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Motivation: FASER Searches

๏Traditional resonance searches @ LHC main detector 
prompt decay, EW mass, O(1) couplings 

๏  Long-lived particle (LLP) searches  
ATLAS main detector, MATHUSLA, CodexB, ANUBIS 
particle produced in the transverse region (heavy) 

๏  Light LLP  
➡ predicted in many new physics scenarios: DM, hidden valley, 
dark photon, ALP, heavy neutral lepton 
➡ Current/proposed light LLP searches (low energy): Belle-II, 
HPS, SHiP, Spinquest/DarkQuest/… 
➡ Copiously produced in the forward region of colliders
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THE NEED FOR FORWARD-LOOKING PHYSICS
• Collisions at the LHC produce an enormous number of particles along the beam 

collision axis line of sight (LOS), which escape existing LHC detectors. 

• We now know that, without new detectors, the LHC is blind to a beautiful program 
of SM and BSM physics in the far-forward direction.

• The Forward Physics Facility is a proposal to build a new underground cavern to 
host a suite of far-forward experiments to capture this physics and greatly 
enhance the LHC’s potential for groundbreaking discoveries in the HL-LHC era.

p, K, D, !! , !" , !# A’, a, mCPs, c, …

Our highest immediate priority accelerator and project 
is the HL-LHC, …including the construction of auxiliary 
experiments that extend the reach of HL-LHC in 
kinematic regions uncovered by the detector upgrades. 
– 2022 Snowmass Energy Frontier Report

The full physics potential of the 
LHC and the HL-LHC...should 
be exploited. — 1st 
recommendation of the 2020 
European Strategy Update
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Motivation: Light LLP

๏ light ➔ can be produced in the decay of light SM particles 
๏ weakly interacting ➔ need large numbers 
๏ consider σtot ~ 100 mb, typically wasted CS for BSM searches 
๏ low pT~m, possible high p, θ~pT/E < 1 mrad (η>7.6)
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LIGHT, WEAKLY INTERACTING PARTICLES

• Most BSM searches focus on s ~ fb, pb.

• But if the new particles are 
– light à can be produced in decays 

of light SM particles.
– weakly-interacting à need large 

numbers of SM particles to see rare 
processes.

• These considerations strongly motivate 
considering ()*) ~100 mb, the typically 
“wasted” cross section for BSM searches.

• Typically low )+, but possibly high ).

• The most energetic particles are very far 
forward. E.g., for pions, enormous rates 
with ) ~ TeV with * ≲ 1 mrad (h ≳ 7.6).

Feng, G
alon, Kling, Trojanow

ski(2017)

300 fb-1
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I. SCIENTIFIC CONTEXT AND OBJECTIVES

For decades, a focus of energy-frontier particle colliders, such as the LHC, has been
searches for new particles with TeV-scale masses and O(1) couplings. The common lore was
to target large transverse momentum (pT ) signatures that emerge in the roughly isotropic
decays of such particles. There is, however, a complementary class of viable new particles
that are much lighter, with masses in the MeV to GeV range, and much more weakly coupled
to the standard model (SM) [1]. In recent years, these particles have attracted growing
interest, in part because they can yield dark matter with the correct relic density [2, 3] and
may resolve discrepancies between low-energy experiments and theoretical predictions [4–
6]. Perhaps most importantly, they can be discovered at a wide variety of experiments,
reinvigorating e↵orts to find creative ways to search for new particles.

If new particles are light and very weakly coupled, the focus at the LHC on particle
searches at high pT may be completely misguided. In contrast to TeV-scale particles, which
are produced more or less isotropically, light particles with masses in the MeV to GeV
range are dominantly produced at low pT ⇠ 100 MeV�GeV. In addition, because the new
particles are extremely weakly coupled, very large SM event rates are required to discover
the rare new physics events. These rates are available, not at high pT , but at low pT : at the
13 TeV LHC, the total inelastic pp scattering cross section is �inel(13 TeV) ⇡ 75 mb [7, 8],
with most of it in the far-forward direction. In upcoming runs at 14 TeV, where the inelastic
cross section is very similar, we expect

Ninel ⇡ 1.1⇥ 1016 (2.2⇥ 1017) (1)

inelastic pp scattering events for an integrated luminosity of 150 fb�1 at LHC Run 3 (3 ab�1

at the HL-LHC). This, in turn, implies extraordinary production rates for low-mass particles;
for example, for the HL-LHC, the number of mesons produced in each hemisphere is

N⇡0 ⇡ 4.6⇥ 1018, N⌘ ⇡ 5.0⇥ 1017, ND ⇡ 2.2⇥ 1016, and NB ⇡ 1.4⇥ 1015 . (2)

Note that the number of B mesons exceeds the number available at fixed target experiments,
where the rate is highly suppressed by lower center-of-mass energies.

We therefore find that even extremely weakly-coupled new particles may be produced
in su�cient numbers in the far-forward region. Given their weak coupling to the SM, such
particles are typically long-lived and travel a macroscopic distance before decaying back
into SM particles. Moreover, such particles may be highly collimated. For example, new
particles that are produced in pion or B meson decays are typically produced within angles
of ✓ ⇠ ⇤QCD/E or mB/E of the beam collision axis, where E is the energy of the particle.
For E ⇠ TeV, this implies that even ⇠ 500 m downstream, such particles have only spread
out ⇠ 10 cm� 1 m in the transverse plane. A small and inexpensive detector placed in the
far-forward region may therefore be capable of extremely sensitive searches.

The FASER program is specifically designed to take advantage of this opportunity. Ideal
locations for FASER exist in TI12 and TI18, existing and unused side tunnels that are
480 m downstream from the ATLAS interaction point (IP). In its first stage, FASER is an
extremely small and inexpensive detector, with a decay volume of only 0.047 m3. FASER
is planned to be constructed and installed in TI12 in Long Shutdown 2 (LS2) from 2019-
20 in time to collect data in Run 3 from 2021-23. A larger successor experiment, FASER
2, with a decay volume of very roughly ⇠ 10 m3, is envisioned to be constructed and
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  FASER

ATLAS IP

SPS

TI12

LHC

FASER

FIG. 1. Left panel: The arrow points to FASER’s location in service tunnel TI12, roughly 480
m east of the ATLAS IP. Credit: CERN Geographical Information System. Right panel: View
of FASER in tunnel TI12. The trench lowers the floor by 45 cm at the front of FASER to allow
FASER to be centered on the beam collision axis. Credit: CERN Site Management and Buildings
Department.

installed in LS3 from 2024-26 in time to take data during the HL-LHC era from 2026-
35. Despite their relatively small size, FASER and FASER 2 will complement the LHC’s
existing physics program, with remarkable sensitivity to dark photons, axion-like particles,
and other proposed particles. In the following sections, we discuss FASER’s location, layout,
and discovery potential. Additional details may be found in FASER’s Letter of Intent [9]
and Technical Proposal [10]. In the Appendix, an Addendum to this document contains
information about the interested community, anticipated construction and operating costs,
and computing requirements.

II. LOCATION

The side tunnels TI12 and TI18 are nearly ideal locations for FASER [11]. These side
tunnels were formerly used to connect the SPS to the LEP (now LHC) tunnel, but they are
currently unused. The LHC beam collision axis intersects TI12 and TI18 at a distance of 480
m to the west and east of the ATLAS IP, respectively. Estimates based on detailed simula-
tions using FLUKA [12, 13] by CERN’s Sources, Targets, and Interaction (STI) group [14],
combined with in situ measurements using emulsion detectors, have now confirmed a low
rate of high-energy SM particles in these locations. Additionally, the FLUKA results com-
bined with radiation monitor measurements have confirmed low radiation levels in these
tunnels. These locations, then, provide extremely low background environments for FASER
to search for LLPs that are produced at or close to the IP, propagate in the forward direction
close to the beam collision axis, and decay visibly within FASER’s decay volume.

FASER is currently planned for installation in TI12. This location is shown in Fig. 1,
and is roughly 480 m east of the ATLAS IP. The beam collision axis passes along the floor of
TI12, with its exact location depending on the beam crossing angle at ATLAS. TI12 slopes
upward when leaving the LHC tunnel to connect to the shallower SPS tunnel. To place
FASER along the beam collision axis, the ground of TI12 must be lowered roughly 45 cm
at the front of FASER, where particles from the ATLAS IP enter.

A schematic view of the far-forward region downstream of ATLAS is given in Fig. 2. From
the ATLAS IP, the LHC beam passes through a 270 m-long straight “insertion,” and then
enters an “arc” and bends. Far-forward charged particles are bent by the beam optics, and
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Run: 2021 - 2023

Run: 2026 - 2035

480 meter
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NEW DARK PHOTON RESULTS
• Signal: )/+ → ,'- or .. → ..,', ,' travels 476 m through rock/concrete, then 

decays ,' → /(/).  Probes thermal target: m ~ 10 − 100MeV, 1 ~ 10)$ − 10)&.

• After unblinding, no events seen in signal 
region. Background ~ 10)* events, FASER 
sets limits on previously unexplored 
parameter space.

• First incursion (with NA62) into the thermal 
target from low coupling since the 1990’s.

• Background-free, bodes well for the future: 
FASER2 has ~60,000 better sensitivity.

θ~ mrad, Δd~1 mm for 1m long detector 
need magnetic field to split the opposite charged tracks. 

Feng, Galon, Kling, Trojanowski, 1708.09389 
FASER LOI, 1811.10243 
FASER Technical Proposal, 1812.09139 
FASER Physics Reach, 1811.12522

104 increase in sensitivity

LEP OPAL, ALEPH and L3 searches on e+e� ! Z⇤� at the LEP detected 3⇥ 106 hadronic Z

decays [185–187], which included both the prompt and invisible/long-lifetime � cases.

Whenm�  2mµ, � with high momentum can escape the LEP detector to be an invisibly

decaying scalar. For m� > 2mµ, � could decay promptly. Thus the LEP search results

could constrain the light scalar scenario [128, 188].

To impose the experimental constraints mentioned above, we recast the existing bounds to

the Type-I 2HDM parameter space for B, kaon, D meson decays as well as the LEP search

results. For the CHARM bounds and SuperNova constraints, we use the approximate results

from the SM with an additional light scalar scenario [128, 189] since the detailed recast of

these two bounds involves a complete analyses of all possible contributions in the framework

of the Type-I 2HDMs, which is left for future study.

4.3 FASER and FASER2

FASER is a cylindrical detector with a radius of 10 cm and a length of 1.5 m, installed in

tunnel TI12 located at 480 m away from the ATLAS IP [101–106]. It is designed to detect

LLPs produced at the ATLAS IP, traveling in the very forward region, and decaying in

FASER into two very energetic particles. FASER has been taking data since summer, 2022.

During the Run 3 of the LHC, it is expected to collect data from proton-proton collisions of

about 150 fb�1 integrated luminosity. Given the distinctive signature and low background

environment, FASER provides a unique opportunity to probe light particles with suppressed

couplings [101, 103, 107]. Unlike all the other proposed LLP experiments, FASER is able to

detect photons with a preshower detector placed in front of the FASER calorimeter [49, 109].

A high-resolution preshower upgrade is planned to be installed in next two years [190], which

could further increase the sensitivity.

At the HL-LHC with an integrated luminosity of 3 fb�1, FASER will be upgraded to

FASER 2 with a larger volume of the detector, potentially at the same location [107] or at

FPF [111, 112] about 620 meters from the LHC IP. FASER 2 will extended the reach of

FASER by an order of magnitude or more.

In our analyses below, we adopt the configuration of FASER 2 in the original pro-

posal [107], sitting 480 m away from the LHC IP:

FASER : � = 1.5 m, R = 10 cm, L = 150 fb�1, (4.19)

FASER 2 : � = 5 m, R = 1 m, L = 3 ab�1. (4.20)

Here � and R are the detector length and radius respectively.

4.4 Results for the Light CP-even Higgs in the Type-I 2HDM

The productions of a light CP-even Higgs H are mostly via the semileptonic decay of pions

and kaons, or the hadronic decay of kaons, ⌘, B and D mesons, as well as radiative decay of

bottomonium ⌥ as discussed in Sec. 2.2. In our numerical analyses below, we only take into
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FIG. 2. Schematic view of the far-forward region downstream of ATLAS and various particle
trajectories. Upper panel: FASER is located 480 m downstream of ATLAS along the beam
collision axis (dotted line) after the main LHC tunnel curves away. Lower left panel: High-
energy particles produced at the IP in the far-forward direction. Charged particles are deflected
by LHC magnets, and neutral hadrons are absorbed by either the TAS or TAN, but LLPs pass
through the LHC infrastructure without interacting. Note the extreme di↵erence in horizontal
and vertical scales. Lower right panel: LLPs may then travel ⇠ 480 m further downstream and
decay within FASER in TI12.

neutral hadrons are typically stopped in the TAS or TAN absorbers, which are designed to
protect the magnets. To travel from the IP to FASER, particles must pass through roughly
10 m of concrete and 90 m of rock. In the SM, only muons and neutrinos can reach FASER
from the IP. On the other hand, LLPs produced at or near the IP easily pass through all of
the natural and man-made material without interacting and then can decay in FASER.

III. DETECTOR LAYOUT AND COMPONENTS

At the LHC, light particles are typically produced with a characteristic transverse mo-
mentum comparable to their mass pT ⇠ m. Consequently, LLPs that are produced within
FASER’s angular acceptance, ✓ ⇠ pT/E  1 mrad, tend to have very high energies ⇠ TeV.
The characteristic signal events at FASER are, then,

pp ! LLP +X, LLP travels ⇠ 480 m, LLP ! e+e�, µ+µ�, ⇡+⇡�, ��, . . . , (3)

where the LLP decay products have ⇠ TeV energies. The target signals at FASER are
therefore striking: two oppositely charged tracks or two photons with ⇠ TeV energies that
emanate from a common vertex inside the detector and have a combined momentum that
points back through 100 m of concrete and rock to the IP.

The decay products of such light and highly boosted particles are extremely collimated,
with a typical opening angle ✓ ⇠ m/E. For example, for an LLP with mass m ⇠ 100 MeV
and energy E ⇠ 1 TeV, the typical opening angle is ✓ ⇠ m/E ⇠ 100 µrad, implying a

4
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  FASER 1st Physics Result
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NEW DARK PHOTON RESULTS
• Signal: )/+ → ,'- or .. → ..,', ,' travels 476 m through rock/concrete, then 

decays ,' → /(/).  Probes thermal target: m ~ 10 − 100MeV, 1 ~ 10)$ − 10)&.

• After unblinding, no events seen in signal 
region. Background ~ 10)* events, FASER 
sets limits on previously unexplored 
parameter space.

• First incursion (with NA62) into the thermal 
target from low coupling since the 1990’s.

• Background-free, bodes well for the future: 
FASER2 has ~60,000 better sensitivity.

CERN-FASER-CONF-2023-001

• signature: 2 oppositely charged tracks or 2 photons with TeV energy 
from a common vertex inside the detector and combined momentum 
points back to IP. 

• background: negligible after veto (charged particle muon from IP)

• Installed 2021 
• Taking data 2022   
• No signal observed

4

FASER Installation

Experiment mostly installed in March 2021

Fully completed in November 2021, ahead of Run 3
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Executive Summary

The Facility The Forward Physics Facility (FPF) is a proposal to build a new underground
cavern at the Large Hadron Collider (LHC) to host a suite of far-forward experiments during the
High-Luminosity LHC era. The existing large LHC detectors have holes along the beam line, and
so miss the physics opportunities provided by the enormous flux of particles produced in the far-
forward direction. The FPF will realize this physics potential. A preferred site for the FPF is
along the beam collision axis, 617-682 m west of the ATLAS interaction point (IP); see Fig. 1.
This location is shielded from the ATLAS IP by over 200 m of concrete and rock, providing an
ideal location to search for rare processes and very weakly-interacting particles. FPF experiments
will detect ⇠ 106 neutrino interactions at the highest human-made energies ever recorded, expand
our understanding of proton and nuclear structure and the strong interactions to new regimes, and
carry out world-leading searches for a wide range of new phenomena, enhancing the LHC’s physics
program through to its conclusion in 2040.

Experiments The FPF is uniquely suited to exploit physics opportunities in the far-forward
region, because it will house a diverse set of experiments, each optimized for particular physics
goals. The envisioned experiments and their physics targets are shown in Fig. 2. FASER2, a
magnetic spectrometer and tracker, will search for light and weakly-interacting states, including
long-lived particles, new force carriers, axion-like particles, light neutralinos, and dark sector parti-
cles. FASER⌫2 and Advanced SND, proposed emulsion and electronic detectors, respectively, will
detect ⇠ 106 neutrinos and anti-neutrinos at TeV energies, including ⇠ 103 tau neutrinos, the least
well-understood of all known particles. FLArE, a proposed 10-tonne-scale noble liquid detector,
will detect neutrinos and also search for light dark matter. And FORMOSA, a detector composed
of scintillating bars, will provide world-leading sensitivity to millicharged particles and other very
weakly-interacting particles across a large range of masses.

ATLAS

UJ12

UJ18
LOS

LHC

FASER2 FASERν2

AdvSND

FORMOSA

FLARE

cryostat

LOS

Figure 1: The preferred location for the Forward Physics Facility, a proposed new cavern for the
High-Luminosity era. The FPF will be 65 m-long and 8.5 m-wide and will house a diverse set of
experiments to explore the many physics opportunities in the far-forward region.

• 600 m west of ATLAS 
• Cavern 65m x 9 m  
• shield from ATLAS by 200m of rock 
• disconnect from LHC tunnel 
• vibration, safety studies: construct FPF without disrupt LHC operation 
• Radiation studies: work in FPF while LHC is running

LAr based  
neutrino detector

electronic 
neutrino detector

magnetized spectrometer 
for BSM searches

emulsion-based 
neutrino detector plastic scintillator array  

for BSM searches

Run: 2026 - 2035

104 increase in sensitivity

LEP OPAL, ALEPH and L3 searches on e+e� ! Z⇤� at the LEP detected 3⇥ 106 hadronic Z

decays [185–187], which included both the prompt and invisible/long-lifetime � cases.

Whenm�  2mµ, � with high momentum can escape the LEP detector to be an invisibly

decaying scalar. For m� > 2mµ, � could decay promptly. Thus the LEP search results

could constrain the light scalar scenario [128, 188].

To impose the experimental constraints mentioned above, we recast the existing bounds to

the Type-I 2HDM parameter space for B, kaon, D meson decays as well as the LEP search

results. For the CHARM bounds and SuperNova constraints, we use the approximate results

from the SM with an additional light scalar scenario [128, 189] since the detailed recast of

these two bounds involves a complete analyses of all possible contributions in the framework

of the Type-I 2HDMs, which is left for future study.

4.3 FASER and FASER2

FASER is a cylindrical detector with a radius of 10 cm and a length of 1.5 m, installed in

tunnel TI12 located at 480 m away from the ATLAS IP [101–106]. It is designed to detect

LLPs produced at the ATLAS IP, traveling in the very forward region, and decaying in

FASER into two very energetic particles. FASER has been taking data since summer, 2022.

During the Run 3 of the LHC, it is expected to collect data from proton-proton collisions of

about 150 fb�1 integrated luminosity. Given the distinctive signature and low background

environment, FASER provides a unique opportunity to probe light particles with suppressed

couplings [101, 103, 107]. Unlike all the other proposed LLP experiments, FASER is able to

detect photons with a preshower detector placed in front of the FASER calorimeter [49, 109].

A high-resolution preshower upgrade is planned to be installed in next two years [190], which

could further increase the sensitivity.

At the HL-LHC with an integrated luminosity of 3 fb�1, FASER will be upgraded to

FASER 2 with a larger volume of the detector, potentially at the same location [107] or at

FPF [111, 112] about 620 meters from the LHC IP. FASER 2 will extended the reach of

FASER by an order of magnitude or more.

In our analyses below, we adopt the configuration of FASER 2 in the original pro-

posal [107], sitting 480 m away from the LHC IP:

FASER : � = 1.5 m, R = 10 cm, L = 150 fb�1, (4.19)

FASER 2 : � = 5 m, R = 1 m, L = 3 ab�1. (4.20)

Here � and R are the detector length and radius respectively.

4.4 Results for the Light CP-even Higgs in the Type-I 2HDM

The productions of a light CP-even Higgs H are mostly via the semileptonic decay of pions

and kaons, or the hadronic decay of kaons, ⌘, B and D mesons, as well as radiative decay of

bottomonium ⌥ as discussed in Sec. 2.2. In our numerical analyses below, we only take into
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FIG. 14. Sensitivities for the dark photon (left) and dark Higgs (right) in the (mass, coupling) plane. The
sensitivity reaches of FASER2 are shown as solid red lines alongside existing constraints (dark gray-shaded
regions) and projected sensitivities of other proposed searches and experiments (colorful dashed lines), as
obtained in Refs. [54–68] for the dark photon and Refs. [22, 25, 69–77] for the dark Higgs; also see Ref. [50]
and references therein for further proposals on proposed searches and experiments. The solid black line
shows the DM relic target for a complex scalar DM scenario with m� = 0.6mA0 and ↵D = 0.1, where the
corresponding direct detection bounds are shown in light gray. The bottom panels show the LLP branching
fractions, as obtained in Refs. [73, 78].

portals have been studied previously in the context of FASER. Below, we present the corresponding
sensitivity reach for the FASER2 detector located in the purpose-built facility, assuming a location
that is centered on the beam axis at a distance of 620 m downstream from the IP and a cylindrical
detector with a decay volume length of 5 m and a radius of 1 m. The results have been obtained with
FORESEE [31], a package that can use the LLP production rates, lifetimes, and decay channels of
any desired model to estimate the reach of forward detectors at pp colliders. The results assume
that LLP decays to the SM inside FASER2 can be seen with 100% e�ciency, underscoring the
necessity of designing detectors that are sensitive to all possible final states in the highly collimated
geometry typical of far-forward searches.

Dark Photon: Dark photons are motivated in a wide variety of theories with new U(1) symme-
tries [52]. At the LHC, they are dominantly produced through meson decays and bremsstrahlung
in the region that would be covered by the FPF [1, 4, 79]. The left panel of Fig. 14 shows the
FPF reach from dark photon decays in FASER2 as a function of the dark photon’s mass mA0 and
kinetic mixing ✏ with U(1)EM [31]. The upper limit of the projection is set by the requirement that
the dark photon lifetime is su�ciently large to reach the detector. Despite having a longer baseline
than existing experiments such as NuCal, FASER2 would achieve increased sensitivity because of
the boost with which the dark photons are produced. The FPF would thus close a significant
portion of the gap between searches for prompt dark photon decays and long-lived searches.

The dark photon could also serve as a mediator for DM annihilation. We show a target line where
the correct thermal relic density of a complex scalar DM particle � is obtained for m� = 0.6mA0

and dark coupling ↵D = 0.1. At low masses, direct detection does not constrain this model. In
this scenario, the dark photon could also be produced via scattering of DM in the material before

23
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any desired model to estimate the reach of forward detectors at pp colliders. The results assume
that LLP decays to the SM inside FASER2 can be seen with 100% e�ciency, underscoring the
necessity of designing detectors that are sensitive to all possible final states in the highly collimated
geometry typical of far-forward searches.

Dark Photon: Dark photons are motivated in a wide variety of theories with new U(1) symme-
tries [52]. At the LHC, they are dominantly produced through meson decays and bremsstrahlung
in the region that would be covered by the FPF [1, 4, 79]. The left panel of Fig. 14 shows the
FPF reach from dark photon decays in FASER2 as a function of the dark photon’s mass mA0 and
kinetic mixing ✏ with U(1)EM [31]. The upper limit of the projection is set by the requirement that
the dark photon lifetime is su�ciently large to reach the detector. Despite having a longer baseline
than existing experiments such as NuCal, FASER2 would achieve increased sensitivity because of
the boost with which the dark photons are produced. The FPF would thus close a significant
portion of the gap between searches for prompt dark photon decays and long-lived searches.

The dark photon could also serve as a mediator for DM annihilation. We show a target line where
the correct thermal relic density of a complex scalar DM particle � is obtained for m� = 0.6mA0

and dark coupling ↵D = 0.1. At low masses, direct detection does not constrain this model. In
this scenario, the dark photon could also be produced via scattering of DM in the material before

๏ currently studied (simple) scenario: singlet S mix with SM H 
  mixing angle θ 
๏ all couplings SM structure, scaled with sinθ
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  Light Scalar LLP 

Model-independent framework with the most general interactions 
for CP-even and CP-odd scalar under EFT/coupling modifier.

๏ developed general formalism for scalar production and decay 
๏ more complicated comparing to the simplest scenario 
๏ CP-odd A mix with light meson states 
๏ developed a program to calculate scalar decay, can be used for 
other new physics models. 
๏ case study of 2HDM.
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๏  Results 

๏  Conclusion
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Light CP-even Scalar 

Effective  
Lagrangian

Production • Decay of hadrons, mesons, radiative bottomium decay 
• h/Z/W decay: small in forward region

⇠�
�
=

X

f2q,`
NcQ

2

f
⇠f
�
A

�

1/2

⇣
⌧�
f

⌘
+ ⇠V

�
A

�

1

⇣
⌧�
W

⌘
. (2.3)

Here ⌧�
i
= m2

�
/4m2

i
and mi is the mass of the particle running in the loop. The expressions for

the form factors A�

1/2,1
for fermions and gauge bosons can be found in Appendix A. For new

physics models with new charged/colored particles coupling to �, additional contributions to

⇠�
�
and ⇠g

�
are possible.

2.2 Productions

Light scalar � is mainly produced in the decay of hadrons [46, 113, 122–126], the semilep-

tonic decays of pions and kaons [113, 127], as well as radiative bottomonium decay [128].

Another production mode of light scalars is through their bremsstrahlung in proton-proton

collisions [122]. The light scalar can also be produced via h ! ��. However, the h�� coupling

can not be too large given the invisible Higgs decay constraints. Z and W decays could also

contribute to the production of �, which typically has a high transverse momentum. In the

forward region of the LHC IP, the contribution to the production of light CP-even scalar �

from the last three channels are small [113, 122]. Therefore we do not include them and focus

on the meson decay processes instead.

The light scalar � can be produced in meson decays via flavor changing e↵ects. The

corresponding e↵ective Lagrangian of flavor changing quark interactions with the scalar �

can be defined as [122]

Leff =
�

v

X
⇠ij
�
mfj

f̄iPRfj + h.c. (2.4)

where ⇠ij
�

are the e↵ective couplings for quarks fi and fj , and PR ⌘ (1+ �5)/2. ⇠
ij

�
in various

beyond the SM (BSM) scenarios can be obtained via tree and/or loop level contributions.

Heavy B Meson Decays The inclusive decay of B mesons into ligth CP-even scalar is

dominated by the above flavor changing e↵ective interaction between b and s quarks.

Uncertainties from strong interaction e↵ects are minimized in the ratio [125, 126]

Br(B ! Xs�)

Br(B ! Xce⌫)
=

�(b ! s�)

�(b ! ce⌫)
=

12⇡2v2

m2

b

(1�
m2

�

m2

b

)2
1

f(m2
c/m

2

b
)

�����
⇠bs
�

Vcb

�����

2

, (2.5)

where Xs,c denotes any strange and charm hadronic state, and f(x) = (1�8x+x2)(1�

x2) � 12x2 lnx is the phase space factor. We take Br(B ! Xce⌫) = 0.104 for both B0

and B± from Ref. [118].

Kaon Decays In addition to the flavor changing quark interactions mentioned above, four

quark operators can also contribute non-negligibly to the two-body kaon decays. The

corresponding Feynman diagram with SM contribution for K�
! ⇡�� is shown in

– 4 –

effective coupling for flavor changing quark interactions

We evaluate the decays of the light scalars to diphotons, dileptons, as well as hadronic final

states. In particular, for mass below about 2 GeV, we adopt chiral perturbation theory and

dispersive analysis to calculate the hadronic decay of light scalars. For heavier masses, the

spectator model is applied. We develop a program [115] to calculate the decays of a light

CP-even or CP-odd scalar across a wide mass range, incorporating the coupling modifiers of

the light scalars to the SM particles. Our program can be applied to various new physics

models with a light scalar.

Sub-GeV scalar arises in various well-studied models, such as the two Higgs doublet

model (2HDM) [116], the Next-to-Minimal 2HDM (N2HDM) [48] and the Next-to-Minimal

Supersymmetric Standard Model (NMSSM) [117]. As a case study, we apply our general for-

malism on the productions and decays of light scalars in the framework of the 2HDMs. After

considering both theoretical and experimental constraints on the 2HDMs, we find that the

most viable scenario that could accommodate a light long lived scalar is the large tan� region

of the Type-I 2HDM. We identify two specific benchmark regions that could accommodate a

long-lived light scalar or pseudoscalar. We further analyze the reach of FASER and FASER

2 on the parameter space of the Type-I 2HDM for theses two benchmark regions.

The paper is organized as follows. In Sec. 2 we introduce the general interactions of CP-

even scalar and discuss the production and decays of a light CP-even scalar. We present the

study for the light CP-odd scalar in Sec. 3, emphasizing the special features due to its mixing

with meson states. Our case study of the large tan� region of the Type-I 2HDM and main

results are presented in Sec. 4. We conclude in Sec. 5. Expressions for loop-induced form

factors, tri-meson decay amplitudes, tri-Higgs couplings, e↵ective flavor changing couplings

of (pseudo)scalars, as well as the double (pseudo)scalars production in the Type-I 2HDM are

collected in the Appendix.

2 Light CP-even Scalar

2.1 E↵ective Lagrangian

The e↵ective Lagrangian for a (light) CP-even scalar � interacting with SM particles can be

written as [118]

L = �
1

2
m2

�
�2

�

X

f

⇠f
�

mf

v
�f̄f+⇠W

�

2m2

W

v
�Wµ+W�

µ +⇠Z
�

m2

Z

v
�ZµZµ

+⇠W
��

g2

4
��Wµ+W�

µ + ⇠Z
��

g2

8 cos2 ✓W
��ZµZµ + ⇠g

�

↵s

12⇡v
�Ga

µ⌫G
aµ⌫ + ⇠�

�

↵ew

4⇡v
�Fµ⌫F

µ⌫ , (2.1)

where ✓W is the Weinberg angle and Fµ⌫ and Ga
µ⌫ denote the field-strength tensors for the

photon and gluon fields respectively. Various ⇠s are the coupling modifiers for the interactions

between � and SM particles.

– 3 –

coupling modifier loop generated
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φ production 

• Heavy B meson decay

• Kaon decay

Figure 1. SM contribute to the transition K�
! ⇡�� via e↵ective four quark operator.

Fig. 1, which results in an e↵ective four-fermion-scalar interaction

Leff =
23G3/2

F

21/4
⇠W
�
V ⇤
ud
Vusd̄�

µPLuū�µPLs�+ h.c. (2.6)

Including both contributions, the total amplitude for K±
! ⇡±� is [113, 122–124, 129]

M(K±
! ⇡±�) = G1/2

F
21/4⇠W
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0 (q2), (2.7)

where � ' 3.1⇥ 10�7, AK± ⇡ 0 [113, 123, 124, 129], and fK
±
⇡
±

0
(q2) is the form-factor

taken to be 0.96 [122]. The corresponding branching fraction is

Br(K±
! ⇡±�) =

1

�K±

2p0
�

mK±

|M|
2

16⇡mK±
, (2.8)

where p0
�
is the magnitude of the � momentum in the parent meson’s rest frame. Ex-

pressions for the neutralKL andKS decay can be obtained similarly [113, 123, 124, 129].

⌘(0) Decays CP-even scalar can also be produced in the decays of ⌘ and ⌘0. The branching

fraction of ⌘(0) meson to a scalar and pion is given by

Br(⌘(0) ! ⇡�) =
1

�
⌘(0)

2p0
�

m
⌘(0)

|g
�⌘(0)⇡|

2

16⇡m
⌘(0)

. (2.9)

The coupling g
�⌘(0)⇡ can be obtained using chiral perturbation theory as [46, 130]

g
�⌘(0)⇡ = �

1

v

2

4mu⇠
u

�
�md⇠

d

�
+

2

9
(mu �md)

0

@⇠g
�
+

X

q=c,b,t

⇠q
�

1

A

3

5 c
�⌘(0)⇡B̃. (2.10)
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Figure 1. SM contribute to the transition K�
! ⇡�� via e↵ective four quark operator.

Fig. 1, which results in an e↵ective four-fermion-scalar interaction

Leff =
23G3/2

F

21/4
⇠W
�
V ⇤
ud
Vusd̄�
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where � ' 3.1⇥ 10�7, AK± ⇡ 0 [113, 123, 124, 129], and fK
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(q2) is the form-factor

taken to be 0.96 [122]. The corresponding branching fraction is
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2
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, (2.8)

where p0
�
is the magnitude of the � momentum in the parent meson’s rest frame. Ex-

pressions for the neutralKL andKS decay can be obtained similarly [113, 123, 124, 129].

⌘(0) Decays CP-even scalar can also be produced in the decays of ⌘ and ⌘0. The branching

fraction of ⌘(0) meson to a scalar and pion is given by
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The coupling g
�⌘(0)⇡ can be obtained using chiral perturbation theory as [46, 130]
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• η(’) decay

Figure 1. SM contribute to the transition K�
! ⇡�� via e↵ective four quark operator.
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where p0
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is the magnitude of the � momentum in the parent meson’s rest frame. Ex-

pressions for the neutralKL andKS decay can be obtained similarly [113, 123, 124, 129].
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where p0
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is the magnitude of the � momentum in the parent meson’s rest frame. Ex-

pressions for the neutralKL andKS decay can be obtained similarly [113, 123, 124, 129].

⌘(0) Decays CP-even scalar can also be produced in the decays of ⌘ and ⌘0. The branching
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• semileptonic decay of mesons

where B̃ = m2
⇡/(mu + md) ' 2.6 GeV, and c

�⌘(0)⇡ = (cos ✓⌘ ±
p
2 sin ✓⌘)/

p
3. The

mixing angle ✓⌘ between ⌘ and ⌘0 can be obtained from experiments, which is taken to

be �13� [117].

Semileptonic Decays of Mesons Besides the two-body hadronic decays of mesons dis-

cussed above, the 3-body semileptonic decays of mesons can also produce light scalars.

The branching fraction for X ! �e⌫ is 1 [122, 125, 127, 131]

Br(X ! �e⌫) =

p
2GFm4

X
|⇠W
�
|
2

96⇡2m2
µ(1�m2

µ/m
2

X
)2

⇥ BR(X ! µ⌫)f(
m2

�

m2

X

)

✓
1�

2nh

33� 2nl

◆
2

,

(2.11)

where f(x) is the phase space factor motioned previously, and nh and nl are numbers of

heavy and light quarks in the corresponding EFT describing the meson X, respectively.

For leptonic decays of light mesons pion and kaon, nh = nl = 3.

Radiative Bottomonium ⌥ Decay A light scalar can be produced in the radiative decay

of bottomonium ⌥ ! ��. It is convenient to express the corresponding branching ratio

in the form [128]

Br(⌥ ! ��)

Br(⌥ ! e+e�)
=

GFm2

b
|⇠b
�
|
2

p
2⇡↵

(1�
m2

�

m2

⌥

)⇥
2

3

 
1�

m6

�

m6

⌥

!
, (2.12)

where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].

2.3 Decays of Light CP-even Scalar

Depending on the mass of the CP-even scalar �, it can decay into pair of photons, leptons,

and multiple hadrons or pair of quarks. For m� . 2 GeV, a dispersive analysis method

introduced in Ref. [128] is used to calculate the partial decay width into hadrons, while for

m� & 2 GeV, the perturbative spectator model is applied.

Decays into Diphoton The decay rate of a CP-even scalar into diphoton is given by

��� =
GF↵2

ewm
3

�

32
p
2⇡3

���⇠�
�

���
2

. (2.13)

Decays into Leptons The decay rate of a CP-even scalar into leptonic final states can be

calculated using perturbation theory. At leading order, the partial decay width is [128]

�`+`� =
GFm�m2

`
�3

`

4
p
2⇡

|⇠`
�
|
2, (2.14)

1
We do not consider the process X ! �µ⌫ due to the reduced phase space for such process for K,⇡ decays,

which significantly suppresses the corresponding branching fraction.
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].
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and multiple hadrons or pair of quarks. For m� . 2 GeV, a dispersive analysis method

introduced in Ref. [128] is used to calculate the partial decay width into hadrons, while for
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Here ⌧�
i
= m2

�
/4m2

i
and mi is the mass of the particle running in the loop. The expressions for

the form factors A�

1/2,1
for fermions and gauge bosons can be found in Appendix A. For new

physics models with new charged/colored particles coupling to �, additional contributions to

⇠�
�
and ⇠g

�
are possible.

2.2 Productions

Light scalar � is mainly produced in the decay of hadrons [46, 113, 122–126], the semilep-

tonic decays of pions and kaons [113, 127], as well as radiative bottomonium decay [128].

Another production mode of light scalars is through their bremsstrahlung in proton-proton

collisions [122]. The light scalar can also be produced via h ! ��. However, the h�� coupling

can not be too large given the invisible Higgs decay constraints. Z and W decays could also

contribute to the production of �, which typically has a high transverse momentum. In the

forward region of the LHC IP, the contribution to the production of light CP-even scalar �

from the last three channels are small [113, 122]. Therefore we do not include them and focus

on the meson decay processes instead.

The light scalar � can be produced in meson decays via flavor changing e↵ects. The

corresponding e↵ective Lagrangian of flavor changing quark interactions with the scalar �

can be defined as [122]
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• radiative bottomium decay
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where f(x) is the phase space factor motioned previously, and nh and nl are numbers of

heavy and light quarks in the corresponding EFT describing the meson X, respectively.

For leptonic decays of light mesons pion and kaon, nh = nl = 3.

Radiative Bottomonium ⌥ Decay A light scalar can be produced in the radiative decay
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].

2.3 Decays of Light CP-even Scalar

Depending on the mass of the CP-even scalar �, it can decay into pair of photons, leptons,

and multiple hadrons or pair of quarks. For m� . 2 GeV, a dispersive analysis method

introduced in Ref. [128] is used to calculate the partial decay width into hadrons, while for

m� & 2 GeV, the perturbative spectator model is applied.
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Decays into Leptons The decay rate of a CP-even scalar into leptonic final states can be

calculated using perturbation theory. At leading order, the partial decay width is [128]

�`+`� =
GFm�m2

`
�3

`

4
p
2⇡

|⇠`
�
|
2, (2.14)

1
We do not consider the process X ! �µ⌫ due to the reduced phase space for such process for K,⇡ decays,

which significantly suppresses the corresponding branching fraction.
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Figure 1. SM contribute to the transition K�
! ⇡�� via e↵ective four quark operator.

Fig. 1, which results in an e↵ective four-fermion-scalar interaction
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where f(x) is the phase space factor motioned previously, and nh and nl are numbers of
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].
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• double scalar production
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where f(x) is the phase space factor motioned previously, and nh and nl are numbers of

heavy and light quarks in the corresponding EFT describing the meson X, respectively.

For leptonic decays of light mesons pion and kaon, nh = nl = 3.

Radiative Bottomonium ⌥ Decay A light scalar can be produced in the radiative decay

of bottomonium ⌥ ! ��. It is convenient to express the corresponding branching ratio
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].

Double scalar production via kaon or B meson decay is also possible with flavor changing

quark interactions with two scalars, which can be loop generated by the ��WµWµ term in

Eq. (2.1). Details of B ! Xs�� and K ! ⇡�� can be found in Appendix E.

2.3 Decays of Light CP-even Scalar

Depending on the mass of the CP-even scalar �, it can decay into pair of photons, leptons,

and multiple hadrons or pair of quarks. For m� . 2 GeV, a dispersive analysis method

introduced in Ref. [128] is used to calculate the partial decay width into hadrons, while for

m� & 2 GeV, the perturbative spectator model is applied.

1
We do not consider the process X ! �µ⌫ due to the reduced phase space for such process for K,⇡ decays,

which significantly suppresses the corresponding branching fraction.
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where f(x) is the phase space factor motioned previously, and nh and nl are numbers of

heavy and light quarks in the corresponding EFT describing the meson X, respectively.

For leptonic decays of light mesons pion and kaon, nh = nl = 3.
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].

Double scalar production via kaon or B meson decay is also possible with flavor changing

quark interactions with two scalars, which can be loop generated by the ��WµWµ term in

Eq. (2.1). Details of B ! Xs�� and K ! ⇡�� can be found in Appendix E.

2.3 Decays of Light CP-even Scalar

Depending on the mass of the CP-even scalar �, it can decay into pair of photons, leptons,

and multiple hadrons or pair of quarks. For m� . 2 GeV, a dispersive analysis method

introduced in Ref. [128] is used to calculate the partial decay width into hadrons, while for

m� & 2 GeV, the perturbative spectator model is applied.

1
We do not consider the process X ! �µ⌫ due to the reduced phase space for such process for K,⇡ decays,

which significantly suppresses the corresponding branching fraction.
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where the last term is a fitted correction function which reproduces the NLO corrections

described in Ref. [132].
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where the last term is a fitted correction function which reproduces the NLO corrections
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�`+`� : �ss̄ : �cc̄ : �bb̄
= |⇠`

�
|
2m2

`
�3

`
: 3|⇠s

�
|
2m2

s�
3

K : 3|⇠c
�
|
2m2

c�
3

D : 3|⇠b
�
|
2m2

b
�3

B, (2.18)

in which we set ms = 95 MeV, mc = 1.3 GeV and mb = 4.18 GeV. The kinematic

threshold is set by the lightest meson containing an s, c, or b quark respectively: mK =

493.677 MeV (K±), mD = 1864.84 MeV (D0 meson) and mB = 5279.15 MeV (B±).

Decays into Gluons for m� & 2 GeV We also consider loop induced decays into gluon

pairs. The corresponding decay width is given by

�gg =
GF↵2

sm
3

�

36
p
2⇡3

|⇠g
�
|
2, (2.19)
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account the � productions from B, kaon, and pion meson decays since the contribution from

D meson is eleven orders of magnitude smaller [122].

In the 2HDM, the e↵ective flavor changing coupling ⇠ij
�

as defined in Eq. (2.4) is given

by [191–194]

⇠ij
�
|2HDM,h/H = �

4GF

p
2

16⇡2

X

k

V ⇤
ki
m2

k

"
g1(xk, xH±)

 
sin(� � ↵)

cos(� � ↵)

!

+g2(xk, xH±)

 
cos(� � ↵)

� sin(� � ↵)

!
� g0(xk, xH±)

2v

m2

W

 
�hH+H�

�HH+H�

!#
Vkj , (4.21)

where the upper functions are for h and lower ones are for H, and the trilinear couplings

�(h,H)H+H� are defined in Appendix C, and the auxiliary functions g0,1,2 in the Type-I 2HDM

are given in Appendix D with xk ⌘ m2
x/m

2

W
and x±

H
⌘ m2

H±/m2

W
where mx is the mass of

the quark running in the loop.

There are also 2HDM charged Higgs contributions to the e↵ective four-fermion-Higgs

interaction similar to Fig. 1 and Eq. (2.6). In our calculation, we ignore such contributions

since usually the couplings between charged scalar and first two generations of fermions are

suppressed by the small values of the first two generation fermion masses.

Figure 3. The decay branching fractions (left) and partial widths (right) of light CP even Higgs in the
Type-I 2HDM for the light H benchmark point. Decays to hadrons and quarks/gluons are connected
at mH = 2 GeV.

Fig. 3 shows the decay branching fractions (left panel) and partial decay widths (right

panel) of the light H in Type-I 2HDM under the relation of cos(� � ↵) = 1/ tan� for

tan� = 10. Here the dominant decay mode is diphoton, which receives tan� independent

contributions from charged Higgs loop in addition. All other channels into the quark, lepton,

and gluon final states are suppressed since ⇠f
H

/ 1/ tan3 �. H ! ⇡⇡ is dominated around 1

– 18 –

GeV due to the corresponding decay form factors [128]. As discussed in Sec. 2.3, decays to

mesons and quarks/gluons are connected smoothly at mH = 2 GeV.

Figure 4. Left Panel: the total decay width (left y-axis) and decay length c⌧ (right y-axis) of the
light CP-even Higgs in the Type-I 2HDM for the light H benchmark point. Right Panel: FASER
(blue dashed curve) and FASER 2 reach (red solid curve) for the light CP even Higgs H in the mH

vs. tan� plane. Various current experimental constrains are shown in grey regions.

The left panel of Fig. 4 shows the decay width and decay length c⌧ of the light H in the

Type-I 2HDM for the light H benchmark point. The � and c⌧ become straight line for very

large tan� as a consequence of dominated diphoton decay. c⌧ reaches a few centimeters to

meters for tan� > 10.

To obtain the FASER and FASER 2 reaches, we consider the LLPs produced from

the various meson decays with FORESEE [114]. The light meson spectra are generated by

EPOS-LHC [195] as implemented in the package CRMC [196], while the B meson spectrum is

generated by Pythia 8 [197]. We assume 100% acceptance rate for all final states with the

FASER and FASER 2 configurations and integrated luminosities specified in Eqs. (4.19) and

(4.20).

In the right panel of Fig. 4, we show the potential three event reach by FASER (blue

dashed curve) and FASER2 (red solid curve) in the plane of mH vs. tan� for the light H

benchmark point. Also shown in gray regions are the other experimental constraints, including

B meson decays at LHCb [178], K+ decays from NA62 [180], and E949 [182] (at 90% C.L.),

CHARM beam dump [170, 174], light scalar search e+e� ! Z⇤� at LEP(L3) [128, 185],

and light scalar constraints from supernova explosion at SN1987a [172–174]. The dip in

the NA62 bounds around m⇡ is due to the cross over of two experimental search regions.

MicroBooNE [181] bounds, SM Higgs coupling measurements [198], Higgs invisible decay, as

well as flavor bounds [154] do not constrain the CP-even scalar case in the chosen parameter

region of tan� > 5.

While the sub-GeV region is already well explored by other current experiments, as well

– 19 –

with �v2 ⇡ 0 and | cos(� � ↵)| ⇠ 0.

4.2.3 Flavor Constraints

The flavor observations, such as B ! Xs�, Bs,d ! µ+µ�, B � B̄ mixing, decays of B and D

baryons, impose strong constraints on the charged Higgs mass as well as the value of tan�.

The limits on charged Higgs mass for four types of 2HDMs have been thoroughly studied in

Ref. [154]. Unlike the Type-II and Type-F 2HDMs with a charged Higgs mass mH± < 800

GeV excluded by the measurement of the branching fraction of B ! Xs� [158, 159], in the

Type-I 2HDM, only the low tan� region receives flavor constraints. The strongest bound

comes from Bd ! µ+µ�, which excludes regions of tan� < 3 for charged Higgs mass of 100

GeV. The constraints get weaker for larger mH± : tan� < 1.2 for mH± = 800 GeV.

4.2.4 Invisible Higgs Decays

For a light H/A with long lifetime, h ! HH/AA is constrained from the invisible Higgs decay

of Br(h ! invisible) < 0.24 [160–163]. The Branch fraction of Higgs invisible decay is given

by [113]

Br(h ! HH/AA) =
�(h ! HH/AA)

�h

⇡
1

�SM

h

g2
hHH/hAA

8⇡m2

h

✓
1�

4m2

H/A

m2

h

◆
1/2

' 4700 ·

✓
ghHH/hAA

v

◆
2

. (4.11)

The full expressions for hHH and hAA couplings can be found at Eqs. (C.1) and (C.2).

To achieve suppressed ghHH or ghAA to satisfy the invisible Higgs decay constraints, we have

Light H : cos(� � ↵) = tan 2�
2�v2 +m2

h

2(m2

H
� 3�v2 �m2

h
)
⇡

1

tan�
, (4.12)

Light A : cos(� � ↵) = tan 2�
2�v2 +m2

h
+ 2m2

A
� 2m2

H

2(m2

H
� �v2 �m2

h
)

⇡
1

tan�

2m2

H
�m2

h

m2

H
�m2

h

, (4.13)

at the leading order of cos(� � ↵), under the approximation of large tan�, small �v2, and

light mH or mA.

For the light H under this limit, ghHH ⇡ �
m

2
h

4v
c2
��↵

, which leads to Br(h ! HH) '

75c4
��↵

. The experimental bounds on the invisible decay branching ratio of 0.24 can be

satisfied for c��↵ < 0.25 and tan� > 4. At the same time, the couplings of H to gauge

bosons and fermions are suppressed as well for the large tan� region of the Type-I 2HDM:

⇠f
A
= 1/ tan�, (4.14)

⇠VH = c��↵ ⇡ 1/ tan�, (4.15)

⇠f
H

= c��↵(1� s��↵) ⇡ 1/(2 tan3 �). (4.16)

Therefore, diphoton channel becomes dominated when tan� gets large at the Type-I 2HDM.
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with ↵s(m�) taken from Ref. [135].

3 Light CP-odd Scalar

3.1 E↵ective Lagrangian

The e↵ective Lagrangian involving CP-odd scalar A and its interaction with SM particles can

be expressed as 2 [117]

LA = �
1

2
m2

AA
2 +

X

f=u,d,e

⇠f
A

imf

v
f̄�5fA+ ⇠g

A

↵s

4⇡v
AGa

µ⌫G̃
aµ⌫ + ⇠�

A

↵ew

4⇡v
AFµ⌫F̃

µ⌫ , (3.1)

where F̃µ⌫ ⌘ 1/2"µ⌫⇢�F⇢� for completely anti-symmetric symbol "µ⌫⇢�, and G̃ is defined

similarly. The SM contributions to loop-induced e↵ective couplings, ⇠�
A

and ⇠g
A
, are given

by [117, 136]

⇠g
A
= �

1

4

X

f2q
⇠f
A
A

A

1/2
(⌧A

f
), (3.2)

⇠�
A
= �

1

2

X

f2q,`
Nf

c Q
2

f
⇠f
A
A

A

1/2
(⌧A

f
). (3.3)

The expression for AA

1/2
can be found in Appendix A.

The pseudoscalar A shares its quantum numbers with some of the mesons (e.g. ⇡0, ⌘ and

⌘0), which typically induce mixings among these states. We will still use the notation A to refer

to the mass eigenstate which contains mostly of the original CP-odd state ACP�odd (denoted

as A in the Lagrangian of Eq. (3.1) for simplicity) and can be approximately expressed as:

A ⇡ OA⇡0⇡0 +OA⌘⌘ +OA⌘0⌘
0 +OAAACP�odd. (3.4)

Here OAi is the unitary transformation matrix from gauge eigenstates to mass eigenstates.

The expressions forOAi are given in Ref. [117]. OAi are typically small, except in the resonance

region when mA ⇠ mi for i = ⇡0, ⌘, and ⌘0. This mixing e↵ect contributes to additional

production and decay channels of A, comparing to the case of the CP-even scalar �.

3.2 Productions

Production via Pseudoscalar Meson Mixing Due to the mixing between ACP�odd and

pseudoscalar mesons of the SM, any process that produces those meson states would also

produce the new CP-odd scalar A. Following Ref. [107], we can estimate its production

cross section as

�A ⇡ |OA⇡0 |
2�⇡0 + |OA⌘|

2�⌘ + |OA⌘0 |
2�⌘0 , (3.5)

2
Note that unlike ⇠g

�
defined in Eq. (2.1), ⇠g

A
is usually defined with

↵s
4⇡v

instead of
↵s

12⇡v
factored out.
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• B meson and kaon decay

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

• radiative bottomium and charmonium  decay

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

where the values and distributions of cross sections �⇡0 , �⌘ and �⌘0 are obtained from

Ref. [114].

B Meson and Kaon Decay The CP-odd scalar can also be produced in the decays of

mesons, in particular K ! ⇡A and B ! XsA [137], similarly to the CP-even case,

through e↵ective flavor changing interactions. We define the e↵ective Lagrangian of

flavor changing quark interactions with the CP-odd scalar A as [137–141]

Leff = �i
A

v

X
⇠ij
A
mfj

f̄iPRfj + h.c.. (3.6)

The explicit form of ⇠ij
A

depends on how the CP-odd scalar embedded in the model.

The expression from the 2HDM contributions is given in Sec. 4.5.

With this e↵ective interaction, the branching fractions of B-meson decaying into K(⇤)A

are given by [140]

Br(B ! KA) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

(m2

B
�m2

K
)2
⇥
f0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K ,m2

A)
⇤1/2

, (3.7)

Br(B ! K⇤A) =
1

�B

GF |⇠sbA |
2

32
p
2⇡

⇥
A0(m2

A
)
⇤
2

m3

B

⇥
�(m2

B,m
2

K⇤ ,m2

A)
⇤3/2

, (3.8)

where the function �(a, b, c) = (a � b � c)2 � 4bc and the form factors f0 and A0 can

be found in Ref. [142]. The branching fraction of the inclusive B ! XsA is given at

leading order of ⇤QCD/mb by [140]

Br(B ! XsA) =
1

�B

GF |⇠sbA |
2

16
p
2⇡

m3

b

✓
1�

m2

A

m2

b

◆
. (3.9)

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in

Eq. (3.7) [137].

Radiative Bottomonium ⌥ and Charmonium J/ decays A light pseudoscalar can be

produced in the radiative decay of bottomonium⌥ ! �A, or charmonium J/ ! �A. It

is convenient to express the corresponding branching ratio in the form of [128, 143, 144]

Br(⌥ ! �A)

Br(⌥ ! `+`�)
=

GFm2

b
|⇠b
A
|
2

p
2⇡↵ew

(1�
m2

A

m2

⌥

)⇥ Cb

QCD, (3.10)

and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

– 9 –

Production

comparing to that to dilepton are given by [128],

�`+`� : �ss̄ : �cc̄ : �bb̄
= |⇠`

�
|
2m2

`
�3

`
: 3|⇠s

�
|
2m2

s�
3

K : 3|⇠c
�
|
2m2

c�
3

D : 3|⇠b
�
|
2m2

b
�3

B, (2.18)

in which we set ms = 95 MeV, mc = 1.3 GeV and mb = 4.18 GeV. The kinematic

threshold is set by the lightest meson containing an s, c, or b quark respectively: mK =

493.677 MeV (K±), mD = 1864.84 MeV (D0 meson) and mB = 5279.15 MeV (B±).

Decays into Gluons for m� & 2 GeV We also consider loop induced decays into gluon

pairs. The corresponding decay width is given by

�gg =
GF↵2

sm
3

�

36
p
2⇡3

|⇠g
�
|
2, (2.19)

with ↵s(m�) taken from Ref. [135].

3 Light CP-odd Scalar

3.1 E↵ective Lagrangian

The e↵ective Lagrangian involving CP-odd scalar A and its interaction with SM particles can

be expressed as 2 [117]

LA = �
1

2
m2

AA
2 +

X

f=u,d,e

⇠f
A

imf
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f̄�5fA+ ⇠WAA

g2

4
AAWµ+W�

µ + ⇠ZAA

g2

8 cos2 ✓W
AAZµZµ

+⇠g
A

↵s

4⇡v
AGa

µ⌫G̃
aµ⌫ + ⇠�

A

↵ew

4⇡v
AFµ⌫F̃

µ⌫ , (3.1)

where F̃µ⌫ ⌘ 1/2"µ⌫⇢�F⇢� for completely anti-symmetric symbol "µ⌫⇢�, and G̃ is defined

similarly. The SM contributions to loop-induced e↵ective couplings, ⇠�
A

and ⇠g
A
, are given

by [117, 136]

⇠g
A
= �

1

4

X

f2q
⇠f
A
A

A

1/2
(⌧A

f
), (3.2)

⇠�
A
= �

1

2

X

f2q,`
Nf

c Q
2

f
⇠f
A
A

A

1/2
(⌧A

f
). (3.3)

The expression for AA

1/2
can be found in Appendix A.

The pseudoscalar A shares its quantum numbers with some of the mesons (e.g. ⇡0, ⌘ and

⌘0), which typically induce mixing among these states. We will still use the notation A to refer

to the mass eigenstate which contains mostly of the original CP-odd state ACP�odd (denoted

2
Note that unlike ⇠g

�
defined in Eq. (2.1), ⇠g

A
is usually defined with

↵s
4⇡v

instead of
↵s

12⇡v
factored out.
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loop generated

• double pseudoscalar production

The branching fractions of kaon decaying into ⇡A can be expressed similar to those in
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and similarly for Br(J/ ! �A). Here Cb

QCD
includes the QCD correction to the lep-

tonic width of ⌥ ! `+`�, as well as mA dependent QCD and relativistic corrections to

the decay of ⌥ ! �A [74, 145, 146].

Double pseudoscalar production via kaon or B meson decay is also possible with fla-

vor changing quark interactions with two pesudoscalars, which can be loop generated by

the AAWµWµ term in Eq. (3.1). Details of B ! XsAA and K ! ⇡AA can be found in

Appendix E.

3.3 Decays of light CP-odd Scalar

We list below the dominant decay channels for A in di↵erent mA region. For mA < 1.3 GeV,

the interaction of CP-odd scalar A with pseudo-Goldstone bosons can be derived using chiral

perturbation theory [117]. For 1.3 GeV< mA < 3 GeV, the spectator model is employed with

partonic dynamics while keeping the kinematics of hadrons. For mA > 3 GeV, we use the

spectator model at parton level to find the decay width into quark or gluon pairs.

Decays into Diphoton: Given that the mass eigenstate A is a mixture of the CP-odd scalar

ACP�odd and pseudo-goldstone bosons ⇡0, ⌘ and ⌘0, the contribution to A ! �� includes

the contribution induced from the mixing as shown in Eq. (3.4). The e↵ective couplings

analogous to ⇠�
A
in Eq. (3.3) but for ⇡0, ⌘ and ⌘0 obtained from experiments are

C�

A
= ⇠�

A
/v, C�

⇡0 = �10.75 GeV�1, C�

⌘ = �10.8 GeV�1, C�

⌘0 = �13.6 GeV�1. (3.11)

The decay width of A ! �� is given by

�(A ! ��) =
↵2
ewm

3

A

64⇡3

����OAAC
�

A
+OA⇡0C�

⇡0 +OA⌘C
�

⌘ +OA⌘0C
�

⌘0

����
2

. (3.12)

Decays into Leptons The leptonic decay width of A is given by

�(A ! `+`�) =
GFmAm2

`
�`

4
p
2⇡

|⇠`A|
2, (3.13)
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|⇠`A|
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with ` = e, µ, ⌧ and �` =
q
1� 4m2

`
/m2

A
, since contributions from meson mixing are

small enough to be neglected.

Hadronic Decays into Tri-meson for mA . 1.3 GeV: The decay width for a pseudoscalar

A to tri-meson final state ⇧i⇧j⇧k may be written as

�(A ! ⇧i⇧j⇧k) =
1

256Sijk⇡3mA
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(mA�mi)
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(mj+mk)
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ds|Mijk
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s✓
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s�m2

i
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◆
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�
4s

m2

A

,

(3.14)

where Sijk is a symmetry factor: 1, 2, 3! depending on the number of identical particles

in the final state. M
ijk

A
stands for the transition amplitude for process A ! ⇧i⇧j⇧k.

Note that since the mass eigenstate A is a mixture of ⇡0, ⌘, ⌘0 and CP-odd state ACP�odd

as shown in Eq. (3.4), Mijk

A
receives contribution not only from ACP�odd ! ⇧i⇧j⇧k,

denoted as Aijk

A
, but also from quartic-meson transition amplitude A

ijkl:

M
ijk

A
/ OAAA

ijk

A
+
X

l

OAlA
ijkl. (3.15)

– 10 –

3.3 Decays of light CP-odd Scalar

We list below the dominant decay channels for A in di↵erent mA region. For mA < 1.3 GeV,

the interaction of CP-odd scalar A with pseudo-Goldstone bosons can be derived using chiral

perturbation theory [117]. For 1.3 GeV< mA < 3 GeV, the spectator model is employed with

partonic dynamics while keeping the kinematics of hadrons. For mA > 3 GeV, we use the

spectator model at parton level to find the decay width into quark or gluon pairs.

Decays into Diphoton: Given that the mass eigenstate A is a mixture of the CP-odd scalar

ACP�odd and pseudo-goldstone bosons ⇡0, ⌘ and ⌘0, the contribution to A ! �� includes

the contribution induced from the mixing as shown in Eq. (3.4). The e↵ective couplings

analogous to ⇠�
A
in Eq. (3.3) but for ⇡0, ⌘ and ⌘0 obtained from experiments are

C�

A
= ⇠�

A
/v, C�

⇡0 = �10.75 GeV�1, C�

⌘ = �10.8 GeV�1, C�

⌘0 = �13.6 GeV�1. (3.11)

The decay width of A ! �� is given by

�(A ! ��) =
↵2
ewm

3

A

64⇡3

����OAAC
�

A
+OA⇡0C�

⇡0 +OA⌘C
�

⌘ +OA⌘0C
�

⌘0

����
2

. (3.12)

Decays into Leptons The leptonic decay width of A is given by

�(A ! `+`�) =
GFmAm2

`
�`

4
p
2⇡

|⇠`A|
2, (3.13)

with ` = e, µ, ⌧ and �` =
q
1� 4m2

`
/m2

A
, since contributions from meson mixing are

small enough to be neglected.

Hadronic Decays into Tri-meson for mA . 1.3 GeV: The decay width for a pseudoscalar

A to tri-meson final state ⇧i⇧j⇧k may be written as

�(A ! ⇧i⇧j⇧k) =
1

256Sijk⇡3mA

Z
(mA�mi)

2

(mj+mk)
2

ds|Mijk

A
|
2

s

1�
2(m2

j
+m2

k
)

s
+

(m2

j
�m2

k
)2

s2
⇥

s✓
1 +

s�m2

i

m2

A

◆
2

�
4s

m2

A

,

(3.14)

where Sijk is a symmetry factor: 1, 2, 3! depending on the number of identical particles

in the final state. M
ijk

A
stands for the transition amplitude for process A ! ⇧i⇧j⇧k.

Note that since the mass eigenstate A is a mixture of ⇡0, ⌘, ⌘0 and CP-odd state ACP�odd

as shown in Eq. (3.4), Mijk

A
receives contribution not only from ACP�odd ! ⇧i⇧j⇧k,

denoted as Aijk

A
, but also from quartic-meson transition amplitude A

ijkl:

M
ijk

A
/ OAAA

ijk

A
+
X

l

OAlA
ijkl. (3.15)

– 10 –

3.3 Decays of light CP-odd Scalar

We list below the dominant decay channels for A in di↵erent mA region. For mA < 1.3 GeV,

the interaction of CP-odd scalar A with pseudo-Goldstone bosons can be derived using chiral

perturbation theory [117]. For 1.3 GeV< mA < 3 GeV, the spectator model is employed with

partonic dynamics while keeping the kinematics of hadrons. For mA > 3 GeV, we use the

spectator model at parton level to find the decay width into quark or gluon pairs.

Decays into Diphoton: Given that the mass eigenstate A is a mixture of the CP-odd scalar

ACP�odd and pseudo-goldstone bosons ⇡0, ⌘ and ⌘0, the contribution to A ! �� includes

the contribution induced from the mixing as shown in Eq. (3.4). The e↵ective couplings

analogous to ⇠�
A
in Eq. (3.3) but for ⇡0, ⌘ and ⌘0 obtained from experiments are

C�

A
= ⇠�

A
/v, C�

⇡0 = �10.75 GeV�1, C�

⌘ = �10.8 GeV�1, C�

⌘0 = �13.6 GeV�1. (3.11)

The decay width of A ! �� is given by

�(A ! ��) =
↵2
ewm
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Decays into Leptons The leptonic decay width of A is given by

�(A ! `+`�) =
GFmAm2

`
�`

4
p
2⇡

|⇠`A|
2, (3.13)

with ` = e, µ, ⌧ and �` =
q
1� 4m2

`
/m2

A
, since contributions from meson mixing are

small enough to be neglected.

Hadronic Decays into Tri-meson for mA . 1.3 GeV: The decay width for a pseudoscalar

A to tri-meson final state ⇧i⇧j⇧k may be written as
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(3.14)

where Sijk is a symmetry factor: 1, 2, 3! depending on the number of identical particles

in the final state. M
ijk

A
stands for the transition amplitude for process A ! ⇧i⇧j⇧k.

Note that since the mass eigenstate A is a mixture of ⇡0, ⌘, ⌘0 and CP-odd state ACP�odd

as shown in Eq. (3.4), Mijk

A
receives contribution not only from ACP�odd ! ⇧i⇧j⇧k,

denoted as Aijk

A
, but also from quartic-meson transition amplitude A

ijkl:

M
ijk

A
/ OAAA

ijk

A
+
X

l

OAlA
ijkl. (3.15)
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mA < 1.3 GeV: chiral perturbation theory

3.3 Decays of light CP-odd Scalar

We list below the dominant decay channels for A in di↵erent mA region. For mA < 1.3 GeV,

the interaction of CP-odd scalar A with pseudo-Goldstone bosons can be derived using chiral

perturbation theory [117]. For 1.3 GeV< mA < 3 GeV, the spectator model is employed with

partonic dynamics while keeping the kinematics of hadrons. For mA > 3 GeV, we use the

spectator model at parton level to find the decay width into quark or gluon pairs.

Decays into Diphoton: Given that the mass eigenstate A is a mixture of the CP-odd scalar

ACP�odd and pseudo-goldstone bosons ⇡0, ⌘ and ⌘0, the contribution to A ! �� includes

the contribution induced from the mixing as shown in Eq. (3.4). The e↵ective couplings

analogous to ⇠�
A
in Eq. (3.3) but for ⇡0, ⌘ and ⌘0 obtained from experiments are
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/v, C�

⇡0 = �10.75 GeV�1, C�
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where Sijk is a symmetry factor: 1, 2, 3! depending on the number of identical particles

in the final state. M
ijk

A
stands for the transition amplitude for process A ! ⇧i⇧j⇧k.

Note that since the mass eigenstate A is a mixture of ⇡0, ⌘, ⌘0 and CP-odd state ACP�odd

as shown in Eq. (3.4), Mijk
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receives contribution not only from ACP�odd ! ⇧i⇧j⇧k,

denoted as Aijk
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, but also from quartic-meson transition amplitude A
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Expressions for Aijk

A
are collected in Appendix B while A

ijkl can be directly calculated

from standard chiral perturbation theory, which can be found in Ref. [117].

Radiative Hadronic Decays for mA . 1.3 GeV: The radiative decay of A ! ⇡+⇡��

at leading order are introduced by the mixing e↵ect as shown in Eq. (3.4) as well and

can not be neglected. The ⇡+⇡�� partial decay width of pseudoscalar A is given by

�(A ! ⇡+⇡��) =

Z
m

2
A

4m2
⇡

ds�0(s)|OA⌘B⌘(s) +OA⌘0B⌘0(s)|
2. (3.16)

Expressions for �0(s), B⌘(s), and B⌘0(s) can be found in Refs. [147–149], with all m⌘/⌘0

replaced by mA. This radiative decay could be important for mA ⇠ m⌘,⌘0 .

Hadronic Decays for 1.3 GeV . mA . 3 GeV (Spectator Model): AtmA > 1.3 GeV,

the decay widths predicted by chiral perturbation theory become less reliable. As

a transition to the perturbative partonic decay, for 1.3 GeV . mA . 3 GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the

hadrons [137, 146, 147].

The e↵ective Lagrangian for the interactions of A with the partons in the spectator

model is

Lspect. =
i
p
2
A1(Y

A

u ū�5u+ Y
A

d
d̄�5d+ Y

A

s s̄�5s), (3.17)

with

Y
A

u ⇡

p
2B

p
3vf2

⇡

mu⇠
u

A, Y
A

d
⇡

p
2B

p
3vf2

⇡

md⇠
d

A, Y
A

s ⇡

p
2B

p
3vf2

⇡

ms⇠
s

A, (3.18)

with B(mu + md)/(2f⇡) = m2
⇡ ' (135 MeV)2, Bms/f⇡ = (m2

K0 + m2

K± � m2
⇡) '

(688 MeV)2, and f⇡ ⇡ 93 MeV. We still use Eq. (3.14) to calculate the tri-meson

decay width, with the decay amplitude M
ijk

A
expressed using Y

A

u,d,s
above, as shown in

Ref. [117].

Decays into Quarks for mA > 3 GeV We use the partonic decay widths into quarks and

gluons for hadronic decays at higher pseudoscalar masses. The ratios of the decay rates

to quarks comparing to that to dilepton are given by

� ¯̀̀ : �s̄s : �c̄c : �b̄b
= (⇠`A)

2m2

`
�` : 3(⇠

s

A)
2m2

s�s : 3(⇠
c

A)
2m2

c�c : 3(⇠
b

A)
2m2

b
�b. (3.19)

Decays into Gluons for mA > 3 GeV Using the e↵ectiveAgg coupling defined in Eq. (3.1),

the decay width of A ! gg can be expressed as

�(A ! gg) =
GF↵2

sm
3

A

4
p
2⇡3

|⇠g
A
|
2. (3.20)
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• hadronic decay

• Decays into gluons 

• Decays into quarks 

1.3 GeV < mA < 3 GeV: 
spectator model partonic dynamics with hadronic kinematics

Expressions for Aijk

A
are collected in Appendix B while A

ijkl can be directly calculated

from standard chiral perturbation theory, which can be found in Ref. [117].

Radiative Hadronic Decays for mA . 1.3 GeV: The radiative decay of A ! ⇡+⇡��

at leading order are introduced by the mixing e↵ect as shown in Eq. (3.4) as well and

can not be neglected. The ⇡+⇡�� partial decay width of pseudoscalar A is given by
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Z
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2
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⇡

ds�0(s)|OA⌘B⌘(s) +OA⌘0B⌘0(s)|
2. (3.16)

Expressions for �0(s), B⌘(s), and B⌘0(s) can be found in Refs. [147–149], with all m⌘/⌘0

replaced by mA. This radiative decay could be important for mA ⇠ m⌘,⌘0 .

Hadronic Decays for 1.3 GeV . mA . 3 GeV (Spectator Model): AtmA > 1.3 GeV,

the decay widths predicted by chiral perturbation theory become less reliable. As

a transition to the perturbative partonic decay, for 1.3 GeV . mA . 3 GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the

hadrons [137, 146, 147].

The e↵ective Lagrangian for the interactions of A with the partons in the spectator

model is

Lspect. =
i
p
2
A1(Y
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with B(mu + md)/(2f⇡) = m2
⇡ ' (135 MeV)2, Bms/f⇡ = (m2

K0 + m2

K± � m2
⇡) '

(688 MeV)2, and f⇡ ⇡ 93 MeV. We still use Eq. (3.14) to calculate the tri-meson

decay width, with the decay amplitude M
ijk

A
expressed using Y

A

u,d,s
above, as shown in

Ref. [117].

Decays into Quarks for mA > 3 GeV We use the partonic decay widths into quarks and

gluons for hadronic decays at higher pseudoscalar masses. The ratios of the decay rates

to quarks comparing to that to dilepton are given by
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Decays into Gluons for mA > 3 GeV Using the e↵ectiveAgg coupling defined in Eq. (3.1),

the decay width of A ! gg can be expressed as

�(A ! gg) =
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Expressions for Aijk

A
are collected in Appendix B while A

ijkl can be directly calculated

from standard chiral perturbation theory, which can be found in Ref. [117].

Radiative Hadronic Decays for mA . 1.3 GeV: The radiative decay of A ! ⇡+⇡��

at leading order are introduced by the mixing e↵ect as shown in Eq. (3.4) as well and

can not be neglected. The ⇡+⇡�� partial decay width of pseudoscalar A is given by

�(A ! ⇡+⇡��) =
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2
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⇡

ds�0(s)|OA⌘B⌘(s) +OA⌘0B⌘0(s)|
2. (3.16)

Expressions for �0(s), B⌘(s), and B⌘0(s) can be found in Refs. [147–149], with all m⌘/⌘0

replaced by mA. This radiative decay could be important for mA ⇠ m⌘,⌘0 .

Hadronic Decays for 1.3 GeV . mA . 3 GeV (Spectator Model): AtmA > 1.3 GeV,

the decay widths predicted by chiral perturbation theory become less reliable. As

a transition to the perturbative partonic decay, for 1.3 GeV . mA . 3 GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the

hadrons [137, 146, 147].

The e↵ective Lagrangian for the interactions of A with the partons in the spectator

model is

Lspect. =
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with B(mu + md)/(2f⇡) = m2
⇡ ' (135 MeV)2, Bms/f⇡ = (m2

K0 + m2

K± � m2
⇡) '

(688 MeV)2, and f⇡ ⇡ 93 MeV. We still use Eq. (3.14) to calculate the tri-meson

decay width, with the decay amplitude M
ijk

A
expressed using Y

A

u,d,s
above, as shown in

Ref. [117].

Decays into Quarks for mA > 3 GeV We use the partonic decay widths into quarks and

gluons for hadronic decays at higher pseudoscalar masses. The ratios of the decay rates

to quarks comparing to that to dilepton are given by

� ¯̀̀ : �s̄s : �c̄c : �b̄b
= (⇠`A)

2m2

`
�` : 3(⇠

s

A)
2m2

s�s : 3(⇠
c

A)
2m2

c�c : 3(⇠
b

A)
2m2

b
�b. (3.19)

Decays into Gluons for mA > 3 GeV Using the e↵ectiveAgg coupling defined in Eq. (3.1),

the decay width of A ! gg can be expressed as
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mA > 3 GeV: spectator model at parton level

Expressions for Aijk

A
are collected in Appendix B while A

ijkl can be directly calculated

from standard chiral perturbation theory, which can be found in Ref. [117].

Radiative Hadronic Decays for mA . 1.3 GeV: The radiative decay of A ! ⇡+⇡��

at leading order are introduced by the mixing e↵ect as shown in Eq. (3.4) as well and

can not be neglected. The ⇡+⇡�� partial decay width of pseudoscalar A is given by

�(A ! ⇡+⇡��) =
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2
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⇡

ds�0(s)|OA⌘B⌘(s) +OA⌘0B⌘0(s)|
2. (3.16)

Expressions for �0(s), B⌘(s), and B⌘0(s) can be found in Refs. [147–149], with all m⌘/⌘0

replaced by mA. This radiative decay could be important for mA ⇠ m⌘,⌘0 .

Hadronic Decays for 1.3 GeV . mA . 3 GeV (Spectator Model): AtmA > 1.3 GeV,

the decay widths predicted by chiral perturbation theory become less reliable. As

a transition to the perturbative partonic decay, for 1.3 GeV . mA . 3 GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the

hadrons [137, 146, 147].

The e↵ective Lagrangian for the interactions of A with the partons in the spectator

model is

Lspect. =
i
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2
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with B(mu + md)/(2f⇡) = m2
⇡ ' (135 MeV)2, Bms/f⇡ = (m2

K0 + m2

K± � m2
⇡) '

(688 MeV)2, and f⇡ ⇡ 93 MeV. We still use Eq. (3.14) to calculate the tri-meson

decay width, with the decay amplitude M
ijk

A
expressed using Y

A

u,d,s
above, as shown in

Ref. [117].

Decays into Quarks for mA > 3 GeV We use the partonic decay widths into quarks and

gluons for hadronic decays at higher pseudoscalar masses. The ratios of the decay rates

to quarks comparing to that to dilepton are given by
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Decays into Gluons for mA > 3 GeV Using the e↵ectiveAgg coupling defined in Eq. (3.1),

the decay width of A ! gg can be expressed as
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Expressions for Aijk

A
are collected in Appendix B while A

ijkl can be directly calculated

from standard chiral perturbation theory, which can be found in Ref. [117].

Radiative Hadronic Decays for mA . 1.3 GeV: The radiative decay of A ! ⇡+⇡��

at leading order are introduced by the mixing e↵ect as shown in Eq. (3.4) as well and

can not be neglected. The ⇡+⇡�� partial decay width of pseudoscalar A is given by
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Expressions for �0(s), B⌘(s), and B⌘0(s) can be found in Refs. [147–149], with all m⌘/⌘0

replaced by mA. This radiative decay could be important for mA ⇠ m⌘,⌘0 .

Hadronic Decays for 1.3 GeV . mA . 3 GeV (Spectator Model): AtmA > 1.3 GeV,

the decay widths predicted by chiral perturbation theory become less reliable. As

a transition to the perturbative partonic decay, for 1.3 GeV . mA . 3 GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the

hadrons [137, 146, 147].
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⇡ ' (135 MeV)2, Bms/f⇡ = (m2
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(688 MeV)2, and f⇡ ⇡ 93 MeV. We still use Eq. (3.14) to calculate the tri-meson

decay width, with the decay amplitude M
ijk

A
expressed using Y

A

u,d,s
above, as shown in

Ref. [117].

Decays into Quarks for mA > 3 GeV We use the partonic decay widths into quarks and

gluons for hadronic decays at higher pseudoscalar masses. The ratios of the decay rates

to quarks comparing to that to dilepton are given by
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Decays into Gluons for mA > 3 GeV Using the e↵ectiveAgg coupling defined in Eq. (3.1),

the decay width of A ! gg can be expressed as
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as the low tan� region by LHCb and LEP, FASER and FASER 2 o↵er unique opportunities

to cover the large tan� region up to tan� = 103 and 104 respectively, and mH reach up to

mB due to the B ! HXs production. FASER 2 increases the FASER reach in tan� by about

one order of magnitude at large tan� region. Such a di↵erence mainly comes from the 20

times luminosity enhancement in FASER 2. The improvement due to the larger detector size

of FASER 2 mainly shows up at the large mH region, which pushes the limit to mH ⇡ mB.

4.5 Results for the Light CP-odd Higgs in the Type-I 2HDM

Given the mixture of the light CP-odd scalar with pseudo-Goldstone bosons ⇡0, ⌘ and ⌘0

as shown in Eq. (3.5), A can be produced in any process that produces those mesons. In

addition, A can be produced in the weak decays of SM mesons, in particular K ! ⇡A and

B ! XsA, as well as the less important radiative decays of bottomonium ⌥ and charmonium

J/ . For the detailed formulae about the production, see Sec. 3.2. In our numerical analyses,

we take into account all of these productions except for the radiative decays.

Similar to the CP-even Type-I 2HDM case, the e↵ective flavor changing coupling ⇠ij
A
from

Eq. (3.6) is given by [138–140, 191–194]

⇠ij
A
|2HDM =

4
p
2GF

16⇡2

X

k

V ⇤
ki
m2

k

⇥
Y1 (xk, xH±) cot� + Y2 (xk, xH±) cot3 �

⇤
Vkj , (4.22)

for ij being down-type quarks. The auxiliary functions Y1,2 (xk, xH±) are given in Appendix D.

Figure 5. The decay branching fractions (left panel) and partial decay widths of the light CP-odd
Higgs A in the Type-I 2HDM for the light A benchmark point with tan� = 100. Decays to hadrons
and quarks/gluons are connected at mA = 3 GeV.

Fig. 5 shows the decay branching fractions (left panel) and partial decay widths of the

light CP-odd A in the Type-I 2HDM for the light A benchmark point with tan� = 100. For

– 20 –

mA < 2mµ, both ee and �� channels are important. µµ channel is dominated before hadronic

modes open. Once mA > 3 GeV, hadronic decay modes dominate.

Figure 6. Left Panel: the total decay width (left y-axis) and decay length c⌧ (right y-axis) of
the light CP-odd Higgs in the Type-I 2HDM for the light A benchmark point. Right Panel: The
FASER (blue dahsed curve) and FASER 2 reach (red solid curve) for the light CP-odd Higgs A in the
parameter space of mA vs. tan� plane. Various current experimental constrains are shown in grey
regions.

The decay width and decay length c⌧ of the light pseudoscalar A in the Type-I 2HDM

for various tan� are presented in the left panel of Fig. 6. The peaks around mA ⇠ 1 GeV or

below are introduced by the ⇡0, ⌘ and ⌘0 resonances. The sudden increase of hadronic decay

width at mA = 3 GeV is due to the transition from spectator model to perturbative theory of

partons. After that point, the cc̄ and gluon-gluon decays kick in, which leads to the growth

of total decay width 4. Note that unlike the CP-even case as shown in the left panel of Fig. 4,

the tan� dependence of decay width �A is only of an overall shift with the same feature.

This is because the couplings of A to the SM particle has the identical 1/ tan� dependence.

In the right panel of Fig. 6, we show the potential reach by FASER (blue dashed curve)

and FASER 2 (red solid curve) in the plane of mA vs. tan� for the light A benchmark point.

The other current experimental constraints are shown in gray regions5, similar to Fig. 4. Note

that the CHARM bounds extends to the larger region of mA ⇠ 2 GeV [189], comparing to

the CP-even case of mH ⇠ 300 MeV [128]. The LEP limits at the low tan� are not present

since the value of tan� starts at 50. Comparing to the light H case, regions with much larger

tan� can be probed. This is because the di↵erent tan� dependence for ⇠f
A
, comparing to

that of ⇠f
H
, as shown in Eqs. (4.14) and (4.16). Similarly to light CP-even scalar case, the

4
The partonic approximation of the hardonic decay width at mA > 3 GeV is not very accurate. As

pointed out in [144], at the cc̄ and bb̄ thresholds, the CP-odd Higgs mixes with charmonium and bottomonium

pseudoscalar states, which need to be accounted. Also, the kinematics at these threshold are three-body decay

to DD̄⇡ or BB̄⇡ rather than a two-body decay.
5
The FASER reach and CHARM reach are di↵erent comparing to the results in Ref. [107]. This is due to

the running of the coupling at di↵erent mass scale.
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Light CP-odd Scalar 

with �v2 ⇡ 0 and | cos(� � ↵)| ⇠ 0.

4.2.3 Flavor Constraints

The flavor observations, such as B ! Xs�, Bs,d ! µ+µ�, B � B̄ mixing, decays of B and D

baryons, impose strong constraints on the charged Higgs mass as well as the value of tan�.

The limits on charged Higgs mass for four types of 2HDMs have been thoroughly studied in

Ref. [154]. Unlike the Type-II and Type-F 2HDMs with a charged Higgs mass mH± < 800

GeV excluded by the measurement of the branching fraction of B ! Xs� [158, 159], in the

Type-I 2HDM, only the low tan� region receives flavor constraints. The strongest bound

comes from Bd ! µ+µ�, which excludes regions of tan� < 3 for charged Higgs mass of 100

GeV. The constraints get weaker for larger mH± : tan� < 1.2 for mH± = 800 GeV.

4.2.4 Invisible Higgs Decays

For a light H/A with long lifetime, h ! HH/AA is constrained from the invisible Higgs decay

of Br(h ! invisible) < 0.24 [160–163]. The Branch fraction of Higgs invisible decay is given

by [113]

Br(h ! HH/AA) =
�(h ! HH/AA)

�h

⇡
1

�SM

h

g2
hHH/hAA

8⇡m2

h

✓
1�

4m2

H/A

m2

h

◆
1/2

' 4700 ·

✓
ghHH/hAA

v

◆
2

. (4.11)

The full expressions for hHH and hAA couplings can be found at Eqs. (C.1) and (C.2).

To achieve suppressed ghHH or ghAA to satisfy the invisible Higgs decay constraints, we have

Light H : cos(� � ↵) = tan 2�
2�v2 +m2

h

2(m2

H
� 3�v2 �m2

h
)
⇡

1

tan�
, (4.12)

Light A : cos(� � ↵) = tan 2�
2�v2 +m2

h
+ 2m2

A
� 2m2

H

2(m2

H
� �v2 �m2

h
)

⇡
1

tan�

2m2

H
�m2

h

m2

H
�m2

h

, (4.13)

at the leading order of cos(� � ↵), under the approximation of large tan�, small �v2, and

light mH or mA.

For the light H under this limit, ghHH ⇡ �
m

2
h

4v
c2
��↵

, which leads to Br(h ! HH) '

75c4
��↵

. The experimental bounds on the invisible decay branching ratio of 0.24 can be

satisfied for c��↵ < 0.25 and tan� > 4. At the same time, the couplings of H to gauge

bosons and fermions are suppressed as well for the large tan� region of the Type-I 2HDM:

⇠f
A
= 1/ tan�, (4.14)

⇠VH = c��↵ ⇡ 1/ tan�, (4.15)

⇠f
H

= c��↵(1� s��↵) ⇡ 1/(2 tan3 �). (4.16)

Therefore, diphoton channel becomes dominated when tan� gets large at the Type-I 2HDM.
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  2HDM 
-

after EWSB, 5 physical Higgses 
CP-even Higgses: h0, H0 , CP-odd Higgs: A0, Charged Higgses: H±

I. INTRODUCTION
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๏ Two Higgs Doublet Model (CP-conserving) 

The paper is organized as follows. In Sec. 2, we present a brief overview of models and
parameter regions where the channels under consideration can be significant. In Sec. 3, we
summarize the current experimental search limits on heavy Higgses. In Sec. 4.1, we present
the details of the analysis of the HZ/AZ with the bb`` final states. We also show model-
independent results of 95% C.L. exclusion as well as 5� discovery limits for � ⇥BR(gg !
A/H ! HZ/AZ ! bb``) at the 14 TeV LHC with 100, 300 and 1000 fb�1 integrated
luminosity. In Secs. 4.2 and 4.3, we present the analysis for the ⌧⌧`` and ZZZ final
states, respectively. In Sec. 5, we study the implications of the collider search limits on the
parameter regions of the Type II 2HDM. We conclude in Sec. 6.

2 Scenarios with large H ! AZ or A ! HZ

In the 2HDM, we introduce two SU(2) doublets �i, i = 1, 2:

�i =

 
�
+
i

(vi + �
0
i
+ iGi)/

p
2

!
, (2.1)

where v1 and v2 are the vacuum expectation values of the neutral components which satisfy
the relation:

p
v
2
1 + v

2
2 = 246 GeV after electroweak symmetry breaking. Assuming a

discrete Z2 symmetry imposed on the Lagrangian, we are left with six free parameters,
which can be chosen as four Higgs masses (mh, mH , mA, mH±), the mixing angle ↵

between the two CP-even Higgses, and the ratio of the two vacuum expectation values,
tan� = v2/v1. In the case in which a soft breaking of the Z2 symmetry is allowed, there is
an additional parameter m

2
12.

The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs, A
and a pair of charged Higgses H

±2:
 
H

0

h
0

!
=

 
cos↵ sin↵
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�
0
1

�
0
2

!
,

A

H
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= �G1 sin� +G2 cos�
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±
1 sin� + �

±
2 cos�

. (2.2)

Two types of couplings that are of particular interest are ZAH
0
/h

0 couplings and
H

0
/h

0
V V couplings, with V being the SM gauge bosons W± and Z. Both are determined

by the gauge coupling structure and the mixing angles. The couplings for ZAH
0 and ZAh

0

are [22]:

gZAH0 = �g sin(� � ↵)

2 cos ✓w
(pH0 � pA)µ, gZAh0 =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)µ, (2.3)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming
momentum of the corresponding particle.

The H
0
V V and h

0
V V couplings are:

gH0V V =
m

2
V

v
cos(� � ↵), gh0V V =

m
2
V

v
sin(� � ↵). (2.4)

2
For more details about the model, see Ref. [11].
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๏ parameters (CP-conserving, flavor limit, Z2 symmetry)

I. INTRODUCTION
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soft Z2 breaking: m122
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  Types of 2HDM 
-

• Type I: ɸ1, quarks and leptons 
   all fermion couplings suppressed at large tanβ ⇒ LLP 

• Type II, L, F: ɸ1,ɸ2 couples to at least one type of quarks or leptons. 
   unsuppressed couplings of scalars to at least one type of fermions 
for the entire region of tanβ. 
⇒ difficult to realize very weakly coupled long-lived scalars

 h0 125 GeV, cos(β-α)~0, H0 non-SM like Alignment limit
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-

 Constraints

• Theoretical constraints: unitarity, perturbativity, vacuum stability

Figure 2. Allowed region below and to the left of the curves by theoretical constraints for mH = 1
GeV (left panel) and mA = 1 GeV (right panel) for various values of �v2. Here we have cos(��↵) = 0.

600 GeV. Thus we conclude that, by the considerations of the theoretical constraints, the

weakly coupled light neutral scalar is only allowed in two scenarios with �v2 ⇡ 0:

mH ⇠ 0 : mA/H± . 600 GeV (4.6)

mA ⇠ 0 : mH± . 600 GeV, mH . mh. (4.7)

The conclusion holds for small | cos(� � ↵)| ⇠ 0 as well.

4.2.2 Electroweak Precision Constraints

The current precisions on the oblique parameters S, T , U as well as the correlations among

them are [154]

S = 0.04± 0.11, T = 0.09± 0.14, U = �0.02± 0.11,

⇢ST = 0.92, ⇢SU = �0.68, ⇢TU = �0.87.
(4.8)

The electroweak precision measurements impose strong constraints on the mass splittings

between the neutral and charged scalars of the Higgs doublet: mH± need to be around the

mass of either mH or mA [131, 155, 156]. In particular, for small mH , only mA ⇠ mH± is

allowed.

Combining with theoretical constraints and the direct searches at LEP [157], the legiti-

mate scenarios for weakly coupled light scalars are 3

mH ⇠ 0 : mA ⇠ mH± . 600 GeV, (4.9)

mA ⇠ 0 : mH± ⇠ mH . mh, (4.10)

3
Ref. [157] only shows constraints for mA > 12 GeV. Roughly speaking, smaller mA leads to weaker

constraints on mH± .
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the m12 vs. t� plane is shown in the left panel of Figure 1 for mA = mH± = 400 GeV

and mH = 200, 300, 400 GeV as an illustration. As seen from Figure 1, the regions

m
2
12 < m

2
H
s�c� are generically allowed by the vacuum stability requirement.
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Figure 1. Allowed region in the (m12, t�) plane from vacuum stability (left panel) and unitarity
|⇤i| < 8⇡ (right panel) for mH = 400 GeV (red), 300 GeV (blue) and 200 GeV (green), assuming
c��↵ = 0 and mA = mH± = 400 GeV. The black lines denote the relation m

2
12 = m

2
H
s�c� .

3.2 Perturbativity and Unitarity

Upon imposing the perturbativity condition |�i|  4⇡, the strongest constraints in the

alignment limit come respectively from v
2
�1 ⇠ t

3
�
(m2

12 �m
2
H
s�c�) for t� � 1 and v

2
�2 ⇠

t
�3
�

(m2
12�m

2
H
s�c�) for t� ⌧ 1. Thus, perturbativity requires

��m2
12 �m

2
H
s�c�

�� . v
2 unless

t� ⇠ 1. Moreover, even for m2
12 = m

2
H
s�c� , perturbativity of �3�5 imposes constraints on

the size of the mass splittings among the new scalars.

Even stronger constraints are found when requiring tree-level unitarityk of the scat-

tering matrix in the 2HDM scalar sector [33]. The eigenvalues of the scattering matrix

read

⇤1,2 = �3 ± �4,

⇤3,4 = �3 ± �5,

⇤5,6 = �3 + 2�4 ± 3�5,

⇤7,8 =
1

2

✓
�1 + �2 ±

q
(�1 � �2)2 + 4�2

4

◆
,

⇤9,10 =
1

2

⇣
�1 + �2 ±

p
(�1 � �2)2 + 4|�5|

2
⌘
,

⇤11,12 =
1

2

⇣
3(�1 + �2)±

p
9(�1 � �2)2 + 4(2�3 + �4)2

⌘
. (3.3)

Performing a partial-wave expansion of the scattering amplitudes yields limits on the partial

wave amplitudes, which for the J = 0 case translate into the constraint |Re(⇤i)| < 8⇡ (see

e.g. [34]), which we consider here. A quick inspection of Eq. (3.3) shows that for t� � 1

the scattering matrix eigenvalues scale as ⇤7,9,11 ⇠ �1 (particularly ⇤11 ' 3�1), which

k
An analysis of unitarity constraints at one-loop level has been performed in [34].
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vacuum stability unitarity
Figure 2. Allowed region below and to the left of the curves by theoretical constraints for mH = 1
GeV (left panel) and mA = 1 GeV (right panel) for various values of �v2. Here we have cos(��↵) = 0.

600 GeV. Thus we conclude that, by the considerations of the theoretical constraints, the

weakly coupled light neutral scalar is only allowed in two scenarios with �v2 ⇡ 0:

mH ⇠ 0 : mA/H± . 600 GeV (4.6)

mA ⇠ 0 : mH± . 600 GeV, mH . mh. (4.7)

The conclusion holds for small | cos(� � ↵)| ⇠ 0 as well.

4.2.2 Electroweak Precision Constraints

The current precisions on the oblique parameters S, T , U as well as the correlations among

them are [154]

S = 0.04± 0.11, T = 0.09± 0.14, U = �0.02± 0.11,

⇢ST = 0.92, ⇢SU = �0.68, ⇢TU = �0.87.
(4.8)

The electroweak precision measurements impose strong constraints on the mass splittings

between the neutral and charged scalars of the Higgs doublet: mH± need to be around the

mass of either mH or mA [131, 155, 156]. In particular, for small mH , only mA ⇠ mH± is

allowed.

Combining with theoretical constraints and the direct searches at LEP [157], the legiti-

mate scenarios for weakly coupled light scalars are 3

mH ⇠ 0 : mA ⇠ mH± . 600 GeV, (4.9)

mA ⇠ 0 : mH± ⇠ mH . mh, (4.10)

3
Ref. [157] only shows constraints for mA > 12 GeV. Roughly speaking, smaller mA leads to weaker

constraints on mH± .
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The loop induced ⇠g,�
H

couplings of the non-SM CP-even Higgs H depend on mH . The full

expressions are given at Eq. (2.2) for contributions to ⇠g
H

from quarks and Eq. (2.3) for

contributions ⇠�
H

from charged quarks/leptons and W . In the 2HDM, there are additional

contributions to ⇠�
H

from charged Higgses with coupling term of �HH+H�HH+H�:

⇠�
H
|H± = �

v�HH+H�

2m2

H±
A

�

0
(⌧H±) , (4.4)

while there is no such contribution to ⇠�
A
given the lack of AH+H� coupling.

4.2 Theoretical and Experimental Constraints

In this section, we consider various theoretical and experimental constraints on the Type-I

2HDM, and identify the regions of parameter space in which a light weakly coupled neutral

scalar can be accommodated.

4.2.1 Unitarity and Vacuum Stability

We consider theoretical constraints of unitarity, perturbativity and vacuum stability. Detailed

discussion of the theoretical constraints can be found in Ref. [151, 152]. Given the current

LHC measurements of the SM-like Higgs couplings [153], as well as the requirements of long-

lived light scalar as discussed below, a small | cos(� � ↵)| close to the alignment limit of

cos(� � ↵) ⇠ 0 is necessary.

Vacuum stability sets a lower bound on �v2 ⌘ m2

H
�

m
2
12

sin� cos�
& 0 as well as the lower

limit on the mass splitting m2

H±/A
�m2

H
[151]. The unitarity and perturbativity together set

the upper bounds on variables such as the mass splitting of m2

H±/A
�m2

H
, �v2 and tan�:

�v2 < 4⇡v2,

max{tan�, cot�} .
p

(8⇡v2)/(3�v2),

m2

H±/A
�m2

H . O
�
4⇡v2 � �v2

�
.

(4.5)

The allowed range for tan� is strictly bounded for large �v2 and unbounded when �v2 = 0.

Given that the couplings of H/A to fermions are proportional to 1/ tan�, �v2 ⇠ 0 is preferred

for a weakly coupled light Higgs to have a suppressed couplings to fermions. In addition, the

lower and upper bounds for mH±/A �m2

H
are determined solely by �v2.

To explore the scenarios in which a light non-SM Higgs is allowed, in Fig. 2, we plot

the allowed region (below and to the left of the curves) in the plane of mH± and mA/H

for mH = 1 GeV (left panel) and mA = 1 GeV (right panel) under the alignment limit of

cos(� � ↵) = 0. In order for H to be light, i.e. mH ⇠ 1 GeV, the heavy Higgs mass mH±/A

can not be higher than around 600 GeV, and the maximally allowed charged Higgs mass is

achieved when �v2 = 0. Note that the allowed regions are not very sensitive to mH for small

mH , so the conclusion holds for any mH around zero. In the right panel for mA = 1 GeV,

mH is restricted to be less than 125 GeV at �v2 = 0 while mH± is allowed to reach around
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again imposes
��m2

12 �m
2
H
s�c�

�� . v
2 (and yields an even stronger constraint than the

perturbativity one). A similar argument follows for t� ⌧ 1, this time with ⇤7,9,11 ⇠ �2. As

a result, m2
12 ⇡ m

2
H
s�c� is strongly preferred unless t� ⇠ 1, as shown explicitly in the right

panel of Figure 1 (for mA = mH±). In the limit m
2
12 = m

2
H
s�c� , the scattering matrix

eigenvalues from Eq. (3.3) become independent of t� (in alignment c��↵ = 0) and read

⇤1(9),10v
2 = m

2
h
⌥m

2
H
±m

2
A
, ⇤2v

2 = m
2
h
� 3m2

H
�m

2
A
+ 4m2

H± ,

⇤3v
2 = m

2
h
�m

2
H
�m

2
A
+ 2m2

H± , ⇤4,5v
2 = m

2
h
⌥ 3m2

H
±m

2
A
± 2m2

H± ,

⇤6v
2 = m

2
h
� 3m2

H
+ 5m2

A
� 2m2

H± , ⇤7,8v
2 = m

2
h
±m

2
H
±m

2
A
⌥ 2m2

H± ,

⇤11v
2 = 5m2

h
� 3 m

2
H
+m

2
A
+ 2m2

H± , ⇤12v
2 = m

2
h
+ 3m2

H
�m

2
A
� 2m2

H± ,

(3.4)

such that |⇤i| < 8⇡ (note that ⇤i are real) impose upper limits on the mass splittings

(although not on the masses themselves). We also note that for m
2
12 = 0, ⇤1�6 are inde-

pendent of t� (depending only on the scalar masses) while ⇤7�12 do depend on t� , which

once again results in t� ⇡ 1 being the only accessible region for large mass splittings in

this case.

3.3 Electroweak Precision Measurements

Measurements of EW precision observables (EWPO) impose strong constraints on the

2HDM mass spectrum. Adopting the current 95% C.L. constraints on the S and T oblique

parameters (with U = 0) [35], the allowed region of parameter space in the (mA, mH±)

plane is shown, for c��↵ = 0 (neither t� nor m
2
12 a↵ect S and T ), in the left panel of

Figure 2 respectively for mH = 400 GeV (red), mH = 300 GeV (blue) and mH = 200 GeV

(green). Satisfying EWPO constraints requires the charged scalar mass to be close to one

of the heavy neutral scalar masses: mH± ⇡ mH or mH± ⇡ mA.
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Figure 2. Left: 2HDM parameter space in the (mA, mH±) plane allowed at 95% C.L. by S and T

measurements [35], for mH = 400 GeV (red), mH = 300 GeV (blue) and mH = 200 GeV (green),
assuming c��↵ = 0. Right: S � T constraints in the (c��↵, mH) plane for mH = mA = mH± .

Away from the alignment limit, additional contributions to S and T proportional to

c��↵ appear [24] (see also [36]), such that the scenario mH = mA = mH± is only allowed

for small |c��↵| once mH � v is realized, as shown in the right panel of Figure 2. The

departure from alignment also allows for mild mass splittings among all the new scalars
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Figure 9: Excluded parameter regions (95% CL) in the tan� versus MH± plane from individual observables
for the four 2HDM scenarios considered: Type-I (top left), Type-II (top right), lepton specific (bottom left),
flipped (bottom right).

Results

Since most flavour observables are only sensitive to MH± and tan�, separate scans of these param-
eters are performed for each observable. The other 2HDM parameters are ignored in these scans,
with the exception of B(Bs/d ! µµ), where in addition MH , MA, and M

2

12
are allowed to float

freely within the bounds defined in the introduction of Section 3 as these two observables depend
at NLO level on these parameters. In all fits the CKM matrix elements and the other parameters
given in Table 3 are allowed to vary within their uncertainties.

Figure 9 shows for the four 2HDM scenarios the one-sided 95% CL excluded regions in the tan�
versusMH± plane as obtained from fits using the most sensitive individual flavour observables. The
CLs are derived assuming a Gaussian behaviour of the test statistic with one degree of freedom. The
Type-I (top left) and lepton specific (bottom left) scenarios are only weakly constrained allowing
to exclude tan� < 1. Stronger constraints are obtained for the Type-II (top right) and flipped

Figure 2. Allowed region below and to the left of the curves by theoretical constraints for mH = 1
GeV (left panel) and mA = 1 GeV (right panel) for various values of �v2. Here we have cos(��↵) = 0.

600 GeV. Thus we conclude that, by the considerations of the theoretical constraints, the

weakly coupled light neutral scalar is only allowed in two scenarios with �v2 ⇡ 0:

mH ⇠ 0 : mA/H± . 600 GeV (4.6)

mA ⇠ 0 : mH± . 600 GeV, mH . mh. (4.7)

The conclusion holds for small | cos(� � ↵)| ⇠ 0 as well.

4.2.2 Electroweak Precision Constraints

The current precisions on the oblique parameters S, T , U as well as the correlations among

them are [154]

S = 0.04± 0.11, T = 0.09± 0.14, U = �0.02± 0.11,

⇢ST = 0.92, ⇢SU = �0.68, ⇢TU = �0.87.
(4.8)

The electroweak precision measurements impose strong constraints on the mass splittings

between the neutral and charged scalars of the Higgs doublet: mH± need to be around the

mass of either mH or mA [131, 155, 156]. In particular, for small mH , only mA ⇠ mH± is

allowed.

Combining with theoretical constraints and the direct searches at LEP [157], the legiti-

mate scenarios for weakly coupled light scalars are 3

mH ⇠ 0 : mA ⇠ mH± . 600 GeV, (4.9)

mA ⇠ 0 : mH± ⇠ mH . mh, (4.10)

3
Ref. [157] only shows constraints for mA > 12 GeV. Roughly speaking, smaller mA leads to weaker

constraints on mH± .
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4.2.3 Flavor Constraints

The flavor observations, such as B ! Xs�, Bs,d ! µ+µ�, B � B̄ mixing, decays of B and D

baryons, impose strong constraints on the charged Higgs mass as well as the value of tan�.

The limits on charged Higgs mass for four types of 2HDMs have been thoroughly studied in

Ref. [154]. Unlike the Type-II and Type-F 2HDMs with a charged Higgs mass mH± < 800

GeV excluded by the measurement of the branching fraction of B ! Xs� [158, 159], in the

Type-I 2HDM, only the low tan� region receives flavor constraints. The strongest bound

comes from Bd ! µ+µ�, which excludes regions of tan� < 3 for charged Higgs mass of 100

GeV. The constraints get weaker for larger mH± : tan� < 1.2 for mH± = 800 GeV.

4.2.4 Invisible Higgs Decays

For a light H/A with long lifetime, h ! HH/AA is constrained from the invisible Higgs decay

of Br(h ! invisible) < 0.24 [160–163]. The Branch fraction of Higgs invisible decay is given

by [113]

Br(h ! HH/AA) =
�(h ! HH/AA)

�h

⇡
1

�SM

h

g2
hHH/hAA

8⇡m2

h

✓
1�

4m2

H/A

m2

h

◆
1/2

' 4700 ·

✓
ghHH/hAA

v

◆
2

. (4.11)

The full expressions for hHH and hAA couplings can be found at Eqs. (C.1) and (C.2).

To achieve suppressed ghHH or ghAA to satisfy the invisible Higgs decay constraints, we have

Light H : cos(� � ↵) = tan 2�
2�v2 +m2

h

2(m2

H
� 3�v2 �m2

h
)
⇡

1

tan�
, (4.12)

Light A : cos(� � ↵) = tan 2�
2�v2 +m2

h
+ 2m2

A
� 2m2

H

2(m2

H
� �v2 �m2

h
)

⇡
1

tan�

2m2

H
�m2

h

m2

H
�m2

h

, (4.13)

at the leading order of cos(� � ↵), under the approximation of large tan�, small �v2, and

light mH or mA.

For the light H under this limit, ghHH ⇡ �
m

2
h

4v
c2
��↵

, which leads to Br(h ! HH) '

75c4
��↵

. The experimental bounds on the invisible decay branching ratio of 0.24 can be

satisfied for c��↵ < 0.25 and tan� > 4. At the same time, the couplings of H to gauge

bosons and fermions are suppressed as well for the large tan� region of the Type-I 2HDM:

⇠f
A
= 1/ tan�, (4.14)

⇠VH = c��↵ ⇡ 1/ tan�, (4.15)

⇠f
H

= c��↵(1� s��↵) ⇡ 1/(2 tan3 �). (4.16)

Therefore, diphoton channel becomes dominated when tan� gets large at the Type-I 2HDM.
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Figure 2: Type II 2HDM: excluded regions in the Br(H+→τ+ν) vs mH± plane, based on the combined
data collected by the four LEP experiments at centre-of-mass energies from 183 to 209 GeV. The
shaded area is excluded at the 95% or higher C.L. The expected exclusion limit (at the 95% C.L.) is
indicated by the thin solid line and the thick dotted line inside the shaded area is the observed limit at
the 99.7% C.L.
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Figure 3: Type II 2HDM: regions in the Br(H+→τ+ν) vs mH± plane excluded at the 95% or higher
C.L., based on the combined data collected by the four LEP experiments at centre-of-mass energies
from 183 to 209 GeV, for each of the three decay channels separately. The solid (dashed) lines are the
observed (expected) limits.
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Figure 9: 95% CL exclusion limits on tan � as a function of mH+ , shown in the context of the hMSSM, for the
regions in which theoretical predictions are available (0.5  tan �  60). In the case of the expected limits, one-
and two-standard-deviation uncertainty bands are also shown. As a comparison, the red curves near the upper-left
corner show the observed and expected exclusion limits based on the dataset of 3.2 fb�1 collected in 2015 atp

s = 13 TeV [22].

8 Conclusion

A search for charged Higgs bosons produced either in top-quark decays or in association with a top-quark,
and subsequently decaying via H+ ! ⌧⌫, is performed in the ⌧+jets and ⌧+lepton channels, according
to the hadronic or semileptonic decay of the top quark produced together with H+. The dataset contains
36.1 fb�1 of pp collisions at

p
s = 13 TeV, recorded with the ATLAS detector at the LHC. The data

are found to be in agreement with the background-only hypothesis. Upper limits at the 95% confidence
level are set on the H+ production cross-section times the branching fraction B(H+ ! ⌧⌫) between
4.2 pb and 2.5 fb for a charged Higgs boson mass range of 90–2000 GeV, corresponding to upper limits
between 0.25% and 0.031% for the branching fraction B(t ! bH+) ⇥ B(H+ ! ⌧⌫) in the mass range
90–160 GeV. These exclusion limits are about 5–7 times more stringent than those obtained by ATLAS
with 3.2 fb�1 of 13 TeV data for H+ masses above 200 GeV [22] and with Run-1 data in the H+ mass range
90–160 GeV [16]. In the intermediate-mass region where mH+ ' mtop, accurate theoretical predictions
recently became available, allowing a dedicated comparison of the H+ models with data near the top-quark
mass. In the context of the hMSSM scenario, all tan � values are excluded for mH+ . 160 GeV. The H+

mass range up to 1100 GeV is excluded at tan � = 60.
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For the light pseudoscalar scenario, we could adopt the same way as the light H case

discussed above to meet Higgs invisible decay constraint. However, ghAA can also stay small

under alignment limit when A is light, and mH ⇠ mh/
p
2 ⇠ 90 GeV. Combining with other

constraints that lead to Eq. (4.9) and Eq. (4.10), we consider two benchmark scenarios in

the Type-I 2HDM,

Light H : cos(� � ↵) =
1

tan�
, mA = mH± = 600 GeV, �v2 = 0 , (4.17)

Light A : cos(� � ↵) = 0, mH = mH± = 90 GeV, �v2 = 0 , (4.18)

with large tan� to accommodate a long lived particle. Note that in the light A case, a rela-

tively light charged Higgs of 90 GeV is chosen. Such a scenario with GeV-scale pseudoscalar

survives the LEP charged Higgs search [157]: mH± & 85 GeV is still viable for light mA. The

LHC charged Higgs search [164–169] only excluded tan� < 5 for mH± in the mass range of

(100,160) GeV.

4.2.5 Other Experimental Constraints

There are a variety of constraints on light scalars from beam dump experiments, supernovae,

and meson decays. Here we have a brief list summarizing the most relevant ones.

CHARM bounds The CHARM Collaboration has searched for light axion-like particles at

CERN with a 400 GeV proton beam-dump experiment on a copper target [170]. Its

results can be used to constrain the light scalar [128, 171].

SuperNova A light, weakly coupled scalar can a↵ect astrophysical processes. During su-

pernova (SN) explosion, the scalar emission can contribute significantly to the energy

loss, shortening the neutrino pulse duration [172]. Observation of core energy loss

from the emission of light scalars produced through nucleon bremsstrahlung process

NN ! NNS(A), would place constraints on the light scalars [173–177].

B meson decays For (pseudo)scalar mass below the B threshold, searches for B decays

with leptonic final states become relevant. The leading constraints come from LHCb

measurements of B ! K⇤� with � ! µµ [178] and B+
! K+� (µ+µ�) [179].

Kaon decays Kaon decays also contribute to the searches for light scalar region. The lat-

est relevant ones are K+
! ⇡+X with X to ⌫⌫̄ at NA62 [180] (90% C.L.), K+

!

⇡+� (e+e�) at MicroBooNE [181] (95% C.L.), and Br (K+
! ⇡+X) at E949 [182] (90%

C.L.). All of them provide constraints based on the light scalar decay lifetime hypothe-

ses.

D meson decays The current limits can be found in PDG [183], as well as the recent LHCb

results [184]. Those are typically not included in light scalar constraints since in most

models, Br(D+
! ⇡+�) (corresponding to Br(c ! u�)) is rather small.
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Other light scalar searches

CHARM, PLB 157 (1985) 458• CHARM bounds: light ALP 
• Supernova 
• B meson decays: LHCb 
• kaon decays: NA62, MicroBooNE, E949 
• D meson decays: LHCb 
• LEP: LEP OPAL, ALEPH and L3 searches on e+e� ! Z⇤� at the LEP detected 3⇥ 106 hadronic Z

decays [185–187], which included both the prompt and invisible/long-lifetime � cases.

Whenm�  2mµ, � with high momentum can escape the LEP detector to be an invisibly

decaying scalar. For m� > 2mµ, � could decay promptly. Thus the LEP search results

could constrain the light scalar scenario [128, 188].

To impose the experimental constraints mentioned above, we recast the existing bounds to

the Type-I 2HDM parameter space for B, kaon, D meson decays as well as the LEP search

results. For the CHARM bounds and SuperNova constraints, we use the approximate results

from the SM with an additional light scalar scenario [128, 189] since the detailed recast of

these two bounds involves a complete analyses of all possible contributions in the framework

of the Type-I 2HDMs, which is left for future study.

4.3 FASER and FASER2

FASER is a cylindrical detector with a radius of 10 cm and a length of 1.5 m, installed in

tunnel TI12 located at 480 m away from the ATLAS IP [101–106]. It is designed to detect

LLPs produced at the ATLAS IP, traveling in the very forward region, and decaying in

FASER into two very energetic particles. FASER has been taking data since summer, 2022.

During the Run 3 of the LHC, it is expected to collect data from proton-proton collisions of

about 150 fb�1 integrated luminosity. Given the distinctive signature and low background

environment, FASER provides a unique opportunity to probe light particles with suppressed

couplings [101, 103, 107]. Unlike all the other proposed LLP experiments, FASER is able to

detect photons with a preshower detector placed in front of the FASER calorimeter [49, 109].

A high-resolution preshower upgrade is planned to be installed in next two years [190], which

could further increase the sensitivity.

At the HL-LHC with an integrated luminosity of 3 fb�1, FASER will be upgraded to

FASER 2 with a larger volume of the detector, potentially at the same location [107] or at

FPF [111, 112] about 620 meters from the LHC IP. FASER 2 will extended the reach of

FASER by an order of magnitude or more.

In our analyses below, we adopt the configuration of FASER 2 in the original pro-

posal [107], sitting 480 m away from the LHC IP:

FASER : � = 1.5 m, R = 10 cm, L = 150 fb�1, (4.19)

FASER 2 : � = 5 m, R = 1 m, L = 3 ab�1. (4.20)

Here � and R are the detector length and radius respectively.

4.4 Results for the Light CP-even Higgs in the Type-I 2HDM

The productions of a light CP-even Higgs H are mostly via the semileptonic decay of pions

and kaons, or the hadronic decay of kaons, ⌘, B and D mesons, as well as radiative decay of

bottomonium ⌥ as discussed in Sec. 2.2. In our numerical analyses below, we only take into
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with �v2 ⇡ 0 and | cos(� � ↵)| ⇠ 0.

4.2.3 Flavor Constraints

The flavor observations, such as B ! Xs�, Bs,d ! µ+µ�, B � B̄ mixing, decays of B and D

baryons, impose strong constraints on the charged Higgs mass as well as the value of tan�.

The limits on charged Higgs mass for four types of 2HDMs have been thoroughly studied in

Ref. [154]. Unlike the Type-II and Type-F 2HDMs with a charged Higgs mass mH± < 800

GeV excluded by the measurement of the branching fraction of B ! Xs� [158, 159], in the

Type-I 2HDM, only the low tan� region receives flavor constraints. The strongest bound

comes from Bd ! µ+µ�, which excludes regions of tan� < 3 for charged Higgs mass of 100

GeV. The constraints get weaker for larger mH± : tan� < 1.2 for mH± = 800 GeV.

4.2.4 Invisible Higgs Decays

For a light H/A with long lifetime, h ! HH/AA is constrained from the invisible Higgs decay

of Br(h ! invisible) < 0.24 [160–163]. The Branch fraction of Higgs invisible decay is given

by [113]

Br(h ! HH/AA) =
�(h ! HH/AA)

�h

⇡
1

�SM

h

g2
hHH/hAA

8⇡m2

h

✓
1�

4m2

H/A

m2

h

◆
1/2

' 4700 ·

✓
ghHH/hAA

v

◆
2

. (4.11)

The full expressions for hHH and hAA couplings can be found at Eqs. (C.1) and (C.2).

To achieve suppressed ghHH or ghAA to satisfy the invisible Higgs decay constraints, we have

Light H : cos(� � ↵) = tan 2�
2�v2 +m2

h

2(m2

H
� 3�v2 �m2

h
)
⇡

1

tan�
, (4.12)

Light A : cos(� � ↵) = tan 2�
2�v2 +m2

h
+ 2m2

A
� 2m2

H

2(m2

H
� �v2 �m2

h
)

⇡
1

tan�

2m2

H
�m2

h

m2

H
�m2

h

, (4.13)

at the leading order of cos(� � ↵), under the approximation of large tan�, small �v2, and

light mH or mA.

For the light H under this limit, ghHH ⇡ �
m

2
h

4v
c2
��↵

, which leads to Br(h ! HH) '

75c4
��↵

. The experimental bounds on the invisible decay branching ratio of 0.24 can be

satisfied for c��↵ < 0.25 and tan� > 4. At the same time, the couplings of H to gauge

bosons and fermions are suppressed as well for the large tan� region of the Type-I 2HDM:

⇠f
A
= 1/ tan�, (4.14)

⇠VH = c��↵ ⇡ 1/ tan�, (4.15)

⇠f
H

= c��↵(1� s��↵) ⇡ 1/(2 tan3 �). (4.16)

Therefore, diphoton channel becomes dominated when tan� gets large at the Type-I 2HDM.
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Figure 3. The decay branching fractions (left) and partial widths (right) of light CP even Higgs in the
Type-I 2HDM for the light H benchmark point. Decays to hadrons and quarks/gluons are connected
at mH = 2 GeV.

and gluon final states are suppressed since ⇠f
H

/ 1/ tan3 �. H ! ⇡⇡ is dominated around 1

GeV due to the corresponding decay form factors [128]. As discussed in Sec. 2.3, decays to

mesons and quarks/gluons are connected smoothly at mH = 2 GeV.

Figure 4. Left Panel: the total decay width (left y-axis) and decay length c⌧ (right y-axis) of the
light CP-even Higgs in the Type-I 2HDM for the light H benchmark point. Right Panel: FASER
(blue dashed curve) and FASER 2 reach (red solid curve) for the light CP even Higgs H in the mH

vs. tan� plane. Various current experimental constraints are shown in grey regions.

The left panel of Fig. 4 shows the decay width and decay length c⌧ of the light H in the

Type-I 2HDM for the light H benchmark point. The � and c⌧ become straight line for very
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Figure 5. The decay branching fractions (left panel) and partial decay widths of the light CP-odd
Higgs A in the Type-I 2HDM for the light A benchmark point with tan� = 100. Decays to hadrons
and quarks/gluons are connected at mA = 3 GeV.

Fig. 5 shows the decay branching fractions (left panel) and partial decay widths of the

light CP-odd A in the Type-I 2HDM for the light A benchmark point with tan� = 100. For

mA < 2mµ, both ee and �� channels are important. µµ channel is dominated before hadronic

modes open. Once mA > 3 GeV, hadronic decay modes dominate.

Figure 6. Left Panel: the total decay width (left y-axis) and decay length c⌧ (right y-axis) of
the light CP-odd Higgs in the Type-I 2HDM for the light A benchmark point. Right Panel: The
FASER (blue dashed curve) and FASER 2 reach (red solid curve) for the light CP-odd Higgs A in the
parameter space of mA vs. tan� plane. Various current experimental constraints are shown in grey
regions.

The decay width and decay length c⌧ of the light pseudoscalar A in the Type-I 2HDM
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Conclusion

๏ light LLP appear in many new physics scenario 

๏ light particle copiously produced in the forward region of LHC 

๏ FASER/FASER2: new experiments to detect light LLP 

๏ light CP-even and CP-odd scalar 
➡ model-independent framework, coupling modified in EFT 
➡ scalar production and decay (hadronic) 
➡ general program to calculate decay 

๏ 2HDM case study: large tanβ region of Type-I 2HDM 
➡ decay length: 10-8 to 105 m, probe very large tanβ 
➡ FASER2 vs. FASER: more Lum, larger detector. 

๏ Complementary to LHC prompt search, LLP search in transverse 
region, and fixed target exp at low energies


