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The concrete BSM way…
(not longer just top-down)
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EW Hierarchy problem ?
An enormous brain effort has been devoted to solving this problem, 
ie. understanding the separation between MHiggs << MPlanck
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b̃R
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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Model Signature
∫
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

3 e, µ 4 jets 36.1 m(g̃)-m(χ̃
0
1)=200 GeV 1706.037310.98g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

3 e, µ 4 jets 36.1 m(g̃)-m(χ̃
0
1)=300 GeV 1706.037311.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 1706.037310.7b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV SUSY-2018-310.23-1.35b̃1b̃1 Forbidden

∆m(χ̃
0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV SUSY-2018-310.23-0.48b̃1b̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Emiss
T 36.1 m(χ̃

0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, Well-Tempered LSP Multiple 36.1 m(χ̃
0
1)=150 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.48-0.84t̃1t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800 GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 e, µ mono-jet Emiss
T 36.1 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Emiss
T 36.1 m(χ̃

0
1)=0 GeV, m(t̃1)-m(χ̃

0
1)= 180 GeV 1706.039860.32-0.88t̃2

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ Emiss
T 36.1 m(χ̃

0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Emiss

T 36.1 m(χ̃
±
1 )-m(χ̃

0
1)=10 GeV 1712.081190.17χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b Emiss
T 36.1 m(χ̃

0
1)=0 1812.094320.68χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃1ν(τν̃), χ̃
0
2→τ̃1τ(νν̃) 2 τ Emiss

T 36.1 m(χ̃
0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.078750.76χ̃±

1 /χ̃
0

2

m(χ̃
±
1 )-m(χ̃

0
1 )=100 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.078750.22χ̃±

1 /χ̃
0

2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7ℓ̃

2 e, µ ≥ 1 Emiss
T 36.1 m(ℓ̃)-m(χ̃

0
1 )=5 GeV 1712.081190.18ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

LHC EW hierarchy razor



CMS Exotica Physics Group Summary – ICHEP, 2016!
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LHC EW hierarchy razor



EW Hierarchy Problem ?

LHC has found no smoking gun for a solution to the big hierarchy
problem and has enhanced the “Little hierarchy problem”:

But O(10-100)TeV still an interesting scale to explore! 



WIMP Dark Matter
Thermal relic (freeze-out): 

neutral and stable Weakly Interacting Massive Particle related to  the
physics that solves the hierarchy problem (eg. SUSY LSP)

⌦DMh2 / 1
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WIMP Dark Matter
11

FIG. 9: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming WIMP DM is 100% of the DM. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. The remaining WIMP window
is the orange line, and the white space is unprobed. Thermal
relic cross section is the dashed line [4].

lower than the mass of their progenitor particle; other-
wise the portion of DM energy split into each mediator’s
final states will be unequal [121, 122], introducing extra
model dependence to the calculation.

Note that 2 ! 3 bremsstrahlung processes can be
the dominant DM annihilation mode in the scenario
the 2 ! 2 annihilation mode is suppressed [123–138].
Bremsstrahlung can lift helicity suppression for direct
annihilation for Majorana DM to neutrinos, but the an-
nihilation rate is generally still not su�ciently large to
produce a thermal relic cross section.

3. Invisibles and Sub-Dominant Density

When the limit on the total cross section is below
the thermal-relic prediction, the WIMP is nominally ex-
cluded. There are two other possible interpretations.

First, the fraction below the limit can be interpreted as
the fraction required to proceed to invisible final states.

Second, the strength of the limit below the relic line
can also be used to set a bound on sub-dominant WIMP
content. For standard indirect detection analyses for
WIMP DM, the annihilation cross section and the den-
sity are often considered as independent, and are related
to the astrophysical flux F as

F =
h�vi
8⇡m2

�

Z
⇢2�d`, (14)

FIG. 10: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming sub-dominant WIMP content. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. Thermal relic cross section is
the dashed line [4].

where ⇢� is the DM density, and ` is the line of sight.
The upper limit is obtained from upper limits on F , i.e.,

h�vi < h�vlimiti ⌘ F
8⇡m2

�R
⇢2�d`

. (15)

For sub-dominant WIMP DM, if the WIMP density is
completely determined by the annihilation cross section,
they are no longer independent, as

⇢WIMPh�vWIMPi = ⇢�h�v�i, (16)

where h�v�i ⇠ 3⇥ 10�26 cm3/s is the thermal relic cross
section. The annihilation flux from the sub-dominant
WIMP is then

F =
h�vWIMPi
8⇡m2

�

Z
⇢2WIMPd`

=
h�vWIMPi
8⇡m2

�

Z ✓
�v�⇢�

h�vWIMPi
◆2

d` (17)

=
h�v�i2

h�vWIMPi
1

8⇡m2
�

Z
⇢2�d`.

Therefore, an upper limit on the flux implies

h�v�i2
h�vWIMPi < h�vlimiti, (18)

which provides a lower limit on the sub-dominant WIMP
cross section,

h�vWIMPi > h�v�i2
h�vlimiti . (19)

Vanilla WIMP getting squeezed but a clear motivation to explore 
the [10GeV-100TeV] !   

Leane, Slatyer, Beacom,Ng ‘18
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WIMP Dark Matter

16 26. Dark matter

Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

June 5, 2018 19:56

7Searches for Dark Matter using  MET+X

Mono photon searches CMS:  JHEP 02 (2019) 074

Limits on m
MED

 are  950 (1150) GeV for          

m 
χ 
0 1 GeV

Compared to the direct detection 
experiments: stronger constraints for DM 
masses:

 <2 GeV (spin independent)

<200 GeV (spin dependent)

ATLAS: Eur. Phys. J. C 77 (2017) 393

γ+MET  → clean 
signature and 
complementary to 
other channels

Many ideas in the market to target the low mass region in direct detection

Strong (and complementary) constraints from direct detection and colliders

Several anomalies: DAMA-LIBRA, CDMS and also astrophysical 3.5keV, 
GeV excess…

PDG ‘18



What if solving the hierarchy
problem is not the right lead ?

…we still need to understand data: DM, neutrino masses, 
Matter-antimatter asymmetry



Motivational Toolkit  beyond EW hierarchy
I. Avoid hierarchy problem & improve testability
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Dark Matter

new DM production mechanism
(FIMPs, asymmetric Dark Matter…)

changing paradigms: lighter and 
more feably coupled,
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Models for the spotlight ? 

Standard 
LHC + DM 
searches



n msses

QCD Axions, ALPs
keV DM

Models for the spotlight ? 
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New spotlights for well motivated models



Motivational Toolkit  beyond EW hierarchy
II. Occam’s Razor

Example: heavy majorana neutrino<-> type I seesaw

2

1

2

3

Energy

mhidden

mmediator

SM
Hidden 
Sector

Mediator

Higgs

Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Fig. 5.13: Reach of proposed experiments for heavy neutral leptons coupling predominantly to
the tau flavour (from Ref. [361]), while for electron and muon flavours they are given in Figs.
8.19 and 9.6, respectively. For Higgs mixed scalar the reach is given in Fig. 8.17.

5.5 The CKM matrix elements: prospects
Weak charged currents mix quarks of different generations. In the SM, the strengths of the
corresponding transitions are encoded in the unitary Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix [372, 373]. Unitarity, in conjunction with invariance under field redefinitions, implies that
all nine complex elements of the 3 ⇥ 3 CKM matrix are described by four physical parame-
ters. In turn, this implies relations between different CKM elements, such as the closure of the
standard CKM unitarity triangle (which may not hold in the presence of new physics). Over-
constraining the apex of the unitarity triangle from tree- and loop-level quark mixing processes
is therefore a powerful way to probe for virtual new physics effects that may arise from mass
scales above those which can be directly searched for at colliders. In many cases such indirect
probes of new physics will not be limited by either experimental or theoretical systematics at
least in the mid-term, i.e., in the HL-LHC era, and potentially even for any long-term programs
(see Table 5.3 for expected improvements in lattice QCD for a selection of observables).

Figure 5.14 shows the projected short- and mid-term improvements on constraints in
the plane of two unitarity triangle parameters, r̄ and h̄ , using only expected improvements in
LHCb inputs and lattice-QCD calculations, while Table 5.4 gives the expected improvements
by using both LHCb and Belle-II results. The precisions quoted in this table combine statistical
(experimental and/or computational) and theory errors, which are not generally expected to be
Gaussian – hence a careful appraisal of the error budget will become key wherever theoretical
uncertainties contribute heavily. The increased sensitivity will allow for extremely precise tests
of the CKM paradigm. In particular, it will permit the tree-level observables, which provide
the SM benchmarks, to be assessed against those with loop contributions, which are more sus-
ceptible to new physics. In practice, this already very powerful ensemble of constraints will be
further strengthened by complementary measurements from Belle II, particularly in the case of
|Vub| and |Vcb|, where ⇠1% precision is expected. Improvement on the determination of |Vcb|
will also greatly impact the constraints on the CKM matrix elements that follow from the mea-
surement of eK . It is worth noting that the longstanding few-s tension between the exclusive
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Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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this “vacuum realignment” (vr) mechanism, is [12,104,105,106],

Ωvr
A h2 ≈ 0.12

(

fA

9 × 1011 GeV

)1.165

F Θ̄2
i

≈ 0.12

(

6 µeV

mA

)1.165

F Θ2
i ,

(111.21)

where h is the present-day Hubble expansion parameter in units of 100 km s−1 Mpc−1,
and −π ≤ Θi ≤ π is the initial “misalignment angle” relative to the CP-conserving
position attained in the causally connected region which evolved into today’s observable
universe. F = F (Θi, fA) is a factor accounting for anharmonicities in the axion potential.
For FΘ2

i = O(1), mA should be above ∼ 6 µeV in order that the cosmic axion density
does not exceed the observed CDM density, ΩCDMh2 = 0.12. However, much smaller
axion masses (much higher PQ scales) are still possible if the initial value Θi just happens
to be small enough in today’s observable universe (“anthropic axion window” [107]) .

Since the axion field is then present during inflation and thus subject to quantum
fluctuations, the non-observation of the associated isocurvature fluctuations in the CMB
puts severe constraints in the (fA, r) plane, where r is the ratio of the power in tensor to
the one in scalar fluctuations [108]. In fact, isocurvature constraints, combined with a
future measurement of a sizeable r, would strongly disfavor axions with [109]

fA >∼ 1.3 × 1013 GeV
( r

0.1

)1/2
, mA <∼ 0.4 µeV

( r

0.1

)−1/2
.

In the post-inflationary PQ symmetry breaking scenario, on the other hand, Θi will take
on different values in different patches of the present universe. The average contribution
is [12,104,105,106]

Ωvr
A h2 ≈ 0.12

(

30 µeV

mA

)1.165

. (111.22)

However, the presence of cosmic strings can decrease this quantity [106,110]. In fact,
the decay of cosmic strings and domain walls gives rise to a different population
of cold dark matter axions, whose abundance suffers from significant uncertainties.
According to Sikivie and collaborators, these populations are comparable to the
re-alignment contribution [111]. Other groups find a significantly enhanced axion
density [105,106,112,113] or rather, a larger mA value for axions providing CDM, namely

mA ≈ (50 − 200) µeV, (111.23)

for models with short-lived (requiring unit color anomaly N = 1) domain walls, such as
the KSVZ model. Very recently, a value of mA = (26.2 ± 3.4) µeV was predicted from
an improved calculation including the effect of the large string tension and treating
the re-alignment and string-wall contribution in a unified way [110]. For models with
long-lived (N > 1) domain walls, such as an accidental DFSZ model [114], where the
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Figure 25: Overall panorama plot in the (ga�,ma) plane. As usual laboratory, helioscope and haloscope
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are here collected in semi-transparent colors.

8 Discussion

Fig. 25 is an attempt to concisely summarise most of the results and prospects detailed in previous
pages. As such it is partial as it shows only the (ga�,ma) parameter space and, as shown before, there
are now a number of experiments active in other detection channels (see Table 3). Nevertheless, the
ga� channel still gathers most of the experimental activity and probably remains the most promising
channel for a discovery, although other channels will be crucial to identify a future putative signal as a
QCD axion (or other type of ALP). Fig. 25 includes all prospect regions in the (ga�,ma) plane that have
been shown in previous plots without individual labels. Although many of those are still somewhat
far in the future and depend on successful completion of previous R&D, it gives a nice account of the
potential of the field to collectively explore a large fraction of the allowed parameter space for axions
(and ALPs) in the future.

Despite some (healthy) overlap between experiments, it is to be stressed the high degree of comple-
mentarity in the experimental landscape. Current and future DM axion searches will presumably cover
the ma ranges cosmologically favoured by pre-inflation and the post-inflation NDW = 1 models, under
the assumption that DM is mostly comprised of axions, while helioscopes will be active in the higher
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Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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ALPs searches

Gavela, Gaillard, Houtz, Quilez, del Rey

New spotlights: ALP searches @ colliders and beam dump experiments
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Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several

2

1

2

3

Energy

mhidden

mmediator

SM
Hidden 
Sector

Mediator

Higgs

Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several

�1,�2, ...�n

2

1

2

3

Energy

mhidden

mmediator

SM
Hidden 
Sector

Mediator

Higgs

Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several

New spotlight: Long-Lived Particles

Many models of this type to explain Dark Matter: FIMPs, SIMPs, Mirror worlds…
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so where do we start?
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Figure 1.2: Schematic of the variety of challenging, atypical experi-
mental signatures that can result from BSM LLPs in the detectors at
the LHC. Shown is a cross-sectional plane in azimuthal angle, f, of
a general purpose detector such as ATLAS or CMS. From Ref. [3].

Because the long-lived particles of the SM have masses . 5 GeV
and have well-understood experimental signatures, the unusual sig-
natures of BSM LLPs offer excellent prospects for the discovery of
new physics at particle colliders. At the same time, standard recon-
struction algorithms may reject events or objects containing LLPs
precisely because of their unusual nature, and dedicated searches
are needed to uncover LLP signals. These atypical signatures can
also resemble noise, pile-up, or mis-reconstructed objects in the de-
tector; due to the rarity of such mis-reconstructions, Monte Carlo
(MC) simulations may not accurately model backgrounds for LLP
searches, and dedicated methods are needed to do so.

Although small compared to the large number of searches for
prompt decays of new particles, many searches for LLPs at the
ATLAS, CMS, and LHCb experiments at the Large Hadron Col-
lider (LHC) have already been performed; we refer the reader to
Chapter 3 for descriptions of and references to these searches. Ex-
isting LLP searches have necessitated the development of novel
methods for identifying signals of LLPs, and measuring and sup-
pressing the relevant backgrounds. Indeed, in several scenarios
searches for LLPs have sensitivities that greatly exceed the search
for similar, promptly decaying new particles (as is true, for ex-
ample, for directly produced staus in supersymmetry [4]). The
excellent sensitivity of these searches, together with the lack of a
definitive signal in any prompt channels at the LHC, have focused
attention on other types of LLP signatures that are not currently
covered. These include low-mass LLPs that do not pass trigger or
selection thresholds of current searches, high multiplicities of LLPs
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The BSM Landscape

“Truth is ever to be found in simplicity, and not in the multiplicity and confusion of things”

I. Newton


