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ABSTRACT: FASER, the ForwArd Search ExpeRiment, is a currently operating experiment
at the Large Hadron Collider (LHC) that can detect light long-lived particles produced
in the forward region of the LHC interacting point. In this paper, we study the prospect
of detecting light CP-even and CP-odd scalars at FASER and FASER 2. Considering a
model-independent framework describing the most general interactions between a CP-even
or CP-odd scalar and SM particles using the notation of coupling modifiers in the effective
Lagrangian, we develop the general formalism for the scalar production and decay. We then
analyze the FASER and FASER 2 reaches of light scalars in the large tan S region of the
Type-I two Higgs double model as a case study, in which light scalars with relatively long
lifetime could be accommodated. In the two benchmark scenarios we considered, the light
(pseudo)scalar decay length varies in (10~%,10°) meters. Both FASER and FASER 2 can
probe a large part of the parameter space in the large tan 8 region up to 107, extending
beyond the constraints of the other existing experiments.
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1 Introduction

Searches for beyond the Standard Model (SM) new particles are one of main physics drivers
at the Large Hadron Collider (LHC) after the discovery of the SM-like Higgs. Traditional
resonance searches at the LHC main detectors, like ATLAS and CMS, are aimed at promptly
decaying particles with electroweak-scale masses and O(1) couplings to the SM particles.



Recently there are increasing interests in the detection of long-lived particles (LLPs) at the
LHC main detectors ATLAS and CMS [1-26], MATHUSLA [4, 10, 27-38], CodexB [39-42],
ANUBIS [43-45], etc. However, those searches are mostly sensitive to particles produced
in the transverse region. For the light LLPs produced mostly in the forward region, the
sensitivity is greatly reduced.

Light LLPs with mass a few GeV or lighter are predicted in many new physics scenar-
ios [46-51], in particular, those involve dark matter [52-58], hidden valley [59, 60], dark
photon [61-64], axion-like particles [65-68] or heavy neutral leptons [69-74]. There are
several undergoing and proposed experiments for light LLPs searches, including Belle-II [75-
77), FNAL-p [78, 79], HPS [80-82], NA62 [83, 84], NA64 [85-88], NA64S ™t [89], NA64,, [90],
SeaQuest [91, 92], SpinQuest/DarkQuest [93-96], LongQuest [97], and SHiP [98-100]. Those
light particles could also be copiously produced in the forward region of a high energy col-
lider, for example, the LHC. FASER, the ForwArd Search ExpeRiment, is designed to detect
LLPs produced at the ATLAS interaction point (IP), traveling in the very forward region,
and decaying in FASER (480 meters from the IP) into two very energetic particles [101-106].
FASER has been taking data since summer, 2022. Given the distinctive signature and low
background environment, FASER, provides a unique opportunity to probe light particles
with suppressed couplings [101, 103, 107, 108], for example, dark photons [101], axion-like
particles [109], and heavy neutral leptons [110]. At the HL-LHC, FASER will be upgraded
to FASER 2 with a larger volume of the detector, potentially at the same location [107]
or at the Forward Physics Facility (FPF) [111, 112]. In this paper, we explore the collider
reach of light long lived scalars at FASER and FASER 2 experiments.

The simplest extension of the SM with a long-lived scalar is the dark Higgs scenario
in which a new singlet scalar S mixes with the SM Higgs with the mixing angle 6. The
couplings of the new physical scalar with SM particles follow those of the SM Higgs, re-
scaled by sin @ at leading order. Previous studies of this scenario at FASER show significant
sensitivity to a light long-lived scalar [107, 109, 113, 114]. However, these studies are quite
limited given the specific coupling structure of the light scalar with SM particles.

In this work we consider a model-independent framework describing the most general
interactions between a CP-even or CP-odd scalar and SM particles using the notation
of coupling modifiers in the effective Lagrangian. We develop general formalism for the
productions of the light scalar from meson decays, as well as re-analyse the scalar decay
rates. Given the non-universal couplings of the scalar to SM particles, the light scalar
behaves much more complicatedly compared to the one in the simplest dark Higgs scenario.
The CP-odd scalar can further mix with the light meson states, resulting in more non-
standard features. 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
formalism 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 3 region of the Type-1 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 section 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 section 3, emphasizing the special features due to
its mixing with meson states. Our case study of the large tan 8 region of the Type-1 2HDM
and main results are presented in section 4. We conclude in section 5. Expressions for
loop-induced form factors, tri-meson decay amplitudes, tri-Higgs couplings, effective flavor
changing couplings of (pseudo)scalars, as well as the double (pseudo)scalars production in
the Type-1 2HDM are collected in the appendix.

2 Light CP-even scalar

2.1 Effective Lagrangian

The effective Lagrangian for a (light) CP-even scalar ¢ interacting with SM particles can
be written as [118]

L= gmis - 253; " pf el W¢W“+W +§£—Z 07" 2
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where Oy is the Weinberg angle and Fj,, and G, 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.

In the SM, the effective couplings ¢gg and ¢~y are loop generated. The contribution
of quarks, leptons and W bosons to fg and §; are given by [119-121]

=> £¢A1/2 Tf (2.2)
qu
_ 2¢0f 14 ) Voo (@
& =3 NQRIAT, (7)) + €L AT (i) (2.3)
feaqt
Here T;b = mi / 4ml2 and m; is the mass of the particle running in the loop. The expressions

for the form factors A(f/Q , 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 &7 are possible.



Figure 1. SM contribute to the transition K~ — 7~ ¢ via effective four quark operator.

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 hoo
coupling can not be too large given the invisible Higgs decay constraints. Z and W de-
cays 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 effects. The
corresponding effective Lagrangian of flavor changing quark interactions with the scalar ¢
can be defined as [122]

Lo = % Zf;jmfjfiPRfj + h.c, (2.4)

where §;j are the effective couplings for quarks f; and f;, and Pr = (1415)/2. 523 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 light CP-even scalar is
dominated by the above flavor changing effective interaction between b and s quarks.
Uncertainties from strong interaction effects are minimized in the ratio [125, 126]

2

Br(B - X,0) _ Tlb—sp) _l12%? (| m} | 25)
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where X, . denotes any strange and charm hadronic state, and f(z) = (1 — 8z +
22)(1 — 2?) — 1222 In z is the phase space factor. We take Br(B — X.ev) = 0.104 for
both B® 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~ — 7~ ¢ is shown
in figure 1, which results in an effective four-fermion-scalar interaction
333/2

Letr = ol/4 S¢

VJqusJ'YNPLUﬁ’YHPquﬁ + h.c. (2.6)



Including both contributions, the total amplitude for K* — 7% ¢ is [113, 122-124, 129]
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where A ~ 3.1 x 1077, Ag+ ~ 0 [113, 123, 124, 129], and fI°7 (¢2) is the form-factor
taken to be 0.96 [122]. The corresponding branching fraction is

1 299 2
Br(Ki — Wi¢) = o _IM|

- : 2.8
FKi Mg+ 167TmKi ( )

where pg is the magnitude of the ¢ momentum in the parent meson’s rest frame.
Expressions for the neutral K and Kg decay can be obtained similarly [113, 123,
124, 129].

n) Decays. CP-even scalar can also be produced in the decays of 17 and 7. The branching
fraction of n() meson to a scalar and pion is given by

1 2pY |2
BI“(?](/) N 7T§Z5) _ p¢ |g¢77()7r|

. (2.9)
Fn(/) mn(/) 167Tmn(/)

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

1 2 -
Ionom = = |Mub — mal + g (mu —ma) (EZ + > 535)]

C(bn(/)ﬂ'B? (210)
qg=c,b,t
where B = m2 /(m, +mg) ~ 2.6 GeV, and Conm

= (cos, = v/2sin6,)/v/3. The
mixing angle ¢, between 1 and 7’ 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 — ¢ev is' [122, 125, 127, 131]

V2G pmA €Y 2 m2 2n 2
Br(X _ d BR(X —2 (1 - h)
F ) = St (1~ mp 2 < PR T 33—2m)

(2.11)
where f(z) is the phase space factor motioned previously, and nj, and n; 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, ny = n; = 3.

We do not consider the process X — ¢ur due to the reduced phase space for such process for K,
decays, which significantly suppresses the corresponding branching fraction.



Radiative Bottomonium T Decay. A light scalar can be produced in the radiative
decay of bottomonium Y — ~¢. It is convenient to express the corresponding
branching ratio in the form [128]

Br(Y —¢) _ Grmi|¢gl (1 _ mi) 2 (1 _ mS’) , (2.12)

Br(T — ete™) V2ra m3- 3 m§

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 ¢oWHW,, term in
eq. (2.1). Details of B — Xs¢¢ and K — m¢¢ 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 mg < 2GeV, a dispersive analysis method
introduced in ref. [128] is used to calculate the partial decay width into hadrons, while for
mg 2 2 GeV, the perturbative spectator model is applied.

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

Gpa

Loy = T30 on8 ’ ¢’ (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

s [128]
G Fm¢m€ 6 ¢

oo 2
o+e o \§¢|

with £ = e, i, 7. Here 5, = /1 — 4m%/m%¢ is the velocity of the leptons in the rest
frame of ¢.

(2.14)

Hadronic Decays into Pions and Kaons for my < 2 GeV. For my < 2 GeV, we
have to use a hadronic picture since quarks cannot be treated as free particles and
partonic picture fails. Given the parton level Lagrangian of eq. (2.1), the decay rate
of pion and kaon pairs for a light CP-even scalar ¢ is [133]

3G ’mu§¢+md§¢
= . O —Tr—Ap) b —20 " TDOp 4 (e3)AL| | 2.15
16\f7rm¢6 §¢27( )+ —— +(£3) (2.15)
2
GF 2 mugg d§¢
Tron = —F 8169 2 (04T — A )M L e\Ak| . (2,16
KK 4\/§7Tm¢/3K §¢27( k—Trx—AK)+ e +(&5)AK (2.16)

with 8; = /1 — 4m12/m(2p Orx, I'rx and Ay g are form factors that need to be

evaluated at /s = mg. In the chiral perturbation theory estimation, higher orders



are suppressed by powers of the chiral symmetry breaking scale A, ~ 1 GeV, which
could be sizable for mg 2 0.5 GeV. In our analyses, we use the form factors extracted
through dispersion relations [128, 134] to take into account the higher order effects.

Further Hadronic Decays for my < 2 GeV. At larger masses, mg > my,, additional
decay channels into further hadronic final states open up. These include the decays
¢ — dm,mm, KK7m, pp ..., with a phenomenological approximation of the decay width
being [126, 128],

Lz om,pp,... = C\iilzmiﬂmr- (2.17)

The mass scaling is based upon the gluon channel and C' is set to 5.1 x 1079 GeV 2
to obtain smooth hadronic decay rate transiting into the rate of the spectator model
at mg =2 GeV.

Decays into Quarks for my 2 2 GeV. The perturbative spectator model can be ap-
plied for hadronic decays for higher scalar masses. The ratios of the decay rates to
quarks comparing to that to dilepton are given by [12§],

Tpsp- :Das:Dea: Doy = €5 1Pm7 87 : 316517 m2 B : 3|€5 1P m2 B3, : 31€L PmiBh,  (2.18)

in which we set ms = 95 MeV, m, = 1.3 GeV and m;, = 4.18 GeV. The kinematic
threshold is set by the lightest meson containing an s, ¢, or b quark respectively: myg =
493.677 MeV (K*), mp = 1864.84 MeV (D meson) and mp = 5279.15 MeV (B*).

Decays into Gluons for my 2 2 GeV. We also consider loop induced decays into gluon
pairs. The corresponding decay width is given by

r Gra? m¢
99 = 36273

with as(mge) taken from ref. [135].

€51°, (2.19)

3 Light CP-odd scalar

3.1 Effective Lagrangian

The effective Lagrangian involving CP-odd scalar A and its interaction with SM particles
can be expressed as? [117]

2

1
La=—imiay 3 ! ff%fA‘i'dVAg AAWH W, + €5, — AAZV 2,
2 P PR 8 cos? Oy
+ &G - AG; Ga’“’+§A%WAF jaZa (3.1)

where FW = 1/2e#P7F,, for completely anti-symmetric symbol #*#?  and G is defined
similarly. The SM contributions to loop-induced effective couplings, le and &%, are given

2Note that unlike &9 b defined in eq. (2.1), £% is usually defined with X= instead of 5= factored out.



by [117, 136]

1
€4 =~ 2 EhATa (), (32)
feq
1
€h=—5 > NQEhAls (). (3:3)
feqt

The expression for Af/Q can be found in appendix A.

The pseudoscalar A shares its quantum numbers with some of the mesons (e.g. 7%, 7
and 7'), 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 as A in the Lagrangian of eq. (3.1) for simplicity) and can be approximately
expressed as:

A= 04010 + Oayn + Onyn' + OaaAcp—odd. (3.4)

Here O 4; is the unitary transformation matrix from gauge eigenstates to mass eigenstates.
The expressions for Oy4; are given in ref. [117]. Oy; are typically small, except in the
resonance region when my ~ m; for i = 7% n, and 7. This mixing effect 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

Op R ’OAWO‘QO'FO + ‘OAWIZO}] + ’OAH’IZUWU (3.5)

where the values and distributions of cross sections o0, 0, and o, 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 — 74 and B — X A [137], similarly to the CP-even case,
through effective flavor changing interactions. We define the effective Lagrangian of
flavor changing quark interactions with the CP-odd scalar A as [137-141]

A ij oz
Lo = —i ZglgmfjfiPRfj + h.c.. (3.6)

The explicit form of §f4j depends on how the CP-odd scalar embedded in the model.
The expression from the 2HDM contributions is given in section 4.5.



With this effective interaction, the branching fractions of B-meson decaying into
K™ A are given by [140]

2

_ 1 GrlEP)? (mp—m%)? [fo(m3)] 2 9 9.]1/2
Br(B—)KA)—E W , [)\(mB,mK,mA)} , (3.7
e L Grlep? [Ao(mi)f 2 9 213/2
Br(B— K*A)= T3 32vr s, [)\(mB,mK*,mA)} , (3.8)

where the function A(a,b,c) = (a — b — ¢)? — 4bc and the form factors fy and Ag can
be found in ref. [142]. The branching fraction of the inclusive B — X A is given at
leading order of Aqcp/my, by [140]

1 G sb|2 2
Br(B — X,A) = —F’&m;’j R (3.9)
I'p 16v/27 mj

The branching fractions of kaon decaying into mA can be expressed similar to those
in eq. (3.7) [137].

Radiative Bottomonium Y and Charmonium J/v decays. A light pseudoscalar
can be produced in the radiative decay of bottomonium YT — A, or charmonium
J/1 — v A. Tt is convenient to express the corresponding branching ratio in the form
of [128, 143, 144]

Br(T —~A) _ Grmiléy|? m b
= 1——| xCcp, 3.10
Br(Y = (T07) \rae, m2 Qb (3.10)
and similarly for Br(J/¢¥ — yA). Here C&CD includes the QCD correction to the
leptonic width of T — £/, as well as m 4 dependent QCD and relativistic corrections
to the decay of T — v A [74, 145, 146].

Double pseudoscalar production via kaon or B meson decay is also possible with
flavor changing quark interactions with two pesudoscalars, which can be loop generated
by the AAWH#W,, term in eq. (3.1). Details of B — X AA and K — mAA can be found
in appendix E.

3.3 Decays of light CP-odd scalar

We list below the dominant decay channels for A in different m 4 region. For m s < 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< my4 < 3GeV, the spectator model is employed
with partonic dynamics while keeping the kinematics of hadrons. For m4 > 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_oqq and pseudo-goldstone bosons 7°, 7 and 1/, the contribution to A — vy



includes the contribution induced from the mixing as shown in eq. (3.4). The effective
couplings analogous to £} in eq. (3.3) but for 70, n and 1’ obtained from experiments are

Ch =&/ v, Cly=-1075GeV™!, C) =108 GeV~!, C] = —13.6 GeV .

(3.11)
The decay width of A — ~+ is given by
aZ,m3 2
(A= ) = EZW:% 0AaC) + O 400C o + 04y C + Onyy CJ | (3.12)
Decays into Leptons. The leptonic decay width of A is given by
G
D(A - £+ = CFmAmESe e 2 (3.13)

4/2m

with £ =e, i, 7 and By = /1 — 4m% / mi, 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 pseu-
doscalar A to tri-meson final state IL;1I;1I; may be written as

1—\ A H H H 1 (mAiml) d MUIC 2
% . . == —-———
( v k) 25651'jk7r3mA /(mj+mk)2 ’ ’
2(m? +m? m3 —mj)? —m?\?
\/1_(3 k)+(32k)>< <1+5 ;nl) 427
S S My miy

(3.14)
where S;;, is a symmetry factor: 1, 2, 3! depending on the number of identical
particles in the final state. /\/l” ' stands for the transition amplitude for process
A — ILIL;II,. Note that since the mass eigenstate A is a mixture of 7Y, n, n’ and
CP-odd state Acp_oqq as shown in eq. ( 4), ./\/lfzk receives contribution not only
from Acp_oqa — IL11;11;, denoted as A” 'k but also from quartic-meson transition
amplitude A7

M o Oaa AT+ 3" O AR (3.15)
l

Expressions for Agk are collected in appendix B while A“* 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 — 777~
at leading order are introduced by the mixing effect as shown in eq. (3.4) as well and
can not be neglected. The w7~ partial decay width of pseudoscalar A is given by

m2

T(A = 77 ) = / " d5T0()[0.4y By(s) + Oy By () 2 (3.16)

4mz

Expressions for T'g(s), By(s), and B,y(s) can be found in refs. [147-149], with all
my, /,y replaced by ma. This radiative decay could be important for ma ~ my, .

~10 -



Hadronic Decays for 1.3 GeV < ma < 3 GeV (Spectator Model). At my>1.3GeV,
the decay widths predicted by chiral perturbation theory become less reliable. As
a transition to the perturbative partonic decay, for 1.3GeV < ma < 3GeV, we

adopt spectator model with partonic dynamics while keeping the kinematics of the
hadrons [137, 146, 147].

The effective Lagrangian for the interactions of A with the partons in the spectator

model is ;
ﬁspect. - \ﬁAl(y{?’aP)%u + yg?d,%d + y;q§753)7 (317)
with
A V2B A V2B A V2B
y \[ meu§A7 yd ~ \f medgAa y \[ f2ms£A, (318)

with B(my + mq)/(2fx) = m2 ~ (135 MeV)?, Bmg/fr = (M3 + m3. —m2) ~
(688 MeV)?, and f, ~ 93MeV. We still use eq. (3.14) to calculate the tri-meson
decay width, with the decay amplitude ./\/lfik expressed using yf@ s above, as shown

in ref. [117].

Decays into Quarks for m 4 > 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

Tgo: Dss : Dac : Ty, = (€4)°mi By« 3(63)*m3Bs « 3(63)°m2Be : 3(€0)* miy By (3.19)
Decays into Gluons for my4 > 3 GeV. Using the effective Agg coupling defined
in eq. (3.1), the decay width of A — gg can be expressed as
Gra? mA

(A= gg) = 123 €517 (3.20)

4 Case study: Type-I two Higgs doublet model

4.1 Model and couplings

Now we consider 2HDM as a case study, in which one of the neutral non-SM scalars is
very light. The Higgs sector of the 2HDM [150] consists of two SU(2)y, scalar doublets
®, (i = 1,2) with hyper-charge ¥ = 1/2

o
= (( NP z’G?)/ﬂ> ’ 4.1)

where v; (i = 1,2) are the vacuum expectation values (vev) of the doublets after the
electroweak symmetry breaking (EWSB), satisfying v} + v3 = v? = (246 GeV)2.
The Higgs potential in the Higgs sector of general CP-conserving 2HDM is

A A
+ 51(‘131@1)2 + 32(‘1);‘1’2)2

1
+ A3(D1 D) (BI Do) + Ay (B Do) (DLD) + 3 X5 (@]@2)% + hoc. (4.2)

V(®1, o) = m3 &1 01 + my®i 0y — m2y (D1 dy + hec.)
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which is responsible for the EWSB, the Higgs masses, and the trilinear and quartic Higgs
couplings. After the EWSB, the scalar sector of the 2HDM consists of five physical scalars:
two CP-even scalars h and H, one CP-odd scalar A, and a pair of the charged ones H*. In
our discussion below, we take h to be the SM-like Higgs. It is convenient to replace the model
parameters (m?3;,m3,, A\1.23.45) by the physical Higgs masses, EWSB vev v, ratio of the Higgs
vevs tan 3 = vy /v1, and CP-even Higgs mixing angle a: (mp, mpg, ma, mg+,v, tan 3, cos(8—

«)). There is an additional soft Zs symmetry breaking term m%% which is usually replaced
2
m
sin 3 %:?)s Jéj
for our 2HDM case study, we use H to refer to the non-SM CP-even scalar, following the

by the parameter \v? = m3, — that enters the theoretical constraints. Note that
convention in the literature. Such scalar is denoted as ¢ in our general discussion in the
previous sections.

Given different arrangements of ®; and ®5 couplings to the SM quarks and leptons,
there are four possibilities for 2HDMs: Type-I, Type-II, Type-L and Type-F [150]. For the
Type-11, -L, and -F, each of the Higgs doublets couples to at least one type of quarks or
leptons. As a consequence, over the entire region of tan 5, there are always unsuppressed
couplings of the scalars with at least one type of fermions. Therefore, it is difficult to realize
very weakly coupled long-lived scalars. Thus in our study, we focus on the Type-I 2HDM,
where only one Higgs doublet couples to all quarks and leptons. All the fermion couplings
are suppressed at large tan 5. Specifically, the normalized couplings of the fermions with
various Higgses at leading order are

S,{ = Zi)jg = sin(f — a) + cos( — «) cot 3,
51]; = ziig = cos(f — a) — sin(f — «) cot 3,
{f; =cotf for f =u, —cotffor f=d,e. (4.3)

The loop induced &J;" couplings of the non-SM CP-even Higgs H depend on my. The
full expressions are given at eq. (2.2) for contributions to &7, from quarks and eq. (2.3) for
contributions ¢}; from charged quarks/leptons and W. In the 2HDM, there are additional
contributions to &}; from charged Higgses with coupling term of Ayp+pg-HHH™:

VA I+ -
Elus = —%Aﬁ (Th=) (4.4)
mHi

while there is no such contribution to ¢} given the lack of AHTH~ 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. De-
tailed discussion of the theoretical constraints can be found in refs. [151, 152]. Given the
current LHC measurements of the SM-like Higgs couplings [153], as well as the requirements
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Figure 2. Allowed region below and to the left of the curves by theoretical constraints for
my = 1GeV (left panel) and ms = 1GeV (right panel) for various values of Av2. Here we
have cos(8 — o) = 0.

of long-lived light scalar as discussed below, a small | cos(f — «)| close to the alignment
limit of cos(8 — a) ~ 0 is necessary.

2
hmfgﬁ 2 0 as well as the lower
limit on the mass splitting m%,i A~ m? [151]. The unitarity and perturbativity together

Vacuum stability sets a lower bound on Av? = m%l —

set the upper bounds on variables such as the mass splitting of mlzqi JA— m%{, Av? and tan f3:

M? < dmo?,
max{tan /3, cot f} < 1/(8mv?) /(3 v?), (4.5)

m%li/A -my <0 (47rv2 - )\112> .

The allowed range for tan § is strictly bounded for large Av? and unbounded when \v? = 0.
Given that the couplings of H/A to fermions are proportional to 1/tan 3, Av? ~ 0 is
preferred for a weakly coupled light Higgs to have a suppressed couplings to fermions. In
addition, the lower and upper bounds for mpy=,4 — m%{ are determined solely by AvZ.

To explore the scenarios in which a light non-SM Higgs is allowed, in figure 2, we plot
the allowed region (below and to the left of the curves) in the plane of my+ and my /g
for mpg = 1GeV (left panel) and m4 = 1 GeV (right panel) under the alignment limit of
cos(8 — a) = 0. In order for H to be light, i.e. mpy ~ 1GeV, the heavy Higgs mass mp+ /4
can not be higher than around 600 GeV, and the maximally allowed charged Higgs mass is
achieved when Av? = 0. Note that the allowed regions are not very sensitive to my for small
mpy, so the conclusion holds for any mpy around zero. In the right panel for m4 = 1 GeV,
myy is restricted to be less than 125 GeV at A\v? = 0 while m =+ is allowed to reach around
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 Av? =~ 0:

myg ~0: mypx S 600 GeV (4.6)
ma~0: mgx <600 GeV, myg < my.

~

The conclusion holds for small | cos(f — a)| ~ 0 as well.
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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,

4.8
pst = 0.92, psu = —0.68, pru = —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: m g+ need to be around the
mass of either mpy or my [131, 155, 156]. In particular, for small mg, only ma ~ mpy+
is allowed.

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

legitimate scenarios for weakly coupled light scalars are?

mpg~0: myg~mgs <600 GeV, (4.9)

ma~0: mygs ~myg S my, (4.10)
with A\v? =~ 0 and | cos(f — a)| ~ 0.

4.2.3 Flavor constraints

The flavor observations, such as B — Xyv, Bsqg — ptp~, B — B mixing, decays of
B and D baryons, impose strong constraints on the charged Higgs mass as well as the
value of tan 5. 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 my+ < 800GeV excluded by the measurement of the branching fraction
of B — Xy [158, 159], in the Type-I 2HDM, only the low tan 5 region receives flavor
constraints. The strongest bound comes from B; — p*pu~, which excludes regions of
tan § < 3 for charged Higgs mass of 100 GeV. The constraints get weaker for larger mpg=:
tan 8 < 1.2 for my+ = 800 GeV. Given the lack of tree-level flavor changing neutral current
in the Type-1 2HDM for the neutral scalar sector, there is no lepton flavor violating FASER
signals for the light scalar.

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]

I'(h— HH/AA)
ry
1 Q%HH hAA 4m%IA 1/2 IhHH/RAA N
/ (1— / > :4700-(5).

~ SSM 2 3
Iy mmsj, my

Br(h— HH/AA) =

(4.11)

3Ref. [157] only shows constraints for ma > 12GeV. Roughly speaking, smaller m4 leads to weaker
constraints on my+.
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The full expressions for hHH and hAA couplings can be found at egs. (C.1) and (C.2). To
achieve suppressed gpgH or gnaa to satisfy the invisible Higgs decay constraints, we have

2202 +m3 1
(m%—3\2—m3)  tanf’
2202 +m? 42m? —2m?, 1 2m¥ —m3

~ , 413
2(m3, —Av?—m3) tan m3,—m3 (4.13)

Light H: cos(f—a) :tan252 (4.12)

Light A: cos(f—a)=tan2p

at the leading order of cos(f — «), under the approximation of large tan 3, small Av?, and
light my or my.

For the light H under this limit, gngg ~ —T—Ec%_a, which leads to Br(h — HH) ~
750?3_ o The experimental bounds on the invisible decay branching ratio of 0.24 can be
satisfied for cg_, < 0.25 and tan 8 > 4. At the same time, the couplings of H to gauge
bosons and fermions are suppressed as well for the large tan 8 region of the Type-1 2HDM:

¢h=1/tan B, (4.14)
&h = Cp—o ~ 1/ tan B, (4.15)
¢l =cs (1 —s5_4) =~ 1/(2tan’ ). (4.16)

Therefore, diphoton channel becomes dominated when tan 8 gets large at the Type-I 2HDM.

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, g,44 can also stay small
under alignment limit when A is light, and mg ~ my,/v/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-1 2HDM,

Light H: cos(f —a) = ma =mpy= = 600CGeV, \v? =0, (4.17)

b
tan B8’
Light A: cos(8—a) =0, mg =mpg+ =90GeV, \v? =0, (4.18)

with large tan 8 to accommodate a long-lived particle. Note that in the light A case,
a relatively light-charged Higgs of 90 GeV is chosen. Such a scenario with GeV-scale
pseudoscalar survives the LEP charged Higgs search [157]: mpy+ 2 85 GeV is still viable for
light m4. The LHC charged Higgs search [164-169] only excluded tan 8 < 5 for my+ in
the mass range of (100,160) GeV. The LHC searches limits on the heavy charged Higgs
(mg+ > my) with H* — 7v [165, 166] does not constrain the Type-I 2HDM since the
production cross section is heavily suppressed at the large tan 3 region.

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].
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SuperNova. A light, weakly coupled scalar can affect astrophysical processes. During
supernova (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 ¢ — pp [178] and Bt — KTx (utu™) [179].
Searches on B decay into neutrinos BR(B — Xsvi) = 6.4 x 10~* [180] impose an
upper limit on branching fractions of the (pseudo)scalar production from B decay,
in particular, on double (pseudo)scalar productions with long lived (pseudo)scalars
escape the detector.

Kaon decays. Kaon decays also contribute to the searches for light scalar region. The
latest relevant ones are K™ — 77 X with X to vv at NA62 [181] with BR(K — 7vv) =
(10.675 9 stat £ 0.95yst) x 10711 (68% C.L.), K* — ntyx (e*e™) at MicroBooNE [182]
(95% C.L.), and Br (Kt — 77 X) at E949 [183] (90% C.L.). All of them provide
constraints based on the light scalar decay lifetime hypotheses.

D meson decays. The current limits can be found in PDG [184], as well as the recent
LHCD results [185]. Those are typically not included in light scalar constraints since
in most models, Br(Dt — 77 ¢) (corresponding to Br(c — u¢)) is rather small.

LEP. OPAL, ALEPH and L3 searches on ete™ — Z*¢ at the LEP detected 3 x 10% hadronic
Z decays [186-188], which included both the prompt and invisible/long-lifetime ¢
cases. When mg < 2my,, ¢ with high momentum can escape the LEP detector to be
an invisibly decaying scalar. For mg > 2m,,, ¢ could decay promptly. Thus the LEP
search results could constrain the light scalar scenario [128, 189].

To impose the experimental constraints mentioned above, we recast the existing bounds
to the Type-1 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, 190] 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. 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]. The signals consist of highly energetic charged particles or photons
that emerge from the decay volume. The charged particle signal would leave multiple
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high-momentum tracks in the spectrometer, which are consistent with a single vertex in the
decay volume, point back to the IP and might leave a large energy deposit in the calorimeter.
The multi-photon signal would leave a characteristic signal in the preshower and deposit a
large amount of energy in the calorimeter. In both cases, the signal leaves no activity in
the front veto.

The potential backgrounds are particles (mainly muons) coming from the IP and
beam, which can be detected by the veto station. The FASER collaboration recently
presented their first analysis on a dark photon signal [191]. They considered a variety of
possible background sources associated with veto inefficiencies, neutral hadrons, muons
missing the veto, neutrinos and non-collision background. These backgrounds were found
to be either very small or negligible. No events with reconstructed tracks passing the
veto requirement have been seen. We therefore assume that backgrounds for multi-track
signatures are negligible. So far, no analyses with multi-photon signatures have been
performed by the FASER collaboration. The dominating background will likely come
from neutrino interactions in the beginning of the calorimeter, which also leave the front
veto unaffected and can lead to large deposited energy. To address this issue, a simple
preshower was installed in the front of the calorimeter, which will significantly reduce
these backgrounds [104]. A high-precision preshower upgrade will be installed at the end
of 2023, which will allow the experiment to identify multi-photon signatures and hence
reduce possible backgrounds [192]. We therefore assume that backgrounds for multi-photon
signatures are negligible.

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~! 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]. The design for FASER?2 is currently under development [112]. It will follow a similar
architecture as the currently operating FASER detector. While the design has not yet been
finalized, it is envisioned to be background free.

At the HL-LHC with an integrated luminosity of 3 fb~!, 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 extend 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: A=15m, R=10cm, L£=150fb1, (4.19)
FASER2: A=5m, R=1m, L=3ab L (4.20)

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

4The reach of FASER2 with a 5-meter long detector located at 620 meters is similar to that of a 10-meter
long detector located at 480 meters since the ratio of flux is (480/620)% x (10/5) = 1.2 ~ 1. These two
setups have been found to have similar sensitivity as shown in ref. [112].
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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 mg = 2 GeV.

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, 1, B and D mesons, as well as radiative decay of
bottomonium T as discussed in section 2.2. In our numerical analyses below, we only take
into account the ¢ productions from B, kaon, and pion meson decays since the contribution
from D meson is eleven orders of magnitude smaller due to the suppression from the CKM
matrix elements as well as my versus m; suppression for the mass of the quark running in
the loop [122].

In the 2HDM, the effective flavor changing coupling 5253 as defined in eq. (2.4) is given
by [193-196]

Iy 4G V2 . sin(f — «
&5 larpmn = — > Vimi lgl(xkal'Hi) ( o )>
K

1672 cos(f — «)
- 2 (A g g
+_92(33]€,$Hi) <_C21SI(1?B _ac)k)> _gﬂ(mkvai)Tn%)V (A[};}]I{+};>‘| ijv

(4.21)

where the upper functions are for h and lower ones are for H, and the trilinear couplings
Ah,myma+ma- are defined in appendix C, and the auxiliary functions go1,2 in the Type-I
2HDM are given in appendix D with zj, = m2/m¥, and 27; = m?,. /m¥, where m, is the
mass of the quark running in the loop.

There are also 2HDM charged Higgs contributions to the effective four-fermion-Higgs
interaction similar to figure 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.

~ 18 —



Type-I: light H, cos(B — a) = 1/tanf Type-I: light H, cos(B — @) = 1/tanB, my=,4 = 600 GeV
my= = 600 GeV

10°° 106 1 —— FASER2
SER

1071
1074 W,
10-13 105‘>e
1072
;10_15 - 4 [©
w 100 £ R 8 . o ‘
910—17 I ] L2 5 v
= 2.

tanB=5

_____

10-1° _
et
anf= 2

10-2 10 LHCb B°

—— tanB=200 106 -
_ — - - LEP
10-23 tanBf=1000 10° 10t) S s
101 10° 10! 1071 10° 101
my (GeV) my (GeV)

Figure 4. Left Panel: the total decay width (left y-axis) and decay length ¢ (right y-axis) of the
light CP-even Higgs in the Type-1 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 mpy
vs. tan # plane. Various current experimental constraints are shown in grey regions.

Figure 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(f — a) = 1/ tan S for
tan 8 = 10. Here the dominant decay mode is diphoton, which receives tan 5 independent
contributions from charged Higgs loop in addition. All other channels into the quark, lepton,
and gluon final states are suppressed since 5}} o 1/tan® 3. H — 77 is dominated around
1 GeV due to the corresponding decay form factors [128]. As discussed in section 2.3, decays
to mesons and quarks/gluons are connected smoothly at my = 2 GeV.

The left panel of figure 4 shows the decay width and decay length c7 of the light H
in the Type-1 2HDM for the light H benchmark point. The I' and ¢7 become straight
line for very large tan 8 as a consequence of dominated diphoton decay. c¢r reaches a few
centimeters to meters for tan 5 > 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 [197] as implemented in the package CRMC [198], while the B meson spectrum
is generated by Pythia 8 [199]. 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 figure 4, we show the potential three event reach by FASER
(blue dashed curve) and FASER2 (red solid curve) in the plane of mpy vs. tan g for
the light H benchmark point. Also shown in gray regions are the other experimental
constraints, including B meson decays at LHCDb [178], KT decays from NA62 [181], and
E949 [183] (at 90% C.L.), CHARM beam dump [170, 174], light scalar search eTe™ — Z*¢ at
LEP(L3) [128, 186], 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 [182] bounds, SM Higgs coupling measurements [200], Higgs
invisible decay, as well as flavor bounds [154] do not constrain the CP-even scalar case in
the chosen parameter region of tan g > 5.
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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 8 = 100. Decays to hadrons
and quarks/gluons are connected at m4 = 3 GeV.

While the sub-GeV region is already well explored by other current experiments, as well
as the low tan 3 region by LHCb and LEP, FASER and FASER 2 offers unique opportunities
to cover the large tan 3 region up to tan f = 10* and 106 respectively, and my reach up to
mp due to the B — H X, production. The reduction of the reach in tan 8 for mg > mp/2
is due to the reduction of H production beyond the HH production threshold. FASER 2
increases the FASER reach in tan 8 by about two orders of magnitude at large tan 5 region.
Such a difference mainly comes from the 20 times larger luminosity and 300 times larger
detector, which also pushes the reach at the large mpy region to myg ~ mp.

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 7%, n and 7’
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 — 7 A and
B — X A, as well as the less important radiative decays of bottomonium T and charmonium
J/1. For the detailed formulae about the production, see section 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-1 2HDM case, the effective flavor changing coupling fi{
from eq. (3.6) is given by [138-140, 193-196]

412G

ij —
€4 l2npM 1672

Z Viim? [Yl (2, gt ) cot B+ Ya (@, x g+ ) cot® ﬂ} Vg (4.22)
k
for ij being down-type quarks. The auxiliary functions Y] o (zx,xy+) are given in ap-
pendix D.
Figure 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 5 = 100.
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Figure 6. Left Panel: the total decay width (left y-axis) and decay length c¢7 (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 m4 vs. tan 8 plane. Various current experimental constraints are shown in
grey regions.

For my < 2m,,, both ee and vy channels are important. . channel is dominated before
hadronic modes open. Once my > 3 GeV, hadronic decay modes dominate.

The decay width and decay length c7 of the light pseudoscalar A in the Type-1 2HDM
for various tan 8 are presented in the left panel of figure 6. The peaks around ma ~ 1 GeV
or below are introduced by the 7°,  and 7’ resonances. The sudden increase of hadronic
decay width at m4 = 3 GeV is mainly due to the opening of the c¢ decay mode. After
that point, the cc and gluon-gluon decays kick in, which leads to the growth of total decay
width.? Note that unlike the CP-even case as shown in the left panel of figure 4, the tan 3
dependence of decay width I'4 is only of an overall shift with the same feature. This is
because the couplings of A to the SM particle have identical 1/tan § dependence.

In the right panel of figure 6, we show the potential reach by FASER (blue dashed
curve) and FASER 2 (red solid curve) in the plane of m4 vs. tan 8 for the light A benchmark
point. The other current experimental constraints are shown in gray regions,® similar to
figure 4. Note that the CHARM bounds extend to the larger region of m4 ~ 2 GeV [190],
comparing to the CP-even case of mgy ~ 300 MeV [128]. The difference of the CHARM
constraints between the CP-even and CP-odd case is consistent with ref. [107], which shows
a factor of 20 enhancement in the production of the CP-odd scalar from B decay compared
to the CP-even case. The LEP limits at the low tan 8 are not present since the value of
tan 8 starts at 50. Compared to the light H case, regions with much larger tan 8 can be
probed. This is because the different tan 5 dependence for ffl, comparing to that of f};,

The partonic approximation of the hadronic decay width at ma > 3 GeV is not very accurate. As pointed
out in [144], at the ¢ and bb thresholds, the CP-odd Higgs mixes with charmonium and bottomonium
pseudoscalar states, which need to be accounted. Also, the kinematics at these thresholds are three-body
decay to DDn or BB rather than a two-body decay.

6The FASER reach and CHARM reach are different compared to the results in ref. [107]. This is due to
the running of the coupling at different mass scales.

- 21 —



as shown in egs. (4.14) and (4.16). Similarly to light CP-even scalar case, the FASER 2
coverage of tan 3 is about two orders of magnitude higher. The reduction of tan 8 reach at
ma > mp/2 is due to the reduction of the A production beyond the AA pair production
threshold. The m 4 coverage in the light CP-odd scalar case is much more sensitive to the
geometry of the detector, especially its radius.

5 Conclusion

In this paper, we studied the scenario with a light weakly coupled CP-even scalar H or
a CP-odd scalar A with a relatively long lifetime. We considered a model-independent
framework describing the most general interactions between a CP-even or CP-odd scalar
and SM particles using the notation of coupling modifiers in the effective Lagrangian. We
developed a general formalism for the productions of the light scalar from meson decays,
as well as re-analysed the scalar decay rates. In particular, we performed state of the art
calculation of the hadronic decays of light scalars across different mass range, using chiral
perturbation theory, dispersive analysis, and spectator model. We also developed a general
program [115] to calculate the decays of a light CP-even or CP-odd scalar, incorporating
the coupling modifiers of the light scalars to the SM particles. Our program can be used to
evaluate the decay of light scalars in many scenarios beyond the SM.

After developing the general formalism, we carried out a specific case study in the large
tan 8 region of the Type-I 2HDM, which could naturally accommodate a light scalar with
suppressed couplings while satisfying all the theoretical and experimental constraints. We
chose two benchmark scenarios: a light H with cos(f — a) = 1/tan 8 and other non-SM
scalar mass around 600 GeV, and a light A under alignment limit cos(8 — o) = 0 and other
non-SM scalar mass 90 GeV. The light scalar decay length varies in (1078,10%) meters. We
further obtained the FASER and FASER 2 reaches for those benchmark scenarios, which
probe the parameter space at the very large tan 8 region. The comparison of the FASER
and FASER 2 reach shows that both higher luminosity and larger detector help to reach
the weaker coupling region. A larger detector, especially the radius helps to extend the
reach in m 4. The current FASER 2 configuration can reach the mass production threshold
around mpg.

Forward LHC experiments, like FASER and FASER 2, offer a unique opportunity to
detect light long-lived sectors. They are complementary to the beyond the SM searches
based on the prompt decay at the LHC main detectors, LLP searches in the transverse
region, as well as fixed target searches at low energies. The discovery of a long-lived light
scalar at FASER and FASER 2 provides an unambiguous evidence for new physics beyond
the SM. The on-going LHC Run 3 and the upcoming HL-LHC have great potential in
exploring both the energy and intensity frontiers of particle physics.

Acknowledgments

FK acknowledges support by the Deutsche Forschungsgemeinschaft under Germany’s
Excellence Strategy - EXC 2121 Quantum Universe - 390833306. HS is supported by
the International Postdoctoral Exchange Fellowship Program. SS is supported by the

- 29 —



Department of Energy under Grant No. DE-FG02-13ER41976/DE-SC0009913. WS is
supported by the Junior Foundation of Sun Yat-sen University and Shenzhen Science and
Technology Program (Grant No. 202206193000001, 20220816094256002).

A Form factors Ag1/2,1

The expressions for the form factors Ag 1/2,1 for scalars, fermions, and gauge bosons in the
loop contribution to 535 and f; of the CP-even scalar ¢ are”

A3(r) = —glr — FE, (A1)
A () = [1+ (1 = D ()72, (A.2)
A‘f (1) = —% [272 + 37+ 3(27 — 1)f(7)} 2 (A.3)

with 7 = mi /4m? for m being the mass of the particle running in the loop, and

arcsin® \/7 ifr<1
f(T) = 1 1+4/1-1/7 . 2 . : (A4)
—1 <logw—m> ifr>1

For the CP-odd scalar A, the form factor Af/Q for fermion loop contribution to &% and
&), of the CP-odd scalar A is
Aty =271 f(7). (A.5)

B Formulae related to tri-meson decay of CP-odd scalar

The decay width for a pseudoscalar A to tri-meson final state IL,II;1I;, can be written as

PA ST = — b (™7™ vikp
( — Ll k)_256swk71'3m,4 Amj+mk)2 $| A |
(B.1)
%—Q(m%mi)ﬂmﬂz_miﬁx (1+S_m’2)2_45
s 52 m? m?’

where m 4 ; ;1 are the masses for A, 11;, II;, I, respectively. S;j; is a symmetry factor:
1, 2, 3! depending on the number of identical particles in the final state. Mﬁk stands
for the transition amplitude for process A — IL;II;II;, which receives contributions from
AQP,Odd — ILIL;11, denoted as Agk, as well as from quartic-meson transition amplitude
AU due to mixing.
M o Opa A+ 3" O AT, (B.2)
I

Expressions for Aijk can be read off from the chiral Lagrangian [117]:®

0,00 0 4+ — 1 Bm,, Bmyg 4
A s (P - e (B.3)
20fr \ fr fx ’
"Note that this definition of Ag’ 1/2,1 differs from ref. [120] by a factor of 1/2.

5Ref. [117] had a minus sign ahead of eq. (B.10) which should not be there.
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A=A =gl (P P VB, @
/ / - B U B :
AT 7070 AZ“*” — _6:)/? ( ;n €Y + }”%A) (sin 6, + V2 cos 0y), (B.5)
.A7T = < Sy Bmde) (cos 0 — V2sin6,)?, (B.6)
7ol B u B .
AZ&% "= 6uf < ]:n €4 — . §A> (sin 6, + V2 cos ), (B.7)
7707777/ Bmu Bmd . .
Ay = _6vf < §A — fA) (cos 0y — V/2siny) (sin b + V2cosby),  (B.8)
OK+YK— 1 QBmu Bms )
A g (e T >
1 2B Bms
AT < = 57 ( fmdfi 4 ;n §A>’ (B.10)
at K- KO T~ KTKO \/5 Bm’u u Bmd d Bms s
A = A = —gof ( A R fA)a (B.11)

with B(my+mgq)/(2fx) = m2 ~ (135 MeV)?, Bmg/ fr = (m%o+m3. —m2) ~ (688 MeV)?,
and fr; ~ 93 MeV.
Expression for AY* can be found in ref. [117].

C Tri-Higgs couplings

The trilinear couplings of hH H and hAA are:

S3—
9hHH = BQUQ [(mlzq—3)\v2—m%)(%z_ﬁlsg_a(:g_a—c%a+s%a)+()\1)2—m%{)], (C.1)
1 _
haa=5- {(2m%—2/\v2—2m124—m%)85a+2(m§{—)\v2—m%)tgﬂlc[3a} , (C.2)
with Av? = m?% — m3,/ cos Bsin 8. The couplings of h and H to the charged Higgses are:
1
Aot H-h = Y [(Qm%[—Q)\UQ—Qm%{i —m%) S8—a+2 (m%{—)«ﬂ—m%) cot QBCg,a} , (C.3)
1 2 2 2 2
AH+H-H= - [—2/\11 cot28s3_q+ (2mHi —my+2\v ) Cg,a} . (C4)

For \v? = 0, we have

1
AHJFH*H = —; (le%fi — m%) C,Bfoz- (05)
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D Auxiliary functions for the 2HDM

The auxiliary functions go 1,2 used in the effective flavor changing coupling 52)] of the CP-even
scalar defined in eq. (4.21) can be found in ref. [196] for different types of 2HDMs. For the
Type-1 2HDM, they are reduced to

Hi

322, —dwgexy, + 2f — 22,2z — p)

go(xk, z+) = — cot” B : (D.1)

16(x g+ — xp)3

{SwHi — 8w+ xk + 372 — 2xp+ (2x g+ — ) log Hi}

3 2
=~ 4 cot
g1(xp, xg+) 1T ,B oy — )

(D.2)
g2(z, xpge) = cot fXq (g, x <) + cot? BXo (g, T+), (D.3)
with
Xi(xg,xgs) = ~1 { |:£L'Hi —or (o ? 2 + 3} _ wH(iafiiHi:;j;k) log xp+
[ s
o) ) e ) =

For the CP-odd case, the auxiliary functions Y7 o used in the effective flavor changing
coupling €7 (eq. (4.22)) are

11 3 -6 —222 +5 T 22 — Tog+ + 62
Vi (e ze) = - |- TH+T) - T+ _:L'k + 5xg (23 ! o+ k) log 2372
4 (zx — 1) (v — 7p) (xgs — k)" (xygs — 1)
o (af — 2ap +4) + 30 (227 — 22+ — 1) log 2, (D.6)
(xp+ — xk)Q (zk — 1)2 ’
1 Tk TH+TE TH+
Y5 == — 1 . D.7
2 (xkv xHi) 2 [xHi — (I'Hi _ xk)Z og T ( )

E Double (pseudo)scalars production in the Type-I 2HDM

Similar to the flavor changing quark interactions with CP-even and CP-odd scalar, there
are also loop induced flavor changing quark interactions with two scalars:

ii ¢2 _ i A2 B
£5 5¢j¢ﬁmjfiPRfj + fffAﬁmjfiPRfj + h.c.. (E.1)

A complete loop calculation includes more than 300 hundred diagrams, however, most of
them are suppressed by cos(8 — «) or 1/tan 8 in the Type-I 2HDM. Therefore we only
consider the unsuppressed diagrams, as shown in figure 7.° An explicit calculation shows

9We show the diagrams in Unitary gauge, while in R¢ gauge the corresponding diagrams involving
Goldstones are also present.
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Figure 7. Feynman diagrams.

that the UV divergences cancel in the sum of the three diagrams. Keeping the terms at
leading order in the external momenta, we obtain the effective couplings

2
.. .. g
iy =2 €40 @ZVJZ [fo(zk, xg+) + fi(zk, vy ) log g
k

+fo(xg, xy+)logxy] Vij + O(cos(B — a), 1/ tan 8),  (E.2)
where the auxiliary functions fo 1 2(x, zy+) are given as

B 627 —TpT e (xi—2$k+7)+2x§{i (rp—1)2

- E.3
fo(zg,xp+) EES I E— , (E.3)
filag,a i)=—Sx’“(x”l)_%ffi(”3%‘3””%*6%””3%#(w%—Bmk+4) (E.4)
\LE, L H ($k—1)3(xHj:—xk)2 ) .

2
s —
f2(xkaxHi) = xHi( i xk)) (E5)

(9L‘Hi—33k:)2

with 2, = m2/m}, and zy+ = m?.. /m?, where m, is the mass of the quark running in
the loop. It is obvious in this result that except the loop suppression factor there is no
other suppression, which indicates that mesons have a large branching fraction decaying
into a (pseudo)scalar pair.

Following refs. [113, 201, 202], the inclusive differential decay width of b quark is

2
sb 2 1/2
drb—>s¢¢(sAA) _ ’f¢>¢>(AA)’ 4m¢(A) 9 o9 o\]1/2 ) ,

dq? — 64m3utimy - e [A(mb,ms,q )} [(mb —ms)“ —q } ,

(E.6)
where ¢? = (py — ps)?. Taking the limit ms — 0 and integrating over ¢ from 4m3)( 4) to mg,

we get

2
b 5
Dy sspp(sany 1 ‘£;¢(AA)‘ my

Br(b — spp(sAA)) = s Tp  64n508

f (qu(A)/ mb) , (E.7)
where

flz) = é\ﬂ —422(1 4+ 522 — 62*) — 42*(1 — 227 + 22%) log [ (1 + V1 = 4a2) / (22)] .
(E.8)
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For mgy(4) = 1 GeV, we obtain Br(b — s¢¢) ~ 3.07 x 107" and Br(b — sAA) ~ 6.84 x 1077
for Light H and Light A benchmark point respectively. The branching fractions of Kaon

decaying into a (pseudo)scalar pair can be estimated in a similar way. We obtain

2

(Mg —mx)
1
Br(K — npp(rAA)) = S12mmi T / IM(K — mpp(rAA))|?
4me )
4m3 2 1/2
(1-250) " oz a] " ar

where

2 2
5¢>¢>(AA M My ekt
mg 0
ms —Mq

M(K — mop(mAA)) ~ (*)-

(E.10)

For my4) = 0.1GeV, we obtain Br(K — 7¢¢) ~ 5.40 x 107" and Br(K — mAA) ~
1.43 x 1072 for CP-even and CP-odd benchmark point respectively. In figure 8, we show

how the branching fraction changes with scalar mass.
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Figure 8. The branching fractions for (pseudo)scalar pair production from b quark and Kaon decays
in two different benchmark cases. The horizontal dash gray line in the upper right panel shows the
NAG62 constraint on branching ratio of K — 7w H H assuming the Standard Model K — wvv branching
fraction of (8.4 £ 1.0) x 1071, Such NA62 limit in other panels or LEP limit on b — sHH (sAA)
are not shown since the experimental limits are above the predicted range of branching fractions.
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