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Why proton structure?

Key component of predictions for particle,
nuclear, and astro-particle experiments

§ pp: ATLAS, CMS, LHCb, ALICE Gop & Y [P(x,01) & [P, 0%) ® 5y(ay @)
& pA & AA: (HL-)LHC, RHIC iJ
¢ pp (future): HL-LHC, FCC-hh, SppS Gor & ), [P(x,07) ® fP(x. ) ® Gylay, )
§ ep: fixed target DIS, HERA &
¢ ep (future): EIC, LHeC, FCC-ep Oep & Zfl.(p)(x, Qz) ® ggeq)(ap a)

i.J

¢ neutrinos (cosmic): lceCube, KM3NET,

(A) 2 ~(1q)
¢ neutrinos (collider): FASER, SND@LHC, FPF OpA X z‘,f, (x, Q) ® 0,V (a, @)
ij
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Why proton structure?
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Address fundamental questions
in Quantum Chromodynamics

| —

¢ origin of mass & spin?

gluon shadowing & color-glass condensate? | .

¢ heavy quark & antimatter content?
¢ three-dimensional structure?

¢ gluon-dominated matter?

¢ nuclear modifications?

¢ electroweak partons?

¢ beyond the SM physics sensitivity?
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& Agreement for some flavour combinations and
kinematic regions (e.g. gluon-gluon luminosity
for Higgs production), less so for others (e.g.
large-mass relevant for BSM)

¢ Differences both in central values and PDF

uncertainty estimates

¢ Already limiting factor for precision physics

at the LHC
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News » News » Topic: Physics

Voir en francais

CERN press release

ATLAS measures strength of the
strong force with record precision

The result showcases the power of the LHC to push the precision frontier and improve CDF Zp_
our understanding of nature

25 SEPTEMBER, 2023
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CMS jets

H1 jets

HERA jets
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PDF uncertainty g [GeV?]

g [GeV*]

baseline

MSHT?20 [37]
NNPDF4.0 [84]
CT18A [29]
HERAPDF22.0 [65]

0.11839
0.11779
0.11982
0.11890

0.00040
0.00024
0.00050
0.00027

0.44
0.50
0.36
0.40

-0.07
—-0.08
—-0.03
—-0.04

Appr (MSHT20 only) = 0.34 %
6

“"true PDF uncertainty” that should be associated to

this measurement? baseline PDF different for each

analysis i.e. ATLAS takes CT18 for W-mass ...



Proton structure and future colliders

at any experiment with initial-state hadrons, proton structure is both a
key input and a target for dedicated physics studies
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Proton structure @ ZPW24

Pushing the precision frontier The LHC as a Neutrino Collider
Proton structure at aN3LO accuracy Neutrino DIS from a ‘recycled’ beam
[HL-LHC] [Forward Physics Facility]

Hidden Charms New avenues & challenges for BSM

Proton structure and quest for new constituents Proton structure and New Physics searches
[HL-LHC, EIC, FPF] [HL-LHC, EIC]



The Path to PDFs at N3LO



Precision physics in the HL-LHC era

& Meeting the precision targets of the HL-LHC
demands progress in PDF analyses

¢ Dedicated projections demonstrate the PDF
constraining power of HL-LHC data

¢ What about theory uncertainties? Most Higgs
cross-sections known at N3LO accuracy

¢ A first aN3LO PDF fit (MSHT20) leads to a 5%

reduction of the Higgs xsec in gluon-fusion ...

(s = 14 TeV, 3000 fb™' per experiment
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NNPDF4.0 at aN3LO

& Approximate parametrisation for the N3LO splitting functions satisfying known exact results and limits
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Differences with MSHT20 related to i) reduced set of theory inputs and /i) constraining IHOUs from data



NNPDF4.0 at aN3LO

& Approximate parametrisation for the N3LO splitting functions satisfying known exact results and limits

¢ (Approximate) deep-inelastic coefficient functions at N3SLO accuracy

¢ Massless coefficients known, parametrisation of the massive coefficients reproducing known results,
extension of the FONLL general -mass scheme at N3LO

FQ(tOt)(x, @?), ratio to aN°LO
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Large corrections close to charm threshold

& MHOUSs associated to (unknown) NSLO partonic cross-sections for hadronic data via theory
covariance matrix

Some hadronic calculations relevant for N3LO PDF fits (e.g. Drell-Yan) not publicly available

¢ Data and methodology same as in NNPDF4.0, except for theory errors (scale variations) now included
via the theory covariance matrix formalism
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Results: Fit quality
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Perturbative Order

Results shown still
preliminary, final version
to be released soon

& Without MHOU s, the x2 improves with the perturbative accuracy of the PDF fit

& With MHOUSs, the x2becomes independent of perturbative accuracy

¢ At aN3LO impact of MHOUs is small (also at PDF level)

N3LO corrections required for perturbative convergence at the PDF fit level



Results:
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& N3LO corrections moderate, specially for quark luminosities
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& Impact of MHOUs negligible at N3LO

& MHOUSs at NNLO most relevant for the gluon, presumably due
to the deweighting of jet data
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Results: comparison with MSHT20
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& As compared to existing results at NNLO, once the comparison is upgraded to N3LO, main

gualitative differences for the gluon PDF, quarks stable

& MSHT20 gluon PDF suppressed by 5% at x=0.005 in comparison with NNPDF4.0, at small-x
the agreement is improved with N3LO corrections



LHC phenomenology: Higgs production

% 101 Higgs in Gluon Fusion (PDF + MHOUs) Higgs in Vector Boson Fusion (PDF + MHOUs)
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LHC phenomenology: Drell-Yan

Often predictions for N3LO cross-sections are
evaluated with NNLO PDFs. What happens
when aN3LO PDFs are used?

Neutral-current Drell-Yan
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LHC phenomenology: Drell-Yan

Often predictions for N3LO cross-sections are Consistent use of aN3LO PDFs with N3LO
evaluated with NNLO PDFs. What happens MEs improves perturbative convergence

3 ?
when aN°LO PDFs are used %103 Neutral Current Drell Yan (PDF + MHOUS)
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The LHC as a
Neutrino Collider

J. M. Cruz-Martinez, M. Fieg, T. Giani, P. Krack, T. Makela,
T. Rabemananjara, and J. Rojo, arXiv:2309.09581



Neutrinos at the LHC

¢ LHC collisions result into a large flux of energetic neutrinos which escape the detectors
unobserved: major blind spot of the LHC

¢ Being able to detect and utilise the most energetic human-made neutrinos ever produced
would open many exciting avenues in QCD, neutrino, and astroparticle physics

solution: install far-forward detectors instrumenting an hitherto uncharted region

/L\\\ 480 mereps

| —_—




The dawn of the LHC neutrino era

¢ Two far-forward experiments, FASER and SND@LHC, have been instrumenting the LHC far-
forward region since the begin of Run lll and reported evidence for LHC neutrinos (March 2023)

PHYSICAL REVIEW LETTERS 131, 031801 (2023)

Editors' Suggestion Featured in Physics

First Direct Observation of Collider Neutrinos with FASER at the LHC

We report the first direct observation of neutrino interactions at a particle collider experiment. Neutrino
candidate events are identified in a 13.6 TeV center-of-mass energy pp collision dataset of 35.4 fb~! using
the active electronic components of the FASER detector at the Large Hadron Collider. The candidates are
required to have a track propagating through the entire length of the FASER detector and be consistent with
a muon neutrino charged-current interaction. We infer 15377 neutrino interactions with a significance of
16 standard deviations above the background-only hypothesis. These events are consistent with the
characteristics expected from neutrino interactions in terms of secondary particle production and spatial
distribution, and they imply the observation of both neutrinos and anti-neutrinos with an incident neutrino
energy of significantly above 200 GeV.

DOI: 10.1103/PhysRevLett.131.031801

153 neutrinos detected, 151+ 41 expected

Front Scintillator
veto system
Scintillator 2 x 20 mm thick

35x30cm area
veto system

2 x 20 mm thick
30x30cm area

Small, inexpensive detector (ariXiv:2207.11427)
10 cm radius

7mlong Tracking spectrometer stations
3 x 3 layers of ATLAS SCT strip modules

Electromagnetic
Calorimeter

4 LHCb Outer
ECAL modules

FASERv emulsion

Interface 4 tector (1.1 ton)

Tracker (IFT)
730 layers of 1.1 mm
Trigger / timing tungsten + emulsion

scintillator station (8 interaction lengths)

M . 10mm thick + dual PMT Ty
- agnets -
Trigger / pre-shower g. readout (o = 400 ps) B
intill 0.57 T Dipoles P \
scintillator system 1.5 m decay volume "

PHYSICAL REVIEW LETTERS 131, 031802 (2023)

Editors' Suggestion

Observation of Collider Muon Neutrinos with the SND@LHC Experiment

We report the direct observation of muon neutrino interactions with the SND @LHC detector at the Large
Hadron Collider. A dataset of proton-proton collisions at /s = 13.6 TeV collected by SND@LHC in 2022
is used, corresponding to an integrated luminosity of 36.8 fb~!. The search is based on information from
the active electronic components of the SND@LHC detector, which covers the pseudorapidity region of
7.2 < n < 8.4, inaccessible to the other experiments at the collider. Muon neutrino candidates are identified
through their charged-current interaction topology, with a track propagating through the entire length of the
muon detector. After selection cuts, 8 v, interaction candidate events remain with an estimated background
of 0.086 events, yielding a significance of about 7 standard deviations for the observed v, signal.

DOI: 10.1103/PhysRevLett.131.031802

8 neutrinos detected, 4 expected
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Now is the time to start exploiting their physics potential



Neutrinos at the LHC

p X D meson SND@LHC
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Neutrinos at the LHC

SND@LHC

neutrino scattering @
LHC forward detectors

QCD in Neutrino Scattering

¢ Deep-inelastic scattering with TeV neutrinos

¢ Antiquark flavour separation & strangeness PDF
¢ Constraints on nuclear structure

¢ Cross-sections for oscillation & atmospheric v’s




Neutrinos at the LHC

number of DIS events per bin
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Neutrinos at the LHC
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& Continue highly succesful program of neutrino DIS experiments @ CERN,
¢ Expand kinematic coverage of available experiments by an order of magnitude in x and Q¢

& Charged-current counterpart of the Electron-lon Collider in a comparable region of phase space



PDF constraints from LHC neutrinos
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ing of PDF4LHC21 (xFitter) and by

¢ Impact on proton PDFs quantified by both the Hessian prof

new: PineAPPL interface to xFitter

direct inclusion in the global NNPDF4.0 fi

aMC@NLO calculations

enables use of YADISM, MATRIX

¢ Impact on up/down valence quarks as well as in strangeness, ultimately limited by systematics

Far-forward neutrino detectors effectively extend CERN with a

recycling” an otherwise discarded beam
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(with the highest energies ever achieved in a lab)



PDF constraints from LHC neutrinos

NNPDF4.0 FPF*

(stat+sys)

NNPDF4.0 FPF |

pp — HW™ — Hly, + X

pp — W+ — 000 Z ,_I_.X

- —— = = p——. - . - - =
(stat-only)
NNPDF4.0 o ————— - - N -
0.069 0.070 0.0440 0.0445
o [pb) o [pb)
: — pp'—>Z'—>'€€r—|—')'(' — , , ¢ Impact on core HL-LHC
;b\?' i: —— PDFALHC21 PDFALHC21_FPF ~— PDF4ALHC21_FPF* __ processes ie. Single and double
g 3 weak boson production and Higgs
§= 2{ S ol ,—FH—H::'_ —— production (VH, VBF)
o OF
= —1F e — ; & Also relevant for BSM searches at
5 of o e _
o _g = large-mass (via large-x PDFs)
E —4;- e.g. high-mass dilepton resonances
—5E

Independent extraction of large-x PDFs
without risk of absorbing BSM



LHC neutrinos and small-x QCD

X D meson
p /X
(6
8 Ve
proton-proton o 000000
scattering @ LHC Q -
C
8
103
p X
S
g
o 102 i
1 £
. - . €
@ QCD in Neutrino Production 2 .
¢ Small-x gluon & large-x charm PDFs S
¢ BFKL, non-linear QCD, cross-sections for UHE neutrinos
¢ D-meson fragmentation 109 . |
. ] _ . 1077 1076 107> 10~ 1073 1072 1071 10°
L ¢ Forward light hadron production & cosmic ray modelling - T Momentum Fraction x
small-x gluon

Relevant for FCC-pp, UHE neutrinos, cosmic rays large-x



LHC neutrinos and small-x QCD

d*c(pp = D(— V) +X) d*o(gg — cc)
2 2 88 2
v ocfg(xlaQ )®fg(x2aQ )® C ®DC—>D(Z)Q )®BR(D_>V+X)
PrYv PrYc
Extract from measured Constrain from LHC QCD prediction: NLO + PS QCD prediction/models
neutrino fluxes neutrino data large theory uncertainties + non-perturbative physics
2.00 llllllllllllllllllllllllllllllllll'llll . .
S8 scales ¢ Only laboratory experiment which can
1.75 &% PDF ) . . . .
m. inform both UHE neutrino interactions, cosmic
1.50 _
ray collisions, and FCC-pp cross-sections

1.25

00 & Challenges in modelling forward charm
0.75 production: QCD corrections, fragmentation,
0.50 interaction with beam remnants ....

0.95 POWHEG pp — cé + X

' NNPD O) n;=3, 13 TeV _ o
0.00 Bt = /m? + P2, ¢ Requires designing observables where theory
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3 systematics cancel out
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LHC neutrinos and small-x QCD
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& Spread of PDF predictions (e.g. small-x gluon) modifies predicted fluxes up to factor 2

& Focus on electron and tau neutrinos, with the largest contribution from charm production

where QCD factorisation can be applied

¢ Construct tailored observables where QCD uncertainties (partially) cancel out

N(v;-

‘\_/T;Ev)

R’L'/e (EV) =

Retain PDF sensitivity while reducing the large QCD
uncertainties in the theory prediction

N(v, -

_\_/e;EV) ’

Nraserv (Ve + VoEy)
NSND@LHC(Ve + ‘_/e;EV)

RY (Ey) =

exp

Proxy for 2D xsec differential in (energy, rapidity)



LHC neutrinos and small-x QCD

Electron neutrinos, 2% uncertainty in inclusive event rates Tau neutrinos, 2% uncertainty in inclusive event rates
25
12.5 — NNPDF3.1 - — NNPDF3.1
0.0 NNPDF3.1 4+ FPF ~ 20— NNPDF3.1 + FPF ~
~—~ 7 = I e 15 -
S o
B s0F 1 S wop -
E% .
2.5 N 5 TN .
0.0 N N
Q =2 GeV o | . Q=3GeV T
_Z'foig 10'_6 10'_4 10'_2 — 10-8 106 104 102
T X
@) N, (E,, 7.5 <y, <38.0) o _ N, (E,,T.5 <y, <8.0)
y — y p—
N,(E,,8.5<y,<90) N, (E,, 8.5 <y, <9.0)

¢ Sensitivity to small-x gluon outside coverage of any other (laboratory) experiment

¢ These initial projections are now being extended to full-fledged simulations with state-of-the-art QCD

¢ Quantify impact for UHE neutrinos and for cross-sections at a 100 TeV proton collider
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Implications for the FCC-pp

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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¢ FCC-pp would be a small-x machine, even
Higgs and EWK sensitive to small-x QCD

¢ LHC neutrinos: laboratory to test small-x QCD
for dedicated FCC-pp physics and simulations

& Current projections show a marked PDF error
reduction on FCC-pp cross-sections thanks to
constraints from LHC neutrinos

10 102



The Intrinsic Charm

Content of the Proton

R. D. Ball, A. Candido, J. Cruz-Martinez, S. Forte, T. Giani, F. Hekhorn, K.
Kudashkin, G. Magni & J. Rojo, Nature 608 (2022) 7923, 483-487

R. D. Ball, A. Candido, J. Cruz-Martinez, S. Forte, T. Giani, F. Hekhorn, E.
R. Nocera, G. Magni, J. Rojo & R. Stegeman, arXiv:2311:00743
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Disentangling intrinsic charm

common assumption in PDF fits: the static proton wave function does not contain charm quarks:
the proton contains intrinsic up, down, strange (anti-)quarks but no intrinsic charm quarks

the charm PDF is generated perturbatively (DGLAP evolution) from radiation off gluons and quarks

2
() _ (n+1) 0 (n+1) ) _
fc =0 — fc X In ﬁ qu ®fg + O (GS ) NLO matching
3FNS charm 4FNS charm ¢ 4FNS gluon

g 4 flavour scheme, Q > m, A f ( x)
RO ORRORRONE ¢
— ]: :[ J
g 3 flavour scheme, Q < m, A
u® d®, s g(3) ) ]

If the measured charm PDF differs from the perturbatively calculated
PDF, it would indicate non-perturbative or intrinsic charm in the proton

Evidence (or lack thereof) for intrinsic charm should be empirical



Disentangling intrinsic charm

" =I(x, 0) ~ """ P(x, Q) + ¢V (x, 0)

/ (pert) (intr)

Extracted (n,=3)
phenomenologically from pQCD evolution from intrinsic ¢ K (x) #0

(intr)

from data and matching component
4FNS CHARM PDF CONSTRAINED BY EXPERIMENTAL DATA FOR Q > Qo
e NNPDF4.0 dataset e NNLO QCD calculations

QCD evolution
‘ starting point: NNPDF 4.0 methodology

|' AFNS CHARM PDF PARAMETRISED AT Q) J

e Deep-learning parametrisation @ Monte Carlo representation of uncertainties

QCD evolution

subtract perturbative
component {

Y

A4FNS TO 3FNS TRANSFORMATION

NNLO or N3LO matching conditions } I ] I /; @%)

C(nf=3)( X, Q) — C(intr) ( X) Evolution Kernel Operators

{ INTRINSIC (3FNS) CHARM }

e Scale-independent ¢ PDF and MHO uncertainties




3FNS charm

0.03 _
Assumption: ¢ = C 3FNS
(perturbative
0.02 - component removed)
_— 0.01-
=
_+_
O ._
S 0.00
—0.0] - Intrinsic Charm, NNLO match (PDF+MHOU)
----- BHPS model
— = Meson/Baryon Cloud model (effective mass)
—0.02 % % N '
0.2 0.4 0.6 0.8
£z

The 3FNS charm PDF displays non-zero component peaked at large-x
which can be identified with intrinsic charm



The valence charm PDF

¢ No reason why intrinsic charm should be
symmetric (it is not in most models!)

i.e. up, down, and strange quark PDFs are asymmetric

¢ Extend the NNPDF4.0 analysis with an separate
determination of charm and anti-charm PDFs

¢ No perturbative mechanism generates a (sizeable)
charm valence PDF: best evidence for IC
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The valence charm PDF

4FNS, Q = 1.65 GeV (PDFU)
¢ No reason why intrinsic charm should be 0.03 - —— 3FNS (PDFU + MHOU)
symmetric (it is not in most models!) Fitted charm (c # ©)
i.e. up, down, and strange quark PDFs are asymmetric NQ) 0.02 = .
G
¢ Extend the NNPDF4.0 analysis with an separate ' 0.01
] 8
determination of charm and anti-charm PDFs
0.00
¢ No perturbative mechanism generates a (sizeable) 05 v X Y
charm valence PDF: best evidence for IC
| A —— DBaseline |
~. == with EMC F¥§
= 4™\, === with LHCb Z+D
A ] S— // ................ L _
¢ Preference for a non-zero, positive IC ~
asymmetry around x=0.3 ™
S
¢ Consistent with the independent constraints T\’
from EMC F2¢ and LHCb Z+D N

Total charm PDF (4FNS & 3FNS) essentially unaffected
38



Charm asymmetries at LHCb
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& Projections for LHCb Z+D measurements,

constructing an asymmetry between final
states with D and Dbar mesons

¢ Data from upcoming LHC runs will confirm or

falsify a non-zero charm valence in the proton

¢ |deally the measurement should be carry out in

terms of IRC-safe flavour jets, to reduce

sensitivity to charm fragmentation model

0.09
LHCb data
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asymmetries at the EIC

¢ Inclusive F2¢ measurements at large-x will clearly
disentangle IC at the EIC (factor 100 effect!)

¢ Measurements of the asymmetry between final
states with D and Dbar mesons will pin down a
non-vanishing charm valence PDF

AO'CE (337 QZ) =

O-I?ed(w7 Q2) B O-Eed(xﬂ Q2) |

Gfgd(x7 Q?)

Charm-tagged EIC projections: arXiv:2107.05632

¢ Even at low luminosities, EIC will cleanly identify

the charm valence PDF if non-zero



Proton Structure and
BSM searches

4l



Standard Model PDFs

Global PDF determinations are based on Standard Model theoretical calculations:

A)

04.(0, My) 2 J ds gl@;nﬂ(M,\/E,o) E§;m>(§, a(M)) §=M?/s

T ij:u,d,g,. .. M)2( \ \

hadronic SM PDF SM partonic
cross-section Luminosity PDF cross-section
parameters
Theory prediction to Constrain from NNLO QCD &
compare with experiment data NLO EW
In \/E/M _
1 Me’ Me™
(sm) _ (sm) (sm)
SZZ.]. (M,A/s,0) = — dyfl. —.0 f] ,0
S J_In \/E/M \/E \/E

PDF parameters from likelihood maximisation: BSM effects potentially "~ fitted away” into PDFs

1 Mdat
)(2 (0) — n_ Z <Gi,th(0) - Gi,exp> (COV_l)ij (‘yj,th(e) - Gj,exp)
dat i,j=1
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SMEFT PDFs

What is the underlying short-distance theory is not the SM but instead the SMEFT?

\)

o0, My) ) d§ LM, \/5,0,¢/A%) G5mNE, a (M), ¢/ A7)
o M2 A 0\
T j=u,d,g,... X T ’\
hadronic SMEFT PDF SMEFT partonic
cross-section luminosity PDF cross-section EFT

parameters coefficients

In the case of new physics described within the dimension-6 SMEFT framework:

~(smeft) 2\ _ ~(sm)
GOm(S, ay, ¢/ A%) = FEM(S, a) 1+Zcm + 2
m=1 m,n=1

SMEFT PDFs defined as PDFs extracted from the data when SMEFT used to model partonic hard-scattering

Given experimental constraints, how different are SM and SMEFT
PDFs? Is there arisk to fit away EFT effects into the PDFs?
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SMEFT PDFs

Differences between SM-PDFs and SMEFT-PDFs have two main consequences:

¢ Effects of higher-dimensional SMEFT operators are partially reabsorbed into PDFs, affecting
indirectly prediction for other processes and jeopardising validity of SM predictions

¢ Bounds in SMEFT operators will be modified as compared to the assumption of SM-PDFs

The answer depends on the process and on the sensitivity of
available data. Needs to be studies on a case-by-case basis

Deep-Inelastic Scattering: S. High-mass Drell-Yan: A. Greljo, S. Iranipour, Top quark sector: Z. Kassabov, M. Madigan,
Carrazza, C. Degrande, S. Iranipour, Z. Kassabov, M. Madigan, J. Moore, JR, M. L. Mantani , J. Moore , M.Morales-Alvarado,
JR, M. Ubiali, PRL 2019 Ubiali, C. Voisey, JHEP 2021 JR , M. Ubiali, JHEP 2023



SMEFT PDFs from high-mass Drell-Yan

¢ Available data: limited interplay between PDF and EFT fits

¢ Best constraints from searches, but corresponding unfolded
measurements not yet available

High-mass Drell-Yan: A. Greljo, S. Iranipour, & SMEFT-PDFs modify bounds from SM-PDFs by around 10%

Z. Kassabov, M. Madigan, J. Moore, JR, M.
Ubiali, C. Voisey, JHEP 2021

2 A 3 4 & Farina et al (1609.08157)
W (X 10 ) Y (X 10 ) ! this work, SM PDF's
20 & this work, SMEFT PDFs
$  Creljo et al (1704.09015)
i Dp 2
Orve (Gl
10F .
0 i IIII? ________________________ l__{_______“; ________________ I __I _______ :
o ]-0 E : : 5
ATLAS ATLAS,CMS ATLAS searchg ATLAS ATLAS,CMS ATLAS search ATLAS,CMS ATLAS search
8TeV  7,8,13TeV  L£=139fb1i 8TeV 7,813TeV L=139b"1 i 7,813TeV L=139fb"




<

SMEFT PDFs from high-mass Drell-Yan

¢ HL-LHC projections: strong constraints on large-x antiquark
PDFs, may be reabsorbed into SMEFT PDFs

¢ Bounds based on SM-PDFs overly optimistic as compared to
those obtained from SMEFT-PDFs

High-mass Drell-Yan: A. Greljo, S. Iranipour,

Z. Kassabov, M. Madigan, J. Moore, JR, M. ¢ Emphasises importance of SMEFT-PDF interplay at the HL-LHC
Ubiali, C. Voisey, JHEP 2021
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relevant also for legacy Run lll measurements



SMEFT PDFs from top quark data

Ratio to NNPDF4.0-notop

SMEFT-PDF results

gatl1l/72.5 GeV

1.05 -
1.00 A
0.95 -
0.90 -

0.85 -

0.804 SMEFT PDF (all top data) (68% c.l.+10)
. NNPDF4.0-notop (68% c.l.+10)
NNPDF4.0 + new top data

0.75 -

I I I I 1

0.1 02 03 04 05 06 07
X

Large-x gluon distorted by EFT effects, which partially absorb the data pulls

As a result, net effect of top quark data on PDFs reduced as compared to SM-PDFs
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SMEFT PDFs from top quark data

SMEFT-PDF results
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Despite differences between SMEFT-PDFs and SM-PDFs, bounds on EFT coefficients stable

PDF dependence does not seem to affect (for current data) EFT interpretations of top data




Summary and outlook

M Crucial ingredients for precision HL-LHC phenomenology are N3LO PDFs which account
for all sources of theory uncertainties

M The new aN3LO NNPDF4.0 enable consistent N3LO calculations of LHC cross-sections

M Preliminary assessment: stability of the gluon-fusion Higgs cross-section, improved
perturbative convergence of Drell-Yan production

M The high-intensity, high-energy neutrino beam produced at the LHC enables unique
opportunities for QCD studies, realising a charged-current analog of the EIC

M Extended NNPDF methodology to constrain charm valence PDF from data, finding
preference for a non-zero, positive result peaking around x=0.3

M A non-zero valence charm PDF cannot be generated perturbatively: measurements of
charm asymmetries at the EIC and the LHC represent the ultimate smoking gun of IC

M As the precision and kinematic reach of (HL-)LHC data increases, important to establish
process-by-process the interplay between PDF fits and BSM searchers
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Summary and outlook

M Crucial ingredients for precision HL-LHC phenomenology are N3LO PDFs which account
for all sources of theory uncertainties

M The new aN3LO NNPDF4.0 enable consistent N3LO calculations of LHC cre-

4 Preliminary assessment: stability of the gluon-fusion Hior- e‘\\‘\o

perturbative convergence of Drell-Yan productionr a‘\‘
M The high-intensity, high- energv r- O _AC enables unique
opportunities for QCD <* q ...ent analog of the EIC

1 Exte~ -unstraln charm valence PDF from data, finding

1 \\a“\K vositive result peaking around x=0.3

M Anc _cro valence charm PDF cannot be generated perturbatively: measurements of
charm asymmetries at the EIC and the LHC represent the ultimate smoking gun of IC

[ As the precision and kinematic reach of (HL-)LHC data increases, important to establish
process-by-process the interplay between PDF fits and BSM searchers
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Charm valence stability

kinematic cuts & higher twists
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NNPDF4.0 at aN3LO

& Approximate parametrisation for the N3LO splitting functions satisfying known exact results and limits

DGLAP evolution of NNPDF4.0 NNLO from @)y = 1.65 GeV to () = 100 GeV

|
. 1.06 6; 1.06 - j
0: 1.04 N, 1 < 1.04 = .
G = /| LO, NLO, NNLO:
& 1.02 . : © 1.02*= e
g Mo . 7 £ - MHOU (ur)
. y .
S 1.00 s = S 1.00 —
\ \.\ ‘/./ \ /‘/ NSLO MHOU
~~ " — — ~~ .
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X

Effects of N3LO corrections to DGLAP evolution < 1% except at small-x

Theory uncertainties (MHOU + IHOU) at NSLO are negligible except in small-x

region



PDFs and New Physics
Searches with Ars



BSM searches from high-mass DY

¢ DY @ LO: separated into symmetric and antisymmetric parton luminosities

d3o o2 . )
dmy; dyyy dcos 6° — 3 ((1 + Cos2(9 ) Z SqLs.q(Mmyz, Ys7) + cos O Z A L 4 q(myp, y££)>

q l q l
dilepton \ symmetric antisymmetric

_ rapidity _ effective coupling effective coupling
dilepton Collins-
invariant mass Soper angle
— 2
‘CSaQ(mEZ’ ng) — fq (331, mzz)fq(iCQ, mEZ) T fq (332, mgf)fq(xh mEZ) ) invariant under
L a,4(Myz: Yop) = sign(Yyg) [ fo(@1, m?g) fa(zo, ’m?g) — fq(z2, m?z) fa(z1, mgg)] X1 < %

¢ A forward-backward (FB) asymmetry arises when antisymmetric luminosity is non-zero

d36 B d?’g dSO'
dmffdyffd COS(H*) FB - dmffdyffd COS(Q*) cos 6% dmfgdyf??d COS(H*) —cos 0%
d’c 2ra” cos(6*)
dm7dy,zd cos(0%) |y s 2
27dys7d cOS(6*) |pp 3myzs ;

At LO, properties of forward-backward asymmetry dictated by antisymmetric parton luminosity



Positive or negative asymmetry?

¢ Antisymmetric luminosity depends on relative rate of decrease of the quark and antiquark PDFs

fo(z1)  fa(z1)
fo(m2)  fa(m2) ]’

fall-off rate fall-off rate
quarks anti-quarks between x; and x:

Laq= fq(x2)f7(x2)

Xr1 > I9

at high mass, no hierarchy

¢ AFB sensitive to subtle PDF property: difference in decrease rates of large-x quarks vs antiquarks

¢ Quantified by the effective asymptotic exponents, which illustrate richer structure in NNPDF4.0
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LHC phenomenology

¢ Validate our LO interpretation with realistic LHC simulations based on mg5_aMC with NLO QCD and
EW corrections and with same fiducial selection cuts as in the ATLAS/CMS measurements

DY @ 14 TeV with 60 GeV < m,; < 120 GeV
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LHC phenomenology

¢ For dilepton masses > 3 TeV, same qualitative behaviour, with clearly positive Ars
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However, we know from the LO analysis that extrapolation to yet high masses may change the qualitative behaviour



¢ For dilepton masses > 5 TeV, Arsvanishes for NNPDF4.0, while other groups extrapolate

LHC phenomenology

DY @ 14TeV with m,; > 5000 GeV

2 L .
a
B
>
i1t :
o
0 Hs
-=-=- uu-+cc NNPDF4.0 CT18 MSHT20
-------- dd +ss + bb ABMP16
40? """" | T T rr*++*"Jf '/, 'y q79'yrrrJ{irrrrJrrrreer17; _:
*E 205- . =
£ 10 ——— mEn
5 Of F
5 —10f i
s e ————— ]
rs _20:~ / o ;
a —30F E
_405- P — 1 1 L 1 1 PR | PR SR SR R | —:
—— NNPDF4.0 —— ABMP16 — (CT18 — MSHT20
2 :- """"""""""""""""""""""""""""" ]
L 0r k
—2F .
] S S S S e S U SISt .

—1.00 —O 75

—0.50 —O 25 0.00

cos 6*

025

0.50

Ur uncertainty |7o)

DY @ 14 TeV with m,; > 5000 GeV

_ 04} ]
S

2 0.2 -

z ] :

<
0.0 g =
NNPDF4.0 ABMP16 CT18 MSHT20
50 - T T T T T T T T T T T T T T T T T T -
25 ]
of ]
—25F .
_50 -— N 2 N 1 . 1 1 N s N 1 N N N 1 N
—— NNPDF4.0 —— ABMP16 — (CT18 — MSHT20
5 [ T T T T T T T T T T T T T T T T T T T T T __
i L= ]
4t .
[ L
& 3F s N
& 2f ’
1f -
0 -_ 1 1 L 1 " i 1 1 1 1 1 i 1 L 1 1 _:

0.0 0.2 0.4 0.6 0.8 1.0
cos 0*

PDF uncertainties differ between PDF groups, with NNPDF4.0 displaying the largest ones



