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1. Introduction. 
A. Is there a BSM physics and where it may hide?
B. The notion of dark sectors/feebly interacting particles (FIPs).

2. Motivating dark sectors and FIPs

3. A multitude of ways to search for BSM physics. 

4. Beam dump physics at ECN3: new level of sensitivity to all portals + 
unparallel sensitivity to Heavy Neutral Leptons. 

5. Conclusions
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LHC: Higgs, but no New Physics at high energy
thus far (?!)

§ No hints for any kind of new physics. 
Strong constraints on SUSY, extra 
dimensions, technicolor resonances, 
new Z’ etc.

• There is no clear theoretical winner 
in the “top-down” approach. There is 
not a single theoretical model that 
has unambiguous theoretical 
predictions.

• There is no “clear practical 
guidance” that can be derived from 
the Higgs naturalness problem. 

CMS Collaboration / Physics Letters B 714 (2012) 158–179 161

Fig. 2. The invariant mass spectrum of µ+µ− (top) and ee (bottom) events. The
points with error bars represent data. The uncertainties in the data points are sta-
tistical only. The histograms represent the expectations from SM processes: Z/γ ∗ ,
tt and other sources of prompt leptons (tW, diboson production, Z → ττ ), and the
multijet backgrounds. Multijet backgrounds contain at least one jet that has been
misreconstructed as a lepton.

due to misidentified jets is 381 ± 153 (127 ± 51) for mee > 120
(200) GeV.

5.4. Cosmic ray muon backgrounds

The µ+µ− data sample is susceptible to contamination from
traversing cosmic ray muons, which may be misreconstructed as
a pair of oppositely charged, high-momentum muons. Cosmic ray
events are removed from the data sample using selection criteria
mentioned above, which eliminate events with two muons hav-
ing collinear tracks and events with muons that have large impact
parameters relative to the collision vertex. For the dimuon mass re-
gion mµµ > 200 GeV, the residual mean expected background was
estimated using two event samples. Events in one sample were se-
lected without imposing the requirement on the dimuon opening
angle and in the other sample the requirements on muon impact
parameter and on the existence of a good quality primary vertex
were not applied. The efficiencies of the remaining cuts were esti-

Fig. 3. The cumulative distribution of the invariant mass spectrum of µ+µ− (top)
and ee (bottom) events. The points with error bars represent data; the histograms
represent the expectations from SM processes.

mated using these samples and treated as uncorrelated in order to
determine the final total efficiency. This background was found to
be less than 0.2 events.

6. Dilepton invariant mass spectra

Fig. 2 shows a comparison of data and expected backgrounds
in both dimuon (top) and dielectron (bottom) mass spectra. The il-
lustrated “jets” contribution includes events where at least one jet
has been misreconstructed as a lepton. The component from events
where two jets are misreconstructed as electrons was obtained
from data. Contributions from W → eν + jet and γ + jet events
were estimated from MC simulations, as were all other back-
grounds illustrated. The relative fractions of backgrounds derived
from simulation are determined using theoretical cross sections.
Overall, these backgrounds are normalized to the data using the ra-
tio of the number of observed to expected events within a window
of 60–120 GeV, which includes the Z resonance peak. Fig. 3 shows
the corresponding cumulative distributions of the spectra for the
dimuon (top) and dielectron (bottom) samples. The expected yields
in the control region (120–200 GeV) and in the high invariant mass

Z’
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Clues for new physics
1. Precision cosmology: 6 parameter model (L-CDM) correctly 

describes statistics of 106 CMB patches. 
Existence of dark matter and dark energy.
Strong evidence for inflation.

2. Neutrino masses and mixing: Give us a clue [perhaps] that 
there are new matter fields beyond SM. 
Some of them are not charged under SM.

3. Theoretical puzzles: Strong CP problem, vacuum stability, hints 
on unification, smallness of mh relative to 
highest scales (GUT, MPlanck)

4. “Anomalous results”: muon g-2, B-physics anomalies, SBN 
neutrino anomalies, Hubble constant tension etc. 
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Cosmology determines mass
density (and sometimes

spectrum/temperature) of 
different species

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 – Who knows!). 

Number density chart for axionic universe:    

Cosmological puzzles motivate terrestrial search 
experiments 

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

SM as an Effective Field Theory

LSM+BSM= - mH
2 (H+

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

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

But is this framework really all-inclusive? – it is motivated by new 
heavy states often with sizeable couplings. The alternative possibility 
for New Physics – weakly coupled light new physics - is equally viable 

For example: 

First step in calculating loop integrals

Maxim Pospelov

1

⇤2
(ēe)(q̄q) (1)

1

⇤2
(ēi�5e)(q̄q) (2)

1
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Typical BSM model-independent approach is to include all possible 
BSM operators + light new states explicitly. 

SM as an Effective Field Theory in the 
presence of FIPs

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
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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

……….
Owing to small couplings, such particles represent “dark sector”

Minimal portal interactions



“Simplified model” for dark sector
(Okun’, Holdom,…)

§ “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. It represents a simple example of BSM physics. 9

�

⇥

� �

e

⇤

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.

2

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.

2

�

⇥

� �

e

⇤

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) ⇥
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with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
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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
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4. New vector boson, interacting with the SM via the electromagnetic current, conserves
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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
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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-
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3

A – photon, A’ – “dark photon”, 
y - an electron, c - a DM state, 
g’ – a “dark” charge



Motivations for Heavy Neutral Leptons

§ Participates in the neutrino mass generation via see-saw

§ A cornerstone/pilar for the generation of the baryon asymmetry of 
the Universe via leptogenesis (lepton number violation by HNL 
and B+L violation by SM sphalerons). A sub-EW mass HNL 
version of leptogenesis is also available (ARS mechanism). 

§ Can be a “freeze-in” DM with masses in 1 keV – 100 keV range, 
and in the presence of other dark sector particles can easily be DM. 

§ Maybe contributing to the X-ray excess at ~ 3.5 keV? 10

and allowing for new ma-generating mechanisms generalizes the QCD axion to a family of

axion-like particles, or ALPs.

Finally, the gauge structure of the SM, the celebrated SU(3) ⇥ SU(2) ⇥ U(1) group

product, as well as the representations of SM matter fields are very suggestive of a unified

gauge structure that in turn can have more low-energy remnants than the SM gauge group.

Specifically, one may expect that

(SU(3)⇥ SU(2)⇥ U(1))SM �! GUT gauge group

�! (SU(3)⇥ SU(2)⇥ U(1))SM ⇥ U(1)X ⇥ ..., 3.

where an additional (or several additional) U(1)X may be gauging additional accidental

symmetries of the SM, such as B � L, or be entirely new ”dark groups” with very small

couplings to the SM fields. If the mass scale for the additional U(1)X is small, the new

gauge bosons and additional matter fields are also a motivated case for FIPs.

Neutrino oscillations imply a new matter sector.

Precise measurements of neutrino flavor oscillations point to the existence of neutrino

masses, and a mismatch between weak and mass eigenstate bases. The non-zero neutrino

mass dictates the existence of new states that participated in generating it. Among various

neutrino mass generation mechanisms, the one that is based on a right-handed neutrino

field N is the most economical and most natural, both for Dirac (D) and Majorana (M)

neutrinos:

m⌫,D⌫̄⌫ �! y⌫N̄⌫H + (h.c.) 4.

m⌫,M⌫̄⌫ �! (y⌫)
2(⌫H)c ⇥

1
mN

⇥ (⌫H) + (h.c.) 5.

The Dirac case is a clear example of a FIP, with a new field N sharing the same observable

neutrino mass in the meV-to-eV range, and implying the size of the Yukawa coupling as

small as 10�13. The Majorana case features a much heavier particle N that we would refer

to as Heavy Neutral Leptons (HNLs), and m�1

N
in the mass generation mechanism (also

known as ”see-saw”) is the propagator of the HNL, hNN̄i. The possible mass range for

the mN is vast, and moreover, the see-saw scaling (36) m⌫ / y2

⌫v
2m�1

N
does not necessarily

have to hold due to the existence of multiple generations of HNLs and hidden symmetries

among mass and Yukawa parameters.

It is very intriguing that the Majorana mass term for HNLs breaks the Lepton number by

two units, and together with B+L breaking provided by the non-perturbative electroweak

e↵ects at high temperatures, the HNLs o↵er an attractive path to a dynamical generation

of matter anti-matter asymmetry (37, 38). This scenario, known as leptogenesis, was shown

to be viable both with heavy states, but also with the HNLs below the EW scale (39), in

which case they become perhaps the most motivated example of light fermionic FIPs.

Cosmology and astrophysics requires new physics.

While so far we have discussed subtle observational e↵ects (neutrino flavor oscillations,

(non)conservation of CP invariance in strong interactions) or theoretical problems of the

SM, it is data from cosmology and astrophysics that provide the most urgent evidence

for new physics. The scientific revolution in cosmology lasting over the past 25 years

has brought certainty, and sometimes extreme precision, to our knowledge of the history

and composition of the Universe. The 100% asymmetry between matter and antimatter,

6 G. Lanfranchi, M. Pospelov, P. Schuster



Motivations for Axion-like particles

11

§ Initially suggested (QCD axion) to solve the strong CP to problem 
by relaxing the effective QCD vacuum angle theta to zero. 

§ Can easily constitute the entirety (or a fraction) of cold dark 
matter. 

§ More massive versions of ALPs could still provide [limited] 
solution to the strong CP, while being stronger coupled and 
amenable to beam dump searches. 

§ Maybe contributing to various “anomalous stellar energy loss 
signals”?

to open problems in particle physics and cosmology we prefer to adopt a phenomenological

viewpoint, reflected in our summary below.

The electro-weak hierarchy and strong CP puzzles.

The incredible success of the SM in describing the vast majority of observable phenomena in

Nature comes hand-in-hand with the SM appearing fine-tuned in striking ways. One of the

most puzzling aspects of the SM is the vast hierarchy between the mass scale, governing the

strength of the gravitational force, MPlanck and the electroweak scale mH : mH/MPlanck /

10�17. The Higgs particle has so far not shown any experimental signs of compositeness,

suggesting that the associated quantum field is susceptible to quantum corrections that

would drive its mass towards the highest known scale of new physics, which is presumably

near MPlanck. The vast separation between the observed Higgs mass and MPlanck therefore

appears rather unnatural from a theoretical point of view.

A number of theories try to address this issue by constructing specific mechanisms for

cancellations of large quantum corrections to the Higgs mass, such as e.g. super-symmetry.

Nevertheless, it is possible that some other selection mechanisms are at play that explore

di↵erent alternatives. These include a much lower cuto↵ for the gravitational interactions,

such as in theories with large extra dimensions (28), leading to Kaluza-Klein copies of

tensor and scalar gravitons - which in essence signifies the emergence of large numbers

of extremely weakly coupled FIPs below the EW scale. Some other ideas posit neutral

naturalness (26, 27), which imply some type of discrete symmetry that implies the existence

of light particles in the ”approximately mirror” sector, with extremely small couplings to

the SM. Finally, it is conceivable that the Higgs mass was driven to its current value by

some type of adjustment mechanism that exploits light scalar fields whose evolution drives

Higgs mass to today’s value (29).

In many of these scenarios, the mechanism responsible for resolving the electro-weak

hierarchy problem implies that FIP states S couple to the Higgs in a manner described by,

(H†H)⇥m2

H �! (H†H)⇥ (m2

H + c1S + c2S
2 + ...), 1.

and illustrate how models of new physics can realize FIPs coupled via the Higgs portal

(30, 31).

Another puzzling aspect of the SM is the extreme smallness of the parameter ✓QCD that

appears in front of gluon pseudo-scalar density, ✓QCDGa

µ⌫G̃
a

µ⌫ , which manifests itself in a

number of non-perturbative phenomena. Chief among these are e↵ects linear in ✓QCD that

break CP symmetry, and induce large (compared to experimental limits) electric dipoles

moments of the neutron and heavy atoms (32). A FIP-type solution to this problem was

found many years ago (33, 34, 35). Promoting ✓ to a new dynamical field (perhaps a

Goldstone remnant of some additional global Peccei-Quinn symmetry), we have:

✓QCDGa

µ⌫G̃
a

µ⌫ �!

✓
✓QCD +

a
fa

◆
Ga

µ⌫G̃
a

µ⌫ . 2.

Non perturbative e↵ects generate the new mass term that has mq⇤
3

QCD

�
✓QCD + a

fa

�
2

de-

pendence and ensures that the minimum of the potential restores CP invariance of strong

interactions. While original models had put fa close to the EW scale, fa ⇠ v, it was later

realized that the range for it is much larger, creating a vast landscape for the QCD axion

mass and coupling. Moreover, enlarging the number of similarly generated axions particles

www.annualreviews.org • The Search for Feebly-Interacting Particles 5



Motivations for dark vectors and dark 
scalars
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§ Dark scalar is the only object that can have a super-renormalizable 
portal dim=3 to the Higgs boson. Can be connected to the Higgs 
mass naturalness via the so-called relaxion mechanism (self-
organized criticality). 

§ Dark scalar can help develop the 1st order EW phase transition and 
with extra CP-violation (provided e.g. by additional Higgs doublet) 
can lead to successful EW baryogenesis. 

§ Light dark photons can result from “neutral naturalness” approach
§ Dark vectors/scalars can be DM themselves – either freeze-in or 

oscillate like axion. Can be mediators for light WIMP models.  
§ Maybe behind certain anomalies (e.g. Lmu – Ltau dark vector can 

“correct” muon g-2.)

to open problems in particle physics and cosmology we prefer to adopt a phenomenological

viewpoint, reflected in our summary below.
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The incredible success of the SM in describing the vast majority of observable phenomena in

Nature comes hand-in-hand with the SM appearing fine-tuned in striking ways. One of the

most puzzling aspects of the SM is the vast hierarchy between the mass scale, governing the

strength of the gravitational force, MPlanck and the electroweak scale mH : mH/MPlanck /

10�17. The Higgs particle has so far not shown any experimental signs of compositeness,

suggesting that the associated quantum field is susceptible to quantum corrections that

would drive its mass towards the highest known scale of new physics, which is presumably

near MPlanck. The vast separation between the observed Higgs mass and MPlanck therefore

appears rather unnatural from a theoretical point of view.

A number of theories try to address this issue by constructing specific mechanisms for

cancellations of large quantum corrections to the Higgs mass, such as e.g. super-symmetry.
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Higgs mass to today’s value (29).

In many of these scenarios, the mechanism responsible for resolving the electro-weak

hierarchy problem implies that FIP states S couple to the Higgs in a manner described by,

(H†H)⇥m2

H �! (H†H)⇥ (m2

H + c1S + c2S
2 + ...), 1.

and illustrate how models of new physics can realize FIPs coupled via the Higgs portal

(30, 31).

Another puzzling aspect of the SM is the extreme smallness of the parameter ✓QCD that

appears in front of gluon pseudo-scalar density, ✓QCDGa

µ⌫G̃
a

µ⌫ , which manifests itself in a

number of non-perturbative phenomena. Chief among these are e↵ects linear in ✓QCD that

break CP symmetry, and induce large (compared to experimental limits) electric dipoles

moments of the neutron and heavy atoms (32). A FIP-type solution to this problem was

found many years ago (33, 34, 35). Promoting ✓ to a new dynamical field (perhaps a

Goldstone remnant of some additional global Peccei-Quinn symmetry), we have:

✓QCDGa

µ⌫G̃
a

µ⌫ �!

✓
✓QCD +

a
fa

◆
Ga

µ⌫G̃
a

µ⌫ . 2.

Non perturbative e↵ects generate the new mass term that has mq⇤
3

QCD

�
✓QCD + a

fa

�
2

de-

pendence and ensures that the minimum of the potential restores CP invariance of strong

interactions. While original models had put fa close to the EW scale, fa ⇠ v, it was later

realized that the range for it is much larger, creating a vast landscape for the QCD axion

mass and coupling. Moreover, enlarging the number of similarly generated axions particles
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“Simplified models” for light DM
some 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: these models have both stable (DM) and 
unstable (mediator) light weakly coupled particles. 13

�� =
2GFp

2
⇥ nn ⇥�L⇥ n (47)

L = |Dµ�|2 �m2
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1

4
V 2
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V V
2
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2
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How to look for New Physics ? 

1. High energy colliders. 

2. Precision measurements when symmetry is broken

3. Intensity frontier experiments where abnormal to SM appearance of 
FIPs (or sometimes disappearance, e.g. NA64) can be searched.

All three strategies are being actively pursued by particle physics 
community. 
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Search for New Physics
In 2012-2013 LHC experiments discovered a new particle (Higgs boson) and a new 
force (Yukawa force). What do we know about forces in nature ? 
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Precision frontier

Intensity frontier experiments 
become more and more 
important as our ability to raise 
energy becomes limited. 
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Future direction – new intensity experiments at CERN

To improve on sensitivity to light dark matter in beam dump/fixed target 
experiments.

New experimental facilities at CERN: 

• Provide capability to collect over  1020 of 400 GeV protons on target 
enabling important intensity frontier experiments (SHiP) enabling best 
sensitivity to HNLs

• Provide new capabilities in precision studies of Kaon decays, 
including important “clean” modes (NA62, KLEVER): 

as well as new opportunities for the short 
baseline beam dumps (SHADOWS)

• Provide new opportunities with studies of prompt neutrinos (including 
nt and fixed target studies of rare decays of tau and D mesons). 

Exquisite sensitivity to New Physics can be achieved

First step in calculating loop integrals
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(ēe)(q̄q) ! � / E

2

⇤4
(2)

1

⇤2
CP
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Important features of new facilities and experiments

• High intensity O(>1020 POT) & High energy, E=400 GeV. (Compare 
e.g. to 800 GeV CCFR/NuTeV where O(1018 POT) was collected.)

• Copious amounts of s, c, b quarks, and tau-mesons can be produced, 
enabling studies of their very rare decay modes. 

• A much shorter baseline than before, 100 m or less (with NuTeV,
CHARM~ O(km)). Enables access to much shorter-lived relics. 

• Proton-nucleus collision followed by an absorber creates a “beam 
dump of everything”. (Over 1021 hard gamma and positrons, over 1016
muons going through the absorber). This is not yet a fully investigated 
advantage. 

Let us explore the sensitivity projections!



Search for Heavy Neutral Leptons
§ Production channel is 

through prompt charm decay 
pp à c cbar à HNL. 

§ Detection is through HNL
occasional decay via small 
mixing angle U, with 
charged states in the final 
state, e.g. p+µ-, p-µ+, etc.

§ Decays are often slow, so 
that the sensitivity is 
proportional to 

(Mixing angle)4. 
Massive improvements over 
old ressults possible. 
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Search for Heavy Neutral Leptons
§ Decay length ctbg scales as 

(mHNL)-6. One order of 
magnitude in mass encompasses 
6 orders of magnitude of Ldecay.

§ At above ~5 GeV there is a nice 
complementarity with LEP/LHC 
searches. 

§ In some DS models (e.g. with 
gauged B-L), even a see-saw 
region can be probed via Z’ 
mediated production. 

§ Some models may reduce
sensitivity via HNLà dark
states. In that case K àµN and 
eN pairs is an important tool.  

20
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Constraints and future sensitivity to Dark Photons

O(few GeV) mass, and e ~ 10-7 can be probed using experiments at 
proposed BDF facility.  
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Non-conserved currents will be sensitive to 
high-mass scales through loops

§ It is well known that there is an enhancement of non-conserved 
currents inside loops leading to FCNC. The key – access to 
momenta ~ mW and mt.

§ For a fully conserved current, like couplings of dark photon,
Amplitude  ~  GF m2

meson

For a non-conserved current, such as Higgs-mixed scalar
Amplitude  ~  GF m2

top

6

di dj

X

W
W

+

FIG. 1. E↵ective didjX FCNC vertex for a vector with an
anomalous WW coupling, obtained by integrating out the
W . The first diagram corresponds to the e↵ective vertex in
Equation 12, which is the sum of the XWW Wess-Zumino
term in the SM + X EFT, and the XWW couplings through
SM fermion triangles. The other diagrams, from the coupling
of X to quarks, do not give a 1/mX enhanced amplitude, if
X couples to a conserved (at tree level) current. We have
omitted other, higher-loop-order diagrams. Add self-energy
diagrams ...

is small, the equivalent up-type FCNC vertices, such as
cuX, are suppressed compared to down-type FCNCs.

The selection rules for decays via longitudinal vector
emission are di↵erent to those for transverse emission.
In the latter case, angular momentum conservation sup-
presses (pseudo)scalar! (pseudo)scalar + vector decays,
since these demand that the vector’s spin is perpendicular
to its momentum. This suppresses the rate of such decays
via a vector that couples to a conserved current. (For ex-
ample, there are there are no B

+
! K

+
� decays, while

the rates for the B
+
! K

+
A

0, where A
0 is a kinetically-

mixed dark photon, are proportional to m
2

A0 [5].) How-
ever, by Goldstone boson equivalence, meson decays via
a light longitudinal X have the same rates as the corre-
sponding ALP decays, so decays such as B

+
! K

+
X

are unsuppressed.

1. Experimental constraints

Compared to the e↵ective FCNC vertices discussed
above, other e↵ective flavour-changing operators are
higher-dimensional, and so are suppressed by more pow-
ers of 1/f and/or 1/m2

W
. For example, the bs� vertex

is of the form /
mb

m
2
W

Fµ⌫ b̄L�
µ⌫
sL [35] (since the photon

couples to a conserved current), while 4-fermion vertices
are suppressed by at least GF . This suppression of com-
peting SM decay channels allows FCNC decays via XL

to place strong constraints on the coupling of X, for light
enough X. In contrast, processes involving two or more
didjX vertices, such as the X contribution to meson os-
cillations, are suppressed by 1/f2, but compete with SM
processes suppressed by 1/m2

W
. Consequently, it is di�-

cult for such processes to probe f above the EW scale.
If X is su�ciently light and weakly coupled that it de-

cays outside the detector, then B ! K⌫⌫̄ and K ! ⇡⌫⌫̄

searches constrain the B ! KX and K ! ⇡X branch-
ing ratios. The K ! ⇡⌫⌫̄ channel is especially con-
straining, with existing experiments having measured a

very small (⇠ 10�10) branching fraction consistent with
the SM prediction [36, 37], which the future NA62 ex-
periment should be able to measure to ⇠ 10% relative
error [38], and identify new-physics-induced underlying
two-body decays if any.
For prompt decays of X into leptons, as can occur for

heavier / stronger coupledX, searches for B ! K
(⇤)

`
+
`
�

and K ! ⇡`
+
`
� decays place strong constraints. The

LHCb search for B
±

! K
±
µ
+
µ
� decays measures the

branching ratio to be (4.36±0.15±0.18)⇥10�7 [39]. For
kaons, the K

0

L
! ⇡

0
e
+
e
� decay is very well-constrained,

with a branching ratio bound of <⇠ 3⇥ 10�10 [40]. How-
ever, because of the large hadronic branching ratios for
K

0

L
! ⇡

0
⇡
0 and K

0

L
! ⇡

0
⇡
0
⇡
0, the Dalitz decay ⇡

0
!

e
+
e
�
� gives a background that makes K

0

L
! ⇡

0
e
+
e
�

measurements di�cult at mee
<
⇠ m⇡0 [40] (the same

applies to K
±

! ⇡
±
e
+
e
� versus K

±
! ⇡

±
⇡
0 [41]).

Thus, for mX
<
⇠ m⇡0 , the best constraints come from

B ! K
(⇤)

e
+
e
� decays, where the competing B ! K⇡

0

decays are also suppressed. For example, the B !

K
⇤
e
+
e
� branching ratio is measured to be ' 10�6 for

mee
<
⇠ 300MeV [42].

If X dominantly decays into hadrons, then simple
branching ratio comparisons do not give very strong
bounds from B ! KX decays. However, the kinematics
of the final states will have a particular form, which could
be searched for. Details?

In addition to the prompt and invisible decays dis-
cussed above, it is also possible to look for displaced X

decays. Talk about challenges of displaced decays? For
very displaced decays, the best constraints come from
beam dump experiments. Here, the enhanced K ! ⇡XL

decay means that kaon decays, which are usually a sub-
dominant production mechanism in proton beam dump
experiments (for tree-level vector couplings), can be the
dominant process through which Xs are produced. This
allows beam dump experiments to probe smaller cou-
plings.

It should be noted that, unlike constraints involving
visible X decays, missing energy searches are e↵ective
down to arbitrarily small vector masses, and constrain
correspondingly tiny gX for small mX . For X with cou-
plings to first-generation fermions, the strong constraints
coming from stellar energy loss bounds, and from fifth
force / equivalence principle tests at smaller mX , mean
that it is generically only at extremely small mX that
missing energy constraints become the dominant bound.

G. Baryon number coupled vector

To give an example of how these constraints relate to
each other, and to other bounds in the literature, for a
specific model, we will consider a vector coupled to the
SM baryon number current. This model has been in-
vestigated in many papers over the past decades, with
motivations including acting as a stabilisation mecha-
nism for baryon number [9], mediating a new force that
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Constraints on Higgs-mixed scalars

Possible future improvements at NA62, SHiP, possibly SNB 
experiments, and new proposals such as MATHUSLA, CODEX-B, 
FASER etc. Notice the complementarity of the Kaon rare decays and 
beam dump studies. 
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Dark Matter through Dark Photon portal

• At the moment, neutrino and 
beam dump experiments provide 
best sensitivity in the light mass 
range.

• Beam dump scaling, e4, is 
eventually to be overtaken by 
missing energy/momentum 
experiments with e2 scaling. 
(Newer NA64 results cross into 
relic density motivated territory)

• There is a nice complementarity
with direct detection experiments
that have a low detection 
threshold.  
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Conclusions
§ Dark Sectors / FIPs represent a well-motivated strategic direction 

in New Physics studies at the intensity frontier experiments. 

§ There is an elaborate theoretical and experimental effort to study 
“most reasonable” models of dark sector/FIPs, systematized in 
e.g. PBC working group.

§ New physics opportunities using the CERN SPS beam enables to 
study dark sectors in the cutting-edge beam dump style 
experiments (record POT, enough energy for D, B mesons, very 
short baseline, “beam dump of everything”). It also enables rare K 
decay studies with unprecedented intensity Kaon beam. 

§ Breakthrough sensitivity to HNLs (perhaps best-motivated FIPs). 


