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Kagoshima workshop on Particles, Fields and Strings 2023

★世話人がじっくり話を聞きたい人を招待

★少人数でゆったりとざっくばらんに物理を議論したい


★幅広いトピック（レプトン系、弦の現象論、高次元、量子論、場の理論、 
宇宙論、暗黒物質）の問題に関してみんなで議論しよう

趣旨

2/19 title speaker

15:00-15:45 Search for lepton flavor violation from dark sector Takashi Shimomura (Miyazaki U. & Kyushu U.)

15:45-16:30 ミューオニウム-反ミューオニウム転換で探るレプトンフレーバー混合 Yuichi Uesaka (Kyushu Sangyo U.)

16:30-16:45 break

16:45-17:30 レプトン数の時間発展とマヨラナタイプ位相 Yusuke Shimizu (Hiroshima U.)

17:30-17:40 鹿児島情報 Soma Onoda (Kyushu U.)

2/20 title speaker

9:00-9:45 Sterile neutrinos and non-standard interactions of neutrinos Osamu Yasuda (Tokyo Metropolitan U.)

9:45-10:30 Leptogenesis in gauged U(1)_{L_mu-L_tau} model Shintaro Eijima (ICRR, U. Tokyo)

10:30-11:00 break

11:00-11:45 Modular symmetry in the string EFT Hajime Otsuka (Kyushu U.)

11:45-12:30 Flux compactification and the hierarchy problem Nobuhito Maru (NITEP/Osaka Metropolitan U.)

12:30-14:00 Lunch

14:00-14:45
素粒子実験における弱測定の応用について：

B中間子を用いたCP非保存測定を例に
Yosuke Takubo (KEK)

14:45-15:30 Gradient flow exact renormalization group Hiroshi Suzuki (Kyushu U.)

15:30-16:00 break

16:00-16:20 Machine Learning Exploration of Quark and Lepton Flavor Structures Satsuki Nishimura (Kyushu U.)

16:20-16:40 フレーバー構造で探る暗黒物質 Coh Miyao (Kyushu U.)

16:40-17:00 Fractional topological charge in lattice Abelian gauge theory Motokazu Abe (Kyushu U.)

18:30 Banquet （天文館 吾愛人（わかな） 本店）

chair: K. Nagao

chair: O. Yasuda
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chair: H. Otsuka

chair: S. Eijima

chair: O. Seto

chair: H. Suzuki
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Miyazaki workshop in 2020

この研究会の目的はさまざま分野から研究者を集め、素粒子物理と宇宙物理の

重要な問題に対する最新の結果やアイディアを議論することである。

参加者全員が議論に参加できるように、基本的な知識から最新の成果までを

話して頂く。



今回も
★ どのような感じで話すのかは講演者にお任せ


★ 質問はいつでもOK。時間配分は講演者にお任せ


★ ただし時間厳守でお願いします


★ 時間が来たらいったん纏めるか途中で終わってください


★ 続きは休み時間、お昼・晩ごはん、free discussion timeに個別で。

Miyazaki workshop in 2020

★どの様な感じで話すのかは講演者にお任せ


★「何が問題で何をしたいと考えているのか」


★トークの最中でもたくさん質問が出て議論も非常に盛り上がった 
(ただし半分以上の人が最後まで話しきれなかった)


★共同研究につながった

よろしくお願いします



Search for Lepton Flavor Violation at FASER

Takashi Shimomura

(Miyazaki U. & Kyushu U.)

based on 

Takeshi Araki (Ohu U.), Kento Asai (ICRR, Tokyo U.)

Hidetoshi Otono (Kyushu U.), Yosuke Takubo (KEK)

February 19th, 2023 @ Kagoshima workshop, particles, fields and strings 2023

“Electron beam dump constraints on light bosons with LFV coupling”, JHEP11 (2021)

in collaboration with

“Search for lepton flavor violating decay at FASER”, JHEP01 (2023)

“Dark photon from light scalar boson decays at FASER”, JHEP06 (2021)
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Introduction
The Standard Model has been explaining almost all of experiments so far.

However, there exist problems that can not be answered by the SM,

• Neutrino mass and mixing/Lepton Flavor Violation

• Baryon asymmetry of the Universe

• Dark matter/Dark Energy

• Anomalous magnetic moment of the muon (electron?)

• Strong-CP problem

• etc…

• Phenomenology side:

• Number of generations

• Origin of forces (gauge symmetry), including gravity

• Hierarchy from the Planck/GUT scale to the EW scale

• etc…

• Theoretical side:
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Lepton Flavor Violation

‣Neutrino oscillation showed that lepton flavor is not conserved in  
neutral lepton sector.

‣Lepton Flavor Violation (LFV) can occur in charged lepton sector (CLFV).

•CLFV can be induced from  mixingν
Br(μ → eγ) ∼ 𝒪(10−54)

•No symmetries forbid CLFV.

Sizable CLFV is a clear signature of the BSM
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Constraints on CLFV

CLFV is much suppressed/weak. 

Lepton Flavor Violation

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 75

Table II. – Limits for the branching ratio of charged lepton flavour-violating processes of leptons,
mesons, and heavy bosons. More extensive lists of B-meson and τ CLFV decays (including all
hadronic modes) can be found in [76, 77].

Reaction Present limit C.L. Experiment Year Reference

µ+ → e+γ < 4.2 × 10−13 90% MEG at PSI 2016 [49]

µ+ → e+e−e+ < 1.0 × 10−12 90% SINDRUM 1988 [50]

µ−Ti → e−Ti (a) < 6.1 × 10−13 90% SINDRUM II 1998 [51]

µ−Pb → e−Pb (a) < 4.6 × 10−11 90% SINDRUM II 1996 [52]

µ−Au → e−Au (a) < 7.0 × 10−13 90% SINDRUM II 2006 [54]

µ−Ti → e+Ca∗ (a) < 3.6 × 10−11 90% SINDRUM II 1998 [53]

µ+e− → µ−e+ < 8.3 × 10−11 90% SINDRUM 1999 [55]

τ → eγ < 3.3 × 10−8 90% BaBar 2010 [56]

τ → µγ < 4.4 × 10−8 90% BaBar 2010 [56]

τ → eee < 2.7 × 10−8 90% Belle 2010 [57]

τ → µµµ < 2.1 × 10−8 90% Belle 2010 [57]

τ → π0e < 8.0 × 10−8 90% Belle 2007 [58]

τ → π0µ < 1.1 × 10−7 90% BaBar 2007 [59]

τ → ρ0e < 1.8 × 10−8 90% Belle 2011 [60]

τ → ρ0µ < 1.2 × 10−8 90% Belle 2011 [60]

π0 → µe < 3.6 × 10−10 90% KTeV 2008 [61]

K0
L → µe < 4.7 × 10−12 90% BNL E871 1998 [62]

K0
L → π0µ+e− < 7.6 × 10−11 90% KTeV 2008 [61]

K+ → π+µ+e− < 1.3 × 10−11 90% BNL E865 2005 [63]

J/ψ → µe < 1.5 × 10−7 90% BESIII 2013 [64]

J/ψ → τe < 8.3 × 10−6 90% BESII 2004 [65]

J/ψ → τµ < 2.0 × 10−6 90% BESII 2004 [65]

B0 → µe < 2.8 × 10−9 90% LHCb 2013 [68]

B0 → τe < 2.8 × 10−5 90% BaBar 2008 [69]

B0 → τµ < 2.2 × 10−5 90% BaBar 2008 [69]

B → Kµe (b) < 3.8 × 10−8 90% BaBar 2006 [66]

B → K∗µe (b) < 5.1 × 10−7 90% BaBar 2006 [66]

B+ → K+τµ < 4.8 × 10−5 90% BaBar 2012 [67]

B+ → K+τe < 3.0 × 10−5 90% BaBar 2012 [67]

B0
s → µe < 1.1 × 10−8 90% LHCb 2013 [68]

Υ(1s) → τµ < 6.0 × 10−6 95% CLEO 2008 [70]

Z → µe < 7.5 × 10−7 95% LHC ATLAS 2014 [71]

Z → τe < 9.8 × 10−6 95% LEP OPAL 1995 [72]

Z → τµ < 1.2 × 10−5 95% LEP DELPHI 1997 [73]

h → eµ < 3.5 × 10−4 95% LHC CMS 2016 [74]

h → τµ < 2.5 × 10−3 95% LHC CMS 2017 [75]

h → τe < 6.1 × 10−3 95% LHC CMS 2017 [75]

(a)
Rate normalised to the muon capture rate by the nucleus, see eq. (99).

(b)
B-charge averaged modes.

Calibbi and Signorelli, Riv.Nuovo Cim. 41 (2018)
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Lepton Flavor Violation

‣LFV will be induced through the generation of neutrino mass.

Many mechanisms
•Dirac neutrino (via Higgs mechanism)


•Seesaw mechanism (type-I, II, III, inverse, linear, etc)


•Two Higgs doublet models (type-I, II, X(leptophilic), Y)


•Radiative seesaw (too many variants)


•Flavor symmetry (gauged )Lα − Lβ

να νβ

Δ

⟨H⟩ ⟨H⟩

Δ

lα

lβ
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Lepton Flavor Violation

Many mechanisms
•Dirac neutrino (via Higgs mechanism)


•Seesaw mechanism (type-I, II, III, inverse, linear, etc)


•Two Higgs doublet models (type-I, II, X(leptophilic), Y)


•Radiative seesaw (too many variants)


•Flavor symmetry (gauged )Lα − Lβ

+

‣LFV will be induced through the generation of neutrino mass.

lα

lβ

⟨H1⟩ ⟨H2⟩

ϕ, a

Lα Eα Lα Eβ
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Lepton Flavor Violation

Many mechanisms
•Dirac neutrino (via Higgs mechanism)


•Seesaw mechanism (type-I, II, III, inverse, linear, etc)


•Two Higgs doublet models (type-I, II, X(leptophilic), Y)


•Radiative seesaw (too many variants)


•Flavor symmetry (gauged )Lα − Lβ

+

‣LFV will be induced through the generation of neutrino mass.

lα

lβ

⟨H1⟩ ⟨H2⟩

Z′ 

Lα Eα Lα Eβ
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Lepton Flavor Violation

Many mechanisms
•Dirac neutrino (via Higgs mechanism)


•Seesaw mechanism (type-I, II, III, inverse, linear, etc)


•Two Higgs doublet models (type-I, II, X(leptophilic), Y)


•Radiative seesaw (too many variants)


•Flavor symmetry (gauged )Lα − Lβ

+

‣LFV will be induced through the generation of neutrino mass.

lα lβ

⟨H1⟩ ⟨H2⟩

ϕ

Lα Eα Lα Eβ

ϕ′ 
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Lepton Flavor Violation

Many mechanisms
•Dirac neutrino (via Higgs mechanism)


•Seesaw mechanism (type-I, II, III, inverse, linear, etc)


•Two Higgs doublet models (type-I, II, X(leptophilic), Y)


•Radiative seesaw (too many variants)


•Flavor symmetry (gauged )Lα − Lβ

‣LFV will be induced through the generation of neutrino mass.

•Scalar int. (multi-higgs)


•Pseudo-Scalar int. (multi-higgs)


•Vector int. (flavored gauge symmetry)


•Dipole int. (flavored gauged symmetry)

Interaction types of LFV depend on mechanisms/models, 
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Dark Matter

The bullet clusterRotation curves of galaxies Cosmic microwave background

WMAP

•The DM occupies 24% of the total  
energy density of the Universe.


•The ordinary matter is just 4.6%.

The existence of dark matter (DM) has been well established through  
gravitational effects.

•The DM has not been directly observed yet.
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DM candidates

‣Dark matter should be massive, electrically/color neutral and  
stable or long-lived particles.


‣There are many candidates, via thermal or non-thermal productions.

•Weakly Interacting Massive Particles (WIMPs)


•Axion or Axion-Like-Particles (ALPs)


•Pseudo-Nambu-Goldstone particles


•Sterile neutrinos


•Dark Photon


•Gravitino



18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion

11th June, 2021 5:36pm
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DM constraints

PDG, 2021
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Light Mediator

PDG, 2021

(WIMP=Weakly Interacting Massive Particle)
Lee-Weinberg bound

WIMPs

•When the DM annihilates through the weak int, its mass must  
be > 2 GeV to avoid overproduction. Lee and Weinberg, PRL 39 (1977)

Light DM

• Introducing a new light force mediator, the DM can annihilate  
efficiently. Then, the DM can be lighter than 2 GeV. Boem and Fayet, 

Pospelov, et al 
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Dark Sector Model

singlet under the SM symm.

‣No direct interactions exist between the SM and dark particles.

‣Messenger particle (portal) connects two sectors.

*portal = 入り口
The SM 
particles

Dark Sector 
(NP Sector)

portal to 
dark sector

messenger

Non-observation of BSM leads to the idea of  “dark sector (NP sector)”,  
which almost decouples from the SM sector.

‣ “Dark Particles” are model(problem)-dependent.

‣ “Portal-SM Interactions” are rather model-independent.

Dark Sector
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Portals
There are 4 possible portals invariant under the SM symmetries,

•Vector Portal : ✏Bµ⌫A
0µ⌫ (µS + �

0
S

2)|H|2•Scalar Portal :

•Fermion Portal : YNLHN •Axion Portal :
a

fa
Fµ⌫F̃

µ⌫

SH
µv

scalar mixing

SM

SM
�, Z

✏
A0

(B: U(1)Y gauge boson)

gauge kinetic mixing

H

L

N
YN

right-handed neutrino

SM gauge boson
f�1
a

a

S

S

H

H

�

H

µ

H

S



Excluded
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Energy Scale

high energy frontier

high intensity frontier

The SM

LHC, HL-LHC
LEP, Tevatron,

Belle, BaBar, LHC, etc

mass scale

g

co
up

lin
g 

co
ns

t.

M

M > O(1) TeV

g ~ 1

heavy particles &

similar force strength  
to the SM

M ≪ O(10) GeV

g ≪ 1

light particles & feeble force

or Long-Lived Particles (LLP)
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Introduction
Experiments to search for light and feebly interacting particles 
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LHC coverage

(ATLAS, CMS, LHCb)

Forward

(FASER, LHCb,
NA62, . . . )

Transverse

(CODEX-b, MATHUSLA, . . . )

SCHEMATIC

FIG. 1: Complementarity of di↵erent experiments searching
for LLPs [4].

many decay widths are suppressed by the mW � ⇤QCD

hierarchy, loop and phase-space suppressions, and/or the
smallness of one or more CKMmatrix elements. TheK0

L,
⇡
±, neutron and muon are the most spectacular examples

of microscopic particles naturally acquiring a very long
decay length. Such LLPs are also ubiquitous in BSM
scenarios featuring e.g. Dark Matter, Baryogenesis, Su-
persymmetry or Neutral Naturalness.

The program to search for LLPs at ATLAS, CMS and
LHCb is vibrant and draws on the expertise of both anal-
ysis and detector specialists, as well as theorists [1]. The
sensitivity of both ATLAS and CMS to the decay-in-
flight of LLPs is greatest when they are relatively heavy
(m & 10 GeV), though there are some important excep-
tions (e.g. [2, 3]). The reason for this is that backgrounds
and trigger challenges can strongly limit the reach for
light LLPs in the complicated environment inherent to a
high-energy, high-intensity hadron collider. These di�-
culties are o↵set to a large degree by LHCb and FASER,
thanks to, in the former case, its high-precision VEr-
tex LOcator (VELO) and, in the latter case, its large
amount of shielding. Because of their locations and ge-
ometry, their sensitivity is restricted to relatively short
lifetimes and production at low center-of-mass energies,
and their sensitivity to LLPs produced in, e.g., exotic
Higgs or B decays can be quite limited, especially for
c⌧ & 1m. To achieve comprehensive coverage of the
full LLP parametric landscape, one or more high vol-
ume, transverse LLP detectors are therefore needed (see
Fig. 1). CODEX-b (“COmpact Detector for EXotics at
LHCb”) is a low cost option, which makes use of existing
technology and infrastructure.

The CODEX-b experiment is a special-purpose detec-
tor proposed to be installed near the LHCb interaction
point to search for displaced decays-in-flight of exotic
LLPs [4–6]. A recent Expression of Interest (EoI) pre-
sented the physics case and extensive experimental and
simulation studies for the proposal [4]. The core advan-

tages of CODEX-b are

a) its competitive sensitivity to a wide range of BSM
LLP scenarios, exceeding or complementing the
sensitivity of existing or proposed detectors;

b) a zero background environment, as well as an acces-
sible experimental location with many of the nec-
essary services already in place;

c) its ability to tag events of interest within the exist-
ing LHCb detector, independently from the LHCb
physics program;

d) its compact size and consequently modest cost,
with the realistic possibility to extend detector ca-
pabilities for neutral particles in the final state.

CODEX-b will provide competitive sensitivity over a
large range of di↵erent LLP production and decay mech-
anisms; extensive studies of this can be found in the ex-
pression of interest [4] and are outlined in brief below.
The proposed CODEX-b detector would be located

roughly 25 meters from the LHCb interaction point (IP8)
and have a nominal fiducial volume of 10 ⇥ 10 ⇥ 10m3

(see Fig. 2). The location roughly corresponds to the
pseudorapidity range 0.13 < ⌘ < 0.54. Backgrounds are
controlled by passive shielding provided by the existing
concrete UXA radiation wall, combined with an array of
active vetos and passive shielding to be installed adjacent
to IP8.
A smaller proof-of-concept demonstrator detector,

CODEX-�, will be operated during Run 3 of the LHC,
with installation planned for the winter of 2022–2023.
This detector will be placed in the proposed location of
CODEX-b, shielded only by the existing, concrete UXA
wall.
The remainder of this white paper is structured as fol-

lows. We review the motivation and physics reach for
CODEX-b in Sec. II. The optimization of the detector
geometry and the status of the background simulations
are discussed in Secs. III and IV, while Sec. V describes
the status of the CODEX-� demonstrator detector. We
conclude in Sec. VI.

II. PHYSICS CASE

Discussed in extensive detail in Ref. [4], the physics
case for CODEX-b is principally motivated by the very
broad class of models that may be explored through LLP
signatures: almost any model with either a hierarchy of
mass scales, loop suppressions and/or small couplings
may feature an LLP in its spectrum. The Standard
Model (SM) is the most famous and obvious example
of such a theory, which has all three of these features,
and many extensions of the SM exhibit at least one. The
broad array of possibilities raises the problem of how to
achieve comprehensive coverage of the theory landscape,
something which can only be accomplished with a set

• Belle-II (dark photon)

• NA62 (heavy neutral lepton)

• NA64 (dark photon)

• FASER (dark photon/higgs, etc)

• CODEX-b

• MATHUSLA

• FACET

LHC

Collider

Codex-b, 2203.07316

• SHiP (hidden particles)

• DUNE (heavy neutral lepton, trident)

Good time to consider light and feebly int. physics
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Figure 70. Sensitivity reaches of FASER and FASER2 (solid red lines) to the minimal
secluded hidden photon (left) and a U(1)B−L gauge boson (right) in the coupling-mass
plane. Current existing constraints are shown as the gray shaded regions alongside pro-
jections of other future experiments and measurements shown as colored dashed lines.
See text for explanations.

where dark photons can be abundantly produced in Bremsstrahlung processes. For example,
in e+e− machines the dark photon can be produced in radiative return (e+e− → γA′) [155] or
via heavy meson decays and searched for in prompt dilepeton or pion decays. These search
strategies have been employed in a number of e+e− collider experiments in the past like, e.g.,
BaBar [118, 158], Belle [159, 160] and KLOE [161–164]. At hadron colliders like the LHC
the dark photon can also be produced via Drell–Yan production (qq̄ → A′) or via the decay of
heavy resonances, like e.g. H → ZA′ [165], or heavy meson decays, like e.g. D∗ → DA′ [129].
Searches for prompt decays of such produced dark photons have been conducted at ATLAS
and CMS [165] and at LHCb [122, 129, 130, 166]. In the left panel of !gure 70 these existing
collider constraints are shown as gray regions in the (kinetic mixing, mass) plane for a secluded
dark photon. As can be seen these experiments cover the region of ε ! 10−3 over a very large
range of dark photon masses.

Nevertheless, the aforementioned collider experiments lose sensitivity for light
(MA′ " 1 GeV) and very weakly coupled dark photons. This region, however, can be
probed by searching for displaced decays of dark photons. Abundant sources of such light
and long-lived dark photons are provided by electron or proton beam dump and !xed target
experiments. In these experiments beams of charged particles are dumped onto a block of
material where a large number of dark photons can be produced from Bremsstrahlung or
secondary meson decays. These dark photons can then be searched for at a macroscopic
displacement from the target material. Such searches have been conducted in the past at
electron beam dump experiments like SLAC E137 and E141 [120, 121, 157, 167], Fermilab
E774 [168], Orsay [169], electron !xed target experiments like APEX [170], A1/MAMI
[171, 172], HPS [173], NA64 [174, 175], as well as at proton beam dumps like CHARM
[176], LSND [177] and U70/Nu-Cal [178, 179], and proton !xed-target experiments, such
as SINDRUM I [180] and NA48/2 [123]. The resulting constraints are also shown in the of
!gure 70 as gray regions.

At the future FPF, experiments like FASER2 will be able to search for such long-lived dark
photons in the very forward direction of LHC proton–proton interactions. As for beam dump
and !xed target experiments, dark photons can be produced via proton Bremsstrahlung in the

92

•Dark photon (vector portal)
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Vector Portals

J. Phys. G: Nucl. Part. Phys. 50 (2023) 030501 Major Report

Figure 112. Sensitivity region of the fermion iDM decay. See text for the details of
curves and colored regions. Reproduced with permission from [579].

Figure 113. The same !gure for the scalar DM. The gray regions are taken from [580].
Reproduced with permission from [579].

2, the parameter region where χ1 satis!es the relic dark matter abundance can be examined.
Larger kinetic mixing is required to satisfy the observed value of the relic abundance in case
2 than in case 1. This is simply because the number of χ2 at the freeze-out time of χ1 is much
smaller in case 2 and hence the coannihilation mechanism does not work.

Figure 113 shows the same plots for the scalar dark matter case. The gray region is exclusion
region taken from [580]. One can see that most of the parameter region satisfying Ωah2 < 0.1
is already excluded or results in a few signal events. In the scalar iDM case, s can annihilate
only through the coannihilation mechanism. With the spectrum 1 and 2, the coannihilation
mechanism is less ef!cient, and requires to large kinetic mixing. The curve for Ωh2 = 0.1
can be shifted to lower ε region if we chose mass parameters that is close to resonance mA′ =
ma + ms and/or smaller ma − ms. Note that the contours for number of events will shift in larger
ε region when we make ma − ms smaller since the lifetime of χ2 becomes longer.

Conclusion. Employing the sample spectra in which the excited dark particles are mainly
produced from the decay of the scalar boson, we have analyzed the sensitivity of the signal
events at the FASER experiment for the fermion and scalar iDM. We found that the scalar
boson decays provide a sizable number of the dark particles. We showed that the FASER2
experiment is able to explore unconstrained parameter space in the fermion iDM scenario. On
the other hand, in the scalar iDM scenario, we found that most of the parameter space consistent
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Figure 110. Sensitivity reaches of FASER2 (blue line) to iDM model for a !xed mass
ratio m1 = 3mA′ and !xed αD = 0.1. The upper panel considers the case ∆ = 0.1 over
the a large mass range. Existing constraints are shown as the gray shaded regions along-
side projections of other future experiments. The solid black curve indicated the relic
target line for this model. The lower panel show similar scenarios for ∆ = 0.05 and
0.03, focusing on the high-mass region. Reproduced from [117]. CC BY 4.0.

In the iDM scenario, there exist two dark particles with different masses i.e. the lighter dark
matter state and heavier excited state. Elastic interactions of both states are assumed to be
absent or much suppressed, and inelastic one mainly occurs in scatterings. Then the DM state
inelastically scatters off the SM particles through a mediator and is converted to the excited
state, or vice versa. From this interaction nature, iDM can evade constraints from DD experi-
ment and residual DM annihilations from the CMB. In this section, we consider fermionic and
scalar iDM models with dark photon and dark Higgs which is the origin of the dark photon
mass. Similarly to the previous section, we take into account the decays of the dark Higgs, and
show the sensitivity of the search for these dark matter particles at the FASER2 experiment.
Details of this section can be found in reference [579].

Models. We consider two iDM models for a fermion and scalar DM, respectively, with the
dark photon of local U(1)X symmetry. Each dark matter candidate is SM singlet, and denoted
as Dirac fermion χ and complex scalar S = 1√

2
(s + ia). Both χ and S have U(1)X charge + 1

2 .
All the SM particles are assumed to be neutral under the U(1)X symmetry. The U(1)X symmetry
is spontaneously broken by a SM singlet scalar !eld ϕ with U(1)X charge +1. Then, the dark

162

• Inelastic dark matter via vector mediator (portal)
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What I want to do

‣Feebly interacting particles or dark sectors appeared in low (light) scale  
are motivated by dark matter.


‣High intensity experiments to search for BSM are running and proposed.

‣What mechanisms/models can be incorporated in dark sector? 
(origin of dark particles & neutrino mass)


‣How small are CLFVs in such models? 
(typical patterns from symmetry?)

When you are interested in, let’s discuss and collaborate! 

I want to study
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What I want to do

Before building models,

‣ Is it possible to search for CLFV at experiments like FASER?

‣ If possible, how small can CLFV be?

Todays talk
‣Show the sensitivity plot to CLFV coupling at FASER2

‣Assuming some underlying model

‣Focusing on the production from scalar bosons which generate 

masses and flavor violations.
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2. Interaction Lagrangian
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Interaction Lagrangians

Four types of CLFV interactions
Scalar boson : Scalar - and Pseudoscalar - type(ϕ) (a)

Vector boson : Vector - and Dipole -type(Z′ ) (A′ )

CLFV only in e-μ sector

The FASER detector will identify e and μ but be difficult for τ.

Leptophilic Higgs doublet:
<latexit sha1_base64="4pj/h7D13Id554sr58O0bRvRjds="></latexit>

L = y↵� l̄↵�l� + h.c.

<latexit sha1_base64="cvi3u0n7aJsL5cg2QTBoAQp8EUE="></latexit>

L = V †y↵�V l̄i�lj + h.c.

<latexit sha1_base64="UJFu89q0TwXITzberA1iDs6sn+M="></latexit>

l↵ = V↵ili

Yukawa type CLFV int.

 gauge symmetry:Lμ − Lτ

<latexit sha1_base64="LcZJgjQvfePxAlTaIE0psfAeTUk="></latexit>

L = gZ0Z 0
µ l̄i�

µV †

0

@
0 0 0
0 1 0
0 0 �1

1

AV lj

U(1) dark photon model: No tree-level but loop-induced  
CLFV couplings to the SM particles
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Pseudoscalar-type int.

CLFC int. CLFV int.

<latexit sha1_base64="82wVJEGm/5K4ho5bozPuFqbipiA="></latexit>

Lscalar =
✓h�

v

XXX
mff�f + (yeµeL�µR + yµeµL�eR +h.c.)

θhϕ : mixing with the SM higgs yeμ,μe
mf : mass of the SM fermions

: CLFV coupling

<latexit sha1_base64="TQSbC2NfmNxyMUfHfnUJ67aAZNQ="></latexit>

Lpseudoscalar =
@⇢a

⇤

⇣XXX
cfff�

⇢�5f + ceµe�
⇢�5µ+ c⇤eµµ�

⇢�5e
⌘

Λ : a cutoff scale ceμ
cff : CLFC coupling

: CLFV coupling

CLFC int. CLFV int.
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Dipole-type int.

<latexit sha1_base64="zfHAwE5v08dFJOFjib2h99Q6Emg="></latexit>

+gZ0Z0
⇢(�⌧�⇢⌧ + ⌫µ�

⇢⌫µ � ⌫⌧�
⇢⌫⌧ )

<latexit sha1_base64="AUv8FazWuXat0jHAagUFBshWmPc="></latexit>

Lvector = gZ0Z0
⇢(s

2 e�⇢e+ c2 µ�⇢µ+ sc µ�⇢e+ sc e�⇢µ)

 : gauge couplinggZ′ 
s = sin θ, c = cos θ

 : LFV mixingθ

<latexit sha1_base64="UttNEIOfFA6DKSAErslNrij3DYE="></latexit>

Ldipole =
1

2

XXX

`=e,µ,⌧

µ``�
⇢�`A0

⇢� +
µ0

2
(µ�⇢�e+ e�⇢�µ)A0

⇢�

μl : CLFC dipole coupling μ′ : CLFV dipole coupling

CLFC int. CLFV int.

CLFC int. CLFV int.
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3. FASER experiment
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FASER experiment

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

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

‣ Search for long lived particles such as dark photon, dark Higgs,  

Axion-like particle, etc.

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

“The FPF at HL-LHC”, arXiv:2203.05090

FASER実験の概要
8

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

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

• 検出器はATLASビーム衝突点の480m下流に設置する

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

Takubo, PPP2020 at YITP Kyoto

Long-Lived Particles

‣ CLFV decays of LLP will be identified.

• separation of eμ with opposite charges.

• two tracks with the same momentum, originated from the same vertex.

• half of energy deposit compared to the total energy of two tracks.

Energy measurementTrackingDecay VolumeScintillator veto

LLP μ
e
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FASER 2 detector

Lmin (m) Lmax (m) R (m) L (ab�1)

FASER 478.5 480 0.1 0.15
FASER 2 475 480 1.0 3.0

‣ Upgrade of the FASER detector is also planned at High-Luminosity LHC.

‣ The detector will be enlarged to increase statistics hundred times larger  

than FASER.

length of decay volume radius integrated  
luminosity
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4. Production of light bosons



Production of scalar boson
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‣ The scalar bosons  can be produced from meson decays via the mixing  
with the SM Higgs boson.


‣ The pseudoscalar boson  also can be produced via the direct coupling.

ϕ

a

b,s
t,c

s,d

�

h

✓
x b,s

t,c
s,d

<latexit sha1_base64="ulcIy0EsojoxD0B0fErBtF1F6Uc="></latexit>a

‣ Numbers of B and K meson are 1015 and 1017 for the HL-LHC case.


‣ The branching ratio Br( ) is 10-3 times smaller than Br( ).K → ϕ B → ϕ

B meson is a main source of the scalar boson



Production of scalar boson
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‣ The scalar bosons  can be produced from meson decays via the mixing  
with the SM Higgs boson.


‣ The pseudoscalar boson  also can be produced via the direct coupling.

ϕ

a

b,s
t,c

s,d

�

h

✓
x

Branching ratio of B decay
<latexit sha1_base64="WYbOWSlvPcFw0V5JirNpE18gytA="></latexit>

Br(B ! Xs�) ' 5.7

 
1�

m2
�

m2
b

!2

✓2
h�

<latexit sha1_base64="SnZgDvKsZFd3sXJkZT8OLG+o6GA="></latexit>

Br(B ! Xsa) '
"
3.1

✓
1�

m2
a

m2
B

◆
+ 3.7

✓
1�

m2
a

m2
B

◆3
#
⇥

4v2c2tt
⇤2

b,s
t,c

s,d
<latexit sha1_base64="ulcIy0EsojoxD0B0fErBtF1F6Uc="></latexit>a



‣ The vector bosons  and  can not be produced from meson decays due to  
no direct couplings to quarks.


‣ Symmetry-breaking scalar bosons are expected to exist because  
the gauge bosons are massive.

Z′ A′ 

Production of vector boson

39

The gauge boson can be produced through the decay of this scalar boson

FASER
p p

B ϕ Z′ (A′ )

Z′ (A′ ) μ
e

Branching ratio of B decay
<latexit sha1_base64="Thr6m4XVvOcwqzt6PYbwATb7m2c="></latexit>

�(� ! GG) =
g2
G

8⇡

m2
G

m�

0

@2 +
m4

�

4m4
G

 
1�

2m2
G

m2
�

!2
1

A
s

1 �
4m2

G

m2
�

The gauge bosons are dominantly produced due to longitudinal mode  
enhancement

(G = Z′ , A′ )
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4. Sensitivity Region at FASER2

No 95% C.L. region were found for FASER  
due to the detector size and luminosity.
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Lscalar =
✓h�

v

XXX
mff�f + (yeµeL�µR + yµeµL�eR +h.c.)
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Lpseudoscalar =
@⇢a

⇤

⇣XXX
cfff�

⇢�5f + ceµe�
⇢�5µ+ c⇤eµµ�

⇢�5e
⌘

(  is common)cff

μ → eγ
E137
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10−7 10−6

10−7

95% C.L.
95% C.L.

• longer-lived than scalar boson 
(decay into 2 mesons is forbidden)

kinematical threshold 
for production from B decay
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<latexit sha1_base64="AUv8FazWuXat0jHAagUFBshWmPc="></latexit>

Lvector = gZ0Z0
⇢(s

2 e�⇢e+ c2 µ�⇢µ+ sc µ�⇢e+ sc e�⇢µ)
<latexit sha1_base64="zfHAwE5v08dFJOFjib2h99Q6Emg="></latexit>

+gZ0Z0
⇢(�⌧�⇢⌧ + ⌫µ�

⇢⌫µ � ⌫⌧�
⇢⌫⌧ )

• decay length of  and  ϕ Z′ ∝ g2
Z′ 

 is restrictedgZ′ 
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Summary

•Scalar, Pseudoscalar, Vector and Dipole type interactions were  
considered.

•The decay of the bosons into eμ was analyzed at FASER/FASER2.

•FASER 2 is sensitive to small CLFV coupling unexplored yet.

‣We have studied the possibility of searching for CLFV decays of  
light bosons at FASER.

Thank you for your attention !
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Back-Up Slides
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