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We present a complete model of a dark QCD sector with light dark pions, broadly motivated
by hidden naturalness arguments. The dark quarks couple to the Standard Model via
irrelevant Z- and Higgs-portal operators, which encode the low-energy effects of TeV-scale
fermions interacting through Yukawa couplings with the Higgs field. The dark pions,
depending on their C'P properties, behave as either composite axion-like particles (ALPs)
mixing with the Z or scalars mixing with the Higgs. The dark pion lifetimes fall naturally
in the most interesting region for present and proposed searches for long-lived particles,
at the LHC and beyond. This is demonstrated by studying in detail three benchmark
scenarios for the symmetries and structure of the theory. Within a coherent framework,
we analyze and compare the GeV-scale signatures of flavor-changing meson decays to dark
pions, the weak-scale decays of Z and Higgs bosons to hidden hadrons, and the TeV-
scale signals of the ultraviolet theory. New constraints are derived from B decays at CMS
and from Z-initiated dark showers at LHCb, focusing on the displaced dimuon signature.
We also emphasize the strong potential sensitivity of ATLAS and CMS to dark shower
signals with large multiplicities and long lifetimes of the dark pions. As a key part of
our phenomenological study, we perform a new data-driven calculation of the decays of a
light ALP to exclusive hadronic Standard Model final states. The results are provided in a
general form, applicable to any model with arbitrary flavor-diagonal couplings of the ALP
to fermions.
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1 Introduction and the model

A light, confining hidden sector coupled feebly to the Standard Model (SM) is in general
an interesting possibility for new physics, often referred to as a hidden valley (HV) [1].
More sharply, it can be part of the answers to outstanding questions of the SM. The
(little) hierarchy problem may be solved by models of neutral naturalness [2-4], where the
partners of the top quark are not charged under SM color but a dark color symmetry,
and dark confinement around the GeV scale is a generic prediction [5]. If the hierarchy
problem is solved by cosmological relaxation, a confining hidden sector may be the origin
of the backreaction potential that stops the relaxion [6]. Dark strong dynamics can also
provide attractive scenarios for dark matter, with several plausible candidates found among
the dark hadrons.

If at least some of the dark hadrons decay to SM particles, the feeble coupling connect-
ing the hidden and visible sectors generally implies macroscopic lifetimes. Thus, hallmark
signatures of HV models are given by long-lived particles (LLPs), which have been a topic
of rapidly increasing interest at the Large Hadron Collider (LHC) [7] and beyond [8]. At
the LHC, searches for LLPs hold a strong discovery potential, provided that dedicated and
innovative strategies can be implemented at the level of event selection and analysis. This
is especially true for “dark jet” or “dark shower” topologies, where the decay of a heavy
particle (such as a Z or Higgs boson) to the hidden sector produces jets made of light dark
hadrons. The associated phenomenology deserves further attention.! Areas where impor-
tant progress is needed include maximizing the dark shower coverage of existing detectors
(primarily ATLAS, CMS and LHCb), understanding the interplay with low-energy pro-
duction processes such as flavor-changing neutral current (FCNC) meson decays, as well
as comparing to the sensitivity of proposed LLP-specific experiments. In this paper we
study a model of dark QCD with light pseudo Nambu-Goldstone bosons (pNGBs), namely
dark pions, coupled to the SM through irrelevant Z and Higgs portals. This theory of dark
pions provides a new coherent framework to address the above questions.

The low-energy spectrum of the hidden (or dark) sector depends on the number of
light quark flavors, N, charged under the dark QCD (assumed to have SU(Ny) as the color
group) and having masses below the strong scale A. If N = 0, dark glueballs are at the
bottom of the spectrum [10]. An example is the Fraternal Twin Higgs model [5], where the
lightest dark glueball is expected to mix with the Higgs boson, giving rise to phenomenology
that has been extensively studied [5, 11]. For N = 1, the low-energy spectrum contains
several mesons with masses around A, the lightest being a (r/-like) pseudoscalar, a vector,
and a scalar [12]. For instance, this scenario has been thoroughly analyzed in a realization
of the tripled top framework for supersymmetric neutral naturalness [13] that features
electroweak-charged top partners, where the dark mesons mix dominantly with the Z
boson [14]. When N > 2 (but still below the conformal window, N < 4Ny), one expects
chiral symmetry breaking and N2 —1 associated pNGBs, which in a slight abuse of notation
we call dark pions, &, for any N. As familiar from the SM, the dark pions can be much
lighter than the rest of the hadrons, whose masses are at or above the dark QCD scale:

! A very recent appraisal can be found in Ref. [9].



ms < A. Here we focus on the multi-flavor case. The lifetimes of the dark pions depend on
the amount and pattern of explicit isospin breaking, yielding a larger parameter space to
explore compared to the one-flavor theory. With respect to the latter, notable differences
are that dark meson production and decay are less tightly connected, and dark vector
mesons dominantly decay to dark pions if the phase space is open, whereas for N = 1 they
decay to SM particles.

The light dark quarks must be singlets under the SM if their masses are below O(100)
GeV, to satisfy collider bounds. The interactions connecting them to the visible sector
dictate the phenomenology. Here we focus on the interesting possibility of irrelevant portals
obtained by integrating out heavy states [14-20], which have been less studied compared
to renormalizable ones, even though they have solid theoretical motivations. A concrete
example is given by the scenario of Ref. [14], where the mediation is provided by heavy
fermions charged under both the SM electroweak (EW) and hidden color gauge symmetries,
allowing for renormalizable Yukawa interactions between dark-colored quarks and the SM
Higgs doublet. The supersymmetric partners of the heavy fermions play the role of scalar
top partners, hence the mediation scale is naturally around TeV.

The model. Drawing from the above discussion, the theory of dark pions considered
in this work contains N > 1 flavors of Dirac fermions 1;, transforming in the fundamental
representation of the dark color SU(Ny), but singlets under all SM gauge symmetries.
In addition, N EW-doublet Dirac fermions Q; = (Q, Qg)7 with hypercharge 1/2 are
included, which also transform in the fundamental representation of SU(Ng). This field
content allows for Yukawa couplings involving the SM Higgs doublet,

— Loy = Q Y YrH + QrY¢rH + Q. MQg + ¢ wiog + hec., (1.1)

where Y, }7, M, and w are N x N matrices in flavor space. The mass matrices M
and w can be diagonalized with real and positive diagonal elements by separate unitary
transformations on the Q1 r and ¢, r fields, respectively, so we assume this form without
loss of generality. The coupling matrices Y, Y can be complex in general, with N?4-(N—1)?
independent phases, decreasing to (N —1)? if one of Y, 17, or w vanishes. In addition there
is always the strong C'P phase of dark QCD, which will be consistently set to zero in this
work. The masses M of the heavy dark quarks are taken to be larger than A (and around
TeV). The masses of the light dark quarks, which receive independent contributions of order
w and YYv2/M, where v is the Higgs vacuum expectation value (VEV), are assumed to
be much smaller than A. Hence, the dark QCD has N light flavors. If N < 4Ny [21], at
low energies the light quarks are confined and form a condensate. The SU(N) x SU(N)r
chiral symmetry is spontaneously broken to the diagonal SU(N)y, resulting in N2 — 1
pNGB dark pions.

The Y = 11, Y = 0 limit of Eq. (1.1), together with appropriate TeV-scale su-
persymmetry breaking, embodies a solution to the little hierarchy problem a la tripled
top [13, 14].2 This sets a well-motivated target for the chiral structure and mediation

2In the tripled top model there are two SU(3) dark color gauge groups, each with one flavor of SM-singlet
fermions which can be very light [14]. However, variations where the dark QCD has more than one light
flavors are straightforward to construct, for example, by identifying the two dark color groups.



strength, with Y ~ y, ~ 1 and M ~ TeV. On the other hand, the same Lagrangian (1.1)
was employed in the relaxion solution to the hierarchy problem [6],% to generate a back-
reaction potential without running into difficulties with the SM strong C'P problem. In
both cases N = 1 was originally chosen for the sake of minimality, but not necessity. The
fact that this setup emerges naturally in very different approaches to the Higgs naturalness
puzzle makes it a compelling choice for a benchmark theory of dark pions.

The properties of the individual dark pions depend on the symmetries and structure
of the dark sector. If the C' P symmetry is preserved, the dark pions are classified into odd
and even states: for example, with N = 2 the #; and 73 are CP-odd (JF¢ = 0=%) while
the 79 is C'P-even (0~ ), where the index corresponds to SU(2) generators. Therefore,
this theory provides a coherent framework to study both C'P-odd and -even light scalars
feebly coupled to the SM. The C'P-odd dark pions decay to SM particles through the Z
portal, i.e., by mixing with the longitudinal component of the Z boson through dimension-6
operators. They behave as ALPs with an effective decay constant parametrically given by

M? M?
Y2ffr ’ }N/for} ’

fa ~ min { (1.2)
where f; is the dark pion decay constant, defined in analogy with the SM pion decay
constant fr ~ 93 MeV. The precise form of Eq. (1.2) is derived later, but one can already
see that for Y ~ 1, M ~ TeV and f; ~ GeV, the CP-odd dark pions have f, ~ PeV.
This highlights how the ALP decay constant does not necessarily correspond to a physical
scale (no threshold exists near the PeV in our model), but is a combination of parameters
of the underlying theory if the ALP is composite. The CP-even states decay to SM
particles through the Higgs portal, i.e., by mixing with the Higgs boson through dimension-
5 operators. As we show in detail later, the mixing angle is parametrically

QWfoFY?U

sin @ ~ 5
Mm;,

(1.3)
where my, is the Higgs boson mass. Since small dark pion masses are well motivated in our
setup, and the dark pions couple to all SM fermions including quarks, the phenomenological
analysis presented here requires a detailed description of ALP decays for an ALP mass
mq S 3 GeV, where exclusive hadronic SM final states must be considered. We obtain this
by means of a novel calculation that extends the data-driven methods proposed in Ref. [24].
We emphasize that the results, reported in Appendix A, apply to any ALP with arbitrary
flavor-diagonal couplings to SM fermions. For the decays of light scalars, we make direct
use of previous calculations [25].

As can be gleaned from Egs. (1.2) and (1.3), dark pion theories with Y ~ Y and with
Y > Y are very different, because in the former the dimension-5 Higgs portal dominates,
whereas in the latter the dimension-6 Z portal is most important. In addition, in general
the dark sector contains C'P violation, which leads to mixing of different states and induces
couplings of all dark pions to both Z and Higgs portals, with relative strengths determined

3See also later studies of the w, M < A [22] and w, YYv?/M < A < M [23] scenarios.



by the model parameters. On the other hand, some dark pions may be stable, if they
are charged under an exact subgroup of the SU(N)y flavor symmetry. Here we consider
benchmark scenarios that demonstrate quantitatively all of these features. Related previ-
ous work includes studies of light dark pions coupled to the SM through different heavy
mediators [18, 19], and a general analysis of elusive dark sectors with non-renormalizable
portals [20].*

The presentation is organized as follows. In Section 2 we write the low-energy effective
field theory (EFT) for dark quarks interacting with the SM, obtained by integrating out
the heavy EW-charged fermions ). We then discuss constraints from the invisible Z and h
widths, and indirect bounds including EW precision observables. In Section 3 the EFT for
dark quarks is matched to an EFT for dark pions coupled to the SM, using both current
algebra arguments and a chiral Lagrangian for the dark sector (the latter is reported in
Appendix B). The dark pion EFT is used to determine the complete set of decay widths
and branching ratios to SM particles. For C'P-odd dark pions we make use of the new,
general calculation in Appendix A, where data-driven methods are exploited to evaluate
ALP decays for my < 3 GeV. In Section 4 several benchmark scenarios are presented,
based on different symmetries that the theory may possess. Lifetimes and decay patterns
are calculated for representative parameters in each benchmark scenario, forming the basis
for the phenomenological applications discussed in the next two sections. In Section 5 we
study dark pion production from FCNC meson decays. The decay rates for B — K®#
and K — 77 in our model are carefully derived. We obtain relevant constraints from
displaced decays of CP-odd dark pions to dimuons at the CHARM, LHCb, and for the
first time, CMS experiments. In Section 6 we consider LHC dark shower signals initiated
by Z decays, which have been overlooked so far in experimental searches. We focus on
7 — ptp~ decays, recasting a published LHCb search to obtain new constraints on the
parameter space. We also comment briefly on the promising potential sensitivity of ATLAS
and CMS. Finally, in Section 7 we return to the ultraviolet (UV) model and examine the
LHC reach on direct production of the EW-doublet fermion mediators. The current bound
and future reach are obtained from searches for supersymmetric EWinos, which share the
same experimental signatures (provided the dark jets are mostly invisible). Our conclusions
and some directions for further exploration are provided in Section 8.

2 Effective theory for dark quarks

Starting from the Lagrangian (1.1) and assuming M > Yo, Y v, where (H) = (0, v/v2)T
with v &~ 246 GeV, we can integrate out the () fields at tree level and obtain the EFT

1 —
LerT = 3 VY TM ™Y [|H\2up + iW“HTDHH} Yr + h.c.
L ot oo (s
+ 50 YT MY [|H\22]ﬁ + w“HTDuH] w1 + h.c. (2.1)

—Prwir + ¥ YT MY | H|? + hee.

4In a broader perspective, see also studies of heavier dark pions with masses above the EW scale [26, 27].
In addition, dark pions have been extensively examined as dark matter candidates, stabilized by symmetries
within the hidden sector, e.g. in Refs. [28-37]. In this work we offer only some brief comments about the
possibility of dark pion dark matter.



where we have retained operators up to dimension 6. In general, this effective Lagrangian
contains the same number of complex phases that appear in the UV, except if either Y
or Y vanish, in which case the counting is reduced to (N — 1)(N — 2)/2 [the “apparently
missing” phases then appear in additional operators that were not included in Eq. (2.1)].

The first terms in square brackets in the first two lines of Eq. (2.1) renormalize the dark
quark kinetic terms after inserting the Higgs VEV. These small corrections are neglected
in the following, unless otherwise noted. The second terms in square brackets in the first
two lines generate interactions of the ¢ with the Z boson. The third line gives rise to the
mass matrix,

2 ~
my = w — %YTM‘lY, (2.2)

where the last term is induced by the seesaw mechanism. For general Y and Y the
mass eigenstates ¢’ are obtained via unitary transformations ¢y, rp = Uy, RWL, r » and their
diagonal mass matrix is

my = UlmyUg. (2.3)
Barring cancellations, the ¢} are light if both terms in Eq. (2.2) are small compared to
A. This occurs most naturally if there is an (approximate) chiral symmetry acting on 1y,
(or 1R) to suppress both w and Y (or Y'). For example, that is the case in the tripled
top model, where Y =0 [13, 14]. The third line of Eq. (2.1) also generates the leading
couplings of the dark quarks to the Higgs.

2.1 Constraints from Z and Higgs invisible decays

The first, important constraints on the parameter space are obtained by assuming that
the dark hadrons mostly go undetected at colliders, so that the bounds on the Z invisible
width from LEP and on the Higgs invisible width from LHC apply. The EFT in Eq. (2.1)
induces Z decays to dark quarks via dimension-6 operators,

— N,m?3
T(Z =) 2
( VYY) 962G

where the small dark quark masses were neglected. For M = M1, this gives a branching

{Tr[<YTM—2Y)2] +(Y > ff)} , (2.4)

ratio

(2.5)

NyIr(YYiYYh) + (Y — ff)) <1 TeV>4
3 M )

BR(Z — /¢ ) ~ 1.8 x 10~* (

The LEP measurement of the Z invisible width requires AI'IY < 2 MeV at 95% CL [38],
and from Eq. (2.4) we obtain

NyTr(YYTYYH) + (Y — ?))1/4' (2.6)

M >0.7 TeV( ;

Y ~Y parametrically, the leading interaction of the dark sector with the Higgs boson
is the dimension-5 operator in the third line of Eq. (2.1), yielding

Ngmy,

T(h — 'Y ~ SonGn

Tv [YTM—lff (YTM_lff)T} . (2.7)



For M = M1 the associated branching ratio is
NdTr(YYTf/?T)> < 1 Tev)2

(2.8)

1! -2
~ 2. 1
BR(h — ¢/9) ~ 2.2 x 10 ( 3 0 7

where we have taken Y ~ Y ~ 0.1 as reference value for the Yukawas. Satisfying the
current invisible Higgs width constraint, BR(h — inv) < 0.13 at 95% CL [39], requires
N,Tr(YY YY)\ /2
3x 104 '

Note that for Y ~ Y ~ 1 the bound is M 2 40 TeV. The above Z, h — invisible bounds
are applied widely in the rest of the paper, as we focus mainly on GeV-scale dark pions,

M >04 TeV< (2.9)

for which assuming invisible dark jets is a reasonable first approximation. Nonetheless, it
should be kept in mind that these bounds may be weakened or lifted in regions of parameter
space where most dark pions are short lived.

A quick glance at Eqs. (2.6) and (2.9) indicates that the product Y'Y is much more
severely constrained than Y2 or V2. Given a new physics scale M, scenarios where Y ~ Y
parametrically are subject to a coupling constraint about one order of magnitude stronger
than scenarios with Y or Y ~ 0. This will have an important impact on the phenomenology,
as the dark pion lifetimes scale with the fourth power of the Yukawa couplings. In addition,
ifY ~0 [Y ~ 0] the dominant decay of the Higgs to the dark sector is either to gg via the
one-loop operator

L =coTr (YTM—2Y + ?TM—217> %\HPG@@W , (2.10)

where cg = 1 arises from integrating out the @) at one loop,® or to ¢’ @/ via the first [second]
line of Eq. (2.1). These processes are too suppressed to lead to current constraints from
h — invisible, but are discussed here for completeness. The one-loop Higgs decay to dark
gluons gives
s oy 43~ Dt
2304V/2m3G p
resulting in a branching ratio for M = M1,

ad<mh/z>>2<<N3 — [Ty Y+ WT)F) <1 Tev)4-

2 v 2+ 2
[Tr(YTM— Y +YiM- Y)] , (2.11)

BR(h — §§) ~ 1.3 x 1074 c29<

0.2 8 M
(2.12)
If Y = 0 we obtain, using the dark quark equation of motion (EOM),
— Namyp, _ _
T(h— 3) o 41y [wYTM 2y (wYTM—2Y T} 2.13
(h = /) = ( ) (2.13)

and for w ~ my1 and M = M1, the branching ratio is

2 4
BR(h — ¢/4') ~ 1.4 x 107° <NdTr(YYTYYT)>< il ) <1Tev) . (2.14)

3 0.5 GeV M
In the opposite case Y = 0, one replaces Y — Y and w — w' in Eq. (2.13).

®More generally, co may receive contributions from additional states, e.g. scalars in the tripled top
model [13, 14].



2.2 Indirect constraints

At one loop, integrating out the heavy fermions @ in Eq. (1.1) also generates higher-
dimensional operators built only of SM fields, which can be subject to relevant constraints.
The most important one is (H TELH )2, encoding a contribution to the EW T parameter [40,
41]. In fact T is most easily calculated in the UV theory, by applying, e.g., the results of
Ref. [42]. The derivation of a general analytical expression is rather cumbersome, but the
calculation simplifies if the dark Yukawas are diagonal, Y = diag; y; and Y = diag; ; :

Ny L o2 1

. 4 ~ ~

T~ 1672 Zm(yf‘?y;}*' 5933/3)7 (2.15)
i=1°"""

at leading order in the large-M; expansion and taking real couplings for simplicity. The
general case including flavor mixing can be treated numerically in a straightforward manner.
It is useful to compare the T parameter and Z — invisible constraints, in the simple scenario
M=M1,Y=YlandY =0,

NgN\1/2
M = 0.9 TeV Y2< d ) , (T parameter) (2.16)
NgN\1/4
M > 0.8 TeV Y(%) . (Z — ivisible) (2.17)

where for the former we have used the rough estimate T < 1072 and the latter follows
from Eq. (2.6). Since the two are comparable for Y ~ O(1), and additional beyond-
SM contributions can a priori alter the interpretation of the T' constraint, in most of our
discussion we stick to the more robust invisible Z width bound. When Y ~ )7, both are
subleading to the invisible h branching ratio constraint.

The operators |H [ B, B* and |H|*W,, W#"" are also generated at one loop. However,
since the Q4 are electrically neutral and the @), are charged but do not couple to the Higgs,
we expect the operators to come in the linear combination |H |2(g2Wﬁl,W“”i —¢'?B,, B")
which gives a vanishing contribution to the hvy~y coupling.

CP violation in the dark sector could feed into the visible sector, inducing electric
dipole moments (EDMs) for SM particles. The strongest limit comes from the electron
EDM [43]. Corrections to the electron EDM arise through the loop-suppressed operator
Ops -
ations apply to |H |2W/il,W“” %). Inspection of the relevant diagrams shows that O g does

=|H |2BW§/“’ , which in turn contributes at one loop to the EDM (similar consider-

not arise at one loop. Furthermore, if Y =0orY =0 the two-loop contributions turn out
to be strongly suppressed by an extra ~ w?/M? factor. If both Y and Y are non-vanishing
BE ™ NY2Y2g'2/[(47)* M2, leading to a constraint M > 1.5 TeV YV
for Ny = 3 [44]. This is much weaker than the Higgs invisible branching ratio bound,
M = 40 TeV YY from Eq. (2.9). In summary, we find that EDMs do not provide addi-
tional constraints in this model.

we estimate c

3 Effective theory for dark hadrons

At energies below A, the SU(NN4) gauge group confines and the dark quarks and gluons form
hadrons. For N > 2, the lightest hadrons are pNGBs of the SU(N ) xSU(N)r — SU(N)y



symmetry breaking and belong to the adjoint representation of SU(N)y. As the simplest
example and representative case for phenomenological studies, in this work we focus on
N = 2. The three dark pions 7, are defined in the basis where the light quark mass matrix
is diagonal,

T~ (Y100 — Upoaty) = §lioarsd (3.1)
where o, are the Pauli matrices. Importantly, the 75 has J©¢ = 0~ whereas 71,3 have
0=, as can be derived from Eq. (3.1) using @;PLvai < @{PLRI%. Note that in the
absence of a U(1) flavor symmetry, i.e., if Y, Y are not diagonal, 7; and 7o are distinct
states. Their degeneracy will be lifted by Y, Y interactions, as demonstrated later by
explicit examples. We do not discuss in detail the dark flavor-singlet 7, which at small Ny
receives a large mass from the dark U(1)4 anomaly.

The couplings of the dark pions to the Z boson can be derived from the interactions
in the dark quark EFT of Eq. (2.1),

2
U S _ P o~ _ ~
— 92 (P RY T MY A pg + 0 Y I M2V ML) Z,, (3.2)

where gz = \/¢? + g’2. We rewrite this as

3
S (T AUyt A 2 = =L S {Tlog( A+ Ajf + Tloo(A — A, § 2.
q=0

(3.3)
where the dimensionless matrices A and A are defined as
Ve 2 ~ v 4 25
A= ?URYTM* YUg, = ?ULYTM* YU, (3.4)
and og = 15. In addition,
. . . . . . . —1/ (o}
G4 =JLq+Trgs T =TRg =Ly JLng= VLRV VLR (3.5)

The pions are excited by the axial vector current. We define their decay constant from

(0178, (0) |75 (p)) = — iap f5 D" , (3.6)

with normalization corresponding to fr ~ 93 MeV in the SM. Thus the last term on the
right-hand side of Eq. (3.3) yields a tree-level 7, - Z mixing, and the partial width for the
decay to a pair of SM fermions f is

f
- Z .7 N¢ ~ 2 am2\ 1/2
D(7a % £f) = = Trloa(A - A)] G%a%m?f%mﬁa(l— mgf) : (3.7)

where ay = Tgf and N/ =3 (1) for quarks (leptons). It is important to note that, in the
absence of C'P-violating phases, 71 3 decay through the single Z exchange but 72 does not,

because
Tr[o2(A — A)] = i[(A — A)12 — (A= A)}y] =0, (3.8)



where we have used the hermiticity of A, A. For light dark pions it is in fact convenient
to integrate out the Z boson, obtaining
9z f

I Mrlou(A— Aol (0 —aps)f - (o =T —253Qy, ap =Ty)  (39)
Z

Due to the conservation of the vector current, the interaction relevant to describe dark
pion decays is

oy = 1 fa
ﬁb) Cff7#75f7 YTSY .

a

f(b) 202

a

Trloy(A — A), ¢ =T}, (3.10)

where f(gb) is the effective decay constant of 7. Equation (3.10) enables us to apply the
new calculations presented in Appendix A, where for arbitrary (flavor-diagonal) ALP-SM
fermion couplings we perform the matching to the SM chiral Lagrangian, augmented with
exchange of scalar, vector, and tensor resonances above 1 GeV, and by extending data-
driven methods pioneered in Ref. [24] we evaluate the ALP decay widths to an extensive
set of exclusive hadronic SM final states. The results are reported in Fig. 1, which is one
of the main novelties of this work. The lifetime is also shown in Fig. 8, see Appendix A.
To gain some initial insight on the scales we take, e.g., Y = 0, giving the parametric

M?> M/Y\? [ GeV
ST C) LT
1 My (MY () oy

where C'P conservation was assumed for simplicity. As the constraint from Z — invisible
gives roughly M/Y 2> TeV, see Eq. (2.6), for fz ~ GeV the C'P-odd dark pions can be
regarded as light ALPs with effective decay constants 2 PeV.

In fact, from the quark-level EFT in Eq. (2.1) we can directly derive that the dark

scaling

pions couple to the Higgs current, namely £ D iH TEMH oHy/ féb) .5 Because the dark pions
are appropriate degrees of freedom only at energies below A and the latter is smaller than
the EW scale in most of our parameter space, the use of the broken EW phase is warranted
and such an effective description is not fully justified. Nonetheless it affords us a first brief
discussion of FCNC meson decays [45-47], by applying the leading-log results of Ref. [48].
The flavor-changing couplings of the dark pions to quarks arise at one loop,

- 2 ViV m?2 M?

ad) o - ‘ ' a(b) g qj "9 g

= 9ij auﬂdej'y“sz + h.c., 9 = _4f(b) E 1672 m%/v log m2
a qgeu,ct q

(3.12)
Note that the appropriate mass scale to cut off the logarithm is M ~ TeV — the largest
physical threshold here — and not féb), which is a combination of parameters with dimension
of a VEV and does not correspond to the mass of any particle. In addition, owing to the
modest separation between M and my, finite pieces are expected to be important. Both
expectations are confirmed by the explicit calculation in Section 5. There, we show that

5In turn, this can be rewritten in terms of dark pion-SM fermion couplings using the leading order EOM
<> J—
for the hypercharge gauge field, iH D, H = —2 > wecniral YO UV Y — (2/g)0” By, noticing that the piece
involving B vanishes upon integration by parts.
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Figure 1: Decay widths (top) and branching ratios (bottom) of a light ALP coupled to SM
fermions with ¢y = TE s In the top left panel the vertical dot-dashed line indicates the m, =
mfas where our evaluation of the total hadronic width transitions from ), I'(a — excl;)
to I'(a — gg). Correspondingly, in the bottom left panel the dot-dashed curve displays
the branching ratio that is not captured by the considered exclusive modes. Note that at
mrans the NLO QCD correction to I'(a — gg) in Eq. (A.3) is 235 as(mia™s) /(127) ~ 1.6
times the leading order, suggesting a sizable residual uncertainty for this width.

current meson FCNC constraints are at the level f, ~ 103 TeV, as obtained from B — X 7
decays (where X denotes a strange hadron state) with long-lived # — putu~ at CHARM,
LHCb and CMS for mz 2 2m,, , and from searches for K™ — 7 # with invisible 7 at E949
and NAG62 for smaller dark pion masses.

The dark pions can also decay through tree-level Higgs exchange. To derive the decay
width, the starting point are the following interactions in Eq. (2.1),

_ 1_ .
U1 Bph + h.c. = 5q,z/[B + B+ (B-BY)w]v'h, B=oUlYTM'YUg, (3.13)

where we have already rotated to the quark mass eigenstate basis and the coupling matrix
B is dimensionless. The piece of Eq. (3.13) containing 5 is relevant for dark pion decay,

and we rewrite it as
3

- % > Trlioy(B - BT)]E’%%WL. (3.14)
qg=0

- 11 -



Finally, recalling Eq. (3.1) we have
<D|¢/l 5¢/(0)|ﬁ (p)> éa J# T (3 15)
2 " b b Tr(mw/) ’ ’

which allows us to calculate the decay width mediated by a single Higgs exchange,

4m3£ 3/2
f 2H2 —
o N 2 Gp ., f2B m( m)
I'(mg = ff) = 4; Trlio, (B — BT)] 12 m?“ = 7724 . m2 \2 (3.16)
Y

2
Ta

sector chiral perturbation theory (ChPT), see Appendix B. It is immediate to see that

where we have employed the relation mz = 30Tr(m¢/), valid at leading order in the dark
if C'P is conserved, the trace in Eq. (3.16) can be non-vanishing only for a = 2, since
(iog)* = iog whereas (io13)* = —io13. Note that the interference between the Z- and
h-mediated amplitudes vanishes in the 7, — ff process.

Comparing Eqs. (3.7) and (3.16), for Y ~ Y we find T'(z & ff)/T(7 2 ff) ~
M?%B3/ mj which is O(1) for typical choices M ~ 1 TeV and By ~ 10 GeV (dimensionally,
we expect By ~ 4w f#). However, for hierarchical Yukawas the ratio is suppressed by y?2 /Y?
or viceversa, and the pions decaying via the Z mediation can have much shorter lifetimes
than those decaying via the Higgs exchange.

For GeV-scale dark pions, Higgs-mediated decays to exclusive hadronic SM final states
become important. We do not attempt to reassess them here, but account for them fol-
lowing the results of Ref. [25] (see also Ref. [49] for a recent reappraisal), by matching to
their definition of the couplings

2 .
aMme . = a f= mz, Trfio,(B — Bf
RPCLCEN T S [ioa( )]

=T 3.17
2 Tr(my) m2 —m2 (3:.17)

Ta

As in Ref. [25] we take my; = 95 MeV, however we include the running of m.; in the
perturbative spectator model and consider the decay to photons,

2.2 3 2
39a m ;
(¢ — yy) = MTJZ > 2NiQFwi [14+(1—m:) f (2:)?] = [243zw+3aw (2—2w) f (aw)?] |
i € fermions

(3.18)
where z; = 4m22/m$s and the function f(z) is defined in Eq. (A.4). The matching constant
parametrizing ¢ — 47, mn, ... [25] is fixed to C ~ 4.8 x 1072 GeV~2. The resulting decay
widths and branching ratios are shown in Fig. 2.

Parametrically, the dark pion-Higgs mixing angle takes on the scaling,

YYu o 1+ \( YY/M

~3x107° 3.19
Mm2 " <GeV) (0.03 Tevl)’ (8.19)
where, as in Eq. (3.11), C'P conservation was assumed for simplicity. Since the bound

from h — invisible reads roughly YV /M < 0.03 TeV~! (see Eq. (2.9)), for fz ~ GeV the
CP-even dark pions can be viewed as Higgs-mixed scalars with mixing angles < 1076,

séz) ~ 21 f2
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Figure 2: Decay widths (left) and branching ratios (right) of a light CP-even scalar
coupled to the SM via Higgs mixing. The dot-dashed line at my = 2 GeV indicates the
point where the description of hadronic decays transitions from dispersive methods to a
perturbative spectator model, following Ref. [25].

When a single dark pion decays through both the Z and h portals in the presence
of C'P violation, we neglect the interference between the two amplitudes, which vanishes
for 7, — ff as already noted, but can a priori be nonzero for more complex final states.
< 2my ~ 10 GeV, where a wider range of

~

In this work we focus on the mass range ms
experiments are relevant and our results are expected to have the most impact.

We end this section with some brief comments on the heavier dark hadrons, including
non-pNGB mesons and baryons. The dark vector (and axial-vector) mesons may be relevant
to intensity frontier phenomenology, where they can be produced first and subsequently
decay to dark pions, if kinematically allowed. In the N = 2, N; = 3 theory considered
here, lattice QCD calculations at pion masses larger than their physical values can be
repurposed [50] to parametrize the hidden sector, at least for moderately heavy pNGBs
with 0.1 < m2/ m%/ < 0.7, where V denotes the dark vector resonance. As for the baryons,
the lightest among them is stable due to dark U(1)p, but its relic density can easily be
very suppressed unless a dark baryon asymmetry is present. In this work we focus on the
properties and phenomenology of the dark pions, neglecting the heavier hadrons.

4 Benchmark scenarios for dark pions

In this section we discuss the range of possibilities for the dark pion properties, begin-
ning with general arguments. If the theory respects the SU(2)y isospin symmetry, i.e.,
w, MY, Y 15, then A, g, B x 15 and all dark pions are stable. It is also possible that
the SU(2)y is explicitly broken to its U(1) subgroup, i.e., w, MY, Y and hence A, A,B
are diagonal. In this case 7+ = (&, F i#2)/V/2 is charged under the U(1) and therefore
stable, while g = 73 can decay (to avoid any confusion, we remark that the subscripts do
not indicate SM electric charge).

Furthermore, specific models can give rise to distinctive patterns for the masses and
couplings. For example, in a setup inspired by the tripled top [14], but where the two
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) Symmetries possessed Decay portals
Scenario ~
Y =0 | exact U(1) exact CP m o 3
Section 4.1 v X X Z Z Z
Section 4.2 X v X stable stable Z,h
Section 4.3 X X v Z h Z

Table 1: Summary of the benchmark scenarios considered in this work. A chiral symmetry
can be the origin of Y = 0. In the second scenario, 7+ = (#1 F if2)/+/2 is stable because
it is the lightest particle charged under a dark U(1).

hidden sectors share a common dark color gauge group, we expect M = M1s, Y ~ 312
and Y ~ 0, which implies AV, B ~ 0. In this case the main source of isospin breaking in
the hidden sector comes from the diagonal m, ~ w. As a result, the U(1) subgroup is
approximately preserved and the 71 2 have much longer lifetimes than 3.

The above considerations make it clear that, even for the minimal dark pion theory
with N = 2, the parameter space is too vast to be covered systematically in this first
study. Therefore we choose to discuss a few benchmark scenarios that give rise to distinct
phenomenology. With these, our aim is to be illustrative rather than exhaustive, and we
expect that other interesting patterns may be found in future work. We begin with a few
comments on the case of stable dark pions and their possible role as dark matter, and
then turn to the study of three benchmark scenarios where at least some of the pions are
unstable and decay to SM particles. The key features of these three are summarized in
Table 1. For each scenario, in the phenomenological analysis we fix generic textures for the
Yukawa and mass matrices, paying attention to avoiding enhanced symmetry points. This
reduces the number of independent parameters to a manageable handful.

Scenario 0: Isospin-symmetric limit and dark pion dark matter

As already mentioned, for w, M,Y, Y 15 the dark pions form a stable triplet of SU(2)y,
which is a dark matter candidate.” However, in this limit the dark pions do not couple to the
Z (see Appendix B), hence reducing their cosmological abundance to a viable level requires
adding extra ingredients to the theory. For N > 3 the number density can be depleted
via 3 — 2 processes mediated by the Wess-Zumino-Witten action, potentially realizing
Strongly Interacting Massive Particle (SIMP) dark matter [31], although an additional
mediation between the dark pions and the SM should still be introduced to transfer the
dark matter entropy to the SM. If the mediator is a dark photon that mixes kinetically
with the hypercharge [51-53], care must be taken to check dangerous decays of singlet
pions, which can be made viable through appropriate mass splittings for odd N [53, 54],
or prevented by imposing suitable discrete symmetries for even N [54]. Such scenarios
provide appealing origins for light thermal dark matter, but as they are rather tangential
to the central aspects of this work, we do not discuss them further.

"Note that in this case the theory contains 1 physical phase, for any N.
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4.1 Scenario 1: Y =0
In this case there is no constraint from the invisible decay branching ratio of the Higgs. In

general Y contains 1 physical phase, which can be parametrized, e.g., as

eia
y — Y11 Y12 (41)

Y21 Y22

with real y;;. It is convenient to perform a further redefinition which renders YiIM—2Yy

real,®
i Y11Y12 o ]
i ) Sin &« M12 €Zay11 y12eza
Yr1 — € “PRr1, & = arctan - Y= , (4.2)
’ cos o ¥iLy12 + Y21Y22 i&
M3 M2 €7Y21 Y22

and the same for ¥, so that the mass matrix remains real.”

All three dark pions are unstable. As anticipated, 7; and 73 have unsuppressed decay
to SM particles via the Z portal, so their lifetimes and branching ratios can be directly
obtained from Appendix A. Since Y = 0, instead of the Higgs portal 7o decays through
C P-violating mixing with the other pions. To estimate its lifetime, we need to take into
account several corrections to the leading-order pion Lagrangian:

e The pion mass splitting generated by O(p*) ChPT operators with insertions of the
quark mass matrix, e.g.,

C7B8
(4m)?

where c¢7 is a coefficient expected to be of O(1) by naive dimensional analysis. For

C7B(2)
2 £2
4= f2

2
(Tr[mw/UT - UmL,]) 5 - (w1 — we)272, (4.3)

generic dark isospin breaking |wy — wa|/(w1 +w2) ~ O(1), as assumed here, Eq. (4.3)
is the leading correction to the pion masses. Therefore, to estimate the C'P-violating

decay of 75 we can focus only on its mixing with 7.0

e The effects of tree-level Z exchange,

f3v? Faf—2 . \?2
—3—2(Tr[aaY M~2Y] 8M7ra) , (4.4)

which correct the kinetic term of @ (and 73), but not 7.

8We assume cos ay11y12/M12 + y21y22/M22 > 0 for definiteness.
9The low-energy quark masses are given by

my = w(l - %Y*M’ZY),

as obtained after applying the leading-order EOM to the first term on the right-hand side of Eq. (2.1).
This is diagonalized to mys by ¥r,r = Ur,rYL g, but in practice we neglect the (Yv/M)-suppressed
corrections.

ONotice that if w; = wo the theory actually preserves C'P, because the phase a can be removed by a
U(2) rotation of the v fields. The same applies if M7 = Ms.
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e The one-loop contributions from box diagrams, with parametric scaling

2
- 3222 > Tr(oY M 2Y] Tr[oY Y] 0, ta0" 7, (4.5)
a,b

These yield in particular a C'P-violating mixing of 7; and 7o, provided
1 .oa A
§Tr[02YTY] = sin & y21y22 + sin(& — a)y11y12 (4.6)

is nonvanishing. This is the case if a # 0, all y;; # 0, and My # My (if My = Mo,
YTY is real because YT M 2Y is).

Once the above effects are included, the kinetic terms for 71 o are made canonical by the

rotation
T c s T T Y'Y
! — f12 f12 ! R tan 2912 =753 Tr(0_22 ) T .
o — 5015 Cou 7o m202Tr(0 Y TM~2Y) + Tr(01YTY)

(4.7)
To understand quantitatively the dark pion properties we focus on the following pattern
for the Y and M matrices,

i

V2

which is of generic nature. From Egs. (3.10) and (4.7) we find the effective decay constants

T 2
= V2y12 =3y = Y22 = ¥/, a=z, §M1=M2=M, (4.8)

of 713 and the C'P-violating 71-2 mixing angle, respectively,

M? 3) M? 0.20

IV ~305—, fBx-18—— tan 2019 ~ .
Y2 f Y2 fr 1+0.036 (4m)?

(4.9)

The decay width of the physical 75 is then I'z, ~ sin? §15 ['s,. Dark pion decays are mainly
controlled by the three parameters y/M, fz, and mz. The mediation strength is constrained
by the Z invisible width: Eq. (2.4) gives y/M < 1.1 TeV~! (assuming Ny = 3).

The dark pion lifetimes are shown in the left panel of Fig. 3, choosing y/M that
saturates the LEP bound and fixing f; = 1 GeV; other results are obtained by rescaling
T oc f22(y/M)™4, see Eq. (4.9). Remarkably, for y ~ 1, M ~ 1 TeV and f; ~ 1 GeV, i.e.
parameter choices motivated by (neutral) naturalness [14], the lifetime of 7; falls between
10 meters and 1 millimeter across the mass range 2m,, S ms < 2my,. Therefore, this dark
pion is a matural LLP target for present and future experiments. On the other hand, 79
and 73 have much longer lifetimes. As 615 depends on M but not on y, for illustration
we show the range of 74, obtained by varying M € [1.1,5] TeV, where the lower edge
corresponds to the current bound on the @ mass from direct searches at the LHC (see
Section 7). We stress that for the 7o lifetime we have performed an estimate, rather than
a precise calculation, as sufficient for our purpose. The right panel of Fig. 3 shows selected
branching ratios, which are the same for the three dark pions as they all decay through
the Z portal (if the C' P-violating mixing with the other pions is very suppressed, 7o may
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Figure 3: Lifetimes (left) and branching ratios (right) of the dark pions for ¥ = 0. In

the left panel we have fixed y/M to saturate the Z — invisible bound and f;z =1 GeV. In

the right panel only selected decay channels are shown; see Fig. 1 for the complete picture.

The vertical dot-dashed line indicates the value of m; where our description of ALP decays

transitions from exclusive hadronic final states to perturbative QCD.

decay through Higgs mediation via a small Y # 0, but we do not study that possibility
here).

This benchmark scenario provides a theoretically motivated and remarkably simple
target for current and future experimental probes. The constraints from and future op-
portunities in FCNC meson decays are discussed in Section 5, whereas the prospects for
discovery at the LHC via Z decays to dark showers are presented in Section 6.

4.2 Scenario 2: exact U(1)

If the U(1) symmetry {1, Q} — €*73{1), Q} is preserved, the Yukawa matrices are diagonal.
Parametrizing the two physical phases as Y = diag (y1,y2), Y = diag (G161, €2, the
EFT quark mass matrix (2.2) is diagonal but complex, and is transformed into a real and
positive my by the rephasings'!

. =2
sin oy 7%%”
3

wL — ULwLy UL = diag (ei&la ei&2)7 dl = arctan v giv2 (410)
Ww; — COS 51\1/11

which also leave the (real) Z1) coupling matrix Y M~2Y unaffected. While the charged
pion 74 is stable, 7y decays through the Z portal and, in the presence of C'P violation, the
Higgs portal. The cosmological history can be easily safe. The mass splitting of charged
and neutral pions is controlled by the operator in Eq. (4.3), which yields mz, < ms, if
c7 < 0. Then 47— — mo7p conversions followed by decays of g to the SM with lifetime
Tz, << 18, as realized throughout the interesting parameter space, result in a very small
74 relic density without affecting Big Bang nucleosynthesis [18].

'We assume w; — cos a; yigw?/@Mi) >0.
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To simplify the analysis of the parameter space we assume w; = ylf(/} cos o, which

can be regarded as a particularly simple case of the scenario where w and Y'Y v? /M are of
the same order. This choice leads to &; = «; and My = vigiv? [ (2M;).
In addition, we choose the generic patterns
1. 3

3n=vy2=1y, SU1L=Y=Y, ——a1=q

T
_— —M My =M 4.11
3 4 4’ 1=My=M, (411)

giving the bounds from invisible Higgs and Z decays

~ 1/2
Y <oo2mev-t, WD 26,21/ < g ey (4.12)
M M
respectively, obtained from Egs. (2.7) and (2.4). We have defined r = y/g. The dark pion
mass reads 1
yny 1/2 h—><inv fﬁ'
(3 fs ) S 866GV (g (4.13)

where we have set Bo = 47r fx.
Owing to the C'P violation, the decays of 7y are an intricate combination of Z- and
h-mediated processes. For the former, the effective decay constant is found from Eq. (3.10),

2
0~ g1

a

(r+1.3771)71, (4.14)

e

For the latter, the coupling of the dark quarks to the Higgs reads 1; Byph + h.c. with
B=v U;YTM_IY, and we can apply Eq. (3.17) with

yyv

(4.15)
The first equality holds in general and shows that s(go) would vanish for w = 0, as a

Y202
Mo

P2U2 o i 142 50 5 7 g2

—Tr[wg(B BY)] = Y191 T Saythy — M

My

consequence of sin(a; + &;) = 0. At this stage we can take {yy/M, M,r,mz} as the four
independent free parameters, with f; fixed via Eq. (4.13). In Fig. 4, we set yg/M to its
upper bound from h — invisible and explore the remaining three-dimensional parameter
space. As expected, the 7 lifetime depends strongly on r: if M ~ O(TeV), for r > 1 or
< 1 the Z portal dominates (with branching ratios that are well described by Fig. 1). Note
that the dependence of the dark pion lifetime on its mass is very different from scenario 1,
as can be observed by comparing with Fig. 3. The reason is that, while in scenario 1 f#
is independent from my, here Eq. (4.13) dictates the scaling fz o< m2, resulting in a much
shorter lifetime as the dark pion mass increases.

Conversely, for » ~ 1 the Higgs portal plays an important role, dominating the total
width for mz 2 2-3 GeV. For this reason, in the bottom panels of Fig. 4 we show the
branching ratios at » = 1, which best illustrate the complexity of the decay pattern. If
ms < 2 GeV the branching ratio to the C'P-even KK final state is of several percent,
which could rise up to ~ 15% in the region below the c¢ threshold, although the descrip-
tion adopted here [25], based on the s§ final state in a perturbative spectator model, does
not permit a more accurate prediction. For m; above the c¢ threshold Higgs exchange
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Figure 4: (Top) lifetime of 7y for exact dark U(1). We have set yy/M to saturate the
h — invisible bound, while f; is fixed by Eq. (4.13) as a function of m; (representative
values are indicated by vertical dot-dashed lines). Filled bands display the full width
varying 1.1 < M/TeV < 5, for three values of r = y/y, where r ~ 100 and r ~ 1/41 are
chosen to saturate the Z — invisible bound for M = 1.1 TeV. Dashed curves indicate the
same, but including only the Z-mediated contribution to the width. (Bottom) g branching
ratios for r = 1, M = 1.1 TeV, and yy/M saturating the h — invisible bound. In the left
panel, the hadronic channels mediated by Higgs exchange are indicated by thicker curves.
For v, eTe™ and u™p~ the Z- and h-exchange contributions were summed. The vertical
dot-dashed line indicates ms = 2 GeV, where the description of C' P-even decays transitions
from exclusive hadronic final states to a perturbative spectator model. In the right panel,
dashed curves show the contribution to the BRs of the Z-mediated widths.

completely dominates the width, yielding the interesting prediction that a heavier (and
therefore shorter-lived) 7y mainly decays to C' P-even final states if the dark Yukawa inter-
actions contain sizable C'P violation.

4.3 Scenario 3: exact CP

The third and last scenario we consider is one where CP is exactly preserved by the
dark Yukawa interactions. As in scenarios 1 and 2, to reduce the number of independent
parameters the Yukawa and mass matrices are set to definite patterns. These are chosen
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to be of generic nature, avoiding points of enhanced symmetry. We take

2 1/4/2 ~ 4/3 1/5 3/2
Y = V212 y, Y= /31 g, M= / M, (4.16)
1/3 1 1 1 1
leading to the h, Z — invisible bounds,
> ~\1/2
% <0.010 TeV !, %(rz +1.87r HY4<1.0Tev !, (4.17)

In addition we take {wy,ws} = k{1, 2}yjv? /M, with k being a dimensionless free parameter,
so that after mass diagonalization Tr(my) = c(k)yjv®/M where c is a dimensionless
function. The pion mass is from Eq. (B.2)

yiv\
=14 7 . 4.18
me = (4mcl) 257 (4.18)
As a consequence of C'P invariance, 7y decays only through Higgs exchange, with lifetime
dictated by Tr[ioo(B — B)] = d(x)ygv/M, with d being a dimensionless function. Setting
By = 4n f5 leads from Eq. (3.17) to

séQ) = 27d(k) f2 Jyv

In the top left panel of Fig. 5 we show the 79 lifetime as a function of ms;, for several values
of K. T4, becomes very long for k < 1, because in the limit £ — 0 we have B oc my, which
is diagonal, hence d(x) — 0. 7z, also increases for x > 1, due to the larger ¢(x) which for
fixed ms; requires a smaller value of f;, thereby suppressing 822). The shortest lifetime for
a given ms is thus obtained for x ~ 1, i.e., when the mass scales w and YY0? /M are close.

The C'P-odd dark pions 713 decay only via the Z portal, with decay constants that
depend strongly on r =y /7y,

2
£ = p0) () M (r + q(b)(n)’r_l)il, b=1,3, (4.20)

Yy fx
where p®, ¢® are dimensionless functions. It is instructive to compare the lifetimes of
all three pions. To do so we focus on k = 1, showing in the top right panel of Fig. 5
the lifetimes for illustrative values of .12 At small masses the C'P-even pion 7, has the
longest lifetime irrespective of r, but for ms 2 4 (6) GeV it becomes the shortest-lived for
r ~ 1(10). Recalling the branching ratio patterns shown in Figs. 1 and 2 for C'P-odd and
-even pions, we conclude that the expected signatures from dark shower events display a
striking dependence on m;. For simplicity, here we have considered r > 1; in the opposite
regime r < 1 the behavior is very similar, but with the roles of 71 and 73 reversed: in
particular, for » < 1 it is 73 that has the shortest lifetime.

2For k = 1, the dimensionless functions take the values ¢ ~ 1.7, d ~ — 3.8, p™") ~ 2.6, ¢ ~ —0.32,
p® 10, ¢® ~ —6.0.
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Figure 5: Lifetimes of the dark pions for a C'P-conserving dark sector. (Top left) lifetime
of o for representative values of k, setting ygy/M to saturate the h — inv bound. Note
that for a given ms, to each curve corresponds a different value of f; via Eq. (4.18); the
thin dotted portions have m; > 4x f; and are therefore not physical. (Top right) lifetimes
of the three dark pions for k = 1, M saturating the constraint from direct () searches,
yy/M saturating the h — inv bound, and illustrative choices of y/y consistent with the
Z — inv bound. (Bottom) zooming in on light dark pions with ms < 2m,, and showing
the effect of decreasing yg/M. Due to a compensating increase of fz via Eq. (4.18), the
71,3 lifetimes are not affected, whereas the one of 7 is shortened. Dots mark representative

values of f7 in GeV.

Thus far, we have fixed yy/M to the upper bound from h — invisible. If this parameter
is decreased by a factor n > 1, fz must be correspondingly increased by n in order to keep
the same dark pion mass, as dictated by Eq. (4.18). These two effects exactly compensate
(for fixed M) in the decay constants fél’g), leaving 77, ; unvaried, whereas from Eq. (4.19)

éQ) is an n-fold increase, and therefore the 7y lifetime becomes

we read that the net effect on s
n? times shorter. We illustrate this somewhat counter-intuitive effect in the bottom panel
of Fig. 5, which shows that even for ms < 2m,, the 7y lifetime can be as short as O(1-
10) m, provided f; ~ 10 GeV. Furthermore, 72 can easily have the smallest lifetime
among the dark pions. These results are especially interesting in view of a proposed LHCb
search for LLPs decaying to KK~ [55], which may have sensitivity to our 72 since in

this mass region its BR to KK is sizable, see Fig. 2. As for the largest plausible value of
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f#, the neutral naturalness framework suggests A ~ 47 fz < 100 GeV, corresponding to
f+ < 10 GeV, while the ultimate limit is A < M, otherwise, the @’s cannot be treated as
heavy dark quarks anymore, the global symmetry pattern is modified and the EFT breaks

down.

5 FCNC meson decays

Light dark pions may be produced in FCNC meson decays if kinematically allowed. To
describe these decay rates, we calculate the four-fermion effective operators of the form
drad L,@J/d}/ with a < 8. In our theory they arise through two classes of one-loop diagrams:
Z exchange with insertion of the dr.d 1< coupling, and box diagrams containing W and
@, internal lines. The amplitudes can be fully obtained from the classic results for ds — vv
in Ref. [56], leading to

Gr ¢*
Lo = —=—5dravudrL VeV (5.1)
e \[4 2 7 ﬁq;t qo Va8
— ’02 UT?T ik ?UL ki UTYVJr ik YUR ki —
Z 71127”? U1 )M(2 ) 1P+ Vs )M(Q ) L PR | 9D (g, xy = 0;yx) + hec.
ik,j=1,2 k k

where z, = mg/m%,v and yr = M2/m?; (rvecall th% the mass of QF is simply M},). For our
purposes we can safely take the large-y; limit of D,

D(zq, 1y = 0;y, — 00) =~ 2(1og %—2) +x4 (210g %—7)—log i—k—i-Slog :1:q+5].
q q q

8(zq z 1)2 [—xq(
(5.2)

If the k-dependence of the D function can be neglected (e.g., for M = M15), we arrive at
a simple expression for the relevant effective Hamiltonian,

2

M
—Z—draY.drsVi Ve Tr [op(A— A)]j log——2 +3|+h.c., (5.3)
\f642 ““*ﬂbz; 5b[W< m3 )}

where only the first few terms of the dominant top loop were retained. The meson decay

Heff D)

amplitude is then, assuming factorization of the hadronic matrix elements into a SM factor
and a hidden factor,

. 2 # % M2
(Fa X Hor| B) = (7ol (X|Met| B)I0) = 25 ViaVio (X [517,b1 | B) 225 | 2 (1og =5 —2) +3]
64 #la)r Lmg, m?

(5.4)
where we have focused on B — X7, decays with X = K, K*, and applied Eq. (3.6). For
the decay widths we find

2
3 M?2 2 (2
[(B — K#a) = —B fy(m2)? gvtsv“’ log — —2) +3]| (1-2K)" A2,
64 a2 pla) 2 K#
0 642 f m? my

T(B— K*#)  Ag(m2)2 N2
(B = K#a)  fo(m2)? ( m%()2)\1/2 ’

(CP odd) (5.5)

2

mB K#
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where Ax; = (1 — (mngm”)?) (1 - (mXT;iQm”P) The log-enhanced contribution to I'(B —
Kg) is in agreement with what one finds [48] from Eq. (3.12), but the finite terms have
an important quantitative impact: for M = 1 TeV, retaining only the logarithmic piece
overestimates the rate by a factor ~ 3. The definitions and numerical values of the form
factors fo, Ag are taken from the light-cone QCD sum rules analysis of Ref. [57], with
f87K(0) ~ 0.27 and AF75(0) ~ 0.31. An expression analogous to the first line in Eq. (5.5)
applies to K — w7, with the appropriate replacements of masses, CKM elements, and the
form factors available from lattice QCD with f&=7(0) ~ 0.97 [58].13

FCNC decays can also produce the C P-even dark pions, through Higgs mixing. The
corresponding amplitudes are proportional to the Higgs penguin, resulting in [60, 61]

3\/§GF mdﬁ

Lor= S5 ~ L dpadrssy e Y M2V Ves +hec., (5.6)
q=u,c,t
and
g ViV ss” m2| (1 mE2 i
N(B = K) = G himd)* | o5 | (1-58) M

T(B = K*,)  Ag(m2)? A2

I(B = K#a)  fo(mZ)? ( _ ﬁ)ﬁ}(/ﬁ

, (CP even) (5.7)

2
mp

for the decay widths. Evaluating Egs. (5.5) and (5.7) we find
10° TeV
R(BHO 5 (K, K0%)) ~ {0.92, 1.1} x 10—8<(e {A}{/i, 321, (CP odd)
f
(5.8)

®  \2
BR(BUH0 s (K7, K*%,)) ~ {2.6, 3.3} x 10712 (3;91(]_6) (N2 032 3 (CP even)

where in the C'P-odd case we have set M = 1 TeV in the logarithm.

5.1 Constraints and projected sensitivity

We now highlight a few implications for our parameter space, focusing mainly on ms >
2my,. The theoretical predictions in Eq. (5.8) can be compared with the current BaBar [62]
and Belle [63] 90% CL bounds on invisible decays,

BR(BT - KTvi) <1.6 x 1075,  BR(B' —» K* %) < 1.8 x 1075, (5.9)

For C'P-odd scalars, branching ratios at the 107 level require féb) < 100 TeV, but in
this regime the dark pion lifetimes become sufficiently short to ensure that decays to SM
particles occur inside the detector (see Fig. 1 or 8), thus violating the search assumptions.

13Tree-level contributions to K — ma have also been considered [59], but are negligible here since the
ALP couples to fermions with universal strength (in absolute value).
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Therefore more relevant are searches for B — K (*)(X — pp) with long-lived (scalar
or pseudoscalar) x at LHCDb [64, 65], as well as the re-interpretation in terms of these
decays [66] of results from the CHARM beam dump experiment [67]. In addition, CMS
has recently presented a novel search based on data scouting [68], setting limits on the
inclusive branching ratio for B — Xs(x — pp) [69]. In our setup this may be related to
the exclusive branching ratios via

BR(B — X,a) = (4 + 1) x [BR(B = Ka) + BR(B — K*a)], (5.10)

as estimated from the observed values of BR(b — sff) and BR(B — K)¢¢) [70]. The
sizable uncertainty reflects the still-unsettled experimental status of these measurements.
The relation (5.10) enables a direct comparison of the CMS and LHCb/CHARM bounds. In
Fig. 6 we show such comparison for four representative ALP masses in the range m, < 2m.,
where searches for a — p+ ™ are relevant, as seen from the branching ratios in Fig. 1. The
LHCb and CHARM constraints are taken from Ref. [66], whereas we apply here for the
first time the CMS bound [68] with the help of Egs. (5.10) and (5.5). For each value of my,
CMS provides limits for 7 = 1, 10,100 mm, corresponding to the red points in the (f,, BR)
plane of Fig. 6; we simply interpolate between those points and include the uncertainty
band arising from the relation between inclusive and exclusive branching ratios.*

Figure 6 shows a clear pattern: for low (high) mass the strongest constraint comes from
CHARM (CMS), while in the intermediate region LHCD has the best sensitivity. To better
estimate the bounds as functions of the dark pion mass, we combine the above results at
fixed m, with the findings of the Expression of Interest for CODEX-b [71], where con-
straints on f, for an ALP coupled universally to SM fermions were reported following the
analysis of Ref. [66], but with updated lifetime and branching ratio calculations employing
data-driven methods [24]. The main differences between our setup (where the ALP couples
to weak isospin) and the universal coupling scenario [60, 66, 71] are the ALP total width
and the treatment of finite terms in the B — Ka calculation. For the former, a detailed
comparison in Fig. 8 (right panel) shows qualitative agreement, although important quan-
titative differences are present; for the latter, in Refs. [60, 66] only the leading-log term
was retained and the cutoff was set to 1 TeV, which combined with slightly different values
for the form factors gives a rate ~ 4 times larger than here. In light of these considerations
we apply the f, bounds for universal couplings [71] to our setup, after weakening them
by a factor ~ 2 to account for the smaller production rate. Where relevant, the resulting
estimates agree with Fig. 6.
< mg S 0.6 GeV, the re-interpretation [66, 71] of CHARM results gives

~ ~

For 2m,,
the strongest constraint.'® In this region we estimate f, > 1.3-1.9 PeV,!6 translating in

11 the top right panel of Fig. 6 we actually use the CMS bound for m, = 610 MeV, as 600 MeV is
masked in the analysis [68]. We neglect the impact of this small difference.

5Tn the universal coupling scenario [71] the CHARM bound was found to extend up to m, ~ 1 GeV,
but a direct comparison shows that in our setup it is limited to ~ 600 MeV, see Fig. 6.

16Here we quote the lower limit on f, from CHARM, but note that a small “wedge” of allowed f, may
remain between the LHCb, CHARM and CMS exclusions for 0.3 < mq/GeV < 0.6, see the top panels of
Fig. 6.
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Figure 6: B — K(a — p'p~) branching ratio of an ALP coupled to weak isospin
(dashed blue curve), compared to regions excluded by LHCD ([66], green), CHARM ([66],
orange), and CMS ([68], red), for four representative values of m,. For CMS we display the
uncertainty stemming from the relation between inclusive and exclusive branching ratios.

benchmark scenario 1 to

< y/M )2 < i > <2 (scenario 1, 0.21 < ms/GeV < 0.6) (5.11)
1.1 TeV—! GeV /) ™ ~ ~

when applied to 71 using Eq. (4.9), and taking conservatively the weakest bound in the
given mass range. Thus, for f;z 2 2 GeV the CHARM sensitivity surpasses Z — invisible.
Considering inclusive decays would likely strengthen the CHARM bounds compared to
those used here, which were derived from B — K only [66].

For m, € [0.6,1.1] GeV, the limits set by LHCb on BR(B™ — K x) BR(x — uu) for
x lifetimes in the range 0.1-10% ps [64] are the strongest. We estimate f, > 0.6-0.8 PeV,

which reads

( y/M )2 ( I ) <4, (scenario 1, 0.6 < msz/GeV < 1.1) (5.12)
11TeVt) \GeV /)™ ~ ~

when expressed in terms of the underlying model parameters.
Above mg ~ 1.1 GeV the CMS scouting search [68] provides the best sensitivity to
date, f, = 1.3-2.8 PeV, yielding

~

( y/M >2 ( Ja > <2. (scenario 1, 1.1 < mz/GeV < 2.8) (5.13)
1L1TeV') \GeV /™ ~ ~
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Here again we have been conservative, adopting the weakest bound in this mass range;
close to the upper end, the constraint can actually be about twice as strong, as seen in
the bottom right panel of Fig. 6. It should be emphasized that a theoretical uncertainty
affects this bound, stemming from Eq. (5.10).

Looking ahead, several proposed LLP experiments at the LHC have the potential to
improve the sensitivity on ALPs coupled to fermions in the mass range 2m, < m, < 2m.,
including CODEX-b [71], FASER 2 [72], and MATHUSLA [73]. Importantly, in contrast
to current bounds that rely on @ — p*pu~, these experiments would be sensitive to any
decays to > 2 charged tracks and therefore to a — 77~ 7%, which in our model dominates
between 1 and 3 GeV (see Fig. 1). As already discussed above for LHCb and CHARM
constraints, we can roughly estimate the projected sensitivities from the results for universal
ALP-fermion couplings in Ref. [71]. Caveats concern the total ALP width, as shown in
Fig. 8, and the production rate, which is assumed to arise dominantly from FCNC B meson
decays. For example, in our setup mixing with 7, 7,7’ may enhance the production, owing
to the non-trivial U(3) transformation properties of the ALP. With these disclaimers, we
obtain for m, = 1 GeV the projections f, = 10 PeV at FASER 2, f, = 20 PeV at CODEX-

~ ~

b, and f, > 80 PeV at MATHUSLA200. In addition, for SHiP with 10%° protons on target

~

we find f, 2 14 PeV [66], based on the a — putu~ signature.

The decays B — K a, a — hadrons with m, in the GeV range have also been studied
as probes of a heavy QCD axion, where the dominant coupling to the SM is aGG. Both
prompt a — 7F 770 nrtr~, KK, ¢¢ [74] and displaced a — 7+ 77" [75] have been
considered and projections for Belle II obtained. Our branching ratio calculations in Ap-
pendix A can serve as the basis to extend those results to the class of models where the
ALP couples dominantly to SM fermions.

For smaller masses, kaon decays provide relevant constraints through K — 7 -+ invisible

final states: comparing the theory prediction

2
103 T
0 eV) A2 (5.14)

T ) T

with the strongest NA62 bound BR(KT — 77 X) < 5 x 10~ (90% CL) [76], valid for
mx € [160,250] MeV and 7x 2 10 ns, we learn that PeV decay constants are currently

~

BR(KT — 7t2®)) ~ 3.9 x 1011<

being tested. In fact, for benchmark scenario 1 we obtain

BR(KF o mtiy) w57 x 1071 (F5_ ) (¥ \" e i01) (5.15
(K™ = 7)) = 5.7 % TGV 11 TovT /g (scenario 1) (5.15)

hence for f; 2 3 GeV NAG62 surpasses Z invisible decays, at least for 160 MeV < ms; <

2m,,, where the lifetime is extremely long. For mjz > 2m,, such values of f; correspond
to a shorter lifetime of O(ns), causing a deterioration of the bound [76].}” For even larger
f# 2 10 GeV the NA48/2 limits [79] become relevant, BR(K+ — 7y )BR(x — up) S

1"The KOTO experiment has produced a bound on K; — 7n°X, reaching BR ~ 2 x 1072 (90% CL)
for mx < 150 MeV [77]. From the relation with K™ — 77X [78], we estimate that its impact on our

~

parameter space is weaker compared to NA62.
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10710-1079, valid for 7, < 100 ps. For mz < my,, the NA62 bounds are very similar to
those from E949 [80].
Finally, for decays to C'P-even dark pions we find from Eq. (5.7)

b) \ 2
BR(KT = 7t#®)) ~ 1.3 x 1071 <1509_4> ALz (5.16)

hence NA62 [76] is probing mixing angles of O(10~%). Comparing this with the expectation
in benchmark scenario 3,

2 _
) _ fx yy /M .
sg ) ~—107" <5 GeV) <10_5 TeV_1> , (scenario 3) (5.17)

where we have set mz ~ 250 MeV and k = 1 (recall that the product f; x yg/M is then
fixed by Eq. (4.18)), suggests that FCNC meson decays to C'P-even dark pions are out of

experimental reach, unless one is willing to consider an extreme hierarchy between f; and
msz, with the former exceeding the TeV.

6 Z-initiated, muon-rich dark showers at the LHC

In the previous section we have discussed processes at energies well below the weak scale,
where the dark pion properties can be fully described through the low-energy parameter
combinations f, and sy, for CP-odd and -even states respectively. Here we take a step up
in energy and consider production of dark pions via Z and Higgs decays to dark partons,
followed by showering and hadronization. As we are going to show, these processes access
new directions in parameter space compared to FCNC meson decays.

The LHC inclusive production cross sections for Z and Higgs bosons are (see, e.g.,

Ref. [14])
o(pp — Z) ~ 54.5 (58.9) nb, o(pp — h) ~ 48.6 (54.7) pb, (6.1)

at 13 (14) TeV. The Couphng structure of our model implies that Z decays dominate in
scenarios with Y or Y ~ 0, whereas h decays are most important if Y ~ Y as quantified by
the branching ratios to dark quarks in Egs. (2.5) and (2.8). Here we focus on Z decays to
the dark sector, which are largely unexplored but hold a strong LHC discovery potential,
as the forthcoming discussion illustrates.

The Z — w’@, decay results in two dark jets, dominantly composed of dark pions with
high multiplicity. GeV-scale dark pions eventually decay to a variety of SM final states, as
seen in Figs. 1 and 2. For ms < 2m,, the FCNC meson decays discussed in Section 5.1 set
a lower bound f, 2 O(PeV), implying in turn a lower bound on the dark pion lifetimes.
Concretely, in scenario 1 with ms ~ 1 GeV we obtain from Eq. (5.12) a constraint 74, >
O(1-10) cm, which sets the target for dark shower searches in this mass range. Differently
from scenarios with ¢-channel mediation such as emerging jets [16, 81|, here the signal is
not automatically accompanied by hard SM jet activity, hence the trigger strategy is a
central issue. For this reason in the first exploration we focus on @ — u*u~ decays, which
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result in striking displaced vertices (DVs) at the LHC and a narrow resonance peak that
can be exploited to suppress the combinatorial and misidentification backgrounds [82].'

The sensitivity of LHCb to dark shower signals is well established [14, 82] (see also a
recent overview [83]) and the most recent search for dimuon resonances [84] has already
provided a HV interpretation. Building on these results, in Section 6.1 we perform a
detailed recast to set current bounds and estimate the future reach of LHCb on our Z-
initiated, muon-rich dark shower signals. By contrast, for ATLAS and CMS we limit
ourselves to some qualitative comments in Section 6.2, whereas a detailed study is deferred
to a separate publication due to its more complex nature [85] (see also Refs. [9, 86-89] for
discussions of other dark shower signals).

6.1 LHCD sensitivity

We base our reinterpretation on the latest LHCDb search for displaced dimuons [84]. We
generate pp — Z — 1[)@/ at 13 TeV using the HV module of Pythia8 [90-92], with the
production cross section in Eq. (6.1) as normalization. To set the dark pion parameters we
focus on benchmark scenario 1 (Section 4.1), where all three dark pions decay through the
Z portal, considering two mass points with the following characteristics:

= 650 MeV , BR(7 — pp) =~ 0.96 , (Nz)

=1GeV, BR(% — pup) ~0.18,  (Nz)=5.

3 3
S 3

(6.2)

Here (N;) is the average number of dark pions per dark jet. As three different lifetimes
cannot be accommodated by the HV module, we neglect the longest-lived 72 (which is also
subject to larger uncertainties) and fix the ratio 74, /7%, ~ 37 as expected from Eq. (4.9).
This leaves 77, and BR(Z — 1/1’@/) as free parameters of our analysis.

To derive the current constraint, we apply at truth level the displaced search cuts
listed in Table 1 of Ref. [84] and compare to the cross section limits for promptly-produced
X — wtp~ [84] (this is the appropriate choice, as dark parton shower and hadronization
are prompt in our model, and we require the reconstructed X to come from the primary
vertex). We find the pq)f € [5,10] GeV bin dominates the sensitivity, resulting in the solid
black exclusion curves in Fig. 7. The right minimum of the exclusion contours corresponds
to optimal sensitivity to the 7y signal with 77, ~ few mm, whereas the left minimum
corresponds to optimal sensitivity to decays of 73, with 7, ~ 377;, ~ few mm.

To estimate the future reach, we follow a slightly different strategy: we calculate
the signal rate after cuts and parametrize remaining detector effects through a DV ef-
ficiency €., that is varied in the range [0.4,0.8]. This is compared to the background
rate extracted from Fig. 2 in Ref. [84], which is found to be ~ 1.6 (~ 0.7) events per
5.1 fb~! for the msz = 650 MeV (1 GeV) hypothesis, by averaging over the m,+,~ €
(600, 700] MeV ([0.9,1.1] GeV) window and considering a bump-search interval [m,,+,- —
650 MeV (1 GeV)| < 20 with o being the experimental resolution. When applied to the

8Hadronic # decays are alternative opportunities, especially when the final states are fully charged: for
example, & — KK - (K*t7n7)(K~n") through the Z portal, or # — K+ K~ through the h portal.
The phenomenology of these hadronic final states within dark showers deserves future study.
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Figure 7: Projection of the 90% CL LHCb sensitivity [84] to Z-initiated, muon-rich
dark showers for m; = 650 MeV (top) and mz = 1 GeV (bottom). The two minima of the
exclusion contours correspond to optimal sensitivity to decays of two dark pion species with
different lifetimes, 771 and 73, while decays of the longest-lived 75 are neglected. The current
exclusion is shown by the black curve, while the widths of all other bands are obtained by
varying the single-DV efficiency €, € [0.4,0.8]. Brown lines indicate the relation between
BR(Z — ¢/ ﬂl) and 74, obtained from benchmark scenario 1, for representative choices of

J-

current luminosity, this procedure gives the dashed gray bands in Fig. 7. The reasonable
agreement with the actual LHCDb constraint gives us confidence in the method, which is
then applied to Run 3 (23 fb~!) and High-Luminosity LHC (HL-LHC, 300 fb~!) scenarios
to obtain the red and blue bands. For m; = 650 MeV, LHCb will probe Z branching ratios
down to ~ 1077 in the high-luminosity phase, with further improvements possible either
through optimization to the dark shower signal or future detector upgrades. The reach
for mz = 1 GeV is somewhat weaker, due to the lower dark pion multiplicity and smaller
dimuon branching ratio.

The brown lines in Fig. 7 show the relation between BR(Z — 1/1%/) and 7z, that is
realized in benchmark scenario 1, as a function of f;. The dependence on the underlying
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parameters should be contrasted with complementary bounds from other processes, namely
Z — invisible, which probes y/M, and B decays, sensitive to f, oc M?/(y?f;). We learn
that for 1 < fz/GeV < 20 the LHCD dark shower search has already probed new parameter
space, highlighting the strongly complementary role of this type of analysis with current
and upcoming data.

In addition to the single-DV analysis we consider requiring 2 DVs per event, assuming
zero background in this case. The corresponding exclusions, shown by the orange and
green bands in Fig. 7, turn out to be weaker than the single-DV ones. This is explained
by the fact that the background is already very suppressed for 1 DV, hence removing it
completely results in a limited gain, and by the additional efficiency cost.

The potential sensitivity of LHCb to heavier pseudoscalars, with masses above a few
GeV, has also been discussed in several final states [93].

6.2 ATLAS and CMS prospects

In the light of the results shown in Fig. 7, and in particular the correlation observed in our
framework between BR(Z — w’@/) and the dark pion lifetimes, a priori ATLAS and CMS
may lead to dramatic improvements in the region 7; ~ 0.1-1 m, thanks to their larger
volumes (and integrated luminosities). However, owing to the soft nature of the signals
considered here, progress requires targeted experimental strategies that enable efficient
triggering on low-pr displaced muons.

A major step in this direction has recently been achieved by CMS with the search for
dimuon DVs [68] in data collected with scouting triggers, which permit the unprecedented
exploration of very low muon transverse momenta and thus DV masses, down to the m, ~
2m,, threshold. This approach is well suited to test the @ — uu signals discussed here, as
demonstrated by the new constraints on the parameter space we have derived in Section 5
from the CMS B — X (x — pp) results [68]. Thus a recast to the dark shower signal is
warranted, which will be presented elsewhere [85]. We note that the CMS analysis imposes
a cut Iz, < 11 cm on the transverse displacement of the dimuon DVs, due to the definition
of the scouting trigger stream which requires hits in at least two pixel layers. Looking
ahead to future upgrades, CMS-specific triggers targeting LLP dimuon signals have also
been proposed [94].

At ATLAS, a search for two “dark photon jets” [95] targeted final states related to
those of interest here: Higgs decays to two jet-like structures, each composed of an invisible
particle and two GeV-mass LLPs decaying to u*u~. Events were selected by means of a
trigger requiring > 3 L1 muons with pr > 6 GeV, then confirmed at HLT using only muon
spectrometer information. It results in optimal sensitivity for O(cm) lifetimes. Compared
to the signal model used by ATLAS, our Z-initiated dark shower has larger multiplicity,
lower transverse momenta, and for mz < 1 GeV larger branching fraction to muons.

Heavier LLPs have been searched for in a number of analyses by ATLAS and CMS,
mainly focusing on rare Higgs decays to the hidden sector, see e.g., Refs. [96, 97] for very
recent results.
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7 Probing the ultraviolet completion

Finally, we take another step up in energy and discuss the expected LHC signals from direct
production of the heavy fermions ). Since these carry SM EW charges, they undergo Drell-
Yan (DY) pair production such as, for instance, ud — W** — Q,Q,. The decay patterns
can be read from the Yukawa interactions by means of the Goldstone equivalence theorem:
Qu — W, whereas Qq decays to Z1 and hip with ~ 1/2 branching ratios for M > my, .
Flavor indices have been suppressed for simplicity. The 1) pair in the final state give rise
to two dark jets, which characterize the signal.

Assuming the dark pions are sufficiently long-lived to escape the detector we obtain
WZ/Wh+MET, a typical signature of EWinos in supersymmetry. Similar considera-
tions apply to the production of the electrically neutral pairs Q,Q,,, Q4Q . Consequently,
bounds on M can be directly set by applying the results of searches for Higgsinos, which are
assumed to decay directly to the lightest supersymmetric particle (LSP), taken to be the
bino-like neutralino. Our signal matches this topology in the limit of very light neutralino
LSP. The strongest sensitivity has been achieved, remarkably, in the all-hadronic + MET
search by ATLAS [98], which outperforms analogous searches for 3¢ + MET and ¢bb + MET.
For degenerate Higgsinos ¥ and massless bino LSP, a bound my > 900 GeV (95% CL) was
obtained. Our signal cross section reads at partonic level

o _ Nyma? 52 AM2\ V2 2?2

which is Ny times larger than for the Higgsinos, if SM QCD and dark QCD corrections
are neglected. After convoluting with the parton luminosities and summing over all charge
combinations, the 13 TeV cross section is o(pp — QQ, M = 900 GeV) ~ N, 1.6 fb, where
we used MSTW2008 NLO parton distribution functions [99] and the factorization scale
was set to V& /2. To obtain an approximate but reliable exclusion on the @Q’s, we solve

o(pp — QQ, M) = o(pp — XX, mz = 900 GeV), (7.2)
for the mass M of the lightest @Q);, obtaining for Ny = 3
M Z 1.1 TeV. (direct searches) (7.3)

We have assumed the @); are not mass-degenerate, which applies to all benchmark models
considered in Section 4 (for two degenerate ();, the constraint strengthens to 1.2 TeV).
Given the current Higgsino expected bound [98], we rescale the cross section by /L/L’
with L,/ = 139,3000 fb~! and derive M > 1.3 TeV as our estimate of the (13 TeV)
HL-LHC sensitivity.

If the dark pions are heavy enough to decay inside the detector, the phenomenology
becomes similar to the emerging jets scenario [16, 100], albeit with EW rather than QCD
production of the mediators. Evaluating the impact of the existing CMS search [81] on
our signals is beyond the scope of this work, and left as an interesting avenue for future
studies.
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Beside DY production we consider single () production mediated by off-shell Higgs,
g9 — h* — Qqtp. This yields Z/h + v final states, leading to mono-Z/h signatures if the
dark pions escape undetected. The partonic cross section is found to be, neglecting the v
mass,

Ndag ’YP + DN/|2

~ M2?/5\?
7(99 = Qa¥)) = 102473(N2 — 1) 2 ’m[l + (1= 2)f(2)’] )2 (%) » (74)

where z(8) = 4m?/3, f(x) is defined in Eq. (A.4), and again we have neglected flavor
indices. By folding in the gg parton luminosity we obtain the 13 TeV cross sections

a(pp s Quib + Qb M = {0.5,1} Tev> ~ N, (|Y|2 n |17|2) {0.70 b,9.7 ab},  (7.5)

where the renormalization and factorization scales were set to M. These results show that
single production cannot compete in rate with DY, though the sensitivity to the Yukawa
couplings makes it a complementary probe of the UV completion.

8 Conclusions

In this paper we have formulated a theory and initiated the study of dark pions, coupled
to the SM via irrelevant Z and Higgs portals. The corresponding operators are obtained
by integrating out TeV-scale EW-doublet fermion mediators. This setup has strong UV
motivations, appearing in various modern approaches to the hierarchy problem, such as
neutral naturalness models and the relaxion scenario. It provides a concrete framework
where the GeV-scale phenomenology of the dark pions, the EW-scale decays of Z and h
bosons to the hidden sector, and the TeV-scale signals of the mediators are all coherently
linked.

The decays of C'P-odd and C'P-even dark pions proceed via tree-level mixing with the
Z and h, respectively, providing explicit realizations of light composite ALPs and scalars
coupled feebly to the SM. For C'P-odd dark pions, we have provided a new comprehensive
calculation of the decay widths to exclusive hadronic SM final states, obtained by applying
data-driven methods. The results are valid for any ALP with arbitrary flavor-diagonal
couplings to SM fermions, and can therefore be widely used to study other models.

The dark pion phenomenology depends on the symmetries possessed by the model,
including C'P, dark isospin, and chiral symmetries. To illustrate the range of possibilities we
have analyzed in detail three benchmark scenarios. We find that for masses and couplings of
the mediators that can be related to the hierarchy problem while satisfying experimental
constraints, and for dark pion decay constants around the GeV scale, dark pions with
2m, S msz S 2my have lifetimes varying from a millimeter to 10 meters. Intriguingly,
this is the most interesting range for LLP searches at the LHC (and beyond), making the
dark pions a natural target. We have begun the exploration of the signatures with two
applications, meson FCNC decays and Z-initiated dark shower searches, focusing primarily
on the mass region 2m, < ms < 2m,. where the striking dark pion decay to dimuons has
a significant branching ratio.
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Searches for flavor-changing b — sa decays, with long-lived @ — p*u~, set important
bounds on the effective decay constant of the C'P-odd dark pions, f, = PeV. In addition to
well-known constraints from CHARM and LHCDb, we have derived new ones from a recent
CMS search leveraging the data scouting technique. Each of these experiments turns out
to have the strongest sensitivity in a different m; window. Proposed LLP detectors at
the LHC interaction points, including FASER 2, CODEX-b, and MATHUSLA, have the
potential to extend the sensitivity on f, by 1-2 orders of magnitude. For ms < 2m,,, there

> PeV from K — 7+ invisible searches at E949 and NA62. On the

~

are lower bounds f,
other hand, the C'P-even dark pions remain out of reach due to their very small mixing
with the Higgs.

Dark shower searches at the LHC access the additional structure that partially com-
pletes the theory at the EW scale. They probe decays of on-shell Z and h bosons to dark
jets composed mainly of long-lived dark pions. Z decays to the dark sector, in particular,
have been largely overlooked so far, but here we have shown that they probe new direc-
tions in the parameter space, supplying orthogonal information to meson FCNC decays. We
have performed a thorough recast of the most recent LHCb search for displaced dimuons.
The resulting constraints demonstrate that the sensitivity to Z-initiated dark showers has
already reached new parameter space, surpassing competing bounds from meson FCNC
and Z — invisible decays. ATLAS and CMS have strong potential to extend the reach
to longer dark pion lifetimes, which are well motivated in our framework, by exploiting
larger decay volumes and luminosities. Dedicated experimental strategies are increasingly
being implemented, such as data scouting/trigger-level analysis, and a detailed assessment
of their impact on our framework will appear elsewhere.

As for the direct LHC reach on the EW-charged mediators, a straightforward rein-
terpretation of Higgsino searches in all hadronic + MET final states gives the constraint
M Z 1.1 TeV. The improvement expected in the high-luminosity phase is mild, leaving
open the possibility that a dark pion discovery may take place at the LHC, while the direct
production of the mediators would need to wait for a future collider.

Looking ahead, many paths deserve further exploration. Hadronic decays of GeV-
scale dark pions are shown to be important by our results, warranting new studies both for
FCNC meson decays and dark shower searches at the LHC. Notable modes include: 7 —
atn~xY, which we find to dominate the width of light C' P-odd dark pions, & — K R0
(K*n )(K~n") and # — K™K, which can be fully reconstructed and have sizable
branching ratios in some parameter regions, and several others discussed in Sections 3 and 4.
The sensitivity of Belle II to such modes requires detailed studies, as well. In addition,
we have not touched upon the heavier mass range m; = 2m,., where hadronic decays
dominate and lifetimes become significantly shorter. In particular, it would be interesting
to understand if in this region there are any constraints on the EW pair-production of the
heavy dark quark mediators from the existing CMS search for emerging jets.

The dark pion phenomenology at fixed-target experiments also remains to be inves-
tigated. We note that dark hadrons heavier than the dark pions may be relevant there,
due to different production mechanisms which could be exploited to test specific regions
of parameter space. For instance, bremsstrahlung production of dark vector mesons can
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be strongly enhanced if their mass is around 1 GeV, due to mixing with SM vector meson
resonances.

Finally, the sensitivity of future colliders to the scenario presented here warrants further
studies. In particular, an eTe™ machine like FCC-ee would offer extraordinary possibilities
to probe decays to the hidden sector at a Tera-Z phase, as it has already been demonstrated
for one-flavor dark QCD models. We believe the present work sets a solid foundation to
tackle all the above aspects, while providing several new results of general applicability in
the study of light, feebly coupled hidden sectors.
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A Decays of a light ALP coupled to Standard Model fermions

The starting point is the Lagrangian

1 1 a,a -
L, = 5(6Ma)2 — §mga2 — )l; chrf’y“%f , (A.1)
“f

with f € {q,¢,v} for quarks, charged leptons and neutrinos. The width for decay to a pair
of charged leptons is

2
D(a—0T0) = 5 ?2 mems (1 -
™ a

21/2
47”@) ? (A.2)

my
If the ALP is much heavier than the SM QCD scale, Agy € My, its hadronic decays can
be analyzed perturbatively. The width for decay to two gluons is [101, 102]

1287a%(my) 5

f2 e
a

cgB1(Amg/m3)

Z 3272

q=u,d,s,c,b,t

[(a — gg) = 2{1+(97_7%)0‘s(ma)},

4 6 T

(A.3)
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where n, counts the quarks lighter than m,, while the loop function is!?

in L
arcesin = z>1,

Bi(z)=1—af(z)?, flx) = , A4
1(z) () () hilg T oo, (A.4)

We have By(z) ~ 1 (—i) for x < 1 (> 1), implying that light quarks contribute ~
cq/(3272) to the sum in Eq. (A.3) whereas heavy quarks rapidly decouple. For decay to
heavy quarks Q = ¢, b,

NCCQ
27 f2
where mg is the running quark mass in the MS scheme. We use two-loop running for both

a, and My, and set m. = 1.67 GeV, my = 4.78 GeV.
For m, < Agm we must consider decays to exclusive hadronic final states instead. To

~

2
4mQ ) 1/2
m2 ’

I'(a— QQ) = (A.5)

mamQ(ma) (1 -

do so we match Eq. (A.1) to the low-energy effective Lagrangian [24, 103, 104],

2 2
Lo = 20D, 2) (0#2) + PLEma1 4 00 4 (0,007 — Gmida® — il + v
(A.6)
where ¥ — LYRT under SU(3), x SU(3)r and the covariant derivative is D> = 9,5 —
ieA,[Q, Y] —i0.a{cq, X}/ fa, with Q = diag(2,—1,—-1)/3 and ¢q = diag (cy,cq,cs). The

pseudoscalar matrix is written as

m o4 m oy 1 + +
Lt ETE m K
D= ep(iP/f),  P= - oy % KO . (AT)
- I7a _m 4 2
K K st

where f; ~ 93 MeV. The hard U(1) 4 breaking due to the anomaly is parametrized by m3
and the physical n, 7’ are related to the octet and singlet fields by

7 cos 0,y —sin 6,y 8 ) 1
= m K , sinbpy = —=, cosly, =
sin 6, cos t,y Mo 3

%@ (A.8)

/

This approximate value of the mixing angle is sufficiently accurate for our purpose, while
simplifying analytical expressions [24]. The relevant pieces of the Lagrangian describing
the vector resonances are [105]

~ iNce o0
Ly =gvypTr(PV, V") + 6m2)3 7 A, Tr (Q0, P8, Pd,P)
2
+2f2Tr [gV, — eA,Q — 2fQ[PaP] ..., (A.9)

19The structure of By can be understood upon integrating by parts the interaction with quarks in Eq. (A.1)
and using the expression of the divergence of the axial current,

2
_ . _ g a va a . — 9s a Spva
Ou(qVuysq) = 2imqqysq — T6m QG,L,/G“ — E E Cq (Zquq’y5q T G, G" )

q
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where VAV = %ewmvpo (with €923 = 1) and gyvp = —N.g?/(872f,) is determined by the
anomaly. The coupling ¢ is fixed by the Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin
(KSRF) relation [106, 107] to ¢ = gvxr = my/(vV/2fx) = 6.0, where for my, we have taken
the p mass.?’ The vector meson matrix reads

potw ,0+ K*t

R
| % =7 o~ ng K0 |. (A.10)
K~ K ¢

It is important to note that Eq. (A.9) realizes vector meson dominance (VMD) for mg — v
but retains an (anomalous) vP?3 contact interaction, with coefficient equal to —1/2 of the
one given by the WZW action. This choice was shown to provide a better fit to data
compared to “complete VMD” [105], and will impact the calculation of a — 77~ .

Equation (A.6) contains a piece i%@uaT‘r[cq(ETD“E — ¥(D#¥)N)] that mixes kineti-
cally the ALP and pseudoscalar mesons, L.g D —J;—Z a JE—— pO* P with

2 1
Kaﬂ'o :Cu_cd; Kan: \/;(Cu“l’cd_cs), Kan/ = ﬁ(cu+6d+2cs). (All)

This is diagonalized at O(f:/f,) by the transformations [24]

e m3, Ix makap
ama-F 3, TFlaP)P, P P+iaPla,  (aP)= Gty

(A.12)
P=mo,n,n’

where isospin breaking due to m,, # mg was neglected and we defined (...) = 2Tr(...).

We then assign to the ALP the U(3) representation a = % diag (Cy,C4,Cs), with

Cu = \/3lamo) +{an)+ L lan’) . Co=—/3lamo)t(an)+Ls(an), Co=—(an)+v2(an’),

(A.13)
which are taken to be valid up to m, =~ 3 GeV. Above this mass we switch to the
perturbative description. The model studied in this paper has ¢y = T| Ef ie ¢y = —cqg =

—cs = 1/2, giving Kyny =1, Koy = 1/4/6 and Koy = —1/+/3. However, we stress that our
results are general and also apply to other models with different patterns of ALP-fermion
couplings, for example those in Refs. [19, 108]. We are now in the position to calculate the
decays of low-mass ALPs to exclusive final states.

Al a—yy
We begin with the decay to two photons [24, 101],
2

3 2
a~m
I‘(a N ,.Y,.Y) — (47[-)3}2 CXMD + C’I;)QCD,uds + C’I‘/)QCD,cbt + C}yeptons , (A14)
a

20This g should not be confused with the SU(2); gauge coupling, which never appears in this appendix.
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Cya
T

where C, is defined by the effective operator g ”faae‘“’ P Fpe. The individual contribu-

tions are

CYMP = —N.[(apopo) + §{aww) + 2(add) + 2(apow)|O(m) — ma)F(my,), (A.15)

CpQCDuds — N 9N.Q2,O(mg — m}), (A.16)
q=u,d,s

CPACDet — _ Z 2N.Q2cy By (4m2 /m2)O(mq — m?), (A.17)
q=c,b,t

C’lyeptons = — Z 2Q§c@Bl(4m%/mz), (A18)
l=e,p,T

where the pg,w, ¢ matrices are implicitly defined by Eq. (A.10) and m} is the scale where
the VMD and pQCD terms are matched, which equals ~ 2.9 GeV for our benchmark
model. The form factor F = F, accounts for the suppression of the V'V P interaction at
high mass, extracted in Ref. [24] by comparison to eTe™ data,

1 mg < 1.4 GeV,
Fnlmg) = { 1+ [(An — 1]mazldCV) 1 4 GeV < mq < 2 GeV (A.19)
nrATa) 27 (2—1.4) GeV : = Mg > ) .
(71‘4m(iev) mg > 2 GeV.

A basic cross-check of Eq. (A.14) is that, setting @ — o and f, — fr, it reproduces the
classic result for I'(mg — 77y), which in the VMD picture is mediated by (mopow) = 1/2. In
addition, the predicted widths for 1,7’ — vy match the experimental values within 20%.

A2 a—ntny

The amplitude is described by 5 diagrams: two with pg exchange, two with p+ exchange,
and one contact interaction. For the spin-summed squared matrix element we find

P = ot = o = )< o= i) - o 2
x| (VBlam) + V3(an') + {amo) ) BW », (mty) — (amo) (BW,, (mly) + BW,,. (m3y) |
- oy (sl lam) + sl an) + Hamo)) | Flma) | (A.20)
where
BW,(m) = (mj —m; —imeTy) ™" (A.21)

and, adopting a convention we follow consistently, the final-state particles were ordered
according to how we define the decay (i.e. in a — 777~ ~, 1 denotes the 7 and so on). In
addition, the four-momenta satisfy p, = ), ¢ g, Pi- The width is

2 2
_ 1 —_— 1 Ma M+ —

mZ
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with 2m2% = £(m2 —m?2,)(1 — %)1/2 +m2 +2m2 —m?, and the symmetry factor S = 1.
We cross-check this result by applying it to the #': setting a — ', (n’P) = é,yp and
fo = frx gives T'(n — 777 7) &~ 56 keV, in excellent agreement with the PDG value
of 55 keV. The same procedure applied to the 7 yields I'(n — 7nt7n~ ) ~ 90 eV, to be
compared with the experimental value of 55 eV. Our 7 prediction would get significantly
closer to the observed rate if we used a more precise value of 6,,, and accounted for the
SU (3)-breaking differences among the pseudoscalar decay constants [109], which however
go beyond the scope of this work. Nonetheless, we remark that the yP? contact term in
the vector meson Lagrangian (A.9) is important to improve agreement with data: omitting
this term (as done, e.g., in Ref. [24]) we obtain 154 eV (63 keV) for n) — 7F7~, so the
n partial width is off by a factor ~ 3 relative to the observed value.?!

A3 a—atr a0

We include 5 contributions to the amplitude, M = Mcypr + Mymp + Mo + M + My,.
The chiral Lagrangian gives

Vk
3fatfx

In the numerics we actually replace the quantity in square parentheses with its expression

McaonpT = [(GW0>(3m%Q —m?2 - 2m72r)] O (my — my). (A.23)

including isospin breaking up to O(d7), where 6y = (mg — my,)/(mgq + my,), as provided in
Eq. (S32) of Ref. [24]. A k factor equal to 2.7 is included, derived from comparison with
n") — 37 data [24]. The vector meson Lagrangian gives

a7t
Mo = 2T 2 [(omy + iy — v — 32 )BW, () (A24)
1
+ (mby oy — = 3mYBW, ()] F (ma) — g (3mty = mi — 3m2)O(my — ma) |

where Fyy = F3. The first two pieces arise from py exchange diagrams, while the third
one originates from the 92P*/f2 interactions in Eq. (A.9) and is essential to ensure that

Mywmp vanishes at low energy, as can be explicitly verified by taking BW, ~ m;z and
applying the KSRF relation. Exchange of the o scalar meson yields
Mgy = _2’727r7rj?r<a7"0>pa "P3p1 P2 Bwa(m%2)@(4m%< - m%2)f(ma) ) (A.25)
a

where Yorr = 7.27 GeV_l, as well as all the couplings of the scalar nonet mesons that
appear in the following, are taken from the fit to data performed in Ref. [110] without
assuming U(3) symmetry (we use the second set of couplings given in Ref. [110]). To

*'Tn Ref. [24] only the diagram containing an apopo vertex was included, which corresponds to retaining
only the piece proportional to

(V6(an) + v3(an'))BW,, (mi2) = 6{apopo)BW ,, (mis)

in the second line of Eq. (A.20). Upon integrating this partial amplitude over dm3s we find agreement with
Ref. [24].

— 38 —



avoid issues with unitarity we turn off the o contribution at the di-kaon threshold [24].
The amplitude for fo exchange is given by Eq. (A.25) with o — fo everywhere, vfyrr =
1.47 GeV~!, and removing the cutoff at mi, = 4m%<.

The tensor meson f3, denoted by ¢, is assumed to couple to the energy-momentum
tensor as [111-113]

Ly, = gfmf (0"S10S — §g" 0°5T065) f2) Bpuv - (A.26)

Choosing the U(3) representation fa = diag(1,1,0)/2 allows to reproduce approximately
the branching ratios into 7, nn, KK ,?? and the overall coupling strength is fixed via

2 3 2
i Am2\5/2 2 B
T(fo »ntn) = ff%oﬂh (1_72;‘> = STRPBR(f2 = whr + 7m0y (A27)
f2

t0 Gforn = 13.1 GeV ™!, using the PDG values [70] for the f; total width and w7 branching

ratio. Then we obtain the amplitude for a — 7 t7 7
fr
Mf gfgmrf <a770>BWf2 (m12) Mf2@[m%2 - (mf2 - Ff2)2] ‘F(ma) (A'QS)
with
My, = (P4 — 39" Pa - p3)(P1PS — 59”71 - P2) By, po (P1 + P2) , (A.29)

where the definition of By, p» (k) is [112]

B, po (k) = (g0 =23 (900 = 524%) + (900 = 227 ) (9wp = 552 ) = § (90— %) (950 — 227 -
2 f2 f2 f2 f2
(A.30)
The low-energy expansion of this amplitude is

1
[m%2m13 + migm3s + 6mizm3s — 8(my + m?r)mgr] + O(l/m%). (A.31)

Mp, =

However, it is well known that the O(p*) low-energy constants in ChPT do not include
any sizable contributions from tensor mesons; in fact, it was shown [114] that imposing
QCD short-distance constraints removes, or suppresses strongly, terms such as Eq. (A.31).
For this reason we turn on the fo exchange amplitudes like Eq. (A.28) only for mQJ >
(mys, — I'z,)?, thus retaining most of the resonance peak but discarding unphysical low-
energy pieces. Combining all terms, the width for a — 7770 is

INCIE (A.32)

with S = 1.

*2The agreement can be mildly improved by taking fz = diag (v/1 — s2,+/1 — s2,4/25)/2 with s ~ 0.1,
but for simplicity we stick to s = 0.
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A4 a— 379

This amplitude is not mediated by vector mesons, owing to the absence of a pymomy coupling
in Ly, hence M = Mcywpr + Mo + My + My,. The chiral Lagrangian contributes only
through the pNGB mass term,

Menpr = VE ]?ir [<aw0>} O(my — ma). (A.33)

In the numerical evaluation the quantity in square parentheses is replaced with its expres-
sion up to O(dr), found in Eq. (S31) of Ref. [24]. For o exchange,

My = —273m?<mro> [Pa-p3 p1-p2 BWo(miy)O(4mi —miy) +{1 < 3} +{2 < 3} F(my).
a

(A.34)

The amplitude for fy exchange is obtained from Eq. (A.34) by replacing o — fj everywhere

and removing the cutoffs on the o propagators. The tensor meson fs contributes

f7r o

f—(aﬂo){BWh(m%Q) My, ©[miy—(mp,—Tp)?]+{1 < 3}+{2 < 3}}.7:(ma).
(A.35)

The width is given by Eq. (A.32) with S = 3!. The fy amplitude is responsible for the

increase of the width above m, = 2 GeV seen in Fig. 1.

MfZ - _9]2”27r7r

A5 a— 1070, ntnny
For a — n%7%) we consider five contributions, M = McgupT + My + My + Mgy + My,
The chiral Lagrangian contributes via the pNGB mass term,

2m?2

s

3frfa

Mecnpt = ((am) + %(an’))@(mn/ —Myg), (A.36)

while the o contribution is

My = _\/517;7"707” (Q'Yann (an) + 'Yann’<anl>)pa "pP3p1- p2BWU(m%2)@(4m%( - m%Q)F(ma) )

‘ (A.37)
and My, is obtained from Eq. (A.37) by replacing ¢ — fo and removing the cutoff at the
di-kaon mass. Exchange of the ag scalar triplet gives

[r
Mg, = _7aoﬂnf7(7aoﬂn<a’77> + 7aoﬂn’<a'77,>)pa -p2p1 - p3 BW, (m%S)}—(mG) +{1 < 2},
(A.38)
and finally,

2 2 fﬂ'
MfQ - _ggfgﬂ'ﬂ'ﬁ

The width is obtained from Eq. (A.32) with S = 2!. For the analogous final state involving
charged pions we find I'(a — 7777 n) = 2T'(a — 7%7%n). As a check of these results, we

(<C”7> + %<an/>)BWf2 (m%2)ﬂf2® [m%2 - (me _Ff2)2] ]:(ma)' (A'39)

apply them to n — wmn by setting @ — 1’ and f, — fr. The fo contribution is not
included since m,y < my, —I's,, and we obtain I'(n/ — 70710 + 7t 7n) = 129 keV in very
good agreement with the PDG value of 122 keV, as it should be since the remaining four
amplitudes were fit to data including ' — n7m in Ref. [110].
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A6 a— 107% atay

This channel is similar to the previous one, with a few notable differences. In accordance
with our choice to cut off ChPT terms at m, = m,y, this contribution is not included,
hence for a — 7°7% we have M = M, + My, + My, + My,. The o, fo and ag terms are
simply obtained from Egs. (A.37) and (A.38) by exchanging everywhere 1 <> 1/, whereas
the fo amplitude reads

1 HU —
My, = = 5 e (@) +VE(@n) ) BW g (1E) M, [y (mp, =1 Fma). (A.40)

Again we find I'(a — 7t77 ') = 2T(a — 7°7%).

AT a— mmrd
Here M = My, + Mgy, + My,, with

My, = — 2\@7fm7fonn?<aﬂo>pa -p3p1 - p2 BW g, (mia) F(ma), (A-41)

Mao = - 720ﬂn?<aﬂ0>pa *P1P2 - P3 BWao (mg?))"t(ma) + {1 A 2}7 (A‘42)
2 fﬂ' o

My, = = 59,0’ (@m0) BW 1 () M Fma). (A43)

We do not include a o contribution analogous to My,, consistently with the prescription
of cutting off the o propagator at 4m§(7 and the usual © function in My, is trivial since
2my, > my, — I'y,. The symmetry factor to be used in Eq. (A.32) is § = 2!.

A8 a— K'K’#0

The amplitude reads M = Mynyp + Mg, + Mggr) + My,. Exchange of the K* vector
gives

2
Mymp = — 92:};2(26@”7) - ﬁg(a"ﬁ — 3{amo)) (A.44)
2 9 2 9
[ty — iy — e R = )] g o) o)+ (165 23,
K*

whereas for ag we find

Mgy = ’Ya\o/I;K ?(7a0ﬂn<a"7> + 'Yaomy’<a77,>)pa p3p1 - p2 BWq, (m%Q)]:(ma)- (A.45)

In addition, we include the S-wave K7 amplitude measured by BaBar in 7. decays [115]

as
VYeKn fﬂ' VeKnr
MS(KTI’) = \/§ E (_ \@ <G'7TO> + YeKkn <a'77> + Vekny <a77,>) (A'46)
ABaBar ei(bBaBar m2
Xpa-plpz-p3| | (v 23)]—"(ma)+{1<—>2}.
Mce(1430) 1 K (1430)
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This expression is obtained through the following logic: the measured S(Kw) amplitude
is dominated by the I = 1/2 scalar Kj(1430) [115], whose mass and width are found to
be my=(1430) = 1.438 GeV and I'kx(1430) = 0.210 GeV [116], while also displaying other
important effects, in particular a high-mass structure attributed to K3(1950). We then
approximate the couplings of the K (1430) with those of the £(900) obtained in Ref. [110],%3
write the amplitude as the sum of two diagrams with K(1430) exchange, and finally
arrive at Eq. (A.46) by replacing the BW of K{j(1430) with the phenomenological BaBar
amplitude (we use the amplitude that was extracted from 7. — KT K~ 7", given in the last
two columns of Table V in Ref. [115]) times the normalization factor (m gz (1430) K3(1430))71‘
A similar, although likely not identical, procedure was adopted in Ref. [24]. Notice that
the K* amplitude in Eq. (A.44) includes the exchange of the longitudinal mode, which in
general contributes also to S(K ), leading in principle to a double counting. However, the
empirical fact that S(K) is dominated by the scalar K§(1430) supports our simplified
prescription to just sum the VMD and S(K ) amplitudes.
Finally, the tensor meson exchange amplitude reads

1 fr i
Mpp = =595 7 AaT0)BW 1y (m1p) M, ©[miy — (myp, =T, )*) F(ma).  (A4T)

The appropriate symmetry factor for Eq. (A.32) is S = 1.

A9 a— KtK—7°
The four components of M = Mvynp + Ma, + Mgy + My, read

9" [r
Mywmp = Eﬁ(lﬁ(aﬂ) - 27\1/§<an/> + 3(amo)) (A.48)
m2 —m2)(m% —m2
[ty =, — eI = ) g () Fima) + {145 23,
K*
Mgy = — ’Ya\O/I%K L;Z(’Yaown (an) + Yaomn' <a77,>)pa p3p1 - p2 BWg, (m%Z)}—(ma)v (A.49)
VeKn fr (Vekn
Ms(kr) = — \/[; ﬁ< \/I% (amo) + Yrinlan) + %Kn'<a17’>> (A.50)
A aBar eid)BaBar ,/m2
Xpa'plm'ps‘ Babas| ( 23)-7:(ma)+{1<—>2}7
Mcx(1430) ] K2 (1430)
1., fr _
Mfz = = 59]2“27r7rf7<a770>BWf2 (m%2>Mf2@[m%2 - (mfz - FfQ)Q]F(ma)' (A'51)

The above amplitudes differ from those for K 0K 70 only in some (important) signs. The
symmetry factor is S = 1.

#Using the PDG values of the K§(1430) mass, total width and branching ratios [70] we may extract
\7K5(1430)Kﬂ| =4.2GeV~!and |’YK5(1430)K7;| = 2.1 GeV™, to be compared with v.x» = —5.02 GeV~! and
Yekn = —0.94 GeV~! [110], but we cannot estimate YrcE (1430) Ko’ which is large for x, V. xrr = —9.68 GeV™1L.
Therefore we use the k couplings.
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A10 a— KK rn, K- KOrt
In this channel we have M = My np+Mg, +M S(Kn)s where the vector meson contribution

includes p+ exchange in addition to diagrams with K*. Focusing on K +Kr~ we find

2
Mywmp = { - \g@?;i:(‘lﬂw(m% —m35)BW ,(m7) (A.52)
9 2 _ 2 2 02
+ \g/ijfzr(%mn) — 2—\1/§(a77'> + %<a7ro>) [mﬁ —mis — i m[;%(:lK mﬂ)}BWK* (m3s)
9 2 _ 2 2 2
T \‘q@ﬁ(%mm ~ elan’) - Hamo)) [m - m3, — miifimK BV - (k) } 7 ).
and

™

Mao = ~YaoKK ('Yao7ﬂ7<a’n> + Yaorn <a77/>)pa "P3pP1-P2 BWao (m%2)"r(ma)7 (A53)

fa
f7r YeKn / |ABaBar|ei¢BaBar ( V m%?) )
Mg :—{’YK7< amy) + VK an)—i-VK/a??))p *P1p2 - p3
(&) TN V2 (am0) + Yuscn wkr ¢ Mg (1430) L Kz (1430)
- |-’4B B |ei¢BaBar /m2
+’7an& (- LS <aﬂ'0> + %Kn<a77> + %Kn/<a77/>)]?a *P2P1°P3 il ( 13) }]:(ma)-
Ja V2 Mcs(1430) 1 K (1430)
(A.54)

The symmetry factor is S = 1, and for the conjugate channel we have I'(a — K~ K%t) =
I'(a — K+FO7T_).

Al a— ww, b, KK~ KORY

Since these vector resonances are narrow we take the two-body approximation, finding

N2 m3, 2 4m3,\ 3/2
L(a— VV) =12 47r5f—3’g (@VV)F(my)| (1— mg) . (V=w¢) (AS55)
N2 m? 2 Am2.,\3/2
kb pok—\ c a2 *4 *— _ K+
Pla— KK = g |l K K ) F(ma)| (1 = )7L (As6)

whereas for a — K*'K™ the trace in Eq. (A.56) is replaced with <a{K*0,F*O}>.

Al12 a—-o7ntnw

This mode proceeds through a — (p9 — 77~ )w. The spin-summed squared matrix

element is

2 (A.57)

2 2 2 2 2 2 2 2 2 2 9 2/ 2 2 242
X {m12 [(mIS — My — mw)(m23 —myg —mg,) — migmg, + 4m7rmw] —my(mg —miy —mg,) } )

yielding the decay width

1
25m,

+

IMNa—7n"nw)=

/ |M2d®; (A.58)

with §' = 1. The four-body decay a — pp — 47 is neglected.
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A.13 Comparison with previous studies

The main predecessor in the study of light ALP hadronic decays is Ref. [24], with which our
analysis shares several important aspects. In particular, we adopt their choice of vertex
form factors in Eq. (A.19) to suppress the resonance exchange amplitudes at large my.
There are, however, some major differences that we wish to summarize here:

e The key distinction is that, as we consider scenarios where the couplings to SM
fermions dominate, in general the ALP has a non-trivial U(3) representation for all
masses up to ~ 3 GeV (where we match to perturbative QCD). By contrast, Ref. [24]
focused on the case where the coupling to gluons dominates, therefore C, = Cy = Cs
was assumed for m, 2 1 GeV. The nontrivial U(3) representation of ALPs with
mass above 1 GeV implies that here the a — P(V — PP) decays are in general
unsuppressed and play a crucial role. This is clearly demonstrated by our benchmark
model ¢; = Tgf, where a — 7% (pT — 777°) dominates not only the a — w77

amplitude, but also the total ALP width for m, = 1 GeV, as shown in Fig. 1. This is

a consequence of the sizable ALP mixing with w9 and the strong coupling gy~ ~ 6.

Other effects of the nontrivial U(3) charges include strong relative suppressions for

certain channels, such as e.g., I'sxy < It r—qo and Tt joee < T g0 (see Fig. 1).

e We do not assume U (3) invariance to determine the scalar nonet contributions to a —
3P decays, as the results of Ref. [110] show this to be a rather poor approximation.
Instead, we make use of all the couplings fitted to data in Ref. [110], taking into
account all relevant a- P mixings. As a result, our amplitudes for scalar mediation
agree in kinematic structure with Ref. [24], but differ in the values of the couplings.

e For the tensor meson fy we assume U(3) invariance with fo = diag(1,1,0)/2 and
determine the g, coupling from data, as in Ref. [24]. However, we differ from that
reference in that we use the unitary gauge propagator for the massive spin-2 field,
leading to corrections to the fo contribution to a — 3P amplitudes. In addition, we
fix the coefficient of the g*” piece in the XTOX f, interaction (this piece does not
enter the calculation of on-shell fo — 7, so its coefficient has to be fixed from other
considerations) to the value corresponding to fa coupled to the energy-momentum
tensor [113], see Eq. (A.26). Finally, we turn off the f» exchange amplitudes for
m?j < (my,—Ty,)?, to avoid unphysical contributions to the O(p*) terms in the chiral
Lagrangian. The impact of different prescriptions for the fo couplings and propagator
is shown in the left panel of Fig. 8, considering for illustration the a — 77~ 7° decay.

e Other differences compared to Ref. [24] are described above for each process. These
include a different treatment — with several new contributions — for a — 777~ and
the addition of further decay channels such as a — nna® and a — (pg — 7777 w.

The ALP lifetime for the scenario with universal couplings to fermions, derived from the
methods of Ref. [24], has also appeared before in the literature [71]. In the right panel of
Fig. 8 we compare it to our determination for ¢y = Tg - While the results are qualitatively
compatible, important quantitative differences appear for m, ~ m; and in the region
my S mg S 2me.
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Figure 8: (Left) comparison of different treatments of the fy exchange. For all curves the
amplitude is given only by Eq. (A.28) with ¢; = Tg Iz but different prescriptions for the fo
couplings and propagator lead to different expressions for M ,- In solid orange, the choice
made in this work: fo couples to the energy-momentum tensor and has a unitary gauge
propagator, leading to Eq. (A.29). In dotted blue (dashed purple), alternative versions
where the coefficient of the g piece in Eq. (A.26) is set to —1/4 (0), still with unitary
gauge propagator. In dot-dashed green, the version used in Ref. [24] where the propagator
has the Landau gauge expression, i.e. in Eq. (A.30) one replaces mi — k2. For this
choice, which does not seem justified, the result is independent of the coefficient of the
g"" piece in the coupling. (Right) total lifetime obtained from our calculation with ALP-
fermion couplings proportional to weak isospin, compared to the lifetime for universal
couplings [71].

B Chiral perturbation theory for dark pions

At energies below the scale of resonances, the dark pions are described using ChPT. To
lowest order for N = 2,

Bof?
2

2
2 Iy —~ —~

£? > TT(DMU) DU + Te[Um), + myU'], (B.1)
where U is the pion matrix transforming as U — L UR' under SU(2), x SU(2)r, My is
the generalized quark mass matrix containing also the interactions with the Higgs, and By
is a non-perturbative constant that determines the dark pion masses,

=Qa

U =exp <z gall

™

> y mwl = My — Bh, m?r = BoTr(mW), (B2)

where the form of my follows from Eq. (3.13). According to Eq. (3.3), the covariant
derivative of U takes the form

DU =0,U — i%z(AU —UA)Z,. (B.3)

The above equations allow us to derive, in particular, the linear mixing between the dark
pions and the Z, 55}2) D —gzfiTr[oa(A — A)|0#7°Z, /4, and the linear mixing between
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the dark pions and the h, £% 5 By f+Trlicq(B — B")]#%h/2, both of which are of course

@

consistent with the current algebra results given in Section 3. If SU(2)y is exact and
therefore A, /I, B x 19, all interactions of the dark pions with the Z in Eq. (B.1) vanish.
For the single- Z terms this is a consequence of Tr(UTO*U) = 0, valid for any N (see e.g.,
Ref. [117]).
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