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Abstract: With the establishment and maturation of the experimental programs
searching for new physics with sizeable couplings at the LHC, there is an increasing interest
in the broader particle and astrophysics community for exploring the physics of light and
feebly-interacting particles as a paradigm complementary to a New Physics sector at the TeV
scale and beyond. FIPs 2020 has been the first workshop fully dedicated to the physics of
feebly-interacting particles and was held virtually from 31 August to 4 September 2020. The
workshop has gathered together experts from collider, beam dump, fixed target experiments,
as well as from astrophysics, axions/ALPs searches, current/future neutrino experiments,
and dark matter direct detection communities to discuss progress in experimental searches
and underlying theory models for FIPs physics, and to enhance the cross-fertilisation across
di�erent fields. FIPs 2020 has been complemented by the topical workshop “Physics Beyond
Colliders meets theory”, held at CERN from 7 June to 9 June 2020. This document presents
the summary of the talks presented at the workshops and the outcome of the subsequent
discussions held immediately after. It aims to provide a clear picture of this blooming field
and proposes a few recommendations for the next round of experimental results.
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Plan

1. FIPs as SM extensions. PBC benchmark models.

2. Latest workshop at CERN: some highlights

3. Is there a need for a more structured theory input?

4. FPC initiative and its goals. 
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Particle “content” of the 
Universe is largely 

unknown

Atoms
In Energy chart they are
4%. In number density 
chart ~ 5 ×10-10 relative to g

We have no idea about DM number densities. (WIMPs ~ 10-8 cm-3; 
axions ~ 109 cm-3. Dark Radiation, Dark Forces – We don’t know). 

Number density chart for axionic universe:    

Lack of precise knowledge about nature of dark matter leaves a lot of 
room for existence of dark radiation, and dark forces – dark sector in 
general.  

g

n

DM

DR

axions
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out

New IR degrees of freedom = light (e.g.
sub-eV) beyond-Standard-Model states

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(W.coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) ×
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM = Standard Model

DS – Dark Sector



A simple model of dark sector

§ “Effective” charge of the “dark sector” particle c is Q = e × e
(if momentum scale q > mV ). At q < mV one can say that 
particle c has a non-vanishing EM charge radius, . 

§ Dark photon can “communicate” interaction between SM and 
dark matter. Very light c can be possible. 5
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show

3

1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Classes of portal interactions



Excellent framework for light DM
some WIMP examples

§ Scalar dark matter talking to the SM via a “dark photon” 
(variants: Lmu-Ltau etc gauge bosons). With 2mDM < mmediator.

§ Fermionic dark matter talking to the SM via a “dark scalar” that 
mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S (“dark Higgs”) mixes with 
physical h, and can be light and weakly coupled provided that 
coupling A is small. 

Take away point: with lots of investment in searching for DM with 
masses > GeV, models with sub-GeV DM can be a blind spot. 7

�� =
2GFp

2
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Physics Beyond Colliders and its mission

§ an exploratory study aimed at exploiting the full scientific 
potential of CERN's accelerator complex and its scientific 
infrastructure through projects complementary to the LHC, 
HL-LHC and other possible future colliders. These projects 
would target fundamental physics questions that are 
similar in spirit to those addressed by high-energy 
colliders, but that require different types of beams and 
experiments'

8
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FIP PBC models vs Experiments
Benchmark Cases (PBC, 2016-2020)

1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN

§ SHiP Beam Dump
§ NA62+ Flavour, possible BD
§ FASER LHC add-on
§ MATHUSLA   large LHC add-on
§ Codex-B LHC add-on
§ MilliQan LHC add-on
§ NA64 missing momentum
§ KLEVER flavour
§ REDTOP                       fixed target
§ IAXO                           axion exp
§ ALPs-II axion exp
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales

Ve
ct

or
sc
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ar

H
N

L
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Strong CP problem

ultra-light DM
(axions/ALPs)

DM with thermal

origin  (MeV-GeV)
(Dark photons, Dark Scalars, 

ALPs)

EW symmetry 

breaking
(dark scalars)

Matter-antimatter

Asymmetry
(HNLs, dark scalars, 

dark photon)

Flavor puzzle
(ALPs)

Inflation
(dark scalars)

Hierarchy 

of scales
(Dark scalars)

Origin of neutrino

masses and oscillations
(HNLs)FIPs

Fundamental Physics questions might be naturally intertwined.

Need for a common theoretical approach within the FIPs paradigm.

FIP Theory motivations
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What are the lessons from past PBC BSM? 

§ PBC exercise has come up with an attempt of systematic approach to 
light New Physics in the sub-10-GeV regime. CERN will decide 
which experiments eventually to pursue [in additional to multi-decade 
LHC project]. 

§ It paid off to have a uniform set of models O(10) addressed by all 
collaborations.

§ Scientific potential of our community is strong: in the process of PBC 
preparation several new ideas appeared, mistakes were corrected, and 
new results obtained (e.g. for the ALP coupling to gluons). 

§ For the future, it is good to have a broader community input on the set 
of benchmark models. 
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Highlights of FIP2020 conference

§ Arxiv: 2102.12143 report (~200 pages), ~50-50 
experimental/theoretical split (PBC is more focused on experiments)

§ Update of benchmark model constraints

§ Several new experimental results

§ Ideas for new experiments/measurements

§ Building the sense of FIP-oriented community
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Visibly and invisibly decaying dark photons

Benchmark cases 1 and 2, 
models with visible [top] 
and invisible [bottom] 
decays of dark photons 
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Figure 17: Dark photon into visible final states: Á versus mAÕ . Filled ar-
eas are existing limits from searches at experiments at collider/fixed target (A1 [412],
LHCb [235],CMS [413],BaBar [354], KLOE [256, 355, 414, 415], and NA48/2 [358]) and
old beam dump: E774 [352], E141 [353], E137 [346, 416, 417]), ‹-Cal [418, 419], CHARM
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II [423]; LHCb upgrade [424, 425]; NA62 in dump mode [426] and NA64(e)++ [338, 339];
FASER and FASER2 [376]; seaQUEST [194]; HPS [427]; Dark MESA [428], Mu3e [429],
and HL-LHC [372]. Figure revised from Ref. [9].
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PBC projects:
NA64++(e), NA64(μ), SHiP,…

Worldwide landscape:

- Accelerator-based:

Belle-II, BDX, SBND, MiniBooNE,

LDMX,…

- Direct Detection:

CRESST-II, SuperCDMS, SENSEI..

Within this model accelerator-based results can be directly compared with DD:

Natural synergy between accelerator-based and direct detection experiments.

Light DM with thermal origin with a new light Vector Mediator 
(with new forces/interactions the Lee-Weinberg bound can be 
evaded)

Major Labs involved:
CERN, KEK, JLAB, 

FNAL, SLAC, 

SNOLAB, Gran Sasso,…

arXiv:2102.12143

10

If the DM is Elastic Scalar 

the annihilation via vector 

mediator is in p-wave and 

the CMB bound is evaded



DM as a product of secluded annihilation via light feebly-interacting scalars

a simple but UV complete model,  fully compliant with astroparticle & cosmology

Lower bound in coupling strength if DM is a 
thermal relic…. 

PBC projects:
NA62-Kaon, NA62-dump, 

KLEVER, FASER2,

CODEX-b, SHiP, MATHUSLA,…

Worldwide landscape:
MicroBooNE, KOTO, DarkQuest,

Belle-II, LHCb, ATLAS, CMS

Major LABs involved:
CERN, KEK, JPARC, FNAL,…

Astroparticle,

Cosmology

(SN 1987A, BBN)

12

arXiv:2102.12143
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New NA64 resultsFigure 9: The 90% C.L. exclusion areas
in the (mX ; ‘) plane from the NA64 exper-
iment (shaded blue area) using 2017 data
only (dashed line) and 2017-2018 data
combined. For the mass of 16.7 MeV,
the X ≠ e≠ coupling region excluded by
NA64 is 1.2 ◊ 10≠4 < ‘e < 6.8 ◊ 10≠4.
The NA48 limits only apply to dark pho-
tons, but not the X boson because di�er-
ently from the dark photon it has nonuni-
versal couplings to u, d quarks allowing
to explain the anomaly [350]. The full
allowed range of ‘e for the X17 boson,
2 ◊ 10≠4 < ‘e < 1.3 ◊ 10≠3 is shown
as a vertical red bar. The constraints on
the mixing strength from the experiments
E774 and E141[351–353], BaBar [354],
KLOE [355], HADES [356], PHENIX
[357], NA48 [358] and bounds from the
electron anomalous magnetic moment (g-
2)2 see e.g. [359], are also shown.

LDM ‰1 is prohibited due to energy conservation law, while elastic ‰1 e æ ‰1 e scattering
is absent at tree level. This fact extremely complicates the direct LDM detection for
pseudo-Dirac fermions.

The final results of the LDM analysis using the 2016-2018 dataset presented the best
exploration of the parameter space for the sub-GeV DM as well as prospects for the searching
beyond LS2. NA64 also has sensitivity to various other rare processes related to the observed
experimental anomalies , as well as some hidden sector models. Below, new results of a
search for a new X17 boson from the the 8Be- 4He (ATOMKI) anomaly are presented.
The ATOMKI experiment of Krasznahorkay et al. [360] has reported the observation of
a 6.8 ‡ excess of events in the invariant mass distributions of e+e≠ pairs produced in the
nuclear transitions of excited 8Beú to its ground state via internal pair creation. This
observation has been recently confirmed by the same group from the measurements with
4He nuclei [361]. The anomaly can be interpreted as the emission of a new X17 boson with
a mass of ≥17 MeV followed by its e+e≠ decay. The X17 could be a scalar, pseudo-scalar,
vector, or an axial-vector particle. Assuming that the X is a vector with non-universal
coupling to quarks, coupling to electrons is in the range 2 ◊ 10≠4 . ‘e . 1.4 ◊ 10≠3

and the lifetime 10≠14 . ·X . 10≠12 s [350]. The NA64 90% C.L. exclusion limits on
the mixing ‘ as a function of the AÕ mass obtained from the 2017-2018 search for the
AÕ(X17) æ ee decays by using the AÕ(X17) production and subsequent decay in the

– 55 –

• S Gnininko talk

• New constraints on visibly
decaying A’.

• Cuts parameter space for the
so-called Atomki anomaly 
(17 MeV X-boson)

• In the future: new version of 
this experiment with 
incoming muons
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New MicroBooNE constraints on dark scalars

• Puts constraints on visibly decaying scalars, Kà p S, S à
electrons within detector volume

• Limits the parameter space around mS ~ mp where other 
experiments (e.g. NA62) are less effective

• Relevant for “KOTO anomaly” explanation within FIP
models
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Figure 43: Upper limits at 95% confidence level for the mixing parameter ◊ as a function of
scalar mass mS obtained by MicroBooNE (left), and comparison to other results (right) [709].

The SpinQuest experiment (E1039, approved 2020–22), will use the SeaQuest spectrom-
eter with upgraded DAQ systems, with primary objective of studying the sea-quarks’ Sivers
transverse single spin asymmetry using a polarised target. However searches for dimuon
final states arising from dark photons or dark scalars will also be performed with sensitivity
to new phase-space expected with data taking (1.4 ◊ 1018 POT planned) beginning in 2021.

Subsequently for the DarkQuest experiment (planned for 2023–25) an electromagnetic
calorimeter (EMcal, re-purposed from a recently completed experiment) will be installed
allowing detection of photons and electrons and allowing further searches for dark photons
and S æ e+e≠. With 1018–1020 POT foreseen, a significant region of phase-space for both
dark scalar and dark photons can be scrutinised [194] [714]. Comparable exclusion regions
of phase-space for dark scalar searches are predicted for Spin/DarkQuest and NA62 in
dump mode on a similar timescale (see figure 44).

A future LongQuest experiment is being considered [715] to increase capabilities for
dark sector searches including for longer-lived particles. Further detector upgrades are
proposed with additional EMcal, tracking and particle identification detectors.

4.3.5 SHiP

The Search for Hidden Particles (SHiP) experiment, to be constructed at a new beam dump
facility at the CERN North Area, was proposed in 2015 with primary objective of searching
for FIPs of mass below O(10 GeV) [195] [716].

The experiment is designed to have background as close to zero as possible allowing
for clear discovery of long-lived FIPs decaying to visible particles. In particular, the
sensitivity for detection of long-lived scalars has been evaluated, suggesting an extensive
new phase-space can be probed [717].

4.3.6 Summary and Conclusion

The summary of the current landscape of searches for dark scalars is shown in figure 44. No
dark scalar has been observed so far but a number of recent results and results expected in

– 134 –
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New proposals? 
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Figure 15: Expected 95% confidence level sensitivity to millicharged particles shown in the
plane of the fractional charge versus MCP mass. Exclusions from direct searches including
SLAC [393], Colliders [394, 399], CMS [403, 404], MiniBooNE and LSND [401], ArgoNeuT
at Fermilab [407], recent search by milliQan at LHC [245], the di�use supernova neutrino
background search in Super-K [409], as well as the projections for milliQan HL-LHC [399]
(dashed blue) and FerMINI [402] at DUNE (dashed red) and SUBMET [410] (dashed purple)
are shown by dashed curves for comparison (see the text for further details).

to 5 GeV has been analyzed recently [406], considering the proposed upcoming neutrino
experiments and proton fixed-targets such as MicroBooNE, the Short-Baseline Neutrino
Program (SBND) and the Deep Underground Neutrino Experiment (DUNE) at Fermilab,
as well as the Search for Hidden Particles (SHiP) at CERN.

Lepton fixed-target experiments - In the low-mass region, the most sensitive con-
straints on MCPs were placed by electron fixed-target experiments, e.g. SLAC mQ experi-
ment [393] with the leading sensitivity for mMCP < 100 MeV. Despite the mass reach limit
due to the beam energy, further sensitivity enhancement to MCP coupling can be reached
by future electron beam dump facilities using missing energy and momentum techniques,
e.g. LDMX [260] and NA64µ [408] with 1016 electron-on-target and 5◊1013 muon-on-target,
respectively.

milliQan/FerMINI: dedicated detectors - Dedicated MCP detectors were proposed
at the LHC, proton fixed-target, and neutrino experiments, e.g. milliQan [244] and FerMINI
[402]. The detectors consist of layers of scintillator arrays, where MCPs traversing the
scintillators would produce a few photo-electrons in each layer. The idea is to use the
multiple-coincidence scintillation as an experimental signature within a short time window.
The milliQan detector is located in the transverse region with respect to the LHC beam-line.

– 67 –

Constraints on millicharged particles can be significantly improved 
in the 100 MeV - sub-10-GeV mass range using the high-luminosity 
neutrino facilities and MilliQan style detectors, YD Tsai
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And As
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FIP physics center idea
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- The “FIP Physics Center”  is the place in PBC where FIP physics is discussed
(BSM-WG mostly focused to discuss experimental issues)
- The FPC is the natural portal to external FIP-related activities

PBC
BSM WG Accelerator WG

FIP Physics Center

Technology  WG

Astroparticle,
cosmology

Colliders

Neutrino physics

DM direct detection

Experiments 
at fixed target

Axion experiments

Theory

QCD WG

9



FPC steering group
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- Martin Bauer (Durham U., UK) theorist, main interest: axions/ultra light bosons
- James Beacham (Duke U., US) experimentalist, ATLAS, convener LLP@LHC WG, connection to the LHC
- Albert De Roeck (CERN) experimentalist, CMS, convener LLP@LHC WG, connection to LHC &US neutrino community
- Marco Drewes (Louvain U., B) theorist, main interest: HNLs
- Maurizio Giannotti (Barry U., US)  theorist, main interest: FIPs in stellar evolution.
- Gian Francesco Giudice (CERN) head of CERN Theory department and CERN representative for EuCAPT;
- Stefania Gori: (California U.) theorist, Convener of the RF6 (Dark sector at high intensity) Snowmass WG;
- Pilar Hernandez (Valencia, ES): theorist, main field: heavy neutral leptons, but she is very broad;
- Igor Irastorza (Zaragoza, ES) experimentalist, IAXO spokesperson, connection to axion experiments
- Joerg Jaeckel (Heidelberg, D) theorist, main interest: axions. Convener of  CF2 in Snowmass (wavelike DM)
- Felix Kahlhoefer (Aachen U., D) theorist, main interest: axions/ALPs
- Gordan Krnjaic (FNAL & Chicago U., US):  theorist, FNAL: main interest: light DM and related models. 
- Gaia Lanfranchi (INFN, IT): experimentalist, FIPs @ extracted beam lines
- Jacobo Lopez-Pavon (Valencia U., ES) theorist, main interest: HNLs
- Jocelyn Monroe (Royal Halloway U, London, UK)  experimentalist, connection to DM direct detection community.
- Silvia Pascoli (Bologna U., IT) theorist, main interest: neutrinos & HNLs. APPEC deputy chair and EuCAPT.
- Maxim Pospelov (Minneapolis U. & Perimeter I.): theorist: wide range of FIPs
- Joshua Ruderman (NYU, US) theorist, main interest: astroparticle 
- Philip Schuster (SLAC, US)  theorist. Main interest: light DM and related mediators, connection to US extracted  beams
- Mikhail Shaposhnikov (EPFL, CH) theorist: worldwide reference for HNLs.
- Jessie Shelton (Urbana U., US): theorist, main interest: astroparticle.
- Yevgeni Stadnik (Tokyo U., JP)  theorist, main interest: ultra-light FIPs
- Stefan Ulmer (Riken, JP), experimentalist (AD), connection to ultra-low FIPs

The Steering Group  (== us!) 

+ representatives of PBC experiments
related to FIP physics 10

Several more participants are being invited, in progress



FPC activities
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ACTIVITY (1/2)

We see the FPC activity divided in three main areas:
"Work with experiments", "Work with theorists", and "General":

1) Work with PBC experiments:
- Propose benchmarks;
- Discuss results from PBC experiments.
- Harmonize results one another (check that they are produced using the same assumptions)
- Collect results from non-PBC experiments related to FIP physics.
- Put results in worldwide context.
- Compile and document summary plots.
- Propose recipe to publish results in a way that can be easily re-interpreted following the  
fast theory progress (efficiency maps as a function of lifetime, background in bins, etc.).

11

ACTIVITY (2/2)

2) Work with theorists: (see examples in a few slides):
- develop/propose/improve benchmarks starting from (as much as possible) complete models;
- define, within a given benchmark, connections with ( and bounds from)  neighboring fields:

- light DM MeV-GeV results at accelerator vs direct detection exps; 
- astro/cosmo bounds; 
- ultra-light FIPs;
- active neutrino physics

3) General:
- Follow closely experimental and theory advances. Report at the meetings.
- Organize seminars on “hot topics” related to FIPs physics.
- Keep connections with neighboring communities/efforts (eg: EuCAPT).

12

ACTIVITY (2/2)

2) Work with theorists: (see examples in a few slides):
- develop/propose/improve benchmarks starting from (as much as possible) complete models;
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Missing/under-explored 1

§ Models with dim=5,6 and higher mediation, 
(SM current)×(Dark current) = e.g. (ySM gµ ySM)(cDS gµ cDS) ×L-2, or 
(ySM gµ g nySM) Vµ n ×Lwith subsequent decay and/or scattering of c
or V. (Many of these operators were explored in the DM at LHC 
studies, as well as LLP studies. Close to the hidden valley scenarios.)

This will emphasize LHC connection more. Are there well-motivated yet 
economical frameworks that can be addressed? 
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Missing/under-explored 2

§ Additional gauging of SM quantum numbers: B-L, Lmu-Ltau and 
other possibilities. 

If mV << weak scale, g << e, making it perhaps more exotic than dark 
photon. Yet Lmu-Ltau is less constrained if mV < 210 MeV, leaving some 
room for large g-2 of the muon correction. Perhaps worth including?

(Note that anomalous symmetries, such as B, are well constrained by 
flavor.)
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Missing/under-explored 3

§ Models with light-ish sterile neutrinos, capable of inducing 
interesting effects in neutrino physics, including realistic mass and 
mixing patterns among active neutrinos. “Secret neutrino 
interactions”, including electromagnetic form-factors for active and 
sterile?

PBC was *not* dealing with the neutrino physics other than with the 
“beam dump” mode. Yet many short baseline anomalies persist and may 
deserve more focus. 
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Missing/under-explored 4

§ Origin of mass in the dark sector, and ”interplay” of portals. All 
vector portals dealing with massive A’ took the Stuckelberg mass. 
Alternative [dark] Higgs origin of the mass has serious 
phenomenological consequences. 

Is the Higgsed version of dark photon models worth including into 
studies? 
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Missing/under-explored 5

§ Neutron portal to dark sectors. Interactions of type (udd)cDS ×L-2 

can lead to several novel phenomena in neutron decays, rare decay 
type physics in underground detectors etc. If c is Majorana –
neutron-anti-neutron oscillations. 

Would perhaps a minimal model of c-n mixing at O(10-10) level be 
worth including, as it provides an interesting bridge to nuclear physics?
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Missing/under-explored 6

§ LHC as an intensity machine, and in particular copious Z,W 
production. Certain rare modes, t were barely visible at LEP, such as 
Z àµµg, are now used to calibrate the detectors etc. They are under-
utilized wrt light new physics searches. 

PBC *mostly* stopped at 10 GeV  invariant mass of new physics and 
probes. Should we make an effort to consistently expand all reported 
plots to the weak scale. (Done for subset of models.)



29

Missing/under-explored 7

§ More complicated energy level structures for Dark matter. Split – or 
inelastic dark matter – is giving a much wider range of phenomena 
both in direct detection and in colliders/beam dumps. 

Perhaps should be included with simple 2-level structure and Dm 
between states into the analyses (done for some models). A better clarity 
of how to present comparison with direct detection results is needed. 



“Non-particle” experiments become a 
sizeable fraction
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Conceptual challenge

§ Many experiments address (by way of e.g. precision measurements) 
extremely light (sub-eV) and extremely weakly interacting particles.

§ Some models such as ALP are technically natural, i.e. stable against 
radiative corrections, while others (scalar particles coupled to SM 
fields in a non-derivative ways) are not. 

§ Should technical naturalness be a guiding principle in arranging 
and analyzing these models? Or should one discard it altogether 
arguing that so naturalness criterion is perhaps too restrictive?

§ The outcome of this exercise/classification can be rather 
consequential for what is prioritized for very low energy searches. 
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Conclusions

FIPs are well-motivated extensions of the SM, that can be searched for 
using a variety of tools. 

The set of models used by the PBC- although capturing many important 
aspects of FIPs – is not set in stone, and will be augmented (perhaps 
expanded) by the FPC. 

FPC is designed to enhance and systematize theoretical efforts. 


