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ABSTRACT: 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 connecting
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 important progress is needed include maximizing the dark shower coverage of existing
detectors (primarily ATLAS, CMS and LHCb), understanding the interplay with low-energy
production 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 (n’-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 < 4Ng), 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
0(100) GeV, to satisfy collider bounds. The interactions connecting them to the visi-
ble 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 moti-
vations. 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 ;, 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. Qq)? with hypercharge 1/2 are included,
which also transform in the fundamental representation of SU(/V;). This field content allows
for Yukawa couplings involving the SM Higgs doublet,

—Luy = Q. YYrH + QpY Y H + Q. MQr + ¥ wir + hec., (1.1)

where Y, ?, 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 Qr g and 9, R fields, respectively, so we assume this form without loss of generality.
The coupling matrices Y, Y can be complex in general, with N2 + (N — 1)? independent
phases, decreasing to (N — 1)? if one of Y, ?, or w vanishes. In addition there is always
the strong CP 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 YYv? /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 < 4N, [21], at low
energies the light quarks are confined and form a condensate. The SU(N), x SU(N)g chiral
symmetry is spontaneously broken to the diagonal SU(N)y, resulting in N? — 1 pNGB
dark pions.

The Y = w1, Y =0 limit of eq. (1.1), together with appropriate TeV-scale supersym-
metry breaking, embodies a solution to the little hierarchy problem & la tripled top [13, 14].2

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.



This sets a well-motivated target for the chiral structure and mediation strength, with
Y ~y; ~1and 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 backreaction 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¢ = 0~7F) while the 75
is C'P-even (0~ 7), 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

M2 M2
faNmin{}/Qfﬁv Y/sz} )

where f; is the dark pion decay constant, defined in analogy with the SM pion decay constant

(1.2)

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 C'P-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 C'P-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
27 f2 YYu
Mm2

where my, is the Higgs boson mass. Since small dark pion masses are well motivated in our

sin @ ~

(1.3)

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
me 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 eqs. (1.2) and (1.3), dark pion theories with ¥ ~ 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 by the model parameters. On the other hand, some dark pions may be stable,

3See also later studies of the w, M < A [22] and w, Y§~/v2/M < A < M [23] scenarios.



if they are charged under an exact subgroup of the SU(NV)y flavor symmetry. Here we
consider benchmark scenarios that demonstrate quantitatively all of these features. Related
previous 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 m, < 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 — 7@ in our model are carefully derived. We obtain relevant constraints from
displaced decays of C'P-odd dark pions to dimuons at the CHARM, LHCDb, 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
# — utp~ 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 > Yv, Y v, where (H) = (0, v/v/2)7
with v &~ 246 GeV, we can integrate out the ) fields at tree level and obtain the EFT

1_
Loer = 5 0pY MY | HI% + iy" H' D, H| or + hc.
1 o [12e s |
+ Y MY | H[%i) + iv" H' D, H | 1, + hee. (2.1)

—Prwir + ¥ Y TM Y g H|? + hee.,

“In 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,

2N
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 g = Ur, RIﬁL R » and their
diagonal mass matrix is

myy = UzmeR . (23)

Barring cancellations, the v 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 v, (or
1) 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,

— Ngms
(Z =)~ —9"Z
(Z > 'y) 96V

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

{T[(YTM2Y)?) + (Y > Y)}, (2.4)

ratio

(2.5)

NyTe(YYTYYD) + (Y — ?)) (1 TeV)4
3 M )

BR(Z = ¢/¢') ~ 1.8 x 107* (

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

(2.6)

NTH(YYIYYH + (Y — ?))1/4

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,

D(h— ¢y ~ S/5nCr

T [YIMY (YY) (2.7)



For M = M1 the associated branching ratio is
Ndﬁ(YyT??T)> (1TeV>2

(2.8)

1N -2
BR(h — v/F) ~ 2.2 x 10 ( S B

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, TH(YY YY) ) 1/2
3 x 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 >0.4 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 eqgs. (2.6) and (2.9) indicates that the product YY is much more
severely constrained than Y2 or Y2. 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=cTr (YIM™2Y +YIM?Y) %|H|2Gﬁl,@‘4“l’ , (2.10)

where cg = 1 arises from integrating out the @ at one loop,® or to W'Y 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 o) B = D
2304V/2m3G p

resulting in a branching ratio for M = M1,

Oéd(Mh/2)>2<(N3 -1 [Ir(YYT +??T)}2) (1 TeV>4.

—~ —~ 12
m(YTMtY +YIM Y| (2.11)

BR(h — §j) ~ 1.3 x 1074 02Q<

0.2 8 M
(2.12)
If Y = 0 we obtain, using the dark quark equation of motion (EOM),
— Ndmh _ —
T(h— )~ —=" Tr|wY M2y (wY M2Y)f 2.13
(h =95 = T ( )] (2.13)
and for w ~ my/1 and M = M1, the branching ratio is
_ N, Tr(YYTYY™) my \2 [(1TeV\*
BR(h — ¥/'0) ~ 1.4 1—5(d )< 1”)( > 2.14
Rk > 9) <10 3 05Gev) M (2.14)

In the opposite case Y = 0, one replaces Y — Y and w — w! in eq. (2.13).

®More generally, cg 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 T]S;H )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 Y2 4, 1o
T ~ 162 Z 3ar2 \ Vi +y; + SYili ) (2.15)
1=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=M1Y=Y1land Y =0,

NN 1/2

M > 0.9TeV Y? (é) ., (T parameter) (2.16)
NN 1/4

M > 0.8TeV Y < d ) , (Z — invisible) (2.17)

where for the former we have used the rough estimate T < 1073 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 A branching ratio constraint.

The operators |H|*B,,, B* and |H |2Wﬁl,W“”i are also generated at one loop. However,
since the 4 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(92WﬁVW“” —¢'%2B,, B")
which gives a vanishing contribution to the h~vy~y coupling.

C'P 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 OBE =
|H ]2BW§‘“’, which in turn contributes at one loop to the EDM (similar considerations
apply to |H |2Wﬁyﬁv/””i). Inspection of the relevant diagrams shows that O,z does 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
we estimate cpz ~ N Y2Y2g'2 /[(47)*M?], leading to a constraint M > 1.5 TeV YY
for Ny = 3 [44]. This is much weaker than the Higgs invisible branching ratio bound,
M =2 40 TeV YY from eq. (2.9). In summary, we find that EDMs do not provide additional

constraints in this model.



3 Effective theory for dark hadrons

At energies below A, the SU(Ny) gauge group confines and the dark quarks and gluons form
hadrons. For N > 2, the lightest hadrons are pNGBs of the SU(N) x SU(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,

. . (=1 ’ — ’ —1. ’

Trq ~ 1 (¢LUQ¢R — ¢R‘7a¢L> = io, Y5, (3.1)
where o, are the Pauli matrices. Importantly, the 75 has J©¢ = 0=~ whereas 71,3 have 07,
as can be derived from eq. (3.1) using ESPL, RV S E{PL, rYS . Note that in the absence of
a U (1) flavor symmetry, i.e., if Y, Y are not diagonal, 1 and 75 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
Ve — . -~ o~
— I G RY M T2Y g + 0§, Y M2V ) 2, (3.2)

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

3
5 PR At O A ) 2y = =L 37 {Trlog(A + Ay + Trlog(A — AN, } 2,
q=0

3.3
where the dimensionless matrices A and A are defined as o
A= U;UT YiM2YyUy, A= U;U[YT M~2YU,, (3.4)

and op = 15. In addition,
I =yt s Ty =T dle ire= VLRV SR (3.5)

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

(0178, (0) |75 (p)) = — idan f5 P!, (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

4 NS . am3\1/2
D(ta 5 f]) = 5 |Trloa(A - A))| Grajmisims, (1 525) (3.7)




where ay = Tgf and NJ = 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 7o does
not, because

Tr[oa(A — A)] = i[(A ~ A)1z — (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

9% f#
2
8m7,

Trfoo(A — A)Ouiafy" (vr —aprs)f. (v = T3, —282Q, ay = Ti;)  (3.9)

Due to the conservation of the vector current, the interaction relevant to describe dark pion
decays is
OuT 1 fr ~

—quﬁwg, = g oA = A cg=Tig,  (310)

where féb) 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 figure 1, which is one of the main
novelties of this work. The lifetime is also shown in figure 8, see appendix A.

To gain some initial insight on the scales we take, e.g., Y = 0, giving the parametric

M2 M/Y\? [ GeV
(D) o B o 22 103 TeV [ L
LY~ f 3 10° Te (Te ) (fw) (3.11)

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 = PeV.

scaling

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

couple to the Higgs current, namely £ D iH TE;H Oty / féb).ﬁ 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 mg  M?
ad) 4 ~ a(d) _ g Z qj "9 g
_ gm 8N7deLj’}/udLi + h.C., g’L] = —W ]_671-2 m%/v 0og mQ . (312)
a’ qcu,ct q

SIn turn, this can be rewritten in terms of dark pion-SM fermion couplings using the leading order EOM
g —
for the hypercharge gauge field, iH'D, H = —2 Z\pedﬂml Yo Uy, ¥ — (2/g")0" B, 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 = Tff. In the top left panel the vertical dot-dashed line indicates the m, = mtrans

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 m**s the NLO QCD correction to
I'(a — gg) in eq. (A.3) is 235 as(mlra»s) /(127) &~ 1.6 times the leading order, suggesting a sizable
residual uncertainty for this width.

Note that the appropriate mass scale to cut off the logarithm is M ~ TeV — the largest
physical threshold here — and not f(gb), 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
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 # — p*u~ at CHARM,
LHCb and CMS for mz = 2m,, , and from searches for K™ — 77 with invisible 7 at E949
and NA62 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— N
¢y Bigh +h.c. = 5¢’[B + B+ (B-BY)w]y'h, B=ovUY' M '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,
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and we rewrite it as

1 3 110
-3 Z lioc,(B — By q s’ (3.14)
q:
Finally, recalling eq. (3.1) we have
(05" %25/ (0) 0 (p) L (3.15)
) = —dab Ly ) .
(mw’)

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

2 G szOmM (1— 123)3/2
4\[ mh ( mz >2 ’

mh

_ N/
D(ra B £5) = 35

Trfice(B — B (3.16)

where we have employed the relation m?ra = E’OTr(mw/), valid at leading order in the dark

sector chiral perturbation theory (ChPT), see appendix B. It is immediate to see that if C'P
is conserved, the trace in eq. (3.16) can be non-vanishing only for a = 2, since (io2)* = io9
whereas (io13)* = —io13. Note that the interference between the Z- and h-mediated
amplitudes vanishes in the #, — ff process.

Comparing egs. (3.7) and (3.16), for Y ~ Y we find I'(# LN )T (# KA ff) ~
M?B3/m? 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 JY?
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 following
the results of ref. [25] (see also ref. [49] for a recent reappraisal), by matching to their
definition of the couplings

mf R (@ _ fx mZ,  Trlioa(B— BY)]

_ st Foff sy = ) (3.17)
2 o 2 Tr(my)  mj —m2,

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

$202m3 2

901 ’I’)’L¢

L(p—y)= 5562

Z ON!Qiw; [1+(1—2;) f(2:)*] — [2+ 32w +3zw 2—2w) f (zw)?]

i € fermions

)

(3.18)
where z; = 4m?/ mé and the function f(x) is defined in eq. (A.4). The matching constant
parametrizing ¢ — 4m,nn, ... [25] is fixed to C' ~ 4.8 x 1072 GeV 2. The resulting decay
widths and branching ratios are shown in figure 2.

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

7%]\};1; ~3><10—6( Ja >2( YY/M ) (3.19)
h

5@
g GeV 0.03 TeV !
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Figure 2. Decay widths (left) and branching ratios (right) of a light C'P-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].

where, as in eq. (3.11), C'P conservation was assumed for simplicity. Since the bound
from h — invisible reads roughly Y'Y /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,
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
#ta — ff as already noted, but can a priori be nonzero for more complex final states. In this
< 2my ~ 10 GeV, where a wider range of experiments

~

work we focus on the mass range ms#
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, beginning with
general arguments. If the theory respects the SU(2)y isospin symmetry, i.e., w, M,Y, Y
15, then A, A, 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, M,Y, Y and hence A, A, B are diagonal.
In this case 7+ = (71 F if2)/v/2 is charged under the U(1) and therefore stable, while
7o = 73 can decay (to avoid any confusion, we remark that the subscripts do not indicate
SM electric charge).

- 12 —



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
hidden sectors share a common dark color gauge group, we expect M = M12, Y ~ 112
and Y ~ 0, which implies A, 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 > 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 o 1, 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.

4.1 Scenariol: 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

i
y — Y11 Yi2€¢ (4.1)

Y21 Y22

"Note that in this case the theory contains 1 physical phase, for any N.
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) Symmetries possessed Decay portals
Scenario —
Y =0 | exact U(l) | exact CP 1 v 3
Section 4.1 v X X A Z Z
Section 4.2 X v X stable | stable Z,h
Section 4.3 X X v A 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, 74+ = (%1 F i72)/v/2 is stable because it is the lightest
particle charged under a dark U(1).

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

3 sin aiylﬁ”gl?
YR — “Yr1, & = arctan L - Y=

Yy11y12 Y21Y22
Cos & 5= + S
M5 M3

e%y11 yioe™®

i , (4.2)
€7 Y21 Y22
and the same for ¥, so that the mass matrix remains real.”

All three dark pions are unstable. As anticipated, #; 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 72 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:

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

cr B2
(47)?

c1 B2

W(Wl — w2)2fr§ s (43)

)2
(Tefmy Ut = Uml,])" > -
where ¢7 is a coefficient expected to be of O(1) by naive dimensional analysis. For
generic dark isospin breaking |w; — 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 5 we can focus only on its mixing with 7.0

e The effects of tree-level Z exchange,

2,2 2
- %(Tr[aaYTM’zY] Oufa) (4.4)

which correct the kinetic term of 71 (and 73), but not 7.

8We assume cos a y11y12/ M7 + ya1y22 /M3 > 0 for definiteness.
9The low-energy quark masses are given by
2
my = w(l - UZYTM’QY),

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 m by YL .r = UL,Rw/L,R , but in practice we neglect the (Yv/M) -suppressed corrections.

ONotice that if w; = ws 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 M; = Mo.
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e The one-loop contributions from box diagrams, with parametric scaling

2
~ 5or3 2 Mo Y MY Te[0Y 1Y 0,0y (4.5)
a,b

These yield in particular a C'P-violating mixing of 7; and 79, provided
1 A A
iTr[agYTY] = sin & y21y22 + sin(& — a)y11y12 (4.6)

is nonvanishing. This is the case if o # 0, all y;; # 0, and M; # Mo (if My = Mo,
Y'Y is real because YTM2Y is).

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

M Cop  S0,5 M Tr(UQYTY>
— s tan 2912 = — .
(fm) (_5912 0612) (7}2) w202 Tr(o  YTM=2Y) + Tr(o1 YY)
(4.7)

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

Y11 f ™ 2
—_— = 2 = 3 = = s o= — N — = M = M7 48
\/5 Y12 Y21 = Y22 =Y 3 My 2 ( )

3
which is of generic nature. From eqs. (3.10) and (4.7) we find the effective decay constants
of 71,3 and the C'P-violating 71-72 mixing angle, respectively,
2 2
M (3) M 0.20

.0 ﬁ s fa ~—18 —— tan 2912 ~ . (49)

I =3 7 >
vtz 1+0.036 (42)

The decay width of the physical 72 is then I'z, ~ sin? 612 I';+,. 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 figure 3, choosing y/M that
saturates the LEP bound and fixing f; = 1 GeV; other results are obtained by rescaling
T o f2(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,, < ms S 2my. Therefore, this dark
pion is a natural LLP target for present and future experiments. On the other hand, 79 and
#r3 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 79 lifetime we have performed an estimate, rather than a precise calculation,
as sufficient for our purpose. The right panel of figure 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, 72 may decay through Higgs
mediation via a small Y # 0, but we do not study that possibility here).
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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; = 1 GeV. In the right panel only
selected decay channels are shown; see figure 1 for the complete picture. The vertical dot-dashed line
indicates the value of ms where our description of ALP decays transitions from exclusive hadronic
final states to perturbative QCD.

This benchmark scenario provides a theoretically motivated and remarkably simple
target for current and future experimental probes. The constraints from and future
opportunities 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} — €*?3{¢), Q} is preserved, the Yukawa matrices are diagonal.
Parametrizing the two physical phases as Y = diag (y1,v2), Y = diag (1€, §2¢°2), the
EFT quark mass matrix (2.2) is diagonal but complex, and is transformed into a real and
positive my by the rephasings!'!

i m2
sin o Y457
3

Y — Upp, Up = diag(e'®, €9?),  4; = arctan , (4.10)

W; — COS OAZ%
which also leave the (real) Z1t 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 7.7 — @p7y conversions followed by decays of 7y to the SM with lifetime
Tz, < 1 s, as realized throughout the interesting parameter space, result in a very small 7+
relic density without affecting Big Bang nucleosynthesis [18].

To simplify the analysis of the parameter space we assume w; = % cos «;, 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 &; = a; and my, = vigiv? [ (2M;).

In addition, we choose the generic patterns

. 3 T 1
31 =y2 =Y, ==Y, —ja=oe2=—o, §M1:M2:M, (4.11)

HWe assume w; — cos a; yigjiUZ/(ZMi) >0.
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giving the bounds from invisible Higgs and Z decays

(y)'/?

% <0.023 TV, (r +6.1r"2)/4 < 1.4 TeV !, (4.12)

respectively, obtained from egs. (2.7) and (2.4). We have defined r = y/g. The dark pion

Sy 2 1/2 h — inv N 1/2
ms = (?mfﬁyy” ) < 36 Gev< I ) , (4.13)

mass reads

M GeV

where we have set By = 4 fr
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

F0~ —41 (r+1.3771)71. (4.14)

Yy fa
For the latter, the coupling of the dark quarks to the Higgs reads 1); Byrh + h.c. with
B=v UEYTM_lY, and we can apply eq. (3.17) with

1
2v

Tr[ios(B — B)] = %saﬁdl - %SQH&Z ~14 % — séo) ~ 5.7 Wf’%lwn;/,?f/im,%) .

(4.15)
The first equality holds in general and shows that séo) would vanish for w = 0, as a
consequence of sin(a; + &;) = 0. At this stage we can take {yg/M, M,r,ms} as the four
independent free parameters, with f; fixed via eq. (4.13). In figure 4, we set yg/M to its
upper bound from A — invisible and explore the remaining three-dimensional parameter
space. As expected, the 7 lifetime depends strongly on 7: if M ~ O(TeV), for r > 1 or < 1
the Z portal dominates (with branching ratios that are well described by figure 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 figure 3. The reason is that, while in scenario 1 fx
is independent from ms, here eq. (4.13) dictates the scaling f7 o m?r, resulting in a much
shorter lifetime as the dark pion mass increases.

Conversely, for 7 ~ 1 the Higgs portal plays an important role, dominating the total
width for msz 2 2-3 GeV. For this reason, in the bottom panels of figure 4 we show the
branching ratios at » = 1, which best illustrate the complexity of the decay pattern. If
ms < 2GeV the branching ratio to the CP-even KK final state is of several percent, which
could rise up to ~ 15% in the region below the c¢ threshold, although the description adopted
here [25], based on the ss final state in a perturbative spectator model, does not permit
a more accurate prediction. For m; above the cc threshold Higgs exchange 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 interactions
contain sizable C'P violation.

4.3 Scenario 3: exact CP

The third and last scenario we consider is one where C'P is exactly preserved by the
dark Yukawa interactions. As in scenarios 1 and 2, to reduce the number of independent
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Figure 4. (Top) lifetime of 7y for exact dark U(1). We have set yg/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/g, where r =~ 100 and r ~ 1/41 are chosen to saturate the Z — invisible bound for
M = 1.1TeV. Dashed curves indicate the same, but including only the Z-mediated contribution
to the width. (Bottom) #y branching ratios for r = 1, M = 1.1TeV, and y§/M saturating the
h — invisible bound. In the left panel, the hadronic channels mediated by Higgs exchange are
indicated by thicker curves. For 47, eTe™ and p™u~ the Z- and h-exchange contributions were
summed. The vertical dot-dashed line indicates m; = 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.

parameters the Yukawa and mass matrices are set to definite patterns. These are chosen to
be of generic nature, avoiding points of enhanced symmetry. We take

Y = V2 1/v2 y, Y= /3175 j, M= 3/2 M, (4.16)

1/3 1 11 1

leading to the h, Z — invisible bounds,

(yih)*/?
M

% <0.010 TeV~!, (2 +1.8772)/4 < 1.0 TV, (4.17)

In addition we take {w1,ws} = k{1, 2}ygv?/M, with k being a dimensionless free parameter,
so that after mass diagonalization Tr(my) = c(k)ygv®/M where ¢ is a dimensionless
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function. The pion mass is from eq. (B.2)

yjo?\ "
msz = <471'c(/£)f¢T ) . (4.18)

M

As a consequence of C'P invariance, o decays only through Higgs exchange, with lifetime
dictated by Tr[ioo(B — BT)] = d(r)yijv/M, with d being a dimensionless function. Setting
By = 4 f; leads from eq. (3.17) to

s$? = 2md(r) ﬁj\m (4.19)
In the top left panel of figure 5 we show the 72 lifetime as a function of ms, for several
values of k. 74, becomes very long for x < 1, because in the limit x — 0 we have B o< myy
which is diagonal, hence d(k) — 0. 74, also increases for k > 1, due to the larger c(k)
which for fixed ms requires a smaller value of f5, thereby suppressing 392). The shortest
lifetime for a given m is thus obtained for k ~ 1, i.e., when the mass scales w and YYo? /M
are close.
The C'P-odd dark pions 71,3 decay only via the Z portal, with decay constants that
depend strongly on r =y /7,

M2
Yy fa

(r+ ¢ (r)r) 7", b=1,3, (4.20)

£ =p(x)
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 figure 5
the lifetimes for illustrative values of r.'? At small masses the C'P-even pion 7 has the
longest lifetime irrespective of r, but for ms = 4 (6) GeV it becomes the shortest-lived for
r ~ 1(10). Recalling the branching ratio patterns shown in figures 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 #; and 73 reversed: in
particular, for r < 1 it is 73 that has the shortest lifetime.

Thus far, we have fixed yg/M to the upper bound from h — invisible. If this parameter
is decreased by a factor n > 1, f# 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 7, , unvaried, whereas from eq. (4.19) we
read that the net effect on 8§2) is an n-fold increase, and therefore the 7o lifetime becomes
n? times shorter. We illustrate this somewhat counter-intuitive effect in the bottom panel
of figure 5, which shows that even for msz < 2m,, the 7y lifetime can be as short as
O(1-10) m, provided fz ~ 10 GeV. Furthermore, 75 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 K™K~ [55], which may have sensitivity to our 73 since in

12For k = 1, the dimensionless functions take the values ¢ ~ 1.7, d ~ — 3.8, p(1> ~ 2.6, q(l) ~ —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 7o
for representative values of &, setting yj/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
ms > 4w [+ and are therefore not physical. (Top right) lifetimes of the three dark pions for x = 1,
M saturating the constraint from direct @ searches, yy/M saturating the h — inv bound, and
illustrative choices of 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 fx via eq. (4.18), the 7 3 lifetimes are not affected, whereas the one of 7tz is shortened. Dots
mark representative values of f; in GeV.

this mass region its BR to KK is sizable, see figure 2. As for the largest plausible value
of fz, the neutral naturalness framework suggests A ~ 4x 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 LB@IW with a < . In our theory they arise through two classes of one-loop diagrams:
Z exchange with insertion of the d LadrgZ coupling, and box diagrams containing W and
@, internal lines. The amplitudes can be fully obtained from the classic results for ds — vv
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in ref. [56], leading to

Gr ¢*
Lo = v ~drayudes > Vo (5.1)

q=c,t

S gl ((Uﬁ*»k(?m)m b URYDi(YUR)

kj IE=Y
08 Pr |V D(xq, 2y = 0;y;) +h.c.
M? M} ) Jm

ik,j=1,2

where z, = mg/m%,v and y, = M2 /m3, (recall thai the mass of Q¥ is simply My). For our
purposes we can safely take the large-y; limit of D,

D =0: ~_Tde | 2 Ye Ye _

D (xg,24 =0;y; — 00) =~ S, 17 { o (log v )—i—xq <2log v 7> log +3logxq+5} :
(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,

+ h.c.,

m? M?
Hefr \[64 QdLaryudwmav;ﬁbler o (4~ A)]]E)b[ S <1og = 2) +3

(5.3)
where only the first few terms of the dominant top loop were retained. The meson decay
amplitude is then, assuming factorization of the hadronic matrix elements into a SM factor
and a hidden factor,

<7ATaX|fHeﬁf|B> = <7Ara|<X‘,Heff|B>|O>

1 Pt | m? M?
4 Vtthb<X|SL’YubL\B>f @ [mzt <1Ogm2 - 2) +3|, (5.4)
p W

~ 64n? 2

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

3 M? ’ 7
I(B -~ Ka) = 8 fo (m2)’ gvtsvtb[n? <1°g2‘2>+3 (1_m§> M
647 6472 f1 | My m b
. n 3/2
L(B— K*fa) _ Ao (m 2)? N2 (CP odd) (5.5)
T'(B— K#a)  fy (m2)? m3 \* 12
o) ks
B

where Axz = (1— (mXJQm*)Q)(l— (mXT;Qm*)Q). The log-enhanced contribution to I'(B — K#,)
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 fp, Ag are taken from the light-cone QCD sum rules analysis of ref. [57], with
fE75(0) = 0.27 and AF75(0) ~ 0.31. An expression analogous to the first line in eq. (5.5)

applies to K — 77y, with the appropriate replacements of masses, CKM elements, and the
form factors available from lattice QCD with f{£~7(0) ~ 0.97 [58].13

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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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]

B\fG mq a) ~ *
o dradrpsyFa DD myVe Vs + hie., (5.6)

q:u7c7t
9\ 2
mi )\1/2
- m2 K#»
B

Lo >

and

m3

(a)
A 3V Vi 55"
F(B—>K7ra)_64Bfo(m) GV sy mi

1672 v 02

['(B— K*%,) Ao (m2)® 5
(B - zr ) =20 (m”)2 Ak s , (CP even) (5.7)
['(B — Kt) fo (m%) (1 mi) )\1/2
T om2 K#
B

for the decay widths. Evaluating egs. (5.5) and (5.7) we find

BR (B0 (K, KR }) ~ {0.92,1.1}><10—8<10 Tev) (N2 N2 4 (CPodd)
fa

(5.8)

(b)
BR(BHO 5 (K T4, K*0%,)) ~ {2.6, 3.3}><10—12(3X5i06> (N2 X321 (CPeven)

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 > 2m,,.
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(B* - Ktwp) <1.6x107°,  BR(B’ = K*%vp) < 1.8 x 107°. (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 figure 1 or 8), thus violating the search assumptions.

Therefore more relevant are searches for B — K (*)(X — pp) with long-lived (scalar
or pseudoscalar) x at LHCb [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.
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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 LHCb ([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.

The relation (5.10) enables a direct comparison of the CMS and LHCb/CHARM bounds.
In figure 6 we show such comparison for four representative ALP masses in the range
me < 2m., where searches for a — ™ are relevant, as seen from the branching ratios in
figure 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 m,, CMS provides limits for 7 = 1,10, 100 mm, corresponding to the red
points in the (f,, BR) plane of figure 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 LHCb 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 constraints
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

1411 the top right panel of figure 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.
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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 figure 8 (right panel) shows qualitative agreement, although important quantitative
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 figure 6.

For 2m, < mq < 0.6 GeV, the re-interpretation [66, 71] of CHARM results gives
> 1.3-1.9 PeV,'6 translating in

~

the strongest constraint.'® In this region we estimate f,
benchmark scenario 1 to

2
<1'1yéi\<f/_l) (va) <2 (scenario 1, 0.21 < ms/GeV < 0.6) (5.11)
when applied to 7; using eq. (4.9), and taking conservatively the weakest bound in the
given mass range. Thus, for f; 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*)a only [66].

For m, € [0.6,1.1] GeV, the limits set by LHCb on BR(B™ — KT 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 ( Ja ) <4, (scenario 1, 0.6 < mz/GeV < 1.1) (5.12)
1L1Tev™!) \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, 2 1.3-2.8 PeV, yielding

~

( y/M )2( f ) <2.  (scenario 1, 1.1 < ms/GeV < 2.8) (5.13)
1.1 TeV—1 GeV /) ™ - -

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 figure 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,, < mq S 2me,
including CODEX-b [71], FASER 2 [72], and MATHUSLA [73]. Importantly, in contrast
to current bounds that rely on a — p* ™, these experiments would be sensitive to any

'5n 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 figure 6.

15Here 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 < m,/GeV < 0.6, see the top panels of
figure 6.
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decays to > 2 charged tracks and therefore to a — 777~ 7, which in our model dominates
between 1 and 3 GeV (see figure 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
figure 8, and the production rate, which is assumed to arise dominantly from FCNC B
meson decays. For example, in our setup mixing with g, n,n" 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, = 14 PeV [66], based on the a — u™ ™ 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— atr a0 nrta~, KKr, ¢¢ [74] and displaced a — 77~ 7 [75] have been considered
and projections for Belle IT obtained. Our branching ratio calculations in appendix 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
10° TeV
BR(K' — 7t4®) ~ 3.9 x 1071 [ —— | AM2, (5.14)
f(gb) T
with the strongest NA62 bound BR(KT — 77 X) < 5 x 107! (90% CL) [76], valid for
mx € [160,250] MeV and 7x = 10 ns, we learn that PeV decay constants are currently
being tested. In fact, for benchmark scenario 1 we obtain

2 4
# M
BR(K' — nt#) ~ 5.7 x 1071 <3 éeV) (1 lyée\/_l) )\7142 , (scenario 1) (5.15)

hence for f; 2 3 GeV NA62 surpasses Z invisible decays, at least for 160 MeV < mz < 2my,,
where the lifetime is extremely long. For mz > 2m,, such values of f; correspond to a shorter
lifetime of O(ns), causing a deterioration of the bound [76].!” For even larger f; > 10 GeV
the NA48/2 limits [79] become relevant, BR(K+ — 77 x)BR(x — pu) < 10719-1072, valid
for 7, < 100 ps. For ms < 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 — rt#®) ~ 1.3 x 10“<1Sg4> A2 (5.16)
hence NA62 [76] is probing mixing angles of O(10~%). Comparing this with the expectation
in benchmark scenario 3,

2 ~
(2) —r(_tx ) < yi/M > .
- 1
Sp 0 <5 GeV 10-5 TeV 1/’ (scenario 3) (5.17)

"The KOTO experiment has produced a bound on Ky — 7°X, reaching BR ~ 2 x 107° (90% CL) for
mx < 150 MeV [77]. From the relation with K+ — 7 X [78], we estimate that its impact on our parameter

~

space is weaker compared to NA62.
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where we have set mz ~ 250 MeV and x = 1 (recall that the product fi 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
ms, 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 C'P-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 coupling structure of our model implies that Z decays dominate in
scenarios with Y or ¥ ~ 0, whereas h decays are most important if ¥ ~ 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 — @Z)’E, 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
< 2m,, the FCNC meson decays discussed in

~

states, as seen in figures 1 and 2. For ms
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
T#; > 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 # — ™ decays, which
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].'8

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).

8Hadronic # decays are alternative opportunities, especially when the final states are fully charged: for
example, T — KK & (K*t77)(K~n") through the Z portal, or # — KK~ through the h portal. The
phenomenology of these hadronic final states within dark showers deserves future study.
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6.1 LHCD sensitivity

We base our reinterpretation on the latest LHCb 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:

ms = 650 MeV , BR(# — pp) =~ 0.96, (Nz)y =17,
msz =1 GeV, BR(7 — pp) ~ 0.18, (Nz)=5. (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 7o (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 — ¢/ @/) 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 — pTp~ [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 pf € [5,10] GeV bin dominates the sensitivity, resulting in the solid
black exclusion curves in figure 7. The right minimum of the exclusion contours corresponds
to optimal sensitivity to the 7; signal with 77, ~ few mm, whereas the left minimum
corresponds to optimal sensitivity to decays of 73, with 74, ~ 3774, ~ 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 efficiency
€, that is varied in the range [0.4,0.8]. This is compared to the background rate extracted
from figure 2 in ref. [84], which is found to be ~ 1.6 (= 0.7) events per 5.1 fb~! for the m; =
650 MeV (1 GeV) hypothesis, by averaging over the m,+,- € [600,700] MeV ([0.9,1.1] GeV)
utp— — 650 MeV (1 GeV)| < 20 with o
being the experimental resolution. When applied to the current luminosity, this procedure

window and considering a bump-search interval |m

gives the dashed gray bands in figure 7. The reasonable agreement with the actual LHCb
constraint gives us confidence in the method, which is then applied to Run 3 (23 fb_l) and
High-Luminosity LHC (HL-LHC, 300 fb~!) scenarios to obtain the red and blue bands. For
ms = 650 MeV, LHCb will probe Z branching ratios down to ~ 107 in the high-luminosity
phase, with further improvements possible either through optimization to the dark shower
signal or future detector upgrades. The reach for m;z = 1 GeV is somewhat weaker, due to
the lower dark pion multiplicity and smaller dimuon branching ratio.

The brown lines in figure 7 show the relation between BR(Z — ¢/¢') and T#, that is
realized in benchmark scenario 1, as a function of f;. The dependence on the underlying
parameters should be contrasted with complementary bounds from other processes, namely
Z — invisible, which probes y/M, and B decays, sensitive to f, o« M?/(y?f;). We learn
that for 1 < f2/GeV < 20 the LHCDb dark shower search has already probed new parameter
space, highlighting the strongly complementary role of this type of analysis with current
and upcoming data.

_97 —



F [Pev]

0.001 01 02 05 1 23 57
1074
B 10
T
N
= 105
)
2DV (300 fb~5);
10771
ms = 650 MeV, BR+ ., ~ 0.96 . 101
g| ™ =8, (N:) =T, € €[0.4,08] allowed by B — Ka
10~
1073 1072 0.1 1 10 102 10° 10*
T#, [cm)]
FV [Pev]
0.001 01 02 05 1 23 57
) L Mallowed by 7 55 i CF 4 4 i
\ 2 DV (300 by 10.7
107}
T/—\ 10.5
= N \ 7
2 09 TN 04 -
N 03 5
= =
ATt 10.2
ms = 1GeV, BRs_ye,- ~0.18 :
107} 1, 877, (Na) = 5, €4 € [04,0.8] allowed by B — K¢ lo1
102 102 0.1 1 10 102 10° o*

T#, [cm]

Figure 7. Projection of the 90% CL LHCDb sensitivity [84] to Z-initiated, muon-rich dark showers
for msz = 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, 7
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
€un € [0.4,0.8]. Brown lines indicate the relation between BR(Z — w’il) and 7z, obtained from
benchmark scenario 1, for representative choices of f.

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 figure 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 figure 7, and in particular the correlation observed in
our framework between BR(Z — ¢/ @/) and the dark pion lifetimes, a priori ATLAS and
CMS may lead to dramatic improvements in the region 74 ~ 0.1-1 m, thanks to their larger
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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
My ~ 2my, threshold. This approach is well suited to test the & — pu 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 — pu) 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 [, < 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*pu~. 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 ms < 1GeV 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.

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: @, — W1, whereas Qg decays to Z1) and hi with & 1/2 branching ratios for
M > mzy, . Flavor indices have been suppressed for simplicity. The Y 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 considerations
apply to the production of the electrically neutral pairs Q,Q,,, Q4@ . 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
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obtained. Our signal cross section reads at partonic level

o _  Nyra? 22 am2\ Y2 902
Glud = QuQ ) = 2 W omE (1— s) L+ =, (7.1)

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) ~ N4 1.6 fb, where
we used MSTW2008 NLO parton distribution functions [99] and the factorization scale was
set to v/3/2. To obtain an approximate but reliable exclusion on the Q’s, we solve

o(pp = QQ, M) = o(pp — XX, mg = 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 Q;, the constraint strengthens to 1.2 TeV). Given
the current Higgsino expected bound [98], we rescale the cross section by /L/L’ with
L,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.

Beside DY production we consider single @ production mediated by off-shell Higgs,
g9 — h* — Qq1p. This yields Z/h + 11 final states, leading to mono-Z/h signatures if the
dark pions escape undetected. The partonic cross section is found to be, neglecting the
1) mass,

Nga? Y2+ |[V]?

— M?/3 2
(99 — Qab) = 102473(N2 = 1) 2 ‘x[l + (1 —2)f(x)?] ‘2 (%) , (7.4)

where x(3) = 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

o (pp = Quth + Qg M = {0.5,1} TeV ) & Ny ([Y[* + [V[2) {0.70 0,9.7ab},  (75)

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
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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 S 2m, where the striking dark pion decay to dimuons has a
significant branching ratio.

Searches for flavor-changing b — sa decays, with long-lived a — 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 LHCb, 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 ms 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 mz < 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 completes
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 directions
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
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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 = 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 — ntn~ 7Y, which we find to dominate the width of light CP-odd dark pions, # —
KK & (K+*r )(K~7+) 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 ms = 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 investi-
gated. 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 param-
eter space. For instance, bremsstrahlung production of dark vector mesons can 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 0 -
L, = 5(8#(1)2 — §m§a2 — }La E:Cff’y“%f7 (A.1)
a f

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

of charged leptons is

+ i m2 4m3 2
I (a—ete) = 2f2 (1 ) . (A.2)
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]
cqB1 <4m2/m2) 2 { <97 7nq> as(ma)}
14 (= - a) 2 el)
4 6 s

Z 3272

1287a? (ma) 4
—"m

I'(a—gg) =

2 a
fa q=u,d,s,c,b,t
(A.3)
where ng counts the quarks lighter than m,, while the loop function ist?
B =1, S =T T
1(z) =1—xf(x)", x) = :
5 i 5 log 1+\/17x x<1.

We have By (z) &~ 1(—4) for # < 1 (> 1), implying that light quarks contribute ~ ¢,/(327?)
to the sum in eq. (A.3) whereas heavy quarks rapidly decouple. For decay to heavy quarks
Q = C’ b’
N, CQ
27 f2
where My is the running quark mass in the MS scheme. We use two-loop running for both
o and My, and set m. = 1.67GeV, my, = 4.78 GeV.

For mg < Agy we must consider decays to exclusive hadronic final states instead. To

~

r (a — Q@)

m2 1/2
n%mQOmJ<14 Q) , (A.5)

2
mg

do so we match eq. (A.1) to the low-energy effective Lagrangian [24, 103, 104],
2 By f? 1 1 1

Lon = S0,y (0#9)) + PS4 91M] 4 L0407 — Smda? — S + Ly

(A.6)

where ¥ — LY R under SU(3);, x SU(3)g and the covariant derivative is D> = 9,3 —

ieA,[Q, Y] —i0ua{cq, X}/ fa, with Q = diag (2, —1,—1)/3 and ¢4 = diag (cy,cq4,¢s). The

pseudoscalar matrix is written as

TR/ B " T K+
1 a2t st E /
Y =exp(2iP/ fr), P = 7 T —%—{—%—i—% K° , (A7)
- K _n 427
K K At

The structure of B; can be understood upon integrating by parts the interaction with quarks in eq. (A1)
and using the expression of the divergence of the axial current,

-~ va a . —
G — f—Zcq(szqusqf 16,2

Ou(@u54) = 2imaq754 — 763 G ).

a
q
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where fr ~ 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

9 / — si 9 / ]' 2 2
n\ _ [cosOpy —sintyy 78 . sinfy =—=, cosfy, = 7\[ . (A.8)
) . 3 3
n sin 97777' CoS 07777/ no

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]

~. tNce .0
Ly = gvypTr(PV,,V*) + 6n2 13 "P? A, Tr(Q0, P9, Po, P)
. 2
i
+2f2Tr |gV,, — eA,Q — 272[13, o.Pl +..., (A.9)
where Vi = %e‘“’p"VpU (with €923 = 1) and gyyvp = —N.g*/(87%f,) is determined by the

anomaly. The coupling g is fixed by the Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin
(KSRF) relation [106, 107] to g = gyxr = mv/(V2fr) ~ 6.0, where for my, we have taken
the p mass.?’ The vector meson matrix reads

' P(i}%w p—f— K+t

—- —  —potw *0
1% 7| e KO | . (A.10)

K~ K° ¢

It is important to note that eq. (A.9) realizes vector meson dominance (VMD) for mp — 7
but retains an (anomalous) vP3 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~ 7.

Equation (A.6) contains a piece i%@uaTr[cq(ETD“Z—Z(D“E)T)] that mixes kinetically
the ALP and pseudoscalar mesons, Leg D —%@La > P=romm’ K, pO* P with

2 1
Kaﬂ'o = Cy —Cg, Kan: \/;(Cu+0d—cs), K‘“?, = %(Cu—i-cd—f—QCS). (All)

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

2 2
T T aKa
a—>a—f— E mP(aP>P, P—>P+f—<aP>a, <aP):%, (A.12)
P=ron " fa Mg = Mp

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,Cq4,Cs), with

Cu = \/3amo) + (an) + L (an').
Ca = —\/3{amo) + (an) + %(an’) : (A.13)
Cs = —(am) + V2{an),

20This ¢ should not be confused with the SU(2)r gauge coupling, which never appears in this appendix.
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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 c; = Tgf ie. ¢y = —cg = —cs = 1/2,
giving Kor, = 1, Koy =1/ V6 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— vy

We begin with the decay to two photons [24, 101],

2 3 2
F((I N 77) (a )3f2 ‘CVMD + CpQCD uds + CpQCD cbht C%eptons

, (A.14)

where C, is defined by the effective operator f ae'P?F,, F,s. The individual contributions

are

CYMD _ _ N, [(apopo) + }(aww) + 2(add) + 2(apow)]O(m} — ma)F(ma), (A.15)

CPQCPuds — _ N 9N.Q2¢,0(my — mY), (A.16)
q=u,d,s

CPADt — — N ONQ2cq By (4m2/m2)O(mq — m}), (A.17)
q=c,bt

Clevtons — N 2Q2¢,By (4m?2 /m2), (A.18)
l=e,pu,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,
Fulma) = {1+ [(50)" — 1)l 8V) 1.4 GeV < my <2 GeV A.19
n(Ma) 2 (2—1.4) GeV 2BV S Mg = 2 eV, (A.19)
(110) o> 2 GV,

A basic cross-check of eq. (A.14) is that, setting a — mwp and f, — fr, it reproduces the
classic result for I'(mg — 77y), which in the VMD picture is mediated by (wopow) = 1/2. In
addition, the predicted widths for n,n" — v+ 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

1 { 2e fx

= m%2(m%3—m72r)(m%3—m72r)—m%(mg—m%ﬁz} —gvvpgff
a

MP =<

x [(V6(an) +V3(an') + (amo) BW,, (miy) — (amo) (BW,, (mis) + BW,,, (m3y))]
2

N,
° : (A.20)

67T2f2fa( 1 (an>+ f<a17> i(am)})}]-'(ma)
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where

2\ — (2 2 _ . -1
BW.(m;;) = (mg —mj; —imgI'y) (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, = _; c gna1 i- The width is

_ 1 [y 1 mg mi
F(a — 7T+7T ’}/) = 29m /‘Mpdq)g = W i dm%Q/ ) dm%3 ‘M‘Q (A22)

with 2m3 = +(m2 — m3,)(1 — %)1/2 +m2 +2m2 —m3, and the symmetry factor S = 1.
We cross-check this result by applying it to the 7': setting a — 7/, (’P) = 0,yp and
fo = fr gives T(n/ — n7m~v) ~ 56keV, in excellent agreement with the PDG value of
55keV. The same procedure applied to the 7 yields I'(n — 77~ 7) ~ 90 eV, to be compared
with the experimental value of 55eV. 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 vP3 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 (63keV) for n) — 77, so the 7 partial width
is off by a factor ~ 3 relative to the observed value.?!

A3 a— nta w0
We include 5 contributions to the amplitude, M = Mcppt + Mymp + My + Mgy + My,
The chiral Lagrangian gives

Meppr = [(a7r0>(3mf2 —mj — 2m72r)i| O (my —mq). (A.23)

VEk
3fafx
In the numerics we actually replace the quantity in square parentheses with its expression
including isospin breaking up to O(dr), where d; = (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

(amo)

Ja

M = SR 2 [(2my + mdy — m — 3m2JBW, (3 (A.21)
+ (2miy + miy — mg — 3m2)BW,(mi3)] Fy (ma)
1

~ 5 (mby = mE = 32)0(my — ma) |,

2fr

*n 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,, (m1z) = 6(apopo)BW,, (m1>)

in the second line of eq. (A.20). Upon integrating this partial amplitude over dm?2; we find agreement with
ref. [24].
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where Fy = F3. The first two pieces arise from pi exchange diagrams, while the third one
originates from the 92 P*/f2 interactions in eq. (A.9) and is essential to ensure that Myyp
vanishes at low energy, as can be explicitly verified by taking BW, ~ m;2 and applying
the KSRF relation. Exchange of the o scalar meson yields

My = —Q’ng?@ﬂ'o)pa - p3p1 - p2 BWo(m2y)O(4m3 — m2y) F(my), (A.25)
a
where Yorr = 7.27 GeV ™!, 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 avoid issues
with unitarity we turn off the o contribution at the di-kaon threshold [24]. The amplitude
for fy exchange is given by eq. (A.25) with ¢ — fo everywhere, v = 1.47 GeV™!, and
removing the cutoff at m3, = 4m?%..
The tensor meson f3, denoted by ¢, is assumed to couple to the energy-momentum
tensor as [111-113]
IE:

Ly, = =Gpmn 5 (0"510°S — 39" 0°51043) fo) b (A.26)

Choosing the U(3) representation fo = diag(1,1,0)/2 allows to reproduce approximately
the branching ratios into 77, nn, K K,?? and the overall coupling strength is fixed via

9607 : T3 f

2 3 A2 5/2 9
D(fo »atn™) = Ifpmn T fy <1 - TZ“) = T9PBR(fo = 771 4+ 727 exp  (A27)
2

t0 gfyrr = 13.1 GeV ™!, using the PDG values [70] for the f» total width and 77 branching

ratio. Then we obtain the amplitude for a — 77~ 7°
My, =g I7 BW , (m3,) M,0[m?3, — T4 F A28
fo = gf27r7rf (amo) f2 (mis) f2 [m12 (mf2 f2) } (Ma) (A.28)
a
with
My, = (0hP5 — 59"Pa p3) (P10 — 59°7P1 - 2) Buw, por(p1 +12) | (A.29)

where the definition of B, po (k) is [112]

k. k kuko kuk
B, po (k) = (gup - n‘;f) (gw - %§°> + (g,m - 752 ) <9up - mZP)
f2 f2 fa2 f2
k. ky kpko
- % (guu - n‘;? > <gpa - 7;;2 > . (A'30)
2 f2

The low-energy expansion of this amplitude is

—~ 1
Mf2:7

o5 [miamiy + miymdy + 6migm3y — 8(m + m)mZ| +0(1/m3,).  (A31)

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

*2The agreement can be mildly improved by taking fz = diag (v/1 — s2,v/1 — s2,v/25)/2 with s ~ 0.1,
but for simplicity we stick to s = 0.
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short-distance constraints removes, or suppresses strongly, terms such as eq. (A.31). For this
reason we turn on the fy exchange amplitudes like eq. (A.28) only for m?j > (my, —T'p,)?,
thus retaining most of the resonance peak but discarding unphysical low-energy pieces.

Combining all terms, the width for a — n#t7 7 is
1
Ia— ntr 7n0) = 25m. / |IM|2d®s (A.32)

with S = 1.

A4 a— 3n°

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

Menpr = VE ]Zj; {(aﬂ-oﬂ@(mn/ — Mg)- (A.33)

In the numerical evaluation the quantity in square parentheses is replaced with its expression
up to O(d7), found in eq. (S31) of ref. [24]. For o exchange,

fr
fa

Mo = =293 (a0} [Pa-p3 p1-p2 BW, (m5) 0 (4mic —mis) + {1 < 3} +{2 ¢ 3}] F(ma).

(A.34)
The amplitude for fy exchange is obtained from eq. (A.34) by replacing o — fy everywhere
and removing the cutoffs on the o propagators. The tensor meson f» contributes

My, = —gffmﬁ<a7ro>{BWf2 (m35) Mf,0[m3y—(mys,—Tp,) ] +{1 &3} + {24 3}}.7:(ma).

fa
(A.35)
The width is given by eq. (A.32) with S = 3!. The fo amplitude is responsible for the
increase of the width above m, = 2 GeV seen in figure 1.

A5 a— 770, ntnn

For a — 797%) we consider five contributions, M = Mcyppt + My + My, + Mgy + My,.
The chiral Lagrangian contributes via the pNGB mass term,

2m3r 1 ’
Mcenpr = 37t ((am) + 72(“"7 ))O(my —my), (A.36)

while the o contribution is

M, = _ﬁ?’YJﬂw (2707777<a77> + 'Ymm’<a77/>)pa “P3p1 .prWU(mi)@(élm%( - m%2)}-(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

Jr
Mg, = _’Yaoﬂni('yaoﬂn (an) + Yaomy’ (an'>)1?a “p2p1 - p3 BWy, (m%?))]:(ma) +{1 < 2},

fa
(A.38)
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and finally,

My = =3 e (Gam) + ) BW g, () M7, @ i, (g, ~ 1)) Foma). (4.39)
The width is obtained from eq. (A.32) with S = 2!. For the analogous final state involving
charged pions we find I'(a — 777 n) = 2T (a — 7°7%)). As a check of these results, we
apply them to ' — mmn by setting @ — n’ and f, — fr. The fo contribution is not
included since m,y < myg, —I'y,, and we obtain I'(/ — 7070 + 7t 7n) = 129keV in very
good agreement with the PDG value of 122keV, as it should be since the remaining four
amplitudes were fit to data including " — n7m in ref. [110].

A6 a— 7%, nta

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, + M fo + May + My,. The o, fo and ag terms are simply

obtained from egs. (A.37) and (A.38) by exchanging everywhere 7 <> 7/, whereas the fo
amplitude reads

12 f7r

MfQ = _ggfywrﬁ

((an') +v/2(am) BW 1, (m3y) M, [miy — (myg, =T',)*] F(ma). (A.40)
Again we find I'(a — 777~ 7') = 2T (a — 7°7%).

A7 a— qnn°
Here M = My, + Mgy, + My,, with

My, = — 2ﬁ7fo7rw7fo?7”?<aﬂo>pa P31 p2 BW g (mia) F(ma), (A-41)

Mayg = — 7207‘!‘77?<a'7r0>pa p1p2 - p3 BWg, (m%:),)f"(ma) +{1+ 2}, (A.42)
2 Ir A

My, = = ggﬁzﬂﬂf7<aﬂ-0>BWf2(m%Z)Mfzf(ma)‘ (A.43)

We do not include a o contribution analogous to My, consistently with the prescription
of cutting off the o propagator at 4m?%, and the usual © function in M f, 1is trivial since
2my, > my, —I'y,. The symmetry factor to be used in eq. (A.32) is S = 2!.

A8 a— KOKOWO

The amplitude reads M = Mvymp + Mo, + Mg+ My, Exchange of the K™ vector gives

Mynp = —g**(%@"ﬂ - 27\1/§<a17’> — 3{amo)) (A.44)

o _ (mg —mi)(mi —m3)

BW g (m3) Fy (mg) + {1 < 2},
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whereas for ag we find

Yao KK f7r

V2 fa

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

Mg, = ('Yaom? (am) + Yaomn’ (‘“7 )) Pa - P3p1 - P2 BWy, (m%Q)]:(ma)' (A.45)

M (kr) = ,yn\/[;ﬂ';z (— 7:/[%# (amo) + Yernlan) + 7&K77’<a"7,>> (A.46)

|ABaBar|ei¢BaBar ( m%3 )
X Do " P1P2 " D3 F(mq) + {1 < 2}.
mcx(1430)L Kz (1430)

This expression is obtained through the following logic: the measured S(K7) amplitude
is dominated by the I = 1/2 scalar K§(1430) [115], whose mass and width are found to
be M (1430) = 1.438 GeV and I'gx(1430) = 0.210 GeV [116], while also displaying other
important effects, in particular a high-mass structure attributed to K§(1950). We then
approximate the couplings of the K (1430) with those of the x(900) obtained in ref. [110],23
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 K5(1430) with the phenomenological BaBar
amplitude (we use the amplitude that was extracted from 1. — KK ~7°, given in the last
two columns of table V in ref. [115]) times the normalization factor (m:(1430)[ K5(1430))_1
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(K7) amplitudes.
Finally, the tensor meson exchange amplitude reads

1
gf27r7r ;a (amo)BWy, (m12)Mf29[m%2 — (myp, — Ffz)2]]:(ma)- (A.47)

My, =
The appropriate symmetry factor for eq. (A.32) is S = 1.

A9 a— KTK=°
The four components of M = Mvynp + Ma, + Mg(kr) + My, read

Mynmp = 92?( Zlan) — 5= (an’) + 3{amo)) (A.48)
[ 2 (mg )( mgr)}BW ( 2 )]: ( ) 1 9
myy — mi3 — mZ. K+ (mag) Fv(ma) + {1 < 2},

Mao = Pya\O/IiK Jf?r (PYaon<a"7> + Yaorn! <(1'I’] ))pa p3p1 - P2 Bwao (m%Q)]:(ma)? (A‘49)

#3Using the PDG values of the K (1430) mass, total width and branching ratios [70] we may extract
\7K3(1430)K,r| =4.2 GeV~! and |’YK3(1430)Kn| = 2.1 GeV™!, to be compared with V.xr = —5.02 GeV~! and
Yoky = —0.94 GeV ™! [110], but we cannot estimate YK (1430) K/ which is large for &, y.xy = —9.68 GeV~1.
Therefore we use the x couplings.
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M(kr) = 3 fa

_ JkKn & (79271— <a7TO> + 7&KU<G"I’]> + YK <(1,T),>) (A5O)

A aBar €i¢BaBar m2
xpa'p1p2'p3| paber| ( 23).7’-'(ma)+{1<—>2},
Mg (1430) L Kz (1430)
1 fr _
Mf2 - = igffzmrﬁ<aﬂ-0>BWf2 (m%Q)Mh@[m% - (me - Ffz)Q]]:(ma)' (A.51)

The above amplitudes differ from those for K 070 only in some (important) signs. The
symmetry factor is S = 1.

A10 a— KtK’r—, K- K+

In this channel we have M = Mynp + Mg, + Mg(gr), where the vector meson contribution

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

Mymp = {—\%%(CLM)(W%—W%QBW/)(W%Q) (A.52)
S (2 {am) - Sl (an’) + 3 (amo)) [y —md, — M= By (1)
+ I (2 fam) — L) — Y amo)) [y — RS . )
x Fv(ma),
and
Mg, = —’YaoKKJTZ(’Yaom(aer%own’ (@n’))pa-pspr-pa BWag (mis) F(ma), (A.53)

MS(Kﬂ') - _{PYNKWL;TF (7:/1%# <(17T()>+’)/5K77<G/I’]> +7/@Kn’<anl>)pa'pl P2

|ABaBar|ei¢BaBar( m%S) fﬂ' TeKn
Mg (1430) L i (1430) mET a( V2 {amo) +Yun iy ) o
’ABaBar ’€i¢BaB“ ( m%g )
‘P2P1°P3 T F(my). (A54)
My (1430) L K (1430)

The symmetry factor is S = 1, and for the conjugate channel we have I'(a — K~ K°71) =
I'a— K+F07T7).

A1l a— ww, ¢, K*HK*—, KK

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

N2 md o[ am2\*?
F(a—>VV):10247T5Fg2<aVV>f(ma) (1— m;) , (V=w,9) (A.55)

N2 md, 2 4m2,. 302
r(a—>K*+K**):2O4§W5f—;g<a{K*+,K*‘}>F(ma) (1— e > ., (A.56)

whereas for a — K*OK™ the trace in eq. (A.56) is replaced with <a{K*0,f*0}).
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Al12 a—-ntnw

This mode proceeds through a — (pg — 777~ )w. The spin-summed squared matrix

element is
IM|? = <2gva§:9p“”>2 ‘<ap0w>BWp(m%2)}"(ma) i (A.57)
X {mﬂ [(m¥5 — m2 —m{,)(mbs —m3 —mZ) — miymd, + 4mim)]
—m2(m2 —m}y — m2)*},
yielding the decay width
I'a—ntnw) = 25m. /qu)g (A.58)

with S = 1. The four-body decay a — pp — 47 is neglected.

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 m,. 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, = C4 = Cs
was assumed for m, 2 1 GeV. The nontrivial U(3) representation of ALPs with
mass above 1GeV 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 ¢y = Tgf, where a — 7% (pT — 77 7%) dominates not only the a — mt7 79

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

is a consequence of the sizable ALP mixing with 7y 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'sry < Irtr—z0 and Uees joe < T (0 (see figure 1).

o 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.

o For the tensor meson fy we assume U(3) invariance with fo = diag(1,1,0)/2 and
determine the gf,-r 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
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Figure 8. (Left) comparison of different treatments of the fo exchange. For all curves the amplitude
is given only by eq. (A.28) with ¢; = Tgf, but different prescriptions for the fy couplings and
propagator lead to different expressions for M #,- In solid orange, the choice made in this work: f
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].

fix the coefficient of the g" piece in the OXTOX fo interaction (this piece does not
enter the calculation of on-shell fo — 7w, so its coefficient has to be fixed from other
considerations) to the value corresponding to fo coupled to the energy-momentum
tensor [113], see eq. (A.26). Finally, we turn off the fo exchange amplitudes for

mZ, < (mys, —I't,)%, to avoid unphysical contributions to the O(p?) terms in the

ij
chiral Lagrangian. The impact of different prescriptions for the fs couplings and
propagator is shown in the left panel of figure 8, considering for illustration the

a — 77 70 decay.

o Other differences compared to ref. [24] are described above for each process. These
include a different treatment — with several new contributions — for a — 77~ and
the addition of further decay channels such as a — nnm® and a — (pg — 7H77) 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
figure 8 we compare it to our determination for c; = T[?j iz While the results are qualitatively
compatible, important quantitative differences appear for m, ~ m;,; and in the region
my S me S 2me.

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,

A

@ _ J2 i Byf? T
£ 5 (D) DU+ SRR T UR, + my U, (B.1)
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where U is the pion matrix transforming as U — LUR' under SU(2)1, x SU(2)g, My is
the generalized quark mass matrix containing also the interactions with the Higgs, and B,
is a non-perturbative constant that determines the dark pion masses,

~a

U = exp (i”}” ) . iy =my—Bh, mi=BTr(my), (B.2)
*

where the form of my follows from eq. (3.13). According to eq. (3.3), the covariant

derivative of U takes the form

.97

D;U'U = 8ﬂU - ’L?

(AU ~UA)Z,. (B.3)
The above equations allow us to derive, in particular, the linear mixing between the dark
pions and the Z, Esf) D —gzfiTr[oa(A — fi)]@“ﬁ“Zu/Zl, and the linear mixing between
the dark pions and the h, Eg) > BofiTrlioe(B — BN)]#*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, A, B  1s, 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]).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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