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FuIIy reconstructed neutrino interaction event in BEBC
: AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION
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The renaissance of neutrino experiments @ CERN - at both the SPS & the LHC

Mo/W target - 2016

> Target complex >
‘o“ | b g . » Proposal for ‘Search for hidden particles’ (SHiP) @SPS
".' T » Physics Beyond Colliders (PBC) initiative launched

2018
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Seectonele 2z — » FASER proposed to detect neutrinos from LHC P1

2023
» Detection of collider neutrinos by FASERv & SND@LHC
2024

» SHiP approved for construction
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LHC provides a collimated beam of TeV energy neutrinos in the far forward direction

*
NEUTRINO AND MUON PHYSICS IN THE COLLIDER MODE OF FUTURE ACCELERATORS )

A. De Rfijula and R. Riickl
CERN, Geneva, Switzerland
Proc. ECFA-CERN Workshop on large hadron collider in the LEP tunnel: 21-27 Mar 1984

ABSTRACT

Extracted beams and fixed target facilities at future colliders (the SSC
and the LHC) may be (respectively) impaired by economic and "ecological"
considerations. Neutrino and muon physics in the multi-TeV range would
appear not to be an option for these machines. We partially reverse this
conclusion by estimating the characteristics of the "prompt'" vy, Ve, Vr
and u beams necessarily produced (for free) at the pp or pp intersections.
The neutrino beams from a high luminosity (pp) collider are not much less
intense than the neutrino beam from the collider's dump, but require no
muon shielding. The muon beams from the same intersections are intense
and energetic enough to study up and uN interactions with considerable
statistics and a Q*-coverage well beyond the presently available one.

The physics program allowed by these lepton beams is a strong advocate

of machines with the highest possible luminosity: pp (not pp) colliders.

... Forty years later, this vision is being realized
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While waiting for new physics at the LHC, can we explore the intensity frontier for free*?

The LHC produces an intense and strongly collimated beam
of highly energetic particles in the forward direction.
10" 110, 10'® n, 10"° D, 10"® B within 1 mrad of beam

Can we do something with that?
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What can we do with an intense beam of TeV energy neutrinos?

|
neutrino DIS
at TeV scale

color
transparency

hadronization
in nuclear
medium

( strangeness ” nuclear PDFs ]

[ shadowing J [ EMCeffectJ

Study interesting open issues in QCD — of relevance to neutrino telescopes; Study forward production
of light hadrons — of relevance to cosmic ray air shower arrays; Search for Beyond-Standard-Model
long-lived particles (axions, dark photons, heavy neutral leptons, milli-charged particles, scalar dark
matter, quirks etc) — of relevance to dark matter experiments. Feng et al, J.Phys.G50:030501,2023
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The Forward Physics Facility (FPF) is a proposal to create a cavern with the space and infrastructure to support a
suite of far-forward experiments at the Large Hadron Collider during the High Luminosity era. Located along the
beam collision axis and shielded from the interaction point by at least 100 m of concrete and rock, the FPF will
house experiments that will detect particles outside the acceptance of all existing LHC experiments and will observe
rare and exotic processes in an extremely low-background environment. In this work, we summarize the current
status of plans for the FPF, including recent progress in civil engineering in identifying promising sites for the FPF;
the FPF experiments currently envisioned to realize the FPF’s physics potential; and the many Standard Model and
new physics topics that will be advanced by the FPF, including searches for long-lived particles, probes of dark
matter and dark sectors, high-statistics studies of TeV neutrinos of all three flavors, aspects of perturbative and non-
perturbative QCD, and high-energy astroparticle physics. [Phys.Rep. 968:1,2022, J.Phys.G50:030501,2023]
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Proof-of-principle in 2022 when two new experiments started operation @ CERN:

FASER [2207.11427] & SND@LHC [2210.02784]
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The dawn of collider neutrino physics

~0.2 background events expected in signal region ... upon unblinding find 153 events with no veto

FASER Li=3541b; FASER L=354f" .
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Expected Neutrino Fluxes at Forward Physics Facility experiments

Detector Number of CC Interactions
Name Mass Coverage |Luminosity Vet Ve Vutvy VrtUr

FASERv | 1 ton n > 8.5 150 fb~% || 901 / 3.4k | 4.7k / 7.1k | 15/ 97

Feng et al, J.Phys.G50:030501,2023

FASERv2 [20 tons| 17 > 8.5 3ab ! | 178k / 668k 943k / 1.AM 2.3k / 20k
FLArE |10tons| 7>7.5 3ab-! | 36k / 113k | 203k / 268k | 1.5k / 4k
AdvSND | 2tons [7.2<n<9.2] 3ab ! | 6.5k / 20k | 41k / 53k | 190 / 754

FORMOSA

FASERV2 ;
Emulsion/tungsten neutrino target
40 cm x 40 cm x 8 m, 20 tons 9

FASER12
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Expected spectrum of LHC neutrinos
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Neutrino interactions
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Antares/KM3NeT, Baikal/GVD, IceCube/Gen2, ... P-One, Trident,
... ANITA, PUEO, GRAND, Trinity, ... ARIANNA, ARA, RNO-G




At high energies, neutrinos interact via 1~-N Deep Inelastic Scattering

This is calculable in the (perturbative) Standard Model, knowing the parton distribution functions (PDFs)
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Can calculate numerically at Next-to-Leading-Order (NLO) ... no significant further change at NNLO

For UHE neutrinos, need to perform DGLAP evolution of measured PDFs to (high) Q%and (low) Bjorken-x
Subtleties: heavy flavour thresholds, BFKL resummation, nuclear targets, shadowing ...
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The H1 & ZEUS experiments at HERA were the first to measure DIS at high Q% and low Bjorken-x —an unexpected
finding was the steep rise of the gluon PDF at low x which is particularly relevant for HE neutrino interactions

H1 and ZEUS HERA I+II PDF Fit
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Subsequently data from the LHC (W, Z, ttbar, jets ...) have led to more accurate PDFs and some new findings
(low-x strange sea less suppressed than believed earlier, a hint of intrinsic charm ...)



Neutrino telescopes like IceCube explore energies __HERAPDF1.5 NLO Isoscalar Target
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Mertsch, Cooper-Sarkar, S.S., JHEP 08:042,2011 = CSMS
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Detection of a.particle shower at the Glashow resonance with IceCube

Nature | VoI591 | 11March2021
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The predicted {N cross-section has been verified upto 103 TeV by { absorption in the Earth
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Can invert the argument to do tomography of
Earth’s interior (Donnini et al, Nature
Phys.15:37,2019, IceCube collab. 2607.02644)

However the measurement uncertainty
is large (~30%) and Earth absorption
hapeens only above E, ~ 40 TeV
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IceCube Collaboration, Nature 551:596,2017
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SCIENCE AND PROJECT PLANNING FOR THE FORWARD PHYSICS
FACILITY IN PREPARATION FOR THE 2024-2026 EUROPEAN
PARTICLE PHYSICS STRATEGY UPDATE
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https://arxiv.org/abs/2411.04175

Impact on proton PDFs
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¢ Impact on proton PDFs quantified by the Hessian profiling of PDF4LHC21 (xFitter) and by direct

inclusion in the global NNPDF4.0 fit

¢ Most impact on up and down valence quarks as well as in strangeness, ultimately limited by

systematics, but

¢ PDFs improved with LHC neutrino data enhance precision HL-LHC measurements like W mass
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Implications for the HL-LHC
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Forward charm production

Event 146539692
Run 174933 i

Sat, 21 May 2016 05:45:41

Antares/KM3NeT, Baikal/GVD, IceCube/Gen2, ... P-One, Trident,
... ANITA, PUEO, GRAND, Trinity, ... ARIANNA, ARA, RNO-G



Neutrino telescopes look for a cosmic signal buried in a huge background of atmospheric neutrinos

Cosmic ray
EVERY YEAR,
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The ‘conventional flux” is well understood as it is calibrated against many observations but uncertainties in charm
production make the prompt flux less so although it is the most important background for the astrophysical flux!



the v flux from atmospheric charm production is important for IceCube

The astrophysical v flux can be fitted by a power-law,
broken power-law, spline with a cut-off, log-parabola ...

Need to discriminate between these in order to
identify the source(s) — but this requires better
estimate of atmospheric prompt v background
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To measure this at an accelerator requires:
Vs =V2E,m,= 10 TeV, for £, ~ 107 GeV: LHCb
and x, ,~ (m/\s) e*7= n ~ 7-9: requires FPF
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Forward Charm Production & LHCb
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NLO predictions for forward charm production validated with LHCb data

Gauld et al, JHEP 11:009,2015
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Light hadron production

Synergy with Cosmic Ray Air Shower arrays:
Pierre Auger Observatory, IceTop, KASCADE-GRANDE, LHASSO,
NEVOD-DECOR, SUGAR, Telescope Array, TUNKA, Yakutsk ...




Communication GPS
antenna antenna

Electronics enclosure
40 MHz FADC, local
triggers, 10 Watts

M The Pierre Auger Observatory

e 1600 water-cherenkov detectors
e Aperture > 7000 km? sr yr = 70!
e 4 x 6 telescopes

OBSERVATORIO

WG . KOO0 - ST PIERRE AUGER

Plastic tank
with 12 tons
of water




Schematic Shower Development
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Components

Fluorescence & (isotropic)
Cherenkov-Light (forward peaked)

p, N, T : near shower axis
M, e, v :widely spread

e,y : from ¥, 1 decays ~ 10 MeV
I from nf, K, .. decays ~ 1 GeV

Ne,y : N“ ~10 ... 100 varying with core distance,
energy, mass, O, ...

Details depend on:
interaction cross-sections,
hadronic and el.mag. particle production,
decays, transport, ...

at energies well above man-made accelerators

Complex interplay with many correlations

requires MC simulations

Main sources of uncertainty

> Minijet cross-section (parton densities, range of applicability)

» Transverse profile function (total #-secn, multiplicity distribution)

» Energy dependence of leading particle production

» Role of nuclear effects (saturation, stopping power, QGP)

Need input from forward physics experiments
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Energy/composition: shower profile

Detailed MC simulation: 10 showers
zenith angle 35°, QGSJET
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* Auger shower

Can discriminate between hadrons & photons ...
harder to distinguish between p and Fe nuclei

Trend of composition getting
heavier with increasing energy

logio(E/eV)
15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
900 1 | | | | | 1 | | -
4 Telescope Array (FD) PD& (0}9[\ ,,,,,
8501 ¢ Pemepuger(FD) [ TS eele e B
800 Y Pierre Auger (HeCo) et
- Y - N =0~ e T (L ! 0 m —"
'F T Pierre Auger (SD) =T ﬁﬁ&m,‘: .........
g 750 i w0 | smere e L
07001 ————————= w24 s et iron i
>§650— B 22 === SIBYLL2.3c | [
,,,, @ aee e’
= C—" X ¥ ot == —— EPOS-LHC
600 e h A "“Q 9. r". ..... -
A grrted 4”/,‘:: ------------- QGSJETII.04
550_ '—’:::: ...... L
emm 2" knee ankle instep suppression
500—‘ A | | Il e | [ SR S R e urd | 1 | b el ' =
70— ~

-

= proton

1016

1018 1010 102

E (eV)

10V

PDG, Int.J.Mod.Phys.A41:2630011,2026



The Cosmic ray muon anomaly — new physics?
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~30-60% mismatch between the
observed muon flux and simulations

Difficult to explain away by tuning
parameters without introducing other
discrepancies with cosmic ray data

Albrecht et al, Astrophys.Space.Sci. 367:27,2022

The FPF will measure forward light hadron
production in a kinematic range never
before explored and claify the issue

1 Based on Ulrich, Engel, Unger,
1 PRD 83 (2011) 054026
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BSM physics

7 i, Scilirs
'&O _Allatons “’T',lﬁfa\to\n relaxion | °
Q Vi |\ .
6 ~ 2HDMs Higgs / \ \ﬂavor specific scalars )
Q% (" :f‘ Sgol dtmos 1 dark Higgs *
QL /A DDM '
ALPs
Pseudo- ~ \/
scalars dark axion

dark photon

gauged Bar-yon/Lepton Number
\

%
\

Synergy with dark matter experiments and y-ray & neutrino telescopes




The new particle landscape

|
Strongly Interacting
Heavy Particles
=
=
oc.
puh
P
= Already
+ discovered
g 107
= Impossible
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L discover
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~
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Weakly Interacting
| Light Particles
C _() -
10
MeV GeV TeV

Mass
» ATLAS & CMS are designed to find new heavy particles which are produced nearly and rest and decay isotropically
» New light particles are produced mainly along the beam, so disappear through the holes that let the beams in ...
» We need a detector to cover these blind spots in the forward region*

* Or do a beam dump experiment



Interaction strength

DM

DM

1073

107°

THE ‘WIMP-LESS MIRACLF’
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Too little to
be Dark Matter

Impossible
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Too much to
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MeV GeV TeV
Mass
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Feng & Kumar, PRL 101:231301,2008
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Interaction strength
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Standard Model

Theoretical motivations for New Light Feebly Interacting/Long-Lived Particles

Abelian, unbroken Abelian, unbroken
Electromagnetism U(1)g, Millicharged particles (FORMOSA)
Abelian, spontaneously broken Abelian, spontaneously broken
Hypercharge U(1), Dark photon B-L, L -L, gauge bosons

(FASER2, FASERNn2, AdvSND, FLArE)

Non-Abelian, spontaneously broken
Weak SU(2), Non-Abelian, spontaneously broken ?
Non-Abelian, confined Non-Abelian, confined

QCD SU(3). Quirks (FASER2, FLArE)

10193S )yJeq



g The Portal Formalism
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Such searches were carried out ~40 years ago at CERN by the neutrino beam dump experiments at the SPS — | will focus on BEBC WA66 which
searched for light neutralinos, heavy neutral leptons, neutrino magnetic moments etc




Subsequently neutrino oscillations were discovered ... first sign of physics beyond SM

The simplest renormalisable extension of the SM which accommodates this, contains right-handed (RH) neutrinos
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If in addition to (lepton-number conserving) Dirac masses due to interaction with the Higgs field, the RH neutrinos
have (lepton-number violating) Majorana masses, then they can, in principle (Asaka, Shaposhnikov, Phys.Lett.B 620:17,2005):

» Account for the baryon asymmetry of the Universe Test by searching for heavy neutral leptons (HNLs)

— SHiP@SPS, FPF@LHC (best below ~2 GeV)
— FCC, CEPC ... (best above ~2 GeV)

» Provide a (warm) candidate for the dark matter
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Active neutrino masses

M, — —mDMA_Jlm:'l;

HNL mixing

Heavv Neutral Leptons: Production & Decav

10_3 EN
Lijgy. n ~ 30 ( ) ( ) m For my ~ 1 GeV
’ U,4|? 10 GeV
U4 e Uil = [Da] = 0

Consider production in the beam dump of charmed mesons — decaying
promptly to neutrinos whose mixings create a beam of HNL that decay in
into opposite sign charged charged particles (eev, euv, uuyv, or e, um)

The number of HNLs produced, Ny, can be directly related to the total
number of detected active neutrinos of a particular species, N,,, via:

Ny Y a(pN — P+ X)Br(P; —» N +Y)

~y

N,,  o(pN - D*D~+X)Br(D* — £v; +X) + o(pN — DODO + X)Br(D® — £ v, +X)

arXiv:2208.00416



https://arxiv.org/abs/2208.00416

The 40+ year old beam dump experiments @ CERN still provide world-leading sensitivity to HNLs

We revisit the search for heavy neutral leptons with the Big European Bubble Chamber in the 1982 proton beam dump experiment at CERN,
focussing on those heavier than the kaon and mixing only with the tau neutrino, as these are far less constrained than their counterparts with
smaller mass or other mixings. Recasting the previous search in terms of this model and including additional production and decay channels
yields the strongest bounds to date, up to the tau mass. This applies also to our updated bounds on the mixing of heavy neutral leptons with the

electron neutrino. Barouki, Marocco, S.S., SciPost Phys.13:118,2020 (Reanalysis of: Cooper-Sarkar et al, Phys.Lett.B160:207,1985)
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“With more than 50k v, CC interactions in the SND, SHiP can constrain the v, magnetic moment down to 9 x 1073ug”
SHiP Collaboration + BDF Working Group, BDF/SHiP at the ECN3 high-intensity beam facility, CERN-SPSC-2023-033

The magnetic moment expected for a Dirac neutrino is &, = 3x101° (m,/eV) 1 but can be enhanced by BSM physics

e ANANANANNNS < < < £ = = o
12 W b 1 v S

Bound on the tau neutrino magnetic moment from the BEBC beam dump experiment
A.M. Cooper-Sarkar et al, Phys.Lett.B280(1992)153

Scattering by a magnetic moment is strongly forward-peaked, so we considered production from D, v,
and looked for elastically scattered events within the forward cone defined by the maximum scattering angle

do, (w\ /(1 1 oy 2m, (__I;__rnere) , ,
EM"‘(E) (i_F) S e = T om \' TE, T 28 ) Ohe<2me/E

v

We found 1 candidate event, cf. expected background of 0.5 £+ 0.1 = < 3.5 events @ 90% CL
This implies a bound of 5.4 x 10”75 on the v, magnetic moment
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SCi SciPost Phys. 10, 043 (2021) We derive limits on nu]hcharged dark states, as well as particles with electnc or magneuc

Blast from the past: Constraints on the dark sector Big European Bubble Chamber in the 1982 CERN-WA—066 beam dumn expernnent The

from the BEBC WA66 beam dump experiment dark states are produced by the 400 GeV proton beam primarily through the decays

GlasomcMitoeso ™ and Siilili Sakar of mesons produced in the beam dump, and the lack of excess events places bounds

Rudolf Peierls Centre for Theoretical Physics; University of Oxford, extending up to GeV masses. These improve on bounds from all other experiments, in
Parks Road, Oxford OX1 3PU, United Kingdom particular CHARM II.
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The reach will improve with FLArE & FORMOSA at the FPF [arXiv:2109.10905]
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The WAG66 constraint on forward scattered electrons also translates into a competitive bound
on scattering of ~MeV-GeV scalar dark matter (Buonocore et al, PRD 102:035006,2020)
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luminosity. Existing constraints (grey) & projected reaches from other expts [arXiv:2107.00666]
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The FPF user community is large, vibrant, and growing internationally...

~300 people in over 60 institutions: collaborations of the current pathfinder
detectors (FASER, FASERv, milliQan) + FLArE working group (~200 theorists _g8@®
participated in writing (or endorsed) the White Paper
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Forward Physics Facility

Intreduction https://fpf.web.cern.ch/

The Forward Physics Facility (FPF) is a proposal to build a new underground cavern at the Large Hadron Collider (LHC) to host a
suite of far-forward experiments during the High-Luminosity LHC (HL-LHC) era. The existing large LHC detectors have un-
instrumented regions along the beam line, and so miss the physics opportunities provided by the enormous flux of particles

produced in the far-forward direction. Without the FPF, the HL-LHC will be blind to neutrinos and many proposed new particles.

However, small pathfinder experiments currently operating in the far-forward region at the LHC have recently directly observed
collider neutrinos for the first time and demonstrated the potential for world-leading sensitivity to new physics. With the FPF, a
diverse suite of experiments will realize this potential by detecting ~1,000,000 neutrino interactions at the highest energies from

a human source, expanding our understanding of proton and nuclear structure and the strong interactions to new regimes,

clarifying astroparticle data, and carrying out world-leading searches for light dark matter, dark sectors, and many other new

particles.

PBC FPF Subgroup

Convener: Jamie Boyd (CERN) Core Members: Marco Andreini (CERN), Kincso Balazs (CERN), Jean-Pierre Corso (CERN),
Jonathan Feng (UC Irvine), Anastasiya Magazinik (CERN), John Osborne (CERN)

Mandate and Objectives The PBC FPF Subgroup is mandated to provide a Conceptual Design of the facility after an analysis of
the possible options and taking into account the impact on the LHC Machine during construction and installation and the HL-LHC
operational scenario. The Subgroup's objectives are to

 Study the possible civil engineering scenarios for the construction of the Facility, their impact on the LHC machine and its
infrastructure, and study the integration of the FPF and its experiments in the HL-LHC timeline.

« Determine the potential of FPF experiments to enhance the LHC physics program for both SM and BSM physics.

e Foster the development of experiments to realize this potential, and optimize their experimental setup within the FPF
cavern based on the physics requirements identified by the Working Groups.

e Evaluate the performance of the FPF experiments based on the expected HL-LHC operational scenario.

© @ ©
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Next Meeting
Tth Forward Physics Facility

Meeting
29 February, 2024
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Current
Experiments

FASER/FASERNuU

SND@LHC

milliQan

Steering Committee
Jamie Boyd (CERN), Albert De
Roeck (CERN), Milind Diwan
(Brookhaven), Jonathan Feng (UC
Irvine), Felix Kling (DESY)

WGO Facility
Jamie Boyd (CERN)
WG1 Neutrino Interactions
Juan Rojo (Nikhef)

WG2 Charm Production
Anna Stasto (Penn State)
WG3 Light Hadron Production
and Astroparticle Luis
Anchordoqui (Lehman), Dennis
Soldin (Karlsruhe)

WG4 New Physics Brian Batell
(Pittsburgh), Felix Kling (DESY)
WG5 FASER2
Alan Barr (Oxford), Josh McFayden
(Sussex), Hide Otono (Kyushu)
WG6 FASERNnuU2 Aki Ariga (Chiba),
Tomoko Ariga (Kyushu)
WG?7 FLArE Jianming Bian (UC
Irvine), Milind Diwan (Brookhaven)
WGS8 FORMOSA Matthew Citron
(UC Davis), Chris Hill (Ohio State)



https://faser.web.cern.ch/
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https://u.osu.edu/milliqan

conclusions

» There is well-motivated new physics to
be explored using high energy neutrinos

» These experiments cost very ‘little’
(< 100 MCHF) but are of great interest to
a large (astro)particle community }

> Beam dump experiments have been very |
successful in the past — SHiP will |
continue this tradition! ;

» The Forward Physics Facility will explore 1
both SM and BSM physics at the HL-LHC |
... it should be part of the forward |
planning for proposed colliders 4
(arXiv:2409.02163) 3

Message for ECFA

Seen at café outside Royal Tombs @ Aiyai)


https://arxiv.org/abs/2409.02163
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