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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

Collider counterpart of high-energy cosmic rays interactions, including prompt neutrino flux
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Auger, IceCube,
KM3NET, GRAND, ...




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

Neutrino Physics

Precision study of tau-neutrino interactions

Neutrino coupling universality at TeV energies

BSM/DM in neutrino sector e.g. sterile neutrino
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QCD & Hadron Structure

Proton and nuclear antimatter & charm

Gluon PDF at ultra-small-x: saturation/QGP

Cross-sections for UHE astroparticle physics
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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
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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
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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



Kinetic Mixing €
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Searching for the invisible

These far-forward LHC detectors also operate as background-free to search for dark sector
particles, feebly-interacting particles (FIPs), long-lived particles (LLP), ....
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Unique blend of guaranteed deliverables and exploration potential



QCD Studies with LHC neutrinos
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Physics with LHC neutrinos
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QCD in Neutrino Production
¢ Small-x gluon & large-x charm PDFs
¢ BFKL, non-linear QCD, cross-sections for UHE neutrinos

¢ D-meson fragmentation

¢ Forward light hadron production & cosmic ray modelling



Physics with LHC neutrinos

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




The Forward Physics Facility

The FPF: a new CERN facility to achieve the full potential of LHC far-forward physics
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& Complementary suite of far-forward experiments, operating concurrently with the HL-LHC
¢ Start civil engineering during LS3 or shortly thereafter, to maximise overlap with HL-LHC

¢ Positive outcome of ongoing site investigation studies (geological drill down to the cavern depth)



The Forward Physics Facility
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High energy collisions at the High-Luminosity Large Hadron Collider (LHC) produce a large
number of particles along the beam collision axis, outside of the acceptance of existing LHC exper-

. ) intrinsic ) 8 iments. The proposed Forward Physics Facility (FPF), to be located several hundred meters from
melljal\:tlc ::'i: charm . O the ATLAS interaction point and shielded by concrete and rock, will host a suite of experiments to
probe Standard Model (SM) processes and search for physics beyond the Standard Model (BSM).

inflaton prompt frc:ar;vraorrc‘i In this report, we review the status of the civil engineering plans and the experiments to explore
DM  atmospheric production the diverse physics signals that can be uniquely probed in the forward region. FPF experiments

indirect heutrinos muon

will be sensitive to a broad range of BSM physics through searches for new particle scattering or de-
detection puzzle

cay signatures and deviations from SM expectations in high statistics analyses with TeV neutrinos
in this low-background environment. High statistics neutrino detection will also provide valuable
data for fundamental topics in perturbative and non-perturbative QCD and in weak interactions.
Experiments at the FPF will enable synergies between forward particle production at the LHC and
astroparticle physics to be exploited. We report here on these physics topics, on infrastructure,
detector, and simulation studies, and on future directions to realize the FPF’s physics potential.

arXiv:2203.05090v1 [hep-ex] 9 Mar 2022

¢ 430 pages describing

Snowmass Working Groups

SCIentIfIC case Infrastructure EF4,EF5,EF6,EF9,EF10,NF3,NF6,NF8, NF9,NF10,RP6,CF7,TF07,TF09,TF11,AF2,AF5,IF8
detectors, and simulations LEAD CONVENERS
Jonathan L. Feng!'*, Felix Kling?, Mary Hall Reno®, Juan Rojo*®, Dennis Soldin®
& Stepping stone for the FPF ToPICAL CONVENERS
Conceptu al Design Report Luis A. Anchordoqui”, Jamie Boyd®, Ahmed Ismail®, Lucian Harland-Lang!®'!, Kevin J. Kelly'?,

Vishvas Pandey'?, Sebastian Trojanowski'4'® Yu-Dai Tsail,
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Physics with LHC Neutrinos
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Broad, far-reaching program on QCD (small-x gluon, saturation),
cosmic rays (muon puzzle), neutrino BSM (sterile neutrinos),
hadronic structure, UHE neutrinos, FCC-pp cross-sections ...




The LHC as a Neutrino-
lon Collider

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



Neutrino DIS at the LHC

¢ Generate DIS pseudo-data at current and proposed LHC neutrino experiments

qg=k—Kk
D=Ey_Ef

Y = E = 1= E
P, M
2
X = Q

szU
EI/ — Eh + EE .
Q2 = 4(Eh + Eg)Eg sin? (9g/2)

4(Eh + Eg)Eg sin? (95/2)
T =
2mNEh

/
k Ef=k6

Q% ~ 4E E,sin*(0/2)

W EL.=E -FE

1 —
W2=Q2( x)=m]%,+2mNu—Q2
X

Assume that the detector can reconstruct the
outgoing charged-lepton energy and scattering
angle as well as hadronic final-state energy

In-situ calibration of neutrino energy



Neutrino DIS at the LHC

number of DIS events per bin
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Neutrino DIS 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 Q2



Neutrino DIS 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 Q2

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



Neutrino DIS at the LHC

Integrated event rates for DIS kinematics for inclusive (charm-tagged) production

Detector N, Np, N, + Nj, Ny, Ny, Ny, + N3,
FASERv 400 (62) 210 (38) 610 (100) 1.3k (200) 500 (90) 1.8k (290)
SNDQLHC 180 (22) 76 (11) 260 (32) 510 (59) 190 (25) 700 (83)
FASERv2 116k (17k) 56k (9.9k) 170k (27k) || 380k (53k) | 133k (23k) | 510k (76k)
AdvSND-far 12k (1.5k) | 5.5k (0.82k) | 18k (2.3k) 40k (4.8k) | 16k (2.2k) 56k (7k)
FLArE10 44k (5.5Kk) 20k (3.0k) 64k (8.5k) 76k (10k) | 38k (5.0k) | 110k (15k)
FLArE100 290k (35k) | 130k (19k) | 420k (54k) || 440k (60k) | 232k (30k) | 670k (90k)
& Muon-neutrinos: larger event rates, v, o
smaller production uncertainties
p
& Current experiments limited by Charm-tagged DIS W
statistics, FPF by systematics , o v,
s/ d / !
s/d
& >
¢ Ultimate reach achieved by . e

combining all experiments N



PDF constraints from LHC neutrinos
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Far-forward neutrino detectors effectively extend CERN with a

& Most impact on up and down valence quarks as well as
In strangeness, ultimately limited by systematics

& Impact on proton PDFs quantified by the Hessian
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PDF constraints from LHC neutrinos

pp —» HW' — Hly, + X

NNPDF4.0 FPF*
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. 5 —— PDFALHC2I PDFALHC21 FPF  —— PDFLHC21_FPF* - ¢ Impact on core HL-LHC
& g processes i.e. single and double
E‘ 2 e e )'_l_,_,_:——'ﬁr— weak boson production and Higgs
ks (1) N — N production (VH, VBF)
S B — S
= F —
5 of o e
E 3 ¢ Also relevant for BSM searches at
a9 —‘é large-mass (via large-x PDFs)
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e.g. high-mass dilepton resonances



Charm in 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, in preparation
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The Inner Life of Protons

credit: visualising the proton, Arts at MIT (https://arts.mit.edu/visualizing-the-proton/)

Bjorken-x: fraction of the proton energy carried by a quark or gluon

Does the proton contain yet-to-be-discovered constituents?



The charm content of the proton

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

mass—|2.4 MeVv 1.27 GeV 171.2 GeV
charge—| 24 %/ %3 t
spin—»| 1/ U Ya C Y2
name- up charm top
4.8 MeV 104 MeV 4.2 GeV
) -1/3 -1/3 -1/3
Srd xS
7 Yo Y2
8 down strange bottom 127 Gev

charm quarks heavier than the proton itself

104 MeV
v S
Y2

strange

G
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The charm content of the proton

common assumption: 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) Q (n+1) 5 _
fc =( —> fc X aS In W qu ®fg + @ (a’S ) NLO matching
3FNS charm 4FNS charm ¢ 4FNS gluon

4 flavour scheme, Q > m,

U@ g@ ¢@ (@@

I 1

3 flavour scheme, Q < m,

NORCINORNE

J(x)

If charm is perturbatively generated, the charm PDF is trivial



The charm content of the proton

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

It does not need to be so! An intrinsic charm component predicted in many models

THE INTRINSIC CHARM OF THE PROTON p) = Py, uud)+Ps, uudcc) + ...

S.J. BRODSKY ! P(:s)

-

Stanford Linear Accelerator Center, ]
Stanford, California 94305, USA .

and

P. HOYER, C. PETERSON and N. SAKALI *
NORDITA, Copenhagen, Denmark

20}
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Received 22 April 1980
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Recent data give unexpectedly large cross-sections for charmed particle production at high xf in hadron collisions. This
may imply that the proton has a non-negligible uudcc Fock component. The interesting consequences of such a hypothesis
are explored.

within global n.—=4 (n,=4) (n,=4)
PO it 0 Q) 2 iy (6 Q) F ¢y (0 O)
Extracted from QCD radiation from intrinsic
from data component

and matching



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




4FNS to 3FNS transformation

0.03 —
Assumption: ¢ = C 3FNS
(perturbative
0.02 - component removed)
— 0.017
S
+
O
S 0,004
—0.01 - Intrinsic Charm, NNLO match (PDF+MHOU)
-~----- BHPS model
— = Meson/Baryon Cloud model (effective mass)
_0-02 7 J 7 T , T , T
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



Intrinsic charm
NewScientist
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Physicists surprised to discover the Protons contain intrinsic charm
proton contains a charm quark quarks, a new study suggests

Understanding a proton’s charm could refine intel from particle colliders

The textbook description of a proton says it contains three smaller particles - two
up quarks and a down quark - but a new analysis has found strong evidence that
it also holds a charm quark

00006

PHYSICS 17 August 2022

By Alex Wilkins
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Proton bevat een wonderlijk
extra deeltje: de ‘charm
quark’

Protonen, fundamentele bouwstenen van alle materie,
blijken een nieuw ingrediént te bevatten: de ‘charm
quark’. Natuurkundigen reageren opgetogen:
‘Verbazingwekkend dat er nog iets nieuws valt te leren
over een oude bekende als het proton.’

Wetensc

Protons are commonly thought to contain only three quarks — two up quarks and one down quark (illustrated). But there's new evidence that protons may also
c intrinsic charm quarks and antiquarks.
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Inside the Proton, the ‘Most Complicated
Thing You Could Possibly Imagine’

Frank Rensen 17 augustus 2022, 21:55
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credits: https:/www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/




Z+charm @ LHCDb

NNPDF4.0 ~_ LHCb data
— 0.08- ' i

0.09

default charm

I perturbative charm

2.0 2.5 3.0 3.9 4.0 4.5

N (c tagged jets;yz)  o(pp — Z + charm jet; yz)

C —
Rjlyz) = N (jets; yz) o(pp = Z + jet;yz)

Z+charm at forward rapidities (LHCb) sensitive to the charm PDF up to x=0.5

NNPDF4.0 predictions in agreement with LHCb Z+D data (not included in fit, independent validation)
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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

¢ PDF uncertainties are large, but preference for a
non-zero, positive IC asymmetry around x=0.3

¢ Consistent with the independent constraints from
EMC F2¢ and LHCb Z+D

A non-zero valence charm PDF is the
ultimate smoking gun for IC, since no
perturbative mechanism can generate it

4FNS Q = 1.65 GeV (PDFU)
0.03 —— 3FNS (PDFU + MHOU) -
Fitted charm (¢ # ¢)
& 0.02 -
<
B
' 0.01
8
0.00
1 | | |
0.2 0.4 0.6 0.8
N —— Baseline _
" —-— with EMC Fy
a)\ ./11 Y -== with LHCb Z + D
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|
Q
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Charm asymmetries at the EIC

107" E
3 Q?=20GeV*® -
....... ] ( . c a .
.......... /5 = 63 GeV 1 ¢ Inclusive F2¢ measurements at large-x will
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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 will pin down
a non-vanishing charm valence PDF

¢ Data from upcoming LHC runs will confirm or
falsify a non-zero charm asymmetry in the proton

¢ ldeally the measurement should be carry out in
terms of IRC-safe flavour jets, to reduce
sensitivity to charm fragmentation model
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IC and LHC neutrinos

NNPDF4.0

- NNPDF4.0 + FPF (stat + sys) 4 —
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10-3
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NNPDF4.0
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¢ Projections for LHC neutrino DIS within the
NNPDF4.0 global fit consistent with the
PDF4LHC21 profiling

& Sensitivity to the charm PDF via the gluon-

charm initial state ....

D meson

0

¢ ...as well as via neutrino scattering off
charm quarks in the target

WIP: study implications of initial state charm
asymmetry on LHC neutrino observables



Proton structure at small-x
from forward LHC neutrinos

36



Small-x QCD with Forward LHC Neutrinos
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¢ D-meson fragmentation 109 . |
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L ¢ Forward light hadron production & cosmic ray modelling - Momentum Fraction x

Relevant for FCC-pp, UHE neutrinos, cosmic rays
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Small-x QCD with Forward LHC Neutrinos
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Small-x QCD with Forward LHC Neutrinos
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& Spread of PDF predictions (e.g. small-x gluon) modifies predicted fluxes up to factor 2

107

] lIIIIIII

107°

& 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(Vr e \_/T;EV)
N(Vo+ Vi Ey)

Nraserv (Ve + VoEy)

R
NSND@LHC (Ve + ‘_/e;EV)

exp (EV) —

R’L'/e (EV) =

Retain PDF sensitivity while reducing the large QCD

e . Proxy for 2D xsec differential in (energy, rapidity)
uncertainties in the theory prediction



Small-x QCD with Forward LHC Neutrinos
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o POWHEG NLO+PS AL E B S ¢ When taking ratios of event rates
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(e.g. charm electron neutrinos vs
1.050 - charm muon neutrinos), QCD
1025 - uncertainties reduced to O(few %)
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& Strategy: assume a measurement of
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0.995 - Electron-neutrinos from charm / muon- 2B . iahti

neutrinos from charm (normalized) via Bayesian reweighting

0.900

10°
E [GeV]

¢ Generate pseudo-data for a measurement of the rapidity ratio for forward neutrinos
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R E e T E T
> N,(E,.85<y,<9.0) > N,(E,85<y,<9.0)

Proxy for “SND@LHC over FASER” ratio



Small-x PDFs with Forward LHC Neutrinos

Electron neutrinos, 2% uncertainty in inclusive event rates Tau neutrinos, 2% uncertainty in inclusive event rates
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¢ 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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Impact at the FCC-pp

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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Summary and outlook

¢ LHC neutrinos realise an exciting program in a broad range of topics from BSM and long-lived
particles to neutrinos, QCD and hadron structure, and astroparticle physics

& Measurements of neutrino DIS structure functions at the LHC open a new probe to proton
and nuclear structure with a charged-current counterpart of the Electron lon Collider

& They provide a unique perspective on quark flavour separation, enhance theory predictions for
HL-LHC observables, and scrutinise the charm content of the proton

& Measurements of electron and tau neutrino event rates at the LHC constrain the small-x
gluon and large-x charm in unexplored regions by using dedicated observables

¢ Improved neutrino MC generators demand state-of-the-art QCD calculations suitable for a wide
kinematic range: a key ongoing development for LHC neutrino experiments
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