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Introduction

‣ Non-observation of Dark Matter/BSM leads to the idea of “dark sector”.

‣ No direct interactions between the SM and dark particles.

‣Messenger particle (portal) connects two sectors.

SM 
particles

Dark Particles 
(Dark Matter)

portal to 
dark sector

messenger
 Dark Sector 

Vector portal, Scalar portal, Heavy neutral lepton portal, Axion portal
dark photon dark higgs

Portals



�3

Dark Photon
‣Gauge boson of a new U(1)dark symmetry.

‣Mixing with U(1)Y or U(1)EM gauge boson
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‣ Dark Photon (DP, A’) can interact with the SM particles via ε.

ε~10-7

cτ~O(100) m

L = �
✏

2
Fµ⌫F 0

µ⌫ ✏ :gauge kinetic mixing

Dark photon can be long-lived



Origin of DP mass

‣ A new scalar boson should be introduced to give a mass.
‣One of the dynamical origins of the mass is spontaneous breaking.

U(1)dark br.
Dark Higgs kinetic term

L � g02�†�A0
µA

0µ

h�i = v�/
p
2
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Direct consequence of the mass generation.

‣ Controlled by g’, not ε.

‣ Enhanced when mA’ << mφ.
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FASER experiment

‣ ForwArd Search ExpeRiment (FASER) at LHC, starting from 2022.

‣ Detector is placed 480m downstream from the ATLAS interaction point.

‣ Search for dark photon, dark Higgs, Axion-like particle, etc.

Feng, Galon, Kling, Trojanowski, PRD97 (2018)

FASER collaboration, arXiv:1708.09389

FASER実験の概要
8

• FASER (ForwArd Search ExpeRiment at the LHC)は、2022年から開
始される新しい軽い新粒子探索実験

• ベンチマーク探索モード: 暗黒フォトンの電子・陽電子対への崩壊(A’ 
→ e+e-)
➢他の探索: dark Higgs, Axion-like particle, sterile neutrino, etc..

• 検出器はATLASビーム衝突点の480m下流に設置する

• LHCにおける前方方向の陽子・陽子衝突事象の高い断面積を活用
する初めての新粒子探索

Takubo, PPP2020 at YITP Kyoto

A0
A0

L
min

(m) L
max

(m) R (m) L (ab�1)

FASER 478.5 480 0.1 0.15
FASER 2 475 480 1.0 3.0

New light and weakly int. particles  
preferentially go in forward direction
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DP search at FASER

•Production of dark photon
⇡0 ! �A0, ⌘ ! �A0meson decays :

proton bremss. : pp ! pXA0

QCD processes : qq̄ ! gA0, qg ! qA0
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95% C.L.

excluded
FASER/FASER 2 can explore parameter region  
between collider and beam dump exp.

• Detection
A0 ! eē, µµ̄, hadrons
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Dark Higgs Production
‣ Dark Higgs is produced from meson decays through the φ-h mixing.

Feng, Galon, Kling, Trojanowski, PRD97 (2018)
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Dark Higgs Decay

Assuming mφ >> mA’, mf, 
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‣ The scalar can be long-lived for g’ << θ.
Carrier of dark photon

‣ The scalar mainly decays into DPs for g’ > θ.
New source of DPs

smaller ε can be searched
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Short-lived DH at FASER2

Number of A’ decays 
produced from φ 

3-9
10-99
>100

Supernova cooling

NuCal, CHARM, 

LSND, etc.

95% C.L. (>3)

projected sensitivity  
only from direct prod.

⇡0 ! �A0, ⌘ ! �A0

pp ! pXA0

qq̄ ! gA0, qg ! qA0

KLOE, BaBar, NA48/2,NA64, etc.

(FASER, PRD99,9, (2019))

FASER2 detector

Interaction 
Point 480m

B φ A’

A’
e/μ/hadron

Signal of DP production  
from φ decay
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Long-lived DH at FASER2
FASER2 detector

Interaction 
Point 480m

B φ A’
A’ e/μ/hadron

Number of A’ decays 
produced from φ 

3-9
10-99
>100

Supernova cooling

NuCal, CHARM, 

LSND, etc.

95% C.L. (>3)

projected sensitivity  
only from direct prod.

⇡0 ! �A0, ⌘ ! �A0

pp ! pXA0

qq̄ ! gA0, qg ! qA0

KLOE, BaBar, NA48/2,NA64, etc.

(FASER, PRD99,9, (2019)) Signal of DP production  
from long-lived φ decay



�11

Lighter Dark Higgs
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Summary

•The DH-DP-DP interaction appears as the consequence of  
symmetry breaking.


•The signal can be found in different region for directly produced  
DPs both in short-lived or long-lived dark Higgs cases.

‣When dark photon acquires mass from the vev of dark higgs,

•The origin of DP mass will be investigated at FASER(2).

Thank you for your attension !
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Back-Up Slides
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Long-lived at FASER2
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Signal Calculation

‣ The φ production from mesons is only considered.

‣We have calculated the signal of DP decays.  

(using data of B meson production provided by Felix Kling, thanks!)

with

decay probability : 

‣Cut pA’ > 100 GeV is imposed.

of the dark photon from the beam axis at z
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where X and X̃ are mesons shown in Eq. (??)-(??), and L is the expected integrated
luminosity.

Lastly, we comment on the e�ciency of the FASER detector. A silicon strip module
has more than 99% of detection e�ciency [? ]. Considering about 9 silicon strip layers in
the spectrometer, the detection e�ciency can be assumed as 100% for the signal events.
Although natural rock and LHC shielding can eliminate most of the potential backgrounds,
there still remain high energetic muons with radiation and neutrinos as the main back-
grounds. In the simulation, 80k muon events with �, electro-magnetic or hadronic shower
as well as a few neutrino events with charged current or neutral current interaction are
expected to enter the FASER detector from the direction of the IP with the energy of sec-
ondary particles above 100 GeV in 150 fb�1 [? ]. Assuming 99.99% veto e�ciency of each
scintillator station, these backgrounds can be reduced to a negligible level.

V. RESULT

We here calculate the number of the U(1)-breaking scalar bosons from meson decays and,
subsequently, the expected numbers of the signal events of the dark photon decaying into
ee, µµ, and hadrons which can be detected at FASER and FASER 2. In the calculation,
we use the data sets of meson momenta, angles to the beam axis, and di↵erential cross
sections [? ], which are generated by the Monte Carlo event generator EPOS-LHC [? ]
implemented in the CRMC simulation package [? ] for light mesons such as kaons, while
Pythia 8 [? ? ] with the Monash tune [? ] for B mesons. Moreover, the cut is imposed on
the dark photon momentum, p

A

0 > 100 GeV, and the dark photons satisfying this condition
e↵ectively propagate to the FASER detector.

We firstly show our numerical results of the expected number of the signal events at
FASER 2 in figure ??. As illustrating examples, we took the gauge coupling constant to be
10�4 (left panel) and 10�8 (right panel). The other parameters are fixed as m

�

= 2 GeV and
✓ = 10�4 in both figures. For this mass, we only consider the scalar boson production from B
meson decays. We found that FASER is not sensitive to these parameters. In the calculation,
to show the e↵ects of the scalar boson decays, we do not include the dark photons produced
by meson decays, bremsstrahlung, and QCD processes. The blue, orange, and green regions
correspond to the expected signal events for 3-9, 10-99, and � 100, respectively. The gray
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L
min

(m) L
max

(m) R (m) L (ab�1)

FASER 478.5 480 0.1 0.15
FASER 2 475 480 1.0 3.0

TABLE I. Dimension of the FASER detector and integrated luminosity used for this study. L
min

and L
max

are the distance to the front and rear end of the FASER detector from the IP, respectively.
R is detector radius, respectively. L is the integrated luminosity.

IV. DARK PHOTON PRODUCTION AND DETECTION

In this section, we discuss the production of the dark photons from the scalar boson
decays. The scalar boson is dominantly produced by the decays of mesons through the
SM Higgs-� mixing. When the scalar mixing ✓ is much smaller than the unity, the decay
branching ratios of � production are given by1 [? ]
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) for the K(⌘0) meson decay, with �(a, b, c) =

a2 + b2 + c2 � 2(ab + bc + ca), is the three-momentum of the scalar in the parent meson’s
rest frame. The produced scalars travel to the direction of the FASER detector and decay
into a pair of dark photons. The probability that the dark photon decays inside the FASER
detector is given by
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where p
i

and ✓
i

(i = A0,�) denote the momentum and angle with respect to the beam
axis (z-axis), respectively, and d̄

i

denotes the decay length of the dark photon or scalar
in the laboratory frame. The absolute values of the momenta are determined from the
energy-momentum conservations, and the angular distributions are generated by Monte
Carlo simulations with 1000 samples. The detector radius and the distance between the IP
and rear (front) end of the FASER detector are denoted as R and L

max(min)

, respectively,
which are shown in Table ??. In the step functions, r

A

0
,R

and r
A

0
,F

represent the distance

1 There also exists the production from ⌘ meson decays. However, it is less e↵ective and we omitted that

decay.

6



�16

Beam Dump Exp. Special thanks Felix and Sebastian

‣CHARM experiment

Npot = 2×1018 (NB = 6.4×1011)Nφ total = 3.0×104

• The detection probability

• proton beam energy : 400 GeV

Dobrich et al, 1512.03069

NA’ = 6.0×104×10-4= 6
P ~10-4 for 0.068 < θdet < 0.0126

Alekhin et al, 1504.04855

‣NuCal experiment

Batell et al, 2008.08108

• proton beam energy : 70 GeV
Npot = 1.7×1018 Nφ total = O(10)

For mφ = 2 GeV, θ=10-4

• The detection probability
(Bremsstrahlung)

P ~10-1 for  θdet < 0.015

NA’ = O(1)

might not be significant, but need more detailed analyses


