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The SM & its Extension

[ATL-PHYS-PUB-2024-011]

The SM: 

Well measured


Consistent with data mostly


Elegant, but with problems:

MH

Mpl

Unnatural
Hierarchy!

Mpl ≫ MH

To destabilise the vacuum.

Absence of darkness
Universe: mostly dark

https://cds.cern.ch/record/2903866
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The SM & its Extension

[ATL-PHYS-PUB-2024-011]

The SM: 

Well measured


Consistent with data mostly


Elegant, but with problems:

MH

Mpl

Unnatural
Hierarchy!

Mpl ≫ MH

To destabilise the vacuum.

Absence of darkness
Universe: mostly dark

BSM?

https://cds.cern.ch/record/2903866


dark matter candidates 
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Dark QCD

neutral naturalness 
[Burdman. et al.][Chacko. et al.]

QCD: profound, 

but with hints for BSM

SIMP?

[Y. Hochberg. et al.]

3 → 2

LLP detections

https://arxiv.org/pdf/hep-ph/0609152.pdf
https://arxiv.org/pdf/hep-ph/0506256.pdf
https://arxiv.org/pdf/1402.5143
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Dark Hadrons
The lightest as dark pions:

CP-odd  and ̂π1 ̂π3

As axion-like particles

From Z-portal

CP-even ̂π2 From Higgs-portal

ℒ = − Cf
∂μ ̂πb

f (b)
a

f̄γμγ5 f

ℒ = − sin θs
mf

v
ϕf̄ fTo introduce a scalar 

mixing with the h

A tiny mixing

̂π to consider CP!
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The Hidden Valley
[Credit to M. Strassler] Dark Sector

EW Scale

vev: 246 GeV

A TeV-order 
hidden valley

EW forces (Z/h…)

to connect the two

Induced from EFT:

SM singlet
ℒ ∼

c
2M2 (iH† ↔

Dμ H)(ψ̄ γμ ψ)

Z/h exotic decays

Back into SM particles 

to be detected

to enable Z/h coupling 

with the dark

to consider dark pions 

and showering

https://indico.cern.ch/event/19361/attachments/279282/390536/Strassler.pdf
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The EW Portal

ℒ ∼
c

2M2 (iH† ↔
Dμ H)(ψ̄ γμ ψ)

Two types of UV completions:

Fermionic

ℒ ∼ Q̄YψH
c

M2
∼

Y2

M2
Q

To introduce a heavy fermion 
doublet

Gauge

ℒ ∼ δM̂2ZμZ′￼μ

c
M2

∼
g2

DδM̂2

M2
ZM2

Z′￼

Mass mixing: Z’ either 
heavier or lighter than Z

[Cheng et al.]

https://arxiv.org/pdf/2110.10691
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The EW Portal & its UV
Fermionic

A heavy doublet

A light singlet


Gauge

Kinetic and mass  mixing


With
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Flavors

∼ [d̄iγμdj] ⋅ [ψ̄γμψ]

Down-type FCNC:

[He, Tandean and Valencia]

Decays of b-hadrons/Kaons:

dark pions to be light LLPs!

xq =
m2

q

M2
W

Flavor portal opens!

https://arxiv.org/pdf/0909.3638.pdf
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Dark Pions
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CP-odd dark pions as ALPs

[Cheng, Li, and E. Salvioni]

Di-muon dominates at light masses;

Still relevant for heavy cases

̂π → μ+μ−

ℒ = − Cf
∂μ ̂πb

f (b)
a

f̄γμγ5 f

https://arxiv.org/pdf/2110.10691.pdf


[Credit to J. Antonelli]

10

Dark Showers
Illustrations of dark showers

Detector setup: far or prompt;

To be sensitive to different lifetime ranges

Balance between “farther, SM bkg harder to reach”

& (closer, a wider solid angle)

https://indico.cern.ch/event/517268/contributions/2041293/attachments/1272363/1886050/Antonelli_CMS_LLP_May12.pdf
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Opportunities@FCC

Z factory: up to  Z bosons𝒪(1012)
With a clean environment, 
advanced technologies, etc.

Also as a flavor machine

[Ho, Jiang, Kwok, Li and Liu]

Abundant b-hadrons produced

: to be promisingZ → DS

FCNC: of complementarities

https://arxiv.org/pdf/2212.02433
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Opportunities@FCC

0.01 0.10 1 10 100 1000 104
10-13

10-11

10-9

10-7

10-5

0.001

0.01 0.10 1 10 100 1000 104
10-12

10-9

10-6

0.001

DS and FCNC: dimuon search, with:
|ημi | < 5| p |μi > 10 GeV, pμi

t > 0.5 GeV,

0.5 < lxy < 100 cm

|ημμ | < 5pμμ
t > 2 GeV,

(i = 1, 2)

Stronger, compared to CMS scouting and LHCb

Auxiliary detectors, like HECATE, with:

Farther; Sensitive to a longer lifetime 

HL-LHC vs. FCC
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Opportunities@FCC
Model-dependent constraints: (prompt)

Pushed up to  PeV!𝒪(10)
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Opportunities@FCC
Model-dependent constraints: (far)

DS: to be competitive, compared with 

auxiliary detectors at the LHC
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Summary & Outlook

EW portal to BSM: to be promising

Rich phenomenology

What about heavier dark mesons?


Or even dark baryons?


What about dark FCNC signals?

As dark matter candidates. Cosmology?!
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Back-Up
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The full Lagrangian

jμ
5a = ψ̄γμγ5

σa

2
ψ

< 0 | jμ
5a(0) | ̂πb(p) > = − iδab f ̂π pμ

Pions:
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Mixing and Interactions
Mass eigenstates via transformations:

with 

Physical ZDark Z’ 
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The EW Precision Test

[M. Peskin and T. Takeuchi]

[M. Peskin and T. Takeuchi]

Electroweak parameters, definitions:

Constraints using the PDG fit [B. Holdom]

A flat direction: 


i.e. 

ξ = 0

sin χ = − ̂sW δM̂2/M̂2
Z

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.964
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.46.381
https://www.sciencedirect.com/science/article/abs/pii/037026939190836F?via=ihub
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Constraints From the Low-Energy
Low energy parameters:

Atomic Parity Violation (APV)
Weak charge of the Caesium atom:

e−e− → e−e−Parity Violation: at E158 at SLAC.

Effective coupling:
[K. S. Kumar]

E ≪ MZ′￼
< MZ

Weak charge of proton: 

Effective coupling:

e−p → e−p [QWEAK Collaboration]

[G. Altarelli et. Al.]

https://link.springer.com/article/10.1140/epja/i2006-10429-5
https://arxiv.org/pdf/1905.08283.pdf
https://www.sciencedirect.com/science/article/abs/pii/037026939191341R?via=ihub
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Complementarity
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Complementarity:

the flat direction removed

sin χ = − ̂sW δM̂2/M̂2
Z

Heavier: 

to be integrated out 

as EFT

Lighter: 

bounds from

B-factory
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Dark Pions
CP-even pions di-kaon important for 

light pions

di-muon always relevant

̂π → μ+μ−

̂π → K+K−
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CMS & HL-LHC
Dimuon trigger stream (scouting)

[CMS Collaboration]

Transverse displacement
Current: ℓxy < 11 cm

10 times longer for HL-phase
Luminosity

30 times larger for HL-phase

Detector/Algorithm
To be updated as wel

Current
Future

Multi-DV(assuming bkg-free) becomes possible!

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/index.html
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CMS & HL-LHC

Pushed up to O(1) PeV
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LHCb & HL-LHC
Low-mass displaced di-muon candidate search

low trigger thresholds 

high vertex resolutions

[LHCb Collaboration]

[P. Ilten, et al.]

Compared with CMS:
Sensitive to a shorter lifetime

Less bkg results in 2DV less 
improved

Focus on the forward region
Large B production

FCNC!

https://arxiv.org/pdf/2007.03923.pdf
https://arxiv.org/pdf/1603.08926.pdf
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Far Detectors
FASER(II)

[FASER Collaboration]

Forward; Cylinder; 

In SM, only neutrino & muon reach!Collecting data now!

Codex-b
[Berlin, and Kling.]

ANUBIS
[ANUBIS Wiki]

Ceiling: a larger 
solid angle

MATHUSLA
[MATHUSLA Collaboration.]

New Design

40 × 40 × 17 m3

[MATHUSLA Status]

100 × 100 × 30 m3

https://arxiv.org/pdf/1811.12522.pdf
https://arxiv.org/pdf/1810.01879.pdf
https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome#ANUBIS_on_arXiv
https://arxiv.org/pdf/2203.08126.pdf
https://indico.cern.ch/event/1381368/contributions/5963280/attachments/2887173/5061292/LLP2024-MATHUSLA-Etzion.pdf
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Far Detectors

A longer lifetime

A larger  , 
up to  PeV

fa
𝒪(10)
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Collider Simulation & Analysis
Simulation: All done with Pythia 8

with Hidden Valley module

systematic uncertainties due to our unknown 
to dark hadronisation/showering params
Pion Multiplicit If scalar too light: ϕ → ψ̄ ψ direct

h → ϕ( → ψ̄ ψ)ϕ indir

decay vertex in the detector 

decay products being collected

Analysis: Bkg estimation / N=3
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Opportunities at (HL-)LHC
ATLAS/CMS: larger luminosity and decay vessel.
A dedicated dimuon trigger stream (scouting)

[CMS Collaboration]

Online data taking

[D. Anderson]

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/index.html
https://inspirehep.net/files/fdaf649219da12679a8464a7e1ea3c67
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Opportunities at (HL-)LHC: trigger efficiency benchmarks

ℓxy (cm)

pμ
t (GeV)

CMS

HL-LHC
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CMS & HL-LHC
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LHCb & HL-LHC
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|ημi | < 5|p |μi > 10 GeV, pμi
t > 0.5 GeV,

0.5 < lxy < 100 cm

|ημμ | < 5pμμ
t > 2 GeV,

(i = 1, 2)

Kinematic and geometric cuts

Z-Factory: Tera-Z


