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Introduction
SM Dark sector

portals

• Dark sector with a confining gauge group is motivated by 
important physics questions, e.g., naturalness of EW scale 
(neutral naturalness, cosmological relaxation, …). It’s also a 
natural place to host the dark matter.

• Novel experimental signatures (semi-visible jets, emerging jets 
with displaced vertices, missing energies): new targets and 
challenges for experimental searches.  

Ga
D,μν, ψ

Dark QCD



Dark Matter Candidates in Dark QCD

• Dark baryons: may need dark baryon asymmetry, which 
could be related to the baryon asymmetry in SM.

• Dark pions: likely to be the lightest dark hadrons if there 
are light dark quarks. Some dark pions could be 
protected by symmetries to be stable, hence 
constituting the DM, while other dark pions decay back 
to SM, giving interesting collider signatures.

• Dark glueballs if there is no light dark quark.             
(e.g., Carenza et al, 2306.09510)



Dark Pion Dark Matter

• In a QCD-like theory, if isospin is a good symmetry, 
dark pions and dark kaons will be stable. On the other 
hand, dark  is a singlet, not protected by the 
symmetry, may decay back to SM through portal 
interactions.

• We consider a more minimal setup, based on the coset 
SU(3)/SO(3), but with similar features: 3 light fermions 

, transforming as fundamentals of a confining 
 gauge group, with 

η

ψ1, ψ2, ψ3
SO(Nd) (Nd ≥ 4) ⟨ψiψj⟩ ∝ δij



SU(3)/SO(3) Model
• 5 PNGBs, corresponding to broken generators 

 ( : Gell-Mann matrices)

• Dark quark mass :  ,which 
preserves the U(1) generated by .

• Under the  symmetry, the PNGBs can be 
classified as

-  corresponding to  ,

-  corresponding to  ,

-  corresponding to .

• Assume , we expect , with 
  at the lowest order χPT.

Ti = λi/2, i = 1,3,4,6,8 λi

m1(ψ1ψ1 + ψ2ψ2) + m3ψ3ψ3
T2

U(1)T2

π± (T3 ± iT1)/ 2
K± 1

2 (T4 ± iT6)/ 2
η0 T8

m3 > m1 mη > mK > mπ
3m2

η + m2
π = 4m2

K



•  are stable, can be dark matter (dominantly ).

•  can decay back to SM through the Z-portal.

π±, K± 1
2 π±

η0

Z-portal

• Light dark quarks should be neutral under 
SM. How do they couple to Z?
1. Light dark particles mix with heavy EW 

doublet fermions. (HC, L. Li, E. Salvioni, C.B. 
Verhaaren, 1906.02198, HC, L. Li, E. Salvioni, 
2110.10691)

2. Light dark particle are charged under a 
dark U(1) which mixes with Z after EW 
breaking. (HC, X.-H. Jiang, L. Li, E. Salvioni, 
2401.08785)

Figure 1: The two classes of tree-level UV completions of the dimension-6 Z-portal oper-

ator in Eq. (1.1). Completions with heavy fermions Q were studied in Ref. [17]. Here we

consider completions with a dark Z 0.

quarks or the Z mix with new fields. Once we specify a UV completion, we can evaluate

indirect constraints from EWPT and their interplay with direct searches at the LHC.

UV completions with dark quark mixing were studied in Ref. [17]. The  are coupled,

via Yukawa couplings with the SM Higgs field, to other dark quarks Q that also carry SM

electroweak charges. Because of these charges, the Q fermions must be heavier than the

weak scale. In this case one has g2
R,L

/M2
UV '

(⇠)

Y †M�2
(⇠)

Y , where Y and eY are Yukawa

matrices and M is the Q mass matrix. The T parameter is generated at one loop.

UV completions with Z mixing are the subject of this work. A massive dark Z 0 is

introduced, associated to a spontaneously broken U(1)0 under which the dark quarks are

charged but the SM is neutral. Crucially, the Z 0 has a mass mixing with the SM Z [38]; a

kinetic mixing with hypercharge is also present in general, but it does not mediate the decay

of dark pions via mixing with vector fields [39]. The Z -Z 0 mass mixing can be viewed as

the leading low-energy e↵ect of a second Higgs doublet H 0 charged under U(1)0 [40], which

acquires a vacuum expectation value (VEV). If the Z 0 is heavier than the weak scale, the

mass mixing yields g2
R,L

/M2
UV ' (gDĝZ/M̂2

Z0)(�M̂2/M̂2
Z
)XR,L, where gD is the U(1)0 gauge

coupling, XR,L are the  charges under this symmetry, and �M̂2/M̂2
Z

is a dimensionless

parameter quantifying the mass mixing. The T parameter is generated at tree level.

However the Z 0, being a SM singlet, does not necessarily need to be heavy; its mass

could be comparable to or even below the weak scale. In this paper we pay special attention

to this possibility, and in particular to the mass range 10 GeV . MZ0 < MZ , where

constraints from B factories do not apply. We perform a thorough evaluation of the EWPT

constraints on a dark Z 0 with both mass and kinetic mixings, for arbitrary MZ0 , including

Z-pole and low-energy data. The latter are shown to be important when MZ0 ⌧ MZ . For

a Z 0 lighter than the Z, a mixing angle of O(10�2) is allowed. These results do not depend

on how the Z 0 couples to the dark sector and are therefore of wider applicability.

A light Z 0 can compete with or even dominate over the Z as a source of DS events

at the LHC. After an on-shell Z or Z 0 decays to dark quarks, dark parton shower and

hadronization result in dark jets mainly composed of dark mesons. Assuming the masses
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Z-portal
Vector-like heavy dark quarks (> TeV): 
fundamentals under SO(Nd)

Q± 1
2 , Q3 : 2̄− 1

2
 under SU(2)W × U(1)Y

Qc± 1
2 , Qc

3 : 2+ 1
2
 under SU(2)W × U(1)Y

−ℒ ⊃ MQ1 (Qc+ 1
2 Q− 1

2 + Qc− 1
2 Q+ 1

2 ) + MQ3
Qc

3Q3

+y1H (Q+ 1
2 ψ− 1

2 + Q− 1
2 ψ+ 1

2 ) + y3HQ3ψ3

+ỹ1H̃ (Qc+ 1
2 ψ− 1

2 + Qc− 1
2 ψ+ 1

2 ) + ỹ3H̃Qc
3ψ3

Integrating out  we obtain Z coupling to dark quarks ,Q, Qc ψ

gzv2

4M2
Q1

Ψ γμ A Ψ Zμ where A = diag ((y2
1 − ỹ2

1), (y2
1 − ỹ2

1), (y2
3 − ỹ2

3)
M2

Q1

M2
Q3

)
Match to the chiral Lagrangian, DμΣ = ∂μΣ + i

gzv2

4M2
Q1

Zμ (AΣ + ΣA†)



Z-portal

•  decays through the 

longitudinal mode of Z, with an ALP-like coupling to SM.

• No PNGB bilinears (i.e., ) couple to Z due to 
 exchange symmetry  Both direct and indirect 

detections of dark matter are suppressed.

• Higgs mediated interaction , will be suppressed if 
 (or ).

f2

4
Tr [DμΣ†DμΣ] ⊃ Zμ∂μη ⇒ η

π∂μπ
ψ1 ↔ ψ2 ⇒

∝ yỹ
ỹ ∼ 0 y ∼ 0

Z
f

f̄

SM×̂η

ℒ ̂ηff̄ = −
∂μ ̂η
fa ∑

f

af f̄γμγ5 f

fa ∼
M2

Q

y2 f
≳ PeV
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Dark Eta Decays
HC, Li, Salvioni, 2110.10691, 
using data driven method (Aloni 
et al, 1811.03474)  
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Figure 1. Decay widths (top) and branching ratios (bottom) of a light ALP coupled to SM fermions
with cf = T 3

Lf . In the top left panel the vertical dot-dashed line indicates the ma = mtrans
a

where our evaluation of the total hadronic width transitions from
∑

i Γ(a → excl i) to Γ(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 mtrans

a the NLO QCD correction to
Γ(a → gg) in eq. (A.3) is 235αs(mtrans

a )/(12π) ≈ 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 (b)

a , 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 mt, 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 fa ∼ 103 TeV, as obtained from B → Xsπ̂

decays (where Xs denotes a strange hadron state) with long-lived π̂ → µ+µ− at CHARM,
LHCb and CMS for mπ̂ ! 2mµ , and from searches for K+ → π+π̂ with invisible π̂ 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),

ψ
′
LBψ

′
Rh+ h.c. = 1

2ψ
′[
B +B† + (B − B†)γ5

]
ψ′h , B ≡ v U †

LỸ
†M−1Y UR , (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 γ5 is relevant for dark pion decay,

– 10 –

0.0 0.5 1.0 1.5 2.0
10-4

0.01

1

100

m [GeV]

τ
[m

]

Figure 4: Left: Branching ratios for a CP -even ⇢̂a coupled to the Z current ("�a = 0),

obtained from DarkCast [22, 29]. We show separately a set of exclusive hadronic decays

mediated by the vector current, whereas all other hadronic modes are merged and indicated

by the dashed gray curve. Right: Proper lifetime of a CP -even ⇢̂a coupled to the Z current,

for a typical value of "Za. For comparison we consider the CP -odd dark pions for a typical

value of fa. The CP -even ⇡̂2 is also displayed, choosing s✓ = 10�5 to fit within the plot

range, though the typical expected value is s✓ ⇠ 10�8. In both panels, only decays to SM

particles are considered.

a simple and natural benchmark theory:  1,2 have vector-like charges under U(1)0, called

x1,2, and the scalar � that gives mass to the Z 0 happens to have x� = x1�x2. In this case

the renormalizable dark sector Lagrangian reads

� L = m1 1L 1R +m2 2L 2R + y1 1L� 2R + y2 2L�
⇤ 1R + h.c. . (5.29)

In general one phase cannot be removed from this Lagrangian, and is physical. The dark

quark mass matrix reads

m =

 
m1 y1h�i

y2h�⇤
i m2

!
, (5.30)

where the angular mode of � is eaten by the Z 0, whereas its radial mode acquires a vev

h�i = h�⇤
i = v�. The diagonalization is performed via m 0 = U †

L
m UR. The scalar

coupling matrices in Eq. (2.3) are identified as

⇣1 =

 
0 y1
0 0

!
, ⇣2 =

 
0 y⇤2
0 0

!
. (5.31)

A motivated and simple limit is y2 ! 0, which leads to CP conservation (hence Tr(�2X 0
A
) =

Tr(�2X 0
V
) = Tr[i�1,3(Cs �C†

s)] = 0) and also has the advantage that compact analytical

expressions can be derived for the relevant traces. We also assume the further simplification
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For ,  
dark eta decays through Z-portal have 
decay lengths in the most interesting 
range of few mm to 100 m at 
colliders.

2mμ < m ̂η < 3 GeV, fa ∼ 1 PeV

Br( ̂η → μ+μ−) ≳ few% for 2mμ < m ̂π ≲ 3 GeV

CP-even scalar

Vector mesons             

CP-odd scalar 
( ̂η, fa = 1 PeV)



Boltzmann’s Equations
• Relevant interactions in the Boltzmann’s equations for 

the relic calculation:

- 2 2 processes, e.g., 
; ; .

- 3 2 processes from WZW term, e.g.,  etc, 
not important in our parameter space of this model.

- SM decay and inverse decay.

• Temperature equilibrium between the dark sector and 
SM is maintained by decay and inverse decay, no need 
for a light dark photon like in the SIMP scenario.

↔ π+π− ↔ K+ 1
2 K− 1

2 , ηη;
π±K∓ 1

2 ↔ K± 1
2 η K± 1

2 K± 1
2 ↔ π±η K+ 1

2 K− 1
2 ↔ ηη

↔ ππK ↔ Kη

η ↔



Relic Density 
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Yη

Δη = 0.34, Γη = 10-14 GeV, mπ = fπ = 1 GeV
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Figure 1: YX as a function of x. Here the large ! benchmark is chosen to satisfy

Yω± =
!CDMεc

mωs0
.

Figure 2: YX as a function of x. Here the small ! benchmark is chosen to satisfy

Yω± =
!CDMεc

mωs0
.

1

Figure 1: YX as a function of x. Here the large ! benchmark is chosen to satisfy

Yω± =
!CDMεc

mωs0
.
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Figure 2: YX as a function of x. Here the small ! benchmark is chosen to satisfy

Yω± =
!CDMεc

mωs0
.

1

For large decay width, the relic density 
is determined by the freeze-out of the 
forbidden process .π±K∓ 1

2 ↔ K± 1
2 η

For smaller decay width, the relic 
density is determined by the 
decoupling of decay and inverse decay 
of .η

Δη =
mη

mπ
− 1



Relic Density 
• Parameter space for correct dark matter density
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The temperature equilibrium between the dark sector and the SM may 
not be maintained by the decay and inverse decay in the shaded region.



• Both direct and indirect detections are not effective for 
this model. Dark  productions and decays at 
accelerators may provide the best chances.

• Productions of dark hadrons:

- Z decay: 

- FCNC meson decays:

η

ΔBR(Z → inv) ≲ 10−3

13

Dark Matter Signals

b su, c, t

̂η

̂η

where the hadronic matrix elements can be written in terms of momentum-dependent

form factors. We focus on B meson decays and make use of available results obtained from

light-cone QCD sum rules [32, 33]. For decays involving dark pions we find

�(B ! K⇡̂b) =
m3

B

64⇡
fK

0 (m2
⇡̂
)2

�����
ĝ2V ⇤

tsVtb

64⇡2f (b)
a

Kt

�����

2 ⇣
1�

m2
K

m2
B

⌘2
�1/2
BK⇡̂

, (6.4)

�(B ! K⇤⇡̂b)

�(B ! K⇡̂b)
=

AK
⇤

0 (m2
⇡̂
)2

fK

0 (m2
⇡̂
)2

�3/2
BK⇤⇡̂⇣

1�
m

2
K

m
2
B

⌘2
�1/2
BK⇡̂

. (6.5)

For decays involving dark vector mesons, Had1 ! Had2+ ⇢̂b, we write similarly to Eq. (6.3)

h⇢̂bHad2|H
FCNC
e↵ |Had1i = �

i ĝ2

128⇡2
V ⇤
tjVtiKt ĝZ"Zb ✏

⇤
µ(p⇢̂) hHad2|d̄j�

µPLdi|Had1i , (6.6)

leading to

�(B ! K⇢̂b) =
m3

B

64⇡
fK

+ (m2
⇢̂
)2
����
ĝ2V ⇤

tsVtb

128⇡2
Kt

ĝZ"Zb

m⇢̂

����
2

�3/2
BK⇢̂

, (6.7)

and

�(B ! K⇤⇢̂b) =
m3

B

64⇡

����
ĝ2V ⇤

tsVtb

128⇡2
Kt

ĝZ"Zb

m⇢̂

����
2

⇥

�3/2
BK⇤⇢̂

4


8V K

⇤
(m2

⇢̂
)2

m2
⇢̂

(mB +mK⇤)2
+AK

⇤
1 (m2

⇢̂
)2
(mB +mK⇤)2

m2
K⇤

✓
1 +

12m2
K⇤m2

⇢̂

m4
B
�BK⇤⇢̂

◆
(6.8)

+AK
⇤

2 (m2
⇢̂
)2

m4
B
�BK⇤⇢̂

m2
K⇤(mB +mK⇤)2

� 2AK
⇤

1 (m2
⇢̂
)AK

⇤
2 (m2

⇢̂
)
m2

B
�m2

K⇤ �m2
⇢̂

m2
K⇤

�
.

Notice that for light ⇢̂ the contribution of V K
⇤
is suppressed by m2

⇢̂
m2

K⇤/m4
B
⌧ 1 relative

to AK
⇤

1,2 . We approximate the form factors with their values at zero momentum transfer,

taken from the light-cone QCD sum rule analysis of Ref. [33],

fK

+ = fK

0 = 0.27 , AK
⇤

0 = 0.31 , V K
⇤
= 0.33 , AK

⇤
1 = 0.26 , AK

⇤
2 = 0.24 . (6.9)

We are now ready to evaluate the expected rates, which read for decays involving dark

pions

BR(B+,0
! {K+⇡̂b,K

⇤0⇡̂b}) ⇡ {0.92, 1.1}⇥ 10�8

✓
1 PeV

f (b)
a

◆2✓
Kt

10

◆2�
�1/2
BK⇡̂

,�3/2
BK⇤⇡̂

 
,

(6.10)

whereas for decays involving dark vector mesons one finds

BR(B+
! K+⇢̂b) ⇡ 1.2⇥ 10�9

✓
"Zb/m⇢̂

�10�6 GeV�1

◆2✓
Kt

10

◆2

�3/2
BK⇢̂

, (6.11)

BR(B0
! K⇤0⇢̂b) ⇡ 1.9⇥ 10�9

✓
"Zb/m⇢̂

�10�6 GeV�1

◆2✓
Kt

10

◆2

, (6.12)

where Eq. (6.12) was obtained by evaluating the second and third lines of Eq. (6.8) for

m⇢̂ = 2 GeV. We have chosen Kt = 10 as reference value, corresponding to a UV cuto↵

⇤UV ⇡ 500 GeV.
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BR(Z → ψ ψ) ≈ 3 × 10−4 ( Nd

5 ) ( 1 TeV

MQ1
)

4

TrA2



• The dark  is typically long-lived with Z portal. It 
can be searched at 

- Data scouting at CMS 
- LHCb with excellent VELO
- Auxiliary detectors such as MATHUSLA, Codex-b
- Future  factories 

• The meson FCNC decays to light dark hadrons 
provide complementary tests. They can be 
searched or constrained, in addition to the above 
experiments, at

- LHC forward detectors, e.g., FASER, FASER 2
- Flavor factories, e.g., Belle II
- Fixed-target or beam dump experiments, e.g., 

CHARM

η

Z

14

Dark Meson Decay Searches

b su, c, t

̂η

̂η



CMS Scouting and LHCb Search
Recast current searches for dark showers with 1DV
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HC, X.-H. Jiang, L. Li, 2408.13304
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Auxiliary Detectors and Z factory
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Figure 11: The projected LHCb 95% C.L. dark shower limits with ⇡̂ ! K
+
K

� decays

at the HL-LHC era. Here only m⇡̂ = 1.2 and 2 GeV benchmarks above 1 GeV are shown,

while the background size largely drives the di↵erences between 1DV limits. The 2DV

limits from varying m⇡̂, on the contrary, are much closer.

3.3 Dark Shower Sensitivity at Proposed Auxiliary Detectors

Detector Geometry Displacement (m) Volume (m) Luminosity (fb�1)

FASER [42] Cylinder 0, 0, 480 0.2, 1.5 300

FASER 2 [42] Cylinder 0, 0, 480 2, 5 3000

MATHUSLA(original) [28] Box 75, 0, 118 30, 100, 100 3000

MATHUSLA(updated) [67] Box 88.5, 0, 90 17, 40, 40 3000

Codex-b [68] Box 31, 2, 10 10, 10, 10 300

ANUBIS (Shaft) [31] Cylinder 1.7, 51.5, 13.25 17.5, 57 3000

Table 1: The simplified description of auxiliary detectors in this study. The column dis-

placements describe the approximate distance of their geometric center from the closest

LHC interaction point in 3 dimensions, with the last one always along the beam direction.

The sizes of the detector volume are also presented. For detectors of the cylinder type,

the sizes correspond to their diameter and length instead. The last column lists the cor-

responding integrated luminosity. For MATHUSLA, the original design of MATHUSLA

may not be realized due to the funding limitation. A scale-back updated design is also

listed. The original design of Codex-b also may not fully be used, but the new design is

not available yet. For ANUBIS, the projection is based on the shaft-only configuration

with lower background systematics.
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Dark hadrons with proper decay lengths & O(m) will predominantly decay outside

the multipurpose detector systems previously mentioned, resulting in reduced sensitivities

which are apparent in, e.g., Fig. 7. In such cases, LHC auxiliary detectors targeting LLPs

can play a crucial role in dark shower searches due to their sensitivity to longer lifetime

decays [29, 69, 70]. Here we present limits for dark showers, which may be used generally.

Each auxiliary detector is simplified as an e↵ective detector volume positioned away

from the nearest LHC interaction point. Table 1 provides a summarized description of these

e↵ective volumes, including their geometries, distances, and sizes.11 Only non-forward

detectors, i.e., ones with non-zero transverse displacements, are relevant for dark shower

signals.

The probability of each dark pion decaying within the e↵ective detector volume is cal-

culated based on its momentum and average lifetime. Since there is only limited shielding

for the ANUBIS experiment, its SM background expectation is non-zero. Among the two

ANUBIS configurations, O(105) background events are expected in the ceiling configura-

tion, while in the shaft-only configuration, the backgrounds may be reduced to ⇠ 103 [71].

Therefore, we focus on the shaft-only case and require a signal yield at ANUBIS ⇠ 50 to

give the 95% C.L. limit, following Ref. [71]. For all other searches, the majority of SM

backgrounds vanish due to the presence of excessive shielding, making the background-free

assumption legitimate. It is also assumed that all visible dark hadron decays can be accu-

rately identified as the signal with an e�ciency close to one. Consequently, the 95% C.L.

limits are obtained, corresponding to a signal yield ⇠ 3 according to Poisson statistics, as

illustrated in Fig. 12. All auxiliary detectors demonstrate strong discovery potential for

dark hadrons with lifetimes exceeding the meter scale. For m⇡̂ & 1 GeV, the auxiliary

detectors will benefit more as they are also sensitive to hadronic ⇡̂ decays. The ⇡̂ lifetimes

needed for the optimal sensitivity is related to the distance of the auxiliary detector to the

interaction point, as well as the dark pion boosts. Codex-b and ANUBIS are most sensitive

to dark pions with c⌧(⇡̂) between ⇠ 3 � 10 m. For MATHUSLA the ideal c⌧(⇡̂) range is

⇠ 10� 50 m.

3.4 Future High-Intensity Experiments

Future lepton colliders often admit an operation phase running around the Z pole with
p
s ⇠ mZ and very high luminosity [72–75]. At such future Z-factories, & O(109) Z bosons

will be created on-shell with background processes highly suppressed. For circular e
+
e
�

colliders, the typical projected number of produced Z will exceed 1012, even larger than

the total HL-LHC yield, ideal for studying exotic Z decays to dark showers. Conversely,

their Z 0, h, and � yields are not as competitive.

The e+e� ! Z ! dark shower signal samples are generated at the Z pole (
p
s = mZ).

We make the following assumptions in our analysis. The dimuon DV signal is recognized if

both µ satisfy pT,µ > 0.5 GeV, |pµ| > 10 GeV and |⌘µ| < 5. In addition, the muon pair forms

11We note the designs of some auxiliary detectors have yet to be frozen and may undergo future changes.

However, all auxiliary detectors are su�ciently far from the closest interaction point, making the chance of

an LLP decaying inside each part of the detector homogeneous. The constraints with alternative detector

volumes are then well approximated by current ones rescaled by the volume ratios.
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Figure 12: The 95% C.L. exclusion limits contours on displaced dark shower signals from

the auxiliary detector ANUBIS, Codex-b, and MATHUSLA. Conventions are similar to

Fig. 7. The two sets of MATHUSLA curves correspond to the original (stronger) and

updated (weaker) designs, respectively.

a DV and needs to have pT,µµ > 2 GeV and |⌘µ| < 5. A DV must have its invariant mass

within the window of [0.99 m⇡̂, 1.01m⇡̂] and its transverse displacement lxy 2 [0.5, 100] cm.

Finally, the signal yield is obtained by applying a global detector e�ciency of 0.7 on

each vertex as the benchmark value. Here we take the conservative assumption that the

detector e�ciency at future Z-factories will be no worse than its LHCb counterpart. We

also assume that the background is negligible for such well-reconstructed dimuon DV.

Fig 13 shows the projected 95% C.L. exclusion limit on BR(Z !   ̄)⇥BR(⇡̂ ! µ
+
µ
�)

at the Tera-Z, corresponding to 1012 on-shell Z decays. The optimal limit is achieved

when c⌧(⇡̂) 2 [0.1 � 10] cm. Within this optimal range, the signal e�ciency is high

enough, together with a very low background level expected, leading to a best reach of

BR(Z !   ̄)⇥BR(⇡̂ ! µ
+
µ
�) close to the inverse of the total Z number (10�12).

4 Limits on Dark Hadrons Produced by FCNC Meson Decays

Here we study the accompanying flavor portal interactions in Eq. (2.5), which arise at one-

loop EW processes. Light dark hadrons can thus be produced in SM heavy flavored meson

FCNC decays besides dark shower. Since the process respects minimal flavor violation,

the FCNC decay rates are generically too low to be observable for invisible dark sectors.

However, when dark pions become LLP, many experiments will have better reach and

become relevant. The rate mainly depends on fa and m⇡̂, accompanied by the logarithmic
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mμμ ∈

More than  Z are expected at a future Z factory, 
ideal for studying Z-induced dark showers. 

1012
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Figure 14: Current and projected (HL-)LHC 95% C.L.limits on dark hadrons from FCNC

b-hadron decays based on the CMS dimuon DV scouting strategy. The solid curves and

the corresponding band stands for the HL-LHC projections and uncertainties, while the

current limit is shown as dashed curves.

Figure 15: The 95% C.L. B meson FCNC decay to dark hadron limits given by LHCb.

Dashed curves are current ones.

constraints are more stringent due to the substantial bb̄ production in the forward region

and lower background. The FCNC decay sensitivity obtained this way is comparable with

the one from exclusive searches where the B meson is fully reconstructed [79, 80]. Due to

di↵erent search strategies, the method of Fig. 15 performs better when the dark pion decay

length is & 1 mm, more suitable for probing the larger fa regime. Conversely, the search

in Refs. [79, 80] does not place explicit requirements on the DV’s lxy, making the search

more capable of short-lifetime or even prompt dark pions.
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4.2 FCNC Constraints at Auxiliary Detectors at HL-LHC

The heavy-flavored mesons are e�ciently produced at LHC in the central and forward

regions, making most auxiliary detectors sensitive to FCNC signals. The same Pythia8-

generated FCNC signal samples are used for detectors proposed to probe the central region.

The FORESEE [81] package is applied to derive corresponding projected sensitivities to

account for signal yields in the highly forward region. Similar to the approach in Sec. 3.3,

the 95% C.L. exclusion limits are represented by the signal yield of 3 that falls within

the e↵ective volume, as listed in Table 1, except for ANUBIS, where 50 signal events are

required.

The results for various auxiliary detectors are shown in Fig. 16. The optimal per-

formance of each detector largely depends on the geometric properties of their e↵ective

volume. MATHUSLA, as the largest detector concerned here, can probe an FCNC branch-

ing ratio down to O(10�11) level for a wide range of m⇡̂. Such optimal limit is obtained

when c⌧(⇡̂) 2 [10, 100] m, similar to the dark shower case discussed in Sec. 3.3. The limits

are followed by ANUBIS and Codex-b ones, which are about a few times weaker with

shorter optimal c⌧(⇡̂). Meanwhile, the ample b production in the forward region benefits

detectors in the forward region. While the FASER limits are not as competitive due to

its small volume, the FASER2 constraints are comparable to Codex-b ones with slightly

weaker optimal reaches in BR(B ! K⇡̂). The forward detectors are most sensitive when

c⌧(⇡̂) 2 [10, 100] cm, significantly shorter than the other auxiliary detectors due to the

large B meson boost in the highly-forward region.
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Figure 16: The 95% C.L. limits on exclusive BR(B ! ⇡̂K) at various auxiliary detec-

tors. The two sets of MATHUSLA curves correspond to the original and updated designs

respectively.
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FCNC Reaches 
Long-lived dark hadrons produced from FCNC decays can be 
searched in the similar ways as dark showers

CMS Scouting LHCb

Auxiliary detectors

Figure 17: The 95% C.L. exclusion limits (Nsig = 3 contours) at Belle II (50 ab�1) and

Charm, where the signal final state Xsig is created by dark hadron ⇡̂ exclusive B ! K + ⇡̂

decays.

only consider B
±

! K
±
⇡̂(! ⇡

+
⇡
�
⇡
0) decays, given the K

± track can be used for the

B resonance reconstruction with high e�ciency. Assuming all the above techniques make

the backgrounds negligible, we plot the 95% C.L. limit at Belle II in Fig. 17. We expect

such a limit, although not as strong as those with only two tracks in terms of BR values,

will be complimentary when searching for dark pions heavier than 1 GeV due to their high

BR(⇡̂ ! ⇡
+
⇡
�
⇡
0).
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Figure 18: The 95% C.L. FCNC B ! K(⇡̂ ! µ
+
µ
�) limits from Tera-Z.

Z Factories The future Z factories will also be sensitive to FCNC meson decays as many
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Z-factory



FCNC Reaches 
B-factories and fixed target experiments producing large number 
of B hadrons are also powerful probes of the long-lived dark 
hadrons from the B hadron decays. Hadronic decays modes, such 
as (SM)  may also be used.K+K−, π+π−, π+π−π0
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Figure 18: The 95% C.L. FCNC B ! K(⇡̂ ! µ
+
µ
�) limits from Tera-Z.

Z Factories The future Z factories will also be sensitive to FCNC meson decays as many
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B-factory and fixed target exp



Conclusions
• Dark pions in a dark QCD sector can be a good dark matter 

candidate. If some dark mesons decay back to SM, the DM 
relic density is determined by the forbidden annihilation or 
the decay of the heavier meson. 

• In this model the decay is mediated by the Z-portal, with a 
lifetime naturally in the range mm - 100 m. There is no 
bilinear dark pion coupling to Z, making direct and indirect 
detections ineffective.

• The experimental signals come from the dark meson decay. 
Dark mesons are produced from the Z decays or FCNC SM 
meson decays. They can be searched at CMS, with 
scouting and parking data, LHCb, auxiliary detectors located 
far away from the collisions, intensity frontier experiments, 
and future Z factories. They can have very good reaches for 
the model parameters. 
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