TeV ) Y / X E /; X
CMS W muon asymmetry 7 TeV v v v v X ATLAS high-mass DY 7 TeV / v/ X () /
CMS Drell-Yan 2D 7 TeV v v X (v) v /
CMS Drell-Yan 2D 8 'leV (v') X X X X i:iiz 3;8233\8/ TeV :‘ (:) j: j: v
CMS W rapidity 8 TeV d 4 d d v ATLAS high-mass DY 2D 8 TeV X v/ X (v) v/
CMS W, Z pr 8 TeV (£ = 18.4 fb—1) X X X ) X ATLAS oy 18 TV ; . y . .
gx; fvpf;T;Zv ; ; i E;; : ATLAS Wtjet 8 TeV X / X X v/
CMS W + ¢ 13 TeV X v X X (V) ATLAS Z pr THEV V) g * V) *
ATLAS Z pr 8 TeV v v X v v
CMS single-inclusive jets 2.76 TeV v X X X v ATLAS W 4 ¢ 7 TeV . P . V) .
CMS single-inclusive jets 7 TeV v (V) X v v
CMS dijets 7 TeV X 4 X X X ATLAS 0" 7, 8 TeV d / d * *
CMS single-inclusive jets 8 TeV X v X v v/ ATLAS 0,7 7, 8 TeV x * d * X
CMS 3D dijets 8 TeV - ) - - - ATLAS of¢* 13 TeV (£ =3.2 fb™ 1) v X v X X
CMS oot 5 TeV x y o P p ATLAS o9t 13 TeV (£ =139 fb— 1) X v X X X
CMS o2t 7, 8 TeV / / X X X ATLAS o}¢" and Z ratios X X X X (V)
CMS otot 8 TeV X X X X / ATLAS tt lepton+jets 8 TeV v v X v v
CMS otot 5,7, 8, 13 TeV X X v X X ATLAS tt dilepton 8 TeV X v X X v
CMS ot 13 TeV / / / X X ATLAS single-inclusive jets 7 TeV, R=0.6 v (V) X v v
CMS tf lepton+jets 8 TeV / / X X / ATLAS single-inclusive jets 8 TeV, R=0.6 X v X X X
CMS tt 2D dilepton 8 TeV X v X v v ATLAS dijets 7 TeV, R=0.6 X v X X X
CMS ¢t lepton+jet 13 TeV X / X X X ATLAS direct photon production 8 TeV X (V) X X X
CMS tt dilepton 13 TeV X v X X X ATLAS direct photon production 13 TeV X v X X X
CMS single top ot + o7 7 TeV X v v X X ATLAS single top R: 7, 8, 13 TeV X v v/ X X
CMS single top R; 8, 13 TeV X v v X X ATLAS single top diff. 7 TeV X v X X X
CMS single top 13 TeV X X X X (V) ATLAS single top diff. 8 TeV X v X X X

27



Data set

NNPDF3.1

NNPDF4.0

ABMP16

CT18

MSHT20

Data set NNPDF3.1 NNPDF4.0 ABMP16 CT18 MSHT20
CDF Z rapidity v v X v v
CDF W — frv asymmetry (1.8 TeV) X X X v X
CDF W — ev asymmetry (£ = 170 pb—1) X X X v X
CDF W — ev asymmetry (£ =1 fb—1) X X X X v
CDF k¢ inclusive jets v X X X v
CDF cone-based inclusive jets X X X v X
D0 Z rapidity v v X v v
D0 W — ev asymmetry (£ = 0.75 fb—1) X X X X v
DO W — ev (prod.) asymmetry (£ = 9.7 fb~1) X X (V) X v
D0 W — ev (prod. and decay) asymmetry (£ = 9.7 fb—1) v (V) v X
D0 W — pv asymmetry (£ = 0.3 fb—1) X X X v X
DO W — pv asymmetry (£ = 7.3 fb™1) v v v X v
DO cone-based inclusive jets X X X v/ /
CDF and DO top-pair production X X (V) X v
CDF and DO single-top production X X v X X
Data set NNPDF3.1 NNPDF4.0 ABMP16 CT18 MSHT20
DY E866 oy /ohy (NuSea) v v v v v
DY E866 o} v v X v v
DY E605 ofy v v v v X
DY E906 o, /ohy (SeaQuest) X v/ X X X
LHCb Z 7 TeV (£ = 940 pb™1) v v X X v
LHCb Z — ee 8 TeV (L =2 fb™ 1) v v v v v
LHCb W 7 TeV (£ = 37 pb—1) X X X X v/
LHCb W, Z — pu 7 TeV v v v v v
LHCb W, Z — u 8 TeV / / v/ v/ v/
LHCb W — e 8 TeV X (V) X X X
LHCb Z — pp,ee 13 TeV X v X X X
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NMC F§/F¥
NMC oNC»
SLAC KT #y
BCDMS FY
BCDMS Fj§

BCDMS, NMC, SLAC F

CHORUS 6%, 0%
CHORUS
NuTeV F2, F3

NuTeV/CCFR 0%, 0%,

EMC F§
NOMAD

CCFR z I}
CCFR FY}
CDSHW #2 zk?
E665 FY, Fd
HERA NC, CC
HERA I+l o
HERA [+1I o724
HERA I+1I o3¢
HERA I+1I o224
H1 Fs¢

H1 FbP
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ZEUS o7ed
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(v)
v)
v)
(v)
(v)

® X X X X X X N N X N X XN XX X X XN XN XN X X X NN X X
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FPF summary

Rich and Vast Beyond the Standard Model (BSM) scenarios can be studied at the FPF.

long-
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Experimental Acceptance & Performance for faser

Detector Rapidity Target Charge ID Acceptance Performance
7 ~ 309
L y Tungsten Ey, Ey > 100 GeV OE, ~ 30% LHC Run III
SERV Ny = 8. muons tan @, < 0.025 00, ~ 0.06 mrad _ —1
(1.1 tonnes) N ‘ Z =150 1b
reco Fy, & charm ID OE;, ~ 30%
Tungsten Ey, Eyp > 20 GeV
SNDQLHC7.2 <17, <8.4 n/a
(0.83 tonnes) A, <0.15,6. < 0.5
Current estimate of the
Tungsten Ey, Ep 2,100 GeV 0F, ~ 30% experimental acceptance
FASERv2 yw > 8.9 muons tan 942 g 0.05 59@ ~ (.06 mrad and performance° may
(20 tonnes) __ ’
reco By & charm ID 0Ep ~ 30% subject to change in final
E,. By > 20 GeV realisation.
Tungsten
AdvSND-fé&2 < n, < 8.4 muons 6, <0.15,6. < 0.5 n/a
(5 tonnes) ~ ~
reco Iy,
LHC Run III
LA Ly By > 2 GeV, E, <2TeV 0F, ~ 5%, (5E” ~ 30% g 3 b 1
r — 3 ab™
FLArE (*) 7, >7.5 muons 0, <0.025, 0, <0.5 86 ~ 15 mrad

(10, 100 tonnes)
reco F}, OE) ~ 30%
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Global NNLO PDFs

Some differences between the global NNLO PDF groups included in PDF4LHC21

- CT18 [hep-ph] 1912.10053

-> perturbative charm, hessian, tolerance
- MSHT20 [hep-ph] 2012.04684

-> perturbative charm, hessian, dynamic tolerance
- NNPDF4.0 [hep-ph] 2109.02653

-> fitted (intrinsic) charm, monte carlo

NNPDF4.0 Q= 10.0 GeV

0.7 1 /10

0.6 -

D (

0.5_ 'L )

O O, 1 O C QO

0.4 -

0.3 1

0.2 -

0.1 -

0.0 1

1073 1072 1071 109
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PDF4LHC21 combination - hep-ph/2203.05506

NNPDF4.0 not included in the PDF4LHC21 combination as it came out when PDF4LHC21 was

already at a very advanced stage.

A comparison of NNPDF4.0 and PDF4LHC21 was done in Appendix B of hep-ph/2203.05506

Smaller uncertainties (~1% in some regions) for
NNPDF4.0 when comparing, i.e., to PDF4LHC?21

NNPDF4.0 Q= 10.0 GeV
0.7 - 7 g/10

0.6 - :
u

0.5 - 1 d
. C

0.4 -
0.3 -

0.2 -

0.6 -

0.5 -

0.4 -

0.3 -

0.7 1

0.2 -

NNPDF31’ (changes to m . and dataset)

CT18’ (changes to m )
MSHT20

PDF4LHC21 Q= 10.0 GeV




Uncertainty comparison - gq

Relative uncertainty for gg-luminosity Relative uncertainty for gg-luminosity
NNPDF4.0 - vs =13000.0 GeV PDF4LHC21 - vs =13000.0 GeV

My (GEV)
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Relative uncertainty (%)



Uncertainty comparison - gg

Relative uncertainty for gg-luminosity
NNPDF4.0 - vs =13000.0 GeV

My (GeV)
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Relative uncertainty for gg-luminosity
PDF4LHC21 - vs =13000.0 GeV

Relative uncertainty (%)



My (GeV)

Uncertainty comparison - qqgbar

Relative uncertainty for qg-luminosity Relative uncertainty for qg-luminosity
NNPDF4.0 - vs =13000.0 GeV PDF4LHC21 - vs =13000.0 GeV

M (GeV)
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Relative uncertainty (%)



Phenomenological impact of the choice of PDF?

o | |

1
1.25

2403.12902

Measurement of vector boson production cross section and their
ratios at \/s = 13.6 with the ATLAS detector

II|IIII|IIII|IIII

ATLAS
's=13.6 TeV, 29 fb™

. Data (stat.® syst.)

®CT18

= CT18A

4 MSHT20

¥ NNPDF4.0

© PDF4LHC21
0 ATLASpdf21

A ABMP16

| I | I I | | |11 1

1.3

Ll
1.35 1.4 1.45
— ~iid
Ry = 0. /

1.5
fid
0\;\,-
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ATLAS
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. Data (stat.® syst.)

e CT18

m CT18A

v NNPDF4.0
o PDF4LHC21(m=171.5 GeV)

—__ AMsHT20

» PDFALHC21(m=172.5 GeV)
¢ PDFALHC21(m=173.5 GeV)

o ATLASpdf21

[]

A ABMP16
(Inner uncert.: PDF only)

I | I | I | I | | I

0.22 0.24 0.26 0.28

_ fid id
R =% / o,


https://arxiv.org/pdf/2403.12902.pdf

A precise determination of the strong-coupling from
the recoil of Z bosons with the ATLAS experiment at

\/§=8Tev

arXiv:2309.12986

PDF set ags(myz) PDF uncertainty
MSHT20 [37] 0.11839 0.00040
NNPDF4.0 [84] 0.11779 0.00024
CT18A [29] 0.11982 0.00050
HERAPDF2.0 [65] 0.11890 0.00027

Appr (MSHT20 only) = 0.34 %
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CT10

arXiv:1302.6246

CT14
arXiv:1506.07443

CT18

arXiv:1908.11394

MMHT2014

arXiv:1412.3989

MSHT20

arXiv:2012.04684

NNPDF3.1

arXiv:2005.06477

NNPDF4.0

arXiv:2109.02653

Overview of m,, Measurements (p_ Distributions)

ATLAS Preliminary ==
(s=7TeV,46fb" |
- .-
iy
i
@ Measurement ' l
Stat. Unc. T —
B Total Unc.
:SM Prediction . — '_
| AR l
80200 80300 80400
m,, [MeV]

Improved W boson Mass Measurement using
\/E = '/ TeV pp Collisions with the ATLAS Detector

ATLAS-CONF-2023-004


https://arxiv.org/abs/2309.12986

The importance of data

Table from the recent CMS’ my;, extraction

The biggest change didn’t come from the

perturbative order or thg methodology, but rather PDF set
from the dataset selection!

Extracted myy (MeV)
Scaled o

Original

UpDF

e.g., CT18 is closer to MSHT20 than to CT18Z! :' CT18
\ PDFALH(21
similar datasets SHT20
VISHT20aN3LO

; . NPDF3.}
So let’s start by looking at the differences between 3.1 and 4.0 and NPINTA
build from there *P14.0

80360.2 = 9.9
80361.8 4= 10.0
80363.2 = 9.9

80361.4 -
80 359.9 -
80359.3 -

- 10.0
- 9.9
- 9.5

80355.1 -

- 9.3

80361.7 -
80 359.8 -
80361.3 -

80 357.0 -

Disclaimer: the following analyses use the NNPDF methodology and open source code at https://github.com/NNPDF/nnpdf

Therefore there is the implied assumption that the constraints introduced by new datasets in PDF extractions will be similar

across variations of the methodology and theory settings.
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https://github.com/NNPDF/nnpdf

The importance of data

Ratio to NNPDF4.0

Ratio to NNPDF4.0

1.015 ~

1.010 ~

1.005 A

1.000 A

0.995 -

g at 100.0 GeV

NNPDF3.1-like data set (68 c.l.+10)
NNPDF4.0 (68 c.l.+10)

1.02 -

1.01 -

1.00 -

0.99 -

0.98 -

0.97 -

0.96 -

1074 1073 102 1071 100
X

d at 100.0 GeV

NNPDF3.1-like data set (68 c.l.+10)
NNPDF4.0 (68 c.l.+10)
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Ratio to Baseline fit

g, PDF ratlo at Q? = 104 GeV

No Jets/Duets (NNLO) —
1.1 Jets (NNLO) ——
Dijets (NNLO) ——

et (i (NLO) Adding dijet data to different PDFs

Dijets (aN3LO, KNKLO) - == : The shift of the central value is given by the approximation to the N3LO k-factor

A
-"’
L
.

g at 100.0 GeV g, PDF ratlo at Q2 = 104 GreV2

(777 ATLAS Dijet added (68% c.l.+10) . |

=x Baseline fit (68% c.l.+10) No JetS/Dl ets (aN3 JO) —_—
1.10 - 1.1 L Jets (aN°LO) ——

Dijets (aN°LO)
1.05 A Jets (aN3LO KNNLO) “““““
Dijets ( N?’LO KNNLO) ----------------------------
1.00 I EEEE e
0054 o
0.90 - 0.9
10-2 - 10 - 10°  0.01 | 0.1
X €T

This line is comparable(ish) in that they both add dijet data with respect to baseline NNLO
the datasets themselves, theory settings or methodologies are completely different. However baseline on the left does include jet and dijet
data already at 7 and 8 TeV



