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LHC provides a collimated beam of TeV energy neutrinos in the far forward direction

Proc. ECFA-CERN Workshop on large hadron collider in the LEP tunnel: 21-27 Mar 1984

Forty years later, this vision is being realized …

https://inspirehep.net/literature/210810


Recall this was following a glorious era of pioneering neutrino experiments @ CERN
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What can we do with an intense beam of TeV energy neutrinos?

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

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


‘Proof-of-principle’ in 2022 - when 2 new experiments started operation @ CERN

“Until now, no neutrino produced at a particle collider has ever been directly detected”

2210.02784

2207.11427 

https://arxiv.org/abs/2210.02784
https://arxiv.org/abs/2207.11427


The dawn of collider neutrino physics   
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~0.2 background events expected in signal region … upon unblinding find 153 events with no veto

https://doi.org/10.1103/PhysRevLett.131.031801


Expected Neutrino Fluxes at Forward Physics Facility experiments

Talk: Oliver Salin

Talk: Akitaga Ariga

Talk: Giovanni De Lellis
Talk: Stephen Linden

Talk: Juan Salvador 
Tafoya Vargas
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Neutrino interactions

Synergy with Neutrino Telescopes 
Antares/KM3NeT, Baikal/GVD, IceCube/Gen2, … P-One, Trident, 

… ANITA, PUEO, GRAND, Trinity, … ARIANNA, ARA, RNO-G
WG1 : Juan Rojo
+ 124 members

Talks: Max Fieg, 
Toni Makela, … 



This is calculable in the (perturbative) Standard Model, if the parton distribution functions (PDFs) are known 

Q2  Þ  propagator ¯

Q2  Þ  parton distribution functions 

Most of the contribution to #-secn comes from:

Can calculate numerically at Next-to-Leading-Order (NLO) … no significant further change at NNLO 

Neutrino telescopes detect very high energy neutrinos – to obtain the incident flux 
from the event rate requires knowledge of the n-N Deep Inelastic Scattering #-secn

For UHE neutrinos, need to perform DGLAP evolution of measured PDFs to (high) Q2 and (low) Bjorken-x 
(subtleties: heavy flavour thresholds, BFKL resummation, nuclear targets, …)



The H1 & ZEUS experiments at HERA were the first to measure DIS at high Q2  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

Subsequently data from the LHC (W, Z, ttbar, jets …) have led to more accurate PDFs and new findings 
(low-x strange sea less suppressed than believed earlier, a hint of intrinsic charm …)  



Neutrino telescopes like IceCube use NuGeN which 
incorporates a NLO calculation using HERAPDF1.5 

(Code: https://dispred.hepforge.org/)

We found good agreement between different PDF sets after 
rejecting unphysical members which would have yielded negative 

values for the structure function FL (or violated the Froissart bound) 
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https://dispred.hepforge.org/
https://doi.org/10.1007/JHEP08(2011)042


Preliminary Reference Earth Model (PREM)
Earth diameter = interaction length at Eν ~ 40 TeV

(Can also invert the argument to perform tomography of the Earth: Donnini et al, Nature Phys.15:37,2019)
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The predicted ν-N cross-section has been verified upto 103 TeV by ν absorption in the Earth

However, the measurement uncertainty is large (~30%) and the Earth absorption method works only above ~40 TeV

The FPF is well suited to bridge the gap between neutrino telescopes 
and measurements (upto ~350 GeV) at fixed-target experiments

https://doi.org/10.1038/s41567-018-0319-1
https://doi.org/10.1038/nature24459


As experimental precision improves, further effects need to be considered
2

determined to less than 0.5 degree.
In the Class 2 shower events, the energy of the inci-

dent neutrino is reasonably well determined, while the
neutrino direction has large uncertainty (with a median
uncertainty of 10 degrees).

Thus, the two Classes of events are complementary in
their physics information. The neutrino flux is steeply
falling up to 100 TeV, as expected for neutrinos of at-
mospheric origin. Above 240 TeV, the neutrino flux has
a flatter energy spectrum that is consistent with a E�2

⌫
power law, typical of an astrophysics Fermi acceleration
mechanism of cosmic rays [17]. Whether there is a maxi-
mum energy cut-o↵ of the neutrino flux remains an open
question.

The three most energetic shower events have energies
of 1.041 PeV, 1.141 PeV and 2.0 PeV, with 15% energy
resolution. A track event was found with an exceptionally
high-energy muon and 2.6 ± 0.3 PeV deposited energy.
These are the highest energy neutrinos ever recorded
by any experiment. The high-energy neutrino flux in-
ferred by IceCube depends on the e↵ective area of the
detector, under the assumption that the neutrino inclu-
sive cross-section can be accurately modeled by charged-
current and neutral-current DIS on light-quark flavors.
Our study evaluates the impact of the b-quark to t-quark
and the s-quark to c-quark transitions, treating the b-
quark as a massless parton in the proton [18, 19] in the 5-
flavor formalism. In addition, we simulate the muon dis-
tributions in dimuon events for a further probe of heavy
quark contributions. Our focus is on events in which the
deep inelastic interaction on a proton target of a ⌫µ gives
a fast primary muon.

II. SLOW SCALING IN TOP-QUARK

PRODUCTION

In a 4-flavor parton scheme (4FS), the leading-order
(LO) partonic process for the QCD production of a b-
quark is gluon to bb̄ and the top-quark is produced from
the b-quark in an overall 2 to 3 particle process. In the
4FS, the integration over the final-state bottom-quark
momenta leads to logarithmic dependence on mb. In a
5-flavor scheme (5FS), these logarithms are re-summed
to all orders in the strong coupling into a b-quark parton
distribution function (PDF).

In the 5FS, the b-quark mass is set to zero, and all
collinear divergences are absorbed into the PDF through
mass factorization. The dependence on the b-quark mass
is encoded as a boundary condition on the Renormaliza-
tion Group Equations. In the 5FS, top-production in DIS
is a 2 to 2 particle process. We adopt the 5FS for our
calculations for e↵ectiveness, since either the 4FS or 5FS
scheme should give the same cross-section. [20] A simi-
lar use of the b-parton PDF in the calculation of Higgs
production at colliders can be found in [20, 21].

The leading order Feynman diagram for top-quark pro-
duction in the 5FS via the weak charged-current neutrino

⌫ l�

W+

b

t

b

f̄ 0

f

FIG. 1: Leading order Feynman diagram for neutrino pro-
duction of the t-quark from the b-quark parton in the nu-
cleon, ⌫b ! `t. The W-boson decays to a fermion and an
anti-fermion

interaction is shown in Fig. 1, along with the top-quark
decay to a b-quark and a real W-boson.
The charged current subprocess ⌫b ! `t gives the deep

inelastic t-quark production cross-section. In the excel-
lent approximation that the quark mixing matrix element
Vtb = 1, the di↵erential DIS cross section is given by

d�

dxdy
=

G2
F (ŝ�m2

t )m
4
W

⇡(Q2 +m2
W )2

b(x0, µ2) , (1)

where the momentum transfer q = p⌫ � p` sets the
scale Q2 = �q2 > 0. The Bjorken scaling variables are
x = Q2/2p · q and y = pN · q/mN , with Q2 = sxy;
y = (E⌫ � E`)/E⌫ = Eh/E⌫ is the fraction of the neu-
trino energy that is transferred to hadrons. The CM en-
ergy squared of ⌫N scattering is s = 2mNE⌫ , neglecting
the small m2

N contribution. From kinematics, the frac-
tional momentum of the b-parton is x0 = x+m2

t/ys. The
subprocess CM energy squared is ŝ = (p⌫ + pb)2 = x0s.
The domains of the x, y variables are

m2
t/s < y < 1 and 0 < x < 1� m2

t
sy . (2)

Note that b(x0, µ2) is evaluated at the slow scaling vari-
able, i.e. x0.
After variable substitutions, we also obtain the formula

d�

dxdy
=

G2
F (2mNE⌫x+m2

t/y �m2
t )m

4
W

⇡(m2
W + 2mNE⌫xy)2

b(x+ m2
t

sy , µ
2) ,

(3)
with y(1 � x) > m2

t/s. Note that the numerator factor
(xs+m2

t/y �m2
t ) �! xs when ŝ � m2

t , and thus xb(x)
is obtained in Eq. (3) well above threshold. A similar
formula applies to the anti-neutrino case. In our calcula-
tions we take mt for both factorization and renormaliza-
tion scales, as found in other applications to reproduce
NLO and NNLO results in a LO calulation[20, 21]

III. CROSS SECTIONS AND y-DISTRIBUTIONS

The calculated neutrino DIS charged-current cross sec-
tions are shown in Fig. 2 versus the neutrino energy.
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FIG. 2: Deep-inelastic ⌫µ cross-section for charged-current
scattering on a proton target. The upper curve is the standard
result for u, d, s, c partons. The middle curve shows the cross-
section from the s-quark to c-quark process. The bottom
curve is the DIS contribution from scattering on the b-quark
parton to produce the t-quark reaction.

The upper curve is the result for 4 light parton flavors
(u, d, s, c); NLO QCD corrections[22] are found to be -1%
of the LO result at all energies and thus are insignificant.
However, the calculated DIS cross sections are subject to
possible overall uncertainties associated with the PDFs,
but again these will be independent of neutrino energy.
The lower curve in Fig. 2 is the contribution from top-
quark production. Above 10 PeV the top-quark cross
section approaches 5 percent of the usual CC result. The
middle curve is the contribution from of c-quark produc-
tion from the s-quark. Single charm production is about
25 percent of the total DIS. The weak production of the
charm quark from the strange quark in the proton has
a low neutrino energy threshold and the energy depen-
dence is quite unlike the steep rise with energy of top
quark production.

Physics with a high threshold energy, like the top, will
first become evident at low x and high y. The distribu-
tions in the scaling variable y = 1 � Eµ/E⌫ are shown
in Fig. 3a, for three choices of neutrino energy: 0.1 PeV
(close to the threshold for top production), 1 PeV (an
energy for which the background from atmospheric neu-
trinos is negligible) and 10 PeV (where the y-distribution
for top production approaches the shape of the usual re-
sult of 4-quark flavors). The y-distribution at 0.1 PeV
clearly exhibits the kinematic suppression from the top-
quark threshold.

The theoretical distribution in the y variable from scat-
tering on light partons has been used by the IceCube col-
laboration in estimating the neutrino energy of through-

going muon events from the Cherenkov light. Figure 3b
compares the average-y values, hyi, for production from
4-quark flavors with that from top-production. There are
substantial di↵erences in hyi for neutrino energies of 1-
10 PeV. Thus, since E⌫ = Ehadron/y, a higher neutrino
energy would be inferred for an event assuming produc-
tion from light partons then would be the case if it is a
top-quark event. However, the importance of this e↵ect
should be modest, since the top cross section at a neu-
trino energy of 1 PeV is only at the 5 percent level. At
the highest energies in Fig. 3b, the 4-flavor and t-quark
results for hyi are converging, since sea quarks then dom-
inate the cross sections. We note that the trend towards
smaller y with increasing energy, for both the usual CC
and t-quark cross-sections, is a consequence of the the
Q2 dependence of the W -propagator, which suppresses
high-y contributions.

IV. DIMUON EVENTS

In addition to a primary muon in the DIS of ⌫µs, the
decays of a top quark into B-mesons or a charm quark
into D-mesons will lead to additional muons in about 10
percent of heavy quark events. In the following we label
the most energetic muon in an event as µ1, which mostly
will be the primary muon from the neutrino production
vertex and that of the second most energetic muon as
µ2, which will mostly be the muon from the decay of the
heavy quark.

At high neutrino energies, µ2 will typically also
have moderately high energy due to the large Lorentz
boost from the center-of-mass frame to the laboratory
frame. We simulate the predicted kinematic distribu-
tions of these muons from heavy quark decays using
MadGraph5 [23] for the production cross sections and
PYTHIA6 [24] for the hadronizations into B and D
mesons as well as their decays. Top quarks decay be-
fore hadronization, so we include the spin correlations of
production and decay in that case.

The muon transverse momentum and energy distribu-
tions are shown in Fig. 4 and the angular separations of
the two leading (in energy) muons are shown in Fig. 5, at
an incoming neutrino energy of 1 PeV. In each figure, ⌫b
represents a b to t conversion, ⌫s represents s to c con-
version, etc. All muons in the final state, both from the
neutrino-vertex and those from a real W -boson, when
present, as well as the B,D decays, are included. The
muons from decays of the longer lived pions and kaons are
not included as they will lose energy quickly and range
out during their propagation in the ice or rock.

The radiation of a W or Z boson, from internal and
external particles of the lowest order weak processes, are
also a potential source of multi-lepton events when the
W or Z decay to muons (or the W and Z decay to c
and b quarks that subsequently decay to muons). We
have calculated these contributions to dimuon events and
found that they are about an order of magnitude smaller
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Figure 11. The relative deviation of the cross-section calculated by CSS [30] from our result for
the HERAPDF1.5 central member. For the CC cross-section (left) we compare to HERAPDF1.5
with (upper panel) and without (lower panel) the b-quark contribution. For NC scattering (right)
the b-quark was included already by CSS [30] and the agreement is excellent.
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Figure 12. The relative deviation of the ANIS [62] and GENIE [64] cross-sections from the
HERAPDF1.5 central member.

In figure 12 we compare our results for HERAPDF1.5 to the cross-sections used in the

neutrino event generator ANIS [62] which is based on CTEQ5D. Note that at energies below

a TeV (which is the most important energy range for neutrino telescopes like IceCube [63])

there is a ∼ 10% discrepancy. We also compare the CC cross-section for HERAPDF1.5

to its value in the GENIE low energy neutrino event generator [64] at around 100 GeV,

finding the match to be consistent within errors.

– 13 –

Without b ➛ t

With b ➛ t splitting
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Figure 2.6. The CC (left) and NC (right) neutrino-nucleon cross-sections (adding the contributions
from neutrinos and antineutrinos) for an H2O molecule computed with the EPPS16 nPDF set and
presented as a function of the neutrino projectile energy E⌫(⌫̄). The quoted 1� confidence-level (CL)
uncertainty bands include only the uncertainty from the nuclear PDF fit, and have been evaluated
using the asymmetric Hessian prescription. Each distribution has been normalised with respect to
the baseline free-nucleon prediction.

We find a suppression of the cross-section for (anti)neutrino energies E⌫(⌫̄) & 106 GeV

due to the shadowing e↵ect present in the nPDFs at small-x. The central value is reduced

by 3% for E⌫(⌫̄) = 106 GeV, and by as much as 10% for E⌫(⌫̄) = 1010 GeV. However, it

should be noted that while a suppression of the cross-section is preferred, the uncertainty

of the nuclear corrections are almost as large as the shift of the central value. Therefore,

using EPPS16, the significance of nuclear modifications is mostly within the 1� level. At

lower energies, instead, the impact of the nuclear corrections becomes less important. The

results of Fig. 2.6 indicate that nuclear corrections represent a large source of theoretical

uncertainty in the predictions of the UHE neutrino-nucleon cross-section. Therefore, it is

necessary to account for such e↵ects to provide reliable predictions.

In Sect. 4, where predictions are provided for the total UHE cross-sections, the impact

of nuclear corrections is accounted for in a factorised form. To illustrate this procedure,

we consider here the construction of the cross-section for the neutrino-induced scattering

on an oxygen nucleus. First, the nuclear modification factor R⌫O(E⌫) is computed with

the EPPS16 nPDFs as follows:

R⌫O(E⌫) ⌘

✓
�
EPPS16
⌫O

(E⌫)

�free
⌫I

(E⌫)

◆
, (2.10)

where �free
⌫I

(E⌫) is the cross-section for an isoscalar target computed with the central CT14

NLO free-nucleon PDFs, and the normalisation is such that R⌫O(E⌫) ! A = 16 in the

limit of vanishing nuclear e↵ects. Note that the flavour symmetry of PDFs at small-x

implies that Eq. (2.10) gives essentially the same results for both NC and CC scattering,

as also seen from Fig. 2.6.

This modification factor is then applied to the cross-section for an isoscalar target

computed with a di↵erent set of free-nucleon PDFs according to

e�⌫O(E⌫) = R⌫O(E⌫)e�⌫I(E⌫) , (2.11)
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* Nuclear binding effects:
There is no experimental evidence for ‘shadowing’ but theory 
suggests it may depress the cross-section by ~5-10% at UHE
* Other contributions: ng processes
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(True answer lies closer to ↓)

Trident production

Glashow resonance @ 6.3 PeV

The exact way the b ➛ t contribution turns on ⇒ ~10% syst. uncertainty 

* Heavy quark effects on DGLAP evolution:
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https://doi.org/10.1007/JHEP08(2011)042
https://doi.org/10.1103/PhysRevD.95.093002
https://doi.org/10.1007/JHEP01(2019)217
https://doi.org/10.1103/PhysRevD.101.036011
https://doi.org/10.1103/PhysRevD.100.091301


NNSFn provides structure functions from GeV to multi-EeV energies

… being used to predict inclusive cross sections relevant for the FPF (Candido et al., JHEP 05:149,2023)

GENIEv3 has a HEDIS module offering a choice of UHE #-section calculations (Eur.Phys.J.ST 230:4449,2021)  

NB: BGR is not recommended below ~5 TeV

https://doi.org/10.1007/JHEP05%282023%29149
https://doi.org/10.1140/epjs/s11734-021-00295-7


Also a probe of forward particle production … 

Expected spectrum of LHC neutrinos



Neutrino flux as a function of energy for e neutrinos (left), µ neutrinos (middle), and t neutrinos (right),
with expected precision of FPF measurements (statistical uncertainties only)

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

Can investigate many interesting BSM neutrino signatures too …

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
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Talk: Juan Rojo

https://arxiv.org/abs/2309.09581


charm production

Synergy with Neutrino Telescopes: 
Antares/KM3NeT, Baikal/GVD, IceCube/Gen2, … P-One, Trident, 

… ANITA, PUEO, GRAND, Trinity, … ARIANNA, ARA, RNO-G

WG2 : Ana Stasto
+ 95 members

Talks: Lu Lu, 
Anatoli Fedynitch



Courtesy: Anne Schukraft

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



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 prompt flux is harder than the conventional flux, and was predicted to dominate the total flux at E > 105 - 6 GeV



• The differential cross-section can be calculated in a variety of formalisms, e.g. using the ‘colour dipole model’ 
of Enberg, Reno & Sarcevic (PRD 78:043005,2008) which is empirical … so hard to estimate uncertainties

However, perturbative QCD (with DGLAP evolution) can describe charm production data for the entire 
kinematical region of interest, hence can calculate with NLO+PS Monte Carlo event generators
(modulo theoretical uncertainties re. validity of factorisation theorem, choice of starting scale etc)

• Can use LHCb hadroproduction data … conversion from CM to rest frame of the (atmospheric) fixed target:

We can therefore predict the prompt neutrino flux at energies up to 107 GeV … at these energies, charm 
production is dominated by gluon fusion, hence sensitive to the behaviour of the gluon PDF at small-x

The quantity needed to determine charm production in cosmic ray air showers is:

Gauld et al, JHEP 02:130,2016

https://doi.org/10.1103/PhysRevD.78.043005
https://doi.org/10.1007/JHEP02(2016)130


Forward Charm Production & LHCb
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NLO predictions for forward charm production validated with LHCb data

Prediction for 13 TeV matched the data!
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https://doi.org/10.1016/j.nuclphysb.2013.02.010
https://doi.org/10.1007/JHEP11(2015)009
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Range of predictions narrowed further with input from LHCb 

FASERν & SND@LHC  will measure the prompt neutrinos in a more forward region (|y| > 7.2) than LHCb can access

https://doi.org/10.1007/JHEP11(2016)167


Light hadron production

Synergy with Cosmic Ray Air Shower arrays: 
Pierre Auger Observatory, IceTop, KASCADE-GRANDE, 

NEVOD-DECOR, SUGAR, Telescope Array, TUNKA, Yakutsk … 

WG3: Luis 
Anchordoqui, 
Denis Soldin 
+ 89 members

Talk: Ralph Engel

10th May 2007, E ~ 1010 GeV



Main sources of uncertainty

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

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

Ø Energy dependence of leading particle production

Ø Role of nuclear effects (saturation, stopping power, QGP)
Need input from forward physics experiments
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There is a ~30-60% 
mismatch between the 

observed muon flux and that 
expected from simulations

Ka
m

pe
rt

 &
 U

ng
er

, A
P 

35
:6

60
,2

01
2 Al

br
ec

ht
 e

t a
l, 

Ap
.S

p.
Sc

i. 
36

7:
27

,2
02

2

Difficult to explain 
away by tuning 

parameters without 
introducing other 
discrepancies with 

cosmic ray data

The Cosmic ray muon anomaly

https://doi.org/10.1016/j.astropartphys.2012.02.004
https://doi.org/10.1007/s10509-022-04054-5
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Energy scale corrections

FPF

Comparison of muon flux 
measurements with 
predictions from air 
shower simulations + Xmax 
measurements (grey band) 

The FPF will measure 
forward light hadron 
production in a kinematic 
range never before explored

The Cosmic ray muon anomaly

https://doi.org/10.1007/s10509-022-04054-5


Is the muon deficit in simulations wrt UHECR data due to enhanced strange production? 

Turning a fraction fs of forward pions 
into kaons … can solve muon puzzle!
 Anchordoqui et al, JHEAp 34:19,2022

This  can be tested directly at the FPF

Auger data 

SIBYLL 2.3d 

There is a suggestion of this in ALICE data …
(Enhanced production of multi-strange hadrons 
in high-multiplicity proton-proton collisions, 
ALICE collaboration, Nature Phys. 13:535,2017)

https://doi.org/10.1016/j.jheap.2022.03.004
https://doi.org/10.1038/nphys4111


New physics

Synergy with dark matter search experiments 

WG4:  Brian Batell 
Sebastian Trojanowski 
+ 98 members

Talks: Jyotismita 
Adhikary, Reuven 
Balkin, Nicolás 
Bernal, Maksym 
Ovchynnikov, 
Roman Macarelli, 
Aparajitha 
Karthikeyan, 
Lingfeng Li, …
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Dark Matter: THE ‘WIMP-LESS MIRACLE’ 
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Ple
ss 

mira
cle

https://doi.org/10.1103/PhysRevLett.101.231301


Long-lived particles
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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 
e.g. using BEBC we searched for light neutralinos, heavy neutral leptons, neutrino magnetic moments etc

Volume 160B, number 1, 2, 3         
   PHYSICS LETTERS         

     3 October 1985



FASER2 will do 
a factor of ~5 

better up to mc 
and a factor of 
~100 better up 

to mb 

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 

The 40+ year old Fixed target experiments @ CERN still provide world-leading sensitivity to LLPs

Blast from the past: 
Constraints on 
heavy neutral 

leptons from the 
BEBC WA66 beam 
dump experiment

https://doi.org/10.21468/SciPostPhys.13.5.118


Present bounds on mCPs (grey): LSND, ArgoNeuT, SLAC, Super-K (limit on diffuse SN n bkgd), LEP, CMS, BEBC 
Expected sensitivities for FORMOSA, FLArE; Projections for SUBMET, FerMINI, MilliQan @ HL-LHC, DUNE 

The reach for milli-charged particles at the FPF
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https://doi.org/10.1016/j.physrep.2022.04.004



