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Introduction
SM Dark sector

portals

• Motivated by many important physics questions: naturalness 
of EW scale, dark matter, …

• Novel experimental signatures: new targets and challenges 
for experimental searches.  
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Portal interactions

• Heavy states (> TeV, , etc)

• Higgs or Z

• Dark photon kinetically mixed with photon

• Neutrinos

XDK, Z′￼
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Z-portal
• An interesting scenario which is less studied.

• Light dark particles 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. Jiang, L. Li, E. 
Salvioni, 2401.08785)

an LLP decay inside the e↵ective volume of the auxiliary detectors will be recognized as a

signal event even if the final states are not fully reconstructed, making their sensitivities

less dependent on dark hadron decay modes.

3 Model-Independent Limits on Dark Shower Initiated by Anomalous

Z/h Decay, or Z
0
Decays

Both Z and Higgs bosons are copiously produced at the LHC and other proposed energy-

frontier experiments. For 13, (14)TeV, the anticipated total production rates of Z and h

from pp collisions are

�(pp ! Z) ⇡ 54.5; (58.9); nb, �(pp ! h) ⇡ 48.6; (54.7); pb . (3.1)

Even though the current constraint on the invisible decay branching ratio of the Z is more

stringent (. 10�3) than that of h, there is still more room to have dark showers coming

from Z decays given the much larger production rate of Z. In models with a dark Z 0, the

contributions stemming from direct Z 0 production and decay may be significant when the

Z 0 boson is light. The relative contributions of Z 0
!   ̄ and Z !   ̄ cross sections are

shown in Fig. 3. However, the signal yields depends on the kinematic distribution of dark

hadron final states. There could be fewer dark hadrons and lower dark hadron energies if

the dark shower is initiated by a Z 0 significantly lighter than Z.

The phenomenology of the dark shower from Z(Z 0) and h exotic decays relies on various

variables. Among all possibilities, the most relevant ones are the exotic branching ratio of

these SM bosons, the dark hadron mass and lifetime. We will explore di↵erent types of

detectors and the corresponding techniques for dark hadron searches at the LHC and its

high-luminosity upgrade. Model-independent reaches on the branching ratios to specific

decay products and the decay lengths of the dark hadrons will be demonstrated for various

detectors, including the multi-purpose detectors and auxiliary detectors. For comparison,

we also present the expected reach at future Z-factories, which can produce a huge number

of Z bosons in a relatively clean environment.

The Hidden Valley module [34, 35] of Pythia8 [36] is employed to simulate various dark

shower benchmark samples from heavy boson decays. The overall Z and h production rates

from pp collisions are normalized according to eq. 3.1, while the inclusive pp ! Z 0 + X

production rate is normalized based on the result in Fig. 3. Additionally, we assume that the

pp ! Z 0 rate only depends on the mixing parameter ⇠ and mZ2 , ignoring minor di↵erences

caused by di↵erent combinations of the kinetic mixing � and mass mixing �M2. Upon the

production from the Z(Z 0) and h decays, light dark quark  rapidly undergo dark parton

shower and hadronization, resulting in dark showers consisting of multiple dark hadrons.

The kinematic distribution and multiplicity of dark hadrons depend on the specifics of the

dark QCD. As our focus lies on LLP signals, we argue that the angular correlation between

dark hadrons will not significantly impact the analysis. Instead, the pT distribution and

multiplicity of dark hadrons are more pertinent for detector sensitivities [37]. (May need

n⇡̂ from Z(0) here. –LL)
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for 13(14)TeV

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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EW Precision Constraints

• Heavy doublet mixing model:

J
H
E
P
0
1
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2
0
2
2
)
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2
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2.2 Indirect constraints

At one loop, integrating out the heavy fermions Q 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† ↔

DµH)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 = diagi yi and Ỹ = diagi ỹi :

T̂ ≃ Nd

16π2
N∑

i=1

v2

3M2
i

(
y4i + ỹ4i +

1
2y

2
i ỹ

2
i

)
, (2.15)

at leading order in the large -Mi expansion and taking real couplings for simplicity. The
general case including flavor mixing can be treated numerically in a straightforward manner.
It is useful to compare the T parameter and Z → invisible constraints, in the simple scenario
M = M1, Y = Y 1 and Ỹ = 0,

M ! 0.9TeV Y 2
(
NdN

6

)1/2
, (T parameter) (2.16)

M ! 0.8TeV Y
(
NdN

6

)1/4
, (Z → invisible) (2.17)

where for the former we have used the rough estimate T̂ " 10−3 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 ∼ Ỹ , both are
subleading to the invisible h branching ratio constraint.

The operators |H|2BµνBµν and |H|2W i
µνW

µν i are also generated at one loop. However,
since the Qd are electrically neutral and the Qu are charged but do not couple to the Higgs,
we expect the operators to come in the linear combination |H|2(g2W i

µνW
µν i − g′ 2BµνBµν)

which gives a vanishing contribution to the hγγ coupling.
CP violation in the dark sector could feed into the visible sector, inducing electric dipole

moments (EDMs) for SM particles. The strongest limit comes from the electron EDM [43].
Corrections to the electron EDM arise through the loop-suppressed operator O

BB̃
=

|H|2BµνB̃µν , which in turn contributes at one loop to the EDM (similar considerations
apply to |H|2W i

µνW̃
µν i). Inspection of the relevant diagrams shows that O

BB̃
does not

arise at one loop. Furthermore, if Ỹ = 0 or Y = 0 the two-loop contributions turn out to
be strongly suppressed by an extra ∼ ω2/M2 factor. If both Y and Ỹ are non-vanishing
we estimate c

BB̃
∼ NdY 2Ỹ 2g′ 2/[(4π)4M2], leading to a constraint M ! 1.5 TeV Y Ỹ

for Nd = 3 [44]. This is much weaker than the Higgs invisible branching ratio bound,
M ! 40 TeV Y Ỹ from eq. (2.9). In summary, we find that EDMs do not provide additional
constraints in this model.
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from T-parameter

Heavy doublet mass Yukawa coupling between light and heavy states

- Other constraints comparable or weaker

- Couplings of light eigenstates to Z suppressed by

Y2v2

M2
≲ few × 10−2

5
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EW Precision Constraints
•  mixing model:  pole data and low energy 

observables (for  mass).
Z − Z′￼ Z

MZ′￼
≳ Υ

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
-0.10

-0.05

0.00

0.05

0.10

Figure 2: 95% CL constraints from electroweak precision data on the Z -Z 0 mass mixing

parameter �M̂2/M̂2
Z
and kinetic mixing parameter sin�, for two representative benchmark

values of the physical Z 0 mass: MZ0 = 20 GeV (left) and MZ0 = 60 GeV (right). The

dashed orange (dotted green) contour includes only the STU fit (only the fit to low-energy

data), whereas the solid blue contour combines the two. Iso-contours of the mixing angle

⇠ are shown by thin gray curves.

The second observable is parity violation in e�e� ! e�e� scattering at low energy,

measured by the E158 experiment [55]. It can be expressed in terms of the e↵ective coupling

geeAV = ⇢⇤(0)
⇣1
2
� 2s2⇤(0)

⌘
! geeAV ⇡ gee, SM

AV

�
1 + �⇢⇤(0)� 87.0 �s2⇤(0)

�
, (3.13)

whereas the third observable is the right-left asymmetry in e�p ! e�p scattering as mea-

sured by the Qweak experiment [56], which constrains the weak charge of the proton

gep
AV

= ⇢⇤(0)
⇣
�

1

2
+ 2s2⇤(0)

⌘
! gep

AV
⇡ gep, SM

AV

�
1 + �⇢⇤(0)� 87.0 �s2⇤(0)

�
. (3.14)

As one can see, these two observables actually constrain the same combination of parame-

ters.

3.3 Combination and bounds on the parameter space

To set bounds on the parameter space we combine Z-pole and low-energy observables into a

global �2. Correlations between the low-energy observables (as well as between the Z-pole

and low-energy ones) are neglected. We choose as input parameters, beyond those of the

SM in Eq. (3.1), the quantities

sin� , MZ0 , �M̂2/M̂2
Z . (3.15)

In Fig. 2 we show the constraints on the (�M̂2/M̂2
Z
, sin�) plane for two benchmark values

of the Z 0 mass, 20 GeV and 60 GeV, which we adopt throughout the discussion. The shape
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are described by (we use Dµ = @µ + igAµ as sign convention)

L = LSM + LZ0 + Lmix, (2.1)

LSM = �1

4
B̂µ⌫B̂

µ⌫ � 1

4
Ŵ

3
µ⌫Ŵ

3µ⌫ +
1

2
M̂

2
ZẐµẐ

µ

� ê

X

i


f̄Li�

µ

✓
1

ĉW
Y

i

LB̂µ +
1

ŝW
T
3
LiŴ

3
µ

◆
fLi + f̄Ri�

µ

✓
1

ĉW
Y

i

RB̂µ

◆
fRi

�
, (2.2)

LZ0 = �1

4
Ẑ

0
µ⌫Ẑ

0µ⌫ +
1

2
M̂

2
Z0Ẑ

0
µẐ

0µ � ĝD

X

i

�
 Li�

µ
xLi Li +  Ri�

µ
xRi Ri

�
Ẑ

0
µ, (2.3)

Lmix = �sin�

2
Ẑ

0
µ⌫B̂

µ⌫ + �M̂
2
ẐµẐ

0µ
, (2.4)

where B̂µ⌫ , Ŵ 3
µ⌫ , Ẑ

0
µ⌫ are the field strengths of the U(1)Y , third component of SU(2)W ,

and U(1)0 respectively; fL(R)i are left (right) handed SM fermions and YL(R)i, T
3
Li

are their

charges under U(1)Y and T3L of SU(2)W ; ĉW , ŝW are cosine and sine of the Weinberg

angle in the absence of the dark sector and Ẑµ = ĉW Ŵ
3
µ � ŝW B̂µ, Âµ = ŝW Ŵ

3
µ + ĉW B̂µ

are Z and photon fields without mixing with the dark gauge boson;  L(R)i are the dark

fermions, with xL(R)i being their dark U(1)0 charges. The kinetic mixing between U(1)Y
and U(1)0 is parametrized as sin� for later convenience (the absolute value of this coe�cient

must be smaller than 1, to ensure positivity of the kinetic energy). The mass mixing �M̂2

comes from the VEV of the second Higgs doublet charged under U(1)0. The notation and

formalism are mostly followed from Ref. [8]. The mass eigenstates of the neutral gauge

bosons are obtained by first performing a field redefinition to remove the kinetic mixing,
 
B̂µ

Ẑ
0
µ

!
=

 
1 � tan�

0 1/ cos�

! 
Bµ

Z
0
µ

!
, (2.5)

then a rotation between (Ẑµ, Z
0
µ) with an angle ⇠,

tan 2⇠ =
�2 cos�(�M̂2 + M̂

2
Z
ŝW sin�)

M̂
2
Z0 � M̂

2
Z
cos2 �+ M̂

2
Z
ŝ
2
W

sin2 �+ 2�M̂2ŝW sin�
, (2.6)

to remove the mass mixing. The mass eigenstates are given by
0

B@
Aµ

Z1µ

Z2µ

1

CA = L
�1 ·

0

B@
Âµ

Ẑµ

Ẑ
0
µ

1

CA , (2.7)

where Aµ, Z1µ correspond to the physical photon and the observed Z boson, and Z2µ is

the dark Z
0 mass eigenstate, with the mixing matrix given by

L =

0

B@
1 �ĉW sin ⇠ tan� �ĉW cos ⇠ tan�

0 cos ⇠ + ŝW sin ⇠ tan� � sin ⇠ + ŝW cos ⇠ tan�

0 sin ⇠

cos�
cos ⇠
cos�

1

CA ,

L
�1 =

0

B@
1 0 ĉW sin�

0 cos ⇠ �ŝW cos ⇠ sin�+ sin ⇠ cos�

0 � sin ⇠ cos ⇠ cos�+ ŝW sin ⇠ sin�

1

CA . (2.8)
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Figure 3: Left panel: 95% CL constraints on �M̂2/M̂2
Z
from EW precision data assuming

vanishing kinetic mixing, sin� = 0. The dashed orange (dotted green) curve includes only

the STU fit (only the fit to low-energy data), whereas the solid blue curve combines the

two. For large MZ0 , the combined constraint approaches the EFT scaling (�M̂2)2/M2
Z0 =

constant. Right panel: comparison of the EW precision constraints to other bounds. Purple

lines indicate constraints from Z 0
! µ+µ� at CMS, for two representative values of the sum

over dark quark U(1)0 charges which controls the Z 0 decay width to the dark sector. Brown

lines show constraints from Z ! invisible at LEP, for the same two assumptions about

dark quark charges, and the gray dashed line corresponds to e+e� ! �(Z 0
! invisible) at

DELPHI; these constraints from invisible final states apply only if the dark pion lifetimes

are su�ciently long, ⌧⇡̂ & O(1)m. We grayed out the region MZ0 2 [85, 95] GeV, where

the new vector becomes near mass-degenerate with the Z.

of the Z-pole exclusion clearly follows the ⇠ = 0 flat direction. It is cut o↵ by the low-energy

data, which are more constraining for lighter Z 0 due to the presence of M2
Z
/M2

Z0 - enhanced

terms. In the left panel of Fig. 3 we display the constraint on �M̂2/M̂2
Z
as a function of

the Z 0 mass, for vanishing kinetic mixing, again breaking down the Z-pole and low-energy

components. The former dominates, except for MZ0 . 30 GeV where the latter becomes

important. At large Z 0 masses the e↵ects on EWPT decouple as (�M̂2)2/M2
Z0 (see also

Eq. (C.12)), which we find to be a good approximation already for MZ0 & 200 GeV.

4 Other constraints

In this section we present additional constraints on the parameter space of the model,

arising either from on-shell production of the Z 0, or from decays of the Z and h to the dark

sector. We anticipate the results by pointing to the right panel of Fig. 3, which shows that

these bounds are always subleading with respect to EWPT (except in a small window at

MZ0 & MZ , where Z ! invisible can be competitive).

Yet another source of constraints is, in principle, Deep Inelastic Scattering (DIS),

which was exploited as a probe of kinetically mixed dark photons in Ref. [57] and, like

EWPT, is insensitive to the couplings of the new vector to dark sector states. While the

recast to a Z 0 with mass mixing is not immediate, we observe that for kinetic mixing

DIS gives a weaker bound than EWPT in the region of masses we study in this paper,
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to this possibility, and in particular to the mass range 10 GeV . MZ0 < MZ , where
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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

– 3 –



• Motivated by solutions to the hierarchy 
problem (neutral naturalness, cosmological 
relaxation) and dark matter (SIMP, dark 
baryon).

• Interesting collider signals from dark showers 
at LHC. If (some) light dark hadrons decay 
back to SM  semi-visible jets, emerging jets 
with displaced vertices, missing energies, 
depending on the lifetimes.

• The lightest dark hadrons are expected to be 
pseudo scalars (dark pions) if there are light 
dark quarks. [Focus of this talk]

⇒
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Dark Pion Decays
Dark pions:
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<latexit sha1_base64="2JludeTHa3XKfdmfqTymrW76Q/Y="></latexit>

⇡̂a ⇠  
0
i�a�5 

0 (for N=2),   : mass eigenstatesψ′￼

̂π1,3 , CP odd (JPC = 0−+)

̂π2 , CP even (JPC = 0−−) ̂π2
h

f

f̄
× SM

*Without a conserved U(1) flavor symmetry,  are distinct states.
*They will mix if CP is violated in the dark sector. 

̂π1, ̂π2

̂π1,3
Z

f

f̄

SM×

• CP-odd dark pions behave like ALP and decay through mixing with 
the longitudinal mode of  (and ) with effective ALP decay 
constants  for 

Z Z′￼

fa ≳ PeV f ̂π ∼ 1 GeV

• CP-even dark pions decay through Higgs

the e↵ective ALP decay constant f (b)
a :

L⇡̂ff̄ = �
@µ⇡̂b

f
(b)
a

X

f

af f̄�
µ
�5f , (2.2)

where af is the axial charge of the corresponding SM fermion. This e↵ective coupling is

generated by integrating out Z (and Z
0). The e↵ective decay constant f (b)

a can be calculated

in terms of UV parameters of a given model and the dark pion decay constant f⇡̂ (which

is defined analogously to f⇡ in SM). Assuming that there is no other lighter states in the

dark sector such as a dark photon, the widths and branching ratios of a light dark pion

(. 3 GeV) decays to various SM hadron channels were calculated using a data-driven

approach [15] and the result is shown in Fig. 2. In particular, the decay width of a dark

pion to a muon pair are given in m⇡̂ and fa as

��1
(⇡̂!µ+µ�) ' 45 cm

✓
fa

1 PeV

◆2✓1 GeV

m⇡̂

◆s
m

2
⇡̂

m
2
⇡̂ � 4m2

µ
. (2.3)

The proper lifetimes of dark pions are easily obtained from their width to dimuon and the

corresponding BR in Fig. 2,

(2.4)

On the other hand, if CP is a good symmetry of the dark sector, a CP -even dark pion will

decay via the mixing with the Higgs. The branching ratios of its decays to SM final states

are shown in Fig. 2. The decay length is typically too long to occur inside the detector,

unless the dark pion is heavy enough (> 3 GeV) so that decays to SM heavy fermions are

open.

Above the dark pions there are vector mesons (⇢̂) in the dark hadron spectrum. They

can be interesting if they are not much heavier than the dark pions and their decays to

dark pions are closed. In that case they may also decay back to SM states, constituting

part of the dark shower. The decay of dark vector mesons in the EW portal case happens

through their mixing with the SM photon or Z boson, with the latter case a characteristic

phenomenon of EW portal. The branching ratios to SM states for a dark vector meson

decay through mixing with Z is shown in Fig. 2, based on the method of Ref. [29]. Since

when m⇢̂>2m⇡̂
all ⇢̂ decay to ⇡̂ and leave no significant impact, for the model-independent

limits we focus on the dark showers made of the dark pions. The results can be re-

interpreted for the dark vector mesons if one has the knowledge of the multiplicity of the

dark vector mesons in the dark shower.

At one-loop, the EW portal interaction of Eq. (1.1) also introduces the accompanying

“flavor portal” interaction that produces dark mesons from SM FCNC transitions, such

as B ! K
(⇤)

⇡̂, Bs ! ⇡̂⇡̂, etc. The down-type FCNC transitions receive an enhanced

contribution from loops involving a top quark, so they are more relevant. At low recoiled

momentum where the (pdi � pdj )
2
⌧ all relevant UV scales, the EW portal introduces the

following four-fermion interaction at one loop:

L
FCNC
e↵ = �

c

M2

g
2

128⇡2
J
µ
Dd̄j�µPLdi

X

q 2u,c,t

V
⇤
qjVqiKq + h.c. , (2.5)
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Dark Pion Decays
(CP-odd) 
HC, Li, Salvioni, 2110.10691, 
using data driven method (Aloni 
et al, 1811.03474)  

J
H
E
P
0
1
(
2
0
2
2
)
1
2
2

0.0 0.5 1.0 1.5 2.0 2.5 3.0
10­5

10­4

0.001

0.010

0.100

1

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,
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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

– 16 –

For ,  
dark pion decays through Z-portal 
have decay lengths in the most 
interesting range of few mm to 100 m 
at colliders.

2mμ < m ̂π < 3 GeV, fa ∼ 1 PeV

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



The final states of dark showers from Z decays are soft, 
therefore hard to trigger. On the other hand, dark pions are 
typically long-lived. Displaced decays give a great handle.

10

Dark Shower Searches

• CMS scouting search (2112.73169): Reduces the 
trigger threshold online. Data containing muon 
pairs that pass low-level triggers are recorded, 
keeping only simplified information of the events. 

[3,5] [5,8] [8,10] [10,15] >15
 [GeV]

T
Generated trailing muon p

[0,0.2]

[0.2,1]

[1,2.4]

[2.4,3.1]

[3.1,7]

[7,11]

 [c
m

]
xy

G
en

er
at

ed
 l

0.12 0.51 0.60 0.59 0.14

0.12 0.51 0.61 0.56 0.44

0.10 0.43 0.55 0.53 0.52

0.07 0.34 0.44 0.52 0.46

0.05 0.24 0.35 0.37 0.36

0.03 0.15 0.21 0.21 0.19

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Tr
ig

ge
r e

ffi
ci

en
cy

(13 TeV)CMSSimulation Supplementary

 < 3 GeVφm
 Xµ 2→ X φ → b h→pp 



CMS Scouting Search
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• Recast CMS scouting search (using the Hidden Valley 
module in PYTHIA8), with some conservative assumptions. 
Model independent bounds (for 1 DV).

Current

becomes larger for a heavier dark pion since the average transverse boost decreases with

larger m⇡̂. The limit on Higgs exotic BR limits are ⇠ 103 weaker than those of Z due

to the LHC rate di↵erences in Eq. 3.1. The ratio of ⇠ 103 is also found in the mixing

parameter constraints between the 20 GeV Z
0 and 70 GeV � coincidentally. We also note

that a 20 GeV Z
0 has a production cross section ⇠ 300 times larger than one with a mass

equal to MZ , but the reach is only a few time better due to a lower Nı̂ and smaller pT

which reduces the signal e�ciency. This implies that the experimental reach will not be a

sharp function of MZ0 .

650 MeV
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0.001
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Figure 7: Model independent limits on Z
(0), h, and �-initiated dark shower by recasting

current CMS dimuon DV search [19]. The di↵erent colors correspond to m⇡̂ benchmarks.

All limits are modified by BR(⇡̂ ! µ
+
µ
�) Upper-Left: The current CMS limits on the

product of the exotic BR(Z !   ̄
0). Upper-Right: The current limit of a Z

0 that mainly

decays to dark shower with mZ0 = 20 GeV. The limits are given in terms of ⇠2. Lower-Left:

The limit on exotic Higgs BR(h !   ̄
0). Lower-Right: The current limit of the light scalar

� that mainly decays to dark shower with m� = 20 GeV. The limits are given in terms of

its Higgs mixing angle ✓2s .

3.1.1 Future Projections

Employing the averaged-background-level method above, it is then possible to project

the HL-LHC limit using the dimuon scouting approach. Both signal and background

are scaled up according to the integrated luminosity, increasing from 101 to 3000 fb�1.

Furthermore, due to the implementation of advanced technologies and algorithms in the

– 11 –

MZ′￼= 20 GeV



CMS Scouting Search
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• Future projections (with assumptions of improved trigger 
efficiency and extended  reach 11 cm  ~ 90 cm):lxy →

1DV: 650 MeV

1DV: 2.0 GeV

2DV: 650 MeV

2DV: 2.0 GeV

0.01 0.10 1 10 100 1000

10-8

10-5

1DV: 650 MeV

1DV: 2.0 GeV

2DV: 650 MeV

2DV: 2.0 GeV

0.01 0.10 1 10 100 1000

10-8

10-5

Figure 8: Similar to Fig. 7 but the projected model independent dark shower limits from

dimuon scouting at the HL-LHC. The di↵erent colors correspond to m⇡̂ benchmarks and

di↵erent dashings stand for di↵erent trigger e�ciency scenario. The uncertainties due to

varying trigger e�ciency scenarios are shown in bands, with the solid contours in the center

stand for limits in the median trigger e�ciency scenario in App. A. The 2DV limits are

also plotted as dashed curves, corresponding to the median trigger e�ciency scenario. On

the label of the vertical axis, the power of the dimuon BR n = 1(2) for 1(2)DV limits.

for a light Z 0 are stronger due to the combination of softer muon kinematic cuts at LHCb

and the high dark pion |⌘| from Z
0 decays.

Owing to an even lower trigger threshold starting from Run 3 [45] and the compar-

atively low pile-up level achieved, we expect the projected dark shower constraints from

dimuon DVs for LHCb in run 3 or the high luminosity phase to become stronger than a

mere luminosity rescaling. To project the dark shower limit in the high luminosity era,

we follow the approach described in Ref. [46]. In particular, the cut on the dimuon DV

is softened so that both muon tracks only need to have pT > 0.5 GeV, |p| > 10 GeV,

and ⌘ 2 [2, 5]. The DVs also need to satisfy its total pT > 1 GeV and lxy 2 [6, 22] mm.

The HL-LHCb background in a mµµ window is then rescaled from that of Ref. [44] with

the same magnification factor as the signal e�ciency improvement. In addition, due to a

potential mµµ resolution improvement, the mµµ mass window width is taken to be 16 MeV

(0.016 ⇥mµµ) when mµµ 6 (>)1 GeV [46], which further decreases the background. The

background deduced this way is compatible with Ref. []. Finally, a global detector e�ciency
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MZ′￼= 20 GeV

For 2DV, we assume each DV’s trigger and detector efficiencies are 
independent, and the overall efficiency is the product of the two. It 
should be background free and is most effective when the dark pion 
lifetime makes the trigger efficiency optimal.



LHCb
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• LHCb detector with low trigger thresholds and high vertex 
resolutions is powerful to look for dimuon DV’s from dark 
showers, especially for lifetime smaller than O(cm). Recast 
follows the LHCb analysis, 2007.03923.
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Figure 9: Model independent dark shower limits from recasting current LHCb dimuon

DV search [44]. The format is similar to Fig. 7.

factor of 0.7 is applied universally for all benchmark signals. The result 1DV projections

are shown in Fig. 10.

The 2DV result is also shown in Fig. 10, following the similar approach described in

Sec. 3.1. In particular, an event must have two or more dimuon DVs, each satisfying the

kinematic cuts. The global detector e�ciency of 0.7 on each DV applies multiplicatively.

We also adopt the background-free approximation, given that the background level at

LHCb will be much smaller than that of CMS. In contrast to the CMS 2DV limits, the

2DV reaches at LHCb are largely free from the small trigger e�ciency but mainly limited

by the kinematic requirements, therefore being less suppressed. However, due to the low

background level at LHCb, the 2DV limits only compete with the 1DV results for very

short dark pion decay lengths (. few mm).

Besides the dileptonic final states, LHCb also holds the potential for probing dis-

placed hadronic decays of long-lived dark hadrons with signal e�ciency approaching that

of dimuon cases [47]. On the other hand, despite the advanced tracking system and reduced

pile-up, significant combinatorial backgrounds may still be present at LHCb.

We commence with the exclusive decays to K
+
K

�, applicable to Higgs portal de-

cays [15, 48] or vector dark meson decays [49]. Dark shower signal samples are simulated

using the same method as before, assuming ⇡̂ ! K
+
K

� decays via the Higgs portal.

We select benchmark dark pion masses to avoid overlap with the abundant �, ⇤0, and

D
0 backgrounds. The selection rules in Ref. [48] are applied at the truth level. Specifi-

cally, both K
± tracks must satisfy 2 < ⌘ < 5, pT > 0.5 GeV, and an impact parameter

from the PV greater than 0.1 mm. Furthermore, each reconstructed KK DV must have
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The 2DV result is also shown in Fig. 10, following the similar approach described in

Sec. 3.1. In particular, an event must have two or more dimuon DVs, each satisfying the

kinematic cuts. The global detector e�ciency of 0.7 on each DV applies multiplicatively.

We also adopt the background-free approximation, given that the background level at

LHCb will be much smaller than that of CMS. In contrast to the CMS 2DV limits, the

2DV reaches at LHCb are largely free from the small trigger e�ciency but mainly limited

by the kinematic requirements, therefore being less suppressed. However, due to the low

background level at LHCb, the 2DV limits only compete with the 1DV results for very

short dark pion decay lengths (. few mm).

Besides the dileptonic final states, LHCb also holds the potential for probing dis-

placed hadronic decays of long-lived dark hadrons with signal e�ciency approaching that

of dimuon cases [47]. On the other hand, despite the advanced tracking system and reduced

pile-up, significant combinatorial backgrounds may still be present at LHCb.

We commence with the exclusive decays to K
+
K

�, applicable to Higgs portal de-

cays [15, 48] or vector dark meson decays [49]. Dark shower signal samples are simulated

using the same method as before, assuming ⇡̂ ! K
+
K

� decays via the Higgs portal.

We select benchmark dark pion masses to avoid overlap with the abundant �, ⇤0, and

D
0 backgrounds. The selection rules in Ref. [48] are applied at the truth level. Specifi-

cally, both K
± tracks must satisfy 2 < ⌘ < 5, pT > 0.5 GeV, and an impact parameter

from the PV greater than 0.1 mm. Furthermore, each reconstructed KK DV must have
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Figure 10: Similar to Fig. 9 but projected for the HL-LHC era.

for detector e↵ects. We obtain the combinatorial background level from Ref. [48], which

employs inclusive Pythia simulation. For non-isolated KK DVs, the expected background

in the range mKK 2 [1, 2] GeV is approximately O(105 � 106) when L = 15 ab�1, de-

pending on the lxy bin. Such a high combinatorial level aligns with LHCb D
0
! K

+
K

�

studies [50, 51]. The substantial backgrounds diminish the search’s sensitivity to signal

events and render the result susceptible to systematic e↵ects. By requiring two DVs with

identical mass in a single event, the number of combinatorial backgrounds dramatically

reduces to O(10) or less at the cost of lower signal yields [48]. The corresponding limits at

the HL-LHC era are plotted in Fig. 11.

The ⇡
+
⇡
� decay mode can be analyzed similarly. The signal selection rules are the

same as K
+
K

� case, with similar numerical e�ciency. The combinatorics of ⇡+
⇡
� are

rescaled from the previous estimation and the ratio between the combinatorial ⇡⇡ and KK

backgrounds in Ref. [52, 53]. Di↵erent studies with di↵erent selection rules and invariant

mass ranges only di↵er by a factor of a few, with more kaon produced by b-hadrons at large

lxy.

3.3 Dark Shower Sensitivity at Proposed Auxiliary Detectors

Dark hadrons with proper decay lengths & O(m) will predominantly decay outside the mul-

tipurpose 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 due to their sensitivity to longer lifetime decays. Several studies [23, 31–

33, 55] have been conducted to project limits on various LLP models. However, many

limits for light LLPs are proposed for specific models, where contributions from distinct
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for circular e+e� collider projects the number of produced Z will exceed 1012, even larger

than the total HL-LHC yield, providing an immense opportunity to study 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 the 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. 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). The constraints with a 10 times higher luminosity scenario (1013 Z

produced) are also shown in Fig. 13.
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Figure 13: The projected 95% C.L. limits on BR(Z !   ̄)⇥BR(⇡̂ ! µ
+
µ
�) at a Tera-Z

factory.

4 Model Independent Limits on Dark Hadrons produced by FCNC Me-

son Decays

Here we study the accompanying flavor portal interaction in Eq. (2.2), which arises at

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

meson FCNC decays other than 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 the dark pion become LLP, many experiments will have better

reaches and become relevant. The rate mainly depends on fa and m⇡̂, accompanied by
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for circular e+e� collider projects the number of produced Z will exceed 1012, even larger

than the total HL-LHC yield, providing an immense opportunity to study 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 the 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. 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). The constraints with a 10 times higher luminosity scenario (1013 Z

produced) are also shown in Fig. 13.
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• Auxiliary detectors are good for longer dark pion decay 
lengths. They are expected to be mostly background free.

MZ′￼= 20 GeV

these e↵ective volumes, including their geometries, distances, and sizes. 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

calculated based on its momentum and average lifetime. For all 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

accurately 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. Both auxiliary detectors demonstrate strong discovery potential

when the dark hadrons’ lifetimes exceed 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 is most sensitive to dark pions

with c⌧(⇡̂) between ⇠ 3� 10 m. For MATHUSLA the ideal c⌧(⇡̂) range is ⇠ 10� 50 m.

650 MeV
2.0 GeV

Codex-b
MATHUSLA
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10-8
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MATHUSLA
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Figure 12: The 95% C.L. exclusion limits (Nsig = 3) contours on displaced dark shower

signals from the auxiliary detector Codex-b and MATHUSLA. Conventions are similar to

Fig. 7.

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 [56–59]. At such future Z-factories, & O(109) Z

bosons will be created on-shell with background processes highly suppressed. Especially,
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*MATHUSLA and Codex-b reaches are 
based on original designs. They may 
need to be scaled down with the 
budget/space limitations.



Dark Hadron Production from FCNC
• Light dark hadrons can also be produced by 

Meson ( ) FCNC decays if the phase 
space is open. For dark pions, production 
mainly depend effective ALP decay constant .

B, D, K

fa

15

b su, c, t

̂π

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

h⇢̂bHad2|H
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e↵ |Had1i = �

i ĝ2
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leading to
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and
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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
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whereas for decays involving dark vector mesons one finds

BR(B+
! K+⇢̂b) ⇡ 1.2⇥ 10�9
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"Zb/m⇢̂

�10�6 GeV�1

◆2✓
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�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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CMS Scouting LHCb

Dashed: current;   Solid: future HL-LHC projection 
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Figure 14: Current and projected (HL-)LHC limits on dark hadrons from FCNC b-hadron

decays based on the 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.

along the direction of a heavy-flavor initiated jet. In this case, the accompanying SM

particle like K
0 or ⇡

0 from FCNC decay may not be reconstructed. Meanwhile particles

from the rest of the jet or meson decays make the dimuon DV unisolated.8

The FCNC limit from the CMS dimuon scouting is obtained following the same analysis

in Sec. 3.1, counting for 1DV signal with a fixed amount of background. The projected

limits for exclusive B ! K⇡̂(! µ
+
µ
�) decays are shown in Fig. 14. Both current LHC

and projected HL-LHC limits are exhibited, with similar features found in dark shower

searches.9 The available CMS data could constrain the exclusive FCNC decay rate down

to O(10�9
� 10�8) level. The limit will further strengthen by about an order of magnitude

in the high luminosity era.

The exclusive upper bounds on BR(B ! K⇡̂) derived from the (HL-)LHCb analyses

parallel the methodologies detailed in Sec. 3.2. In contrast to the dark shower search, the

dark pion, in this case, will have a small extra displacement due to the finite B lifetime. We

thus use the “inclusive” background in Ref. [44], in which the DV momenta do not have to

be aligned with displacements from the PV. The corresponding backgrounds increases by

O(102) times higher than the “prompt” type, depending on mµµ and pT,µµ. However, such

“inclusive” backgrounds are still significantly smaller than their CMS counterparts. The

current and projected limits are plotted in Fig. 15. Compared to its CMS counterparts, the

(HL-)LHCb constraints are more stringent due to the su�cient bb̄ production in the forward

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

8When the dark hadron is light enough that it is still relativistic in the B meson’s rest frame, we

expect the kinematics from B ! Xs⇡̂ to be similar to the exclusive B ! K(⇤)⇡̂ decays. Consequently, our

model-independent strategy is potentially applicable to inclusive FCNC decays.
9Due to the finite displacement of B decays, the sensitivity for short dark pion lifetime case (. 10�3 cm)

will asymptotically converge to a fixed value . 10�5.
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Figure 15: B meson FCNC decay to dark hadron limits given by LHCb. Dashed curves

are currents

with the one from exclusive searches where the B meson is fully reconstructed [61, 62]. 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. [61, 62] does not place explicit requirements on the DV’s lxy, making the

search more capable for short-lifetime and even prompt dark pions.

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 [63] 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.

The results from several datasets are shown in Fig. 16. The optimal performance

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 branching 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 Codex-b ones, which is about an order of magnitude weaker with the optimal

c⌧(⇡̂) ⇠ 3 times smaller. 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

limited volume and luminosity, the FASER2 constraints are comparable to Codecx-b ones

with slightly weaker optimal reaches in BR(B ! K⇡̂). They 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 forward region.
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Auxiliary detectors
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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.

exclusion limit then overlaps with the Nsig = 3 contour in Fig.17. The experiment could

probe an exclusive FCNC B ! K+ ⇡̂ decay with a branching ratio down to O(10�10) level

when c⌧(⇡̂) is between 0.1-10 cm.

Besides final states with only charged particles, B factories with clean collision en-

vironments may also provide opportunities to probe final states with neutral components

such as � or ⇡0. The ⇡0
! �� from B decays can be identified from the diphoton mass peak

with low backgrounds, with the reconstruction e�ciency varying from 20% to 60% [75].

The two photons and tracks can also reconstruct the B resonance with a relative mass

resolution of few percents [76], further reducing the combinatorial background. Taking

the ⇡
+
⇡
�
⇡
0 final state as a benchmark, the number of ⇡

+
⇡
� decay vertices in the ef-

fective volume is traced. In this case, the minimum lxy requirement increases to 0.9 cm

to eliminate remaining c-hadron backgrounds. The signal e�ciency is also reduced by a

factor of 0.2, representing the loss from ⇡
0 and B resonance reconstruction. Finally, we

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).

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

photons.
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Figure 16: Model-independent limits on exclusive BR(B ! ⇡̂K) at various auxiliary

detectors.

4.3 FCNC Constraints from Other Experiments

CHARM: Experiments with lower energy scales, either fixed-target or beam dump type,

benefit from high-intensity beam lines [65–70]. However, constraints from such experiments

rely on detailed knowledge of the beam’s interaction with the material, especially various

nuclei, making predictions more challenging.

For bounds of this type, we focus on the CHARM experiment [71]. We follow the recast

in Ref. [72] using muon pair final states. For di↵erent dark hadron mass benchmarks, the

model-independent results are shown in Fig. 17, with the maximum sensitivity reached for

dark hadron lifetimes of ⇠ O(10) m.

Belle II: Lepton collider experiments operating at
p
s ' 10 GeV are also known as B

factories as ⌥(4S) can be produced on resonance, which will promptly decay to two B

mesons with large cross section. The leading B factory for the next decades is Belle II [26].

For the projection at Belle II, we adopt the method in Ref. [73]. The B mesons from

⌥(4S) decays have a fixed boost of �� ' 0.284 along the beam axis, while their transverse

boosts are negligible. To reconstruct the DV, both tracks need to leave enough hits to

be reconstructed and form DVs [74]. The signal e�ciency and the e↵ective volume of

the Belle II detector become smaller than the detector’s geometric size, with negligible

backgrounds [75]. Here, we adopt a simplified detector geometry of the Belle II vertex

detector and central drift chamber [26, 75]. All dark pions that decay inside or before

reaching the vertex detector or the central drift chamber with 60 > lxy > 0.2 cm are kept.

The macroscopic lxy and a narrow resonance peak can reduce combinatorial backgrounds

to a negligible level for final states with only two charged tracks, i.e., µ+
µ
�, ⇡+

⇡
�, or

K
+
K

�.10 Assuming a signal e�ciency of ⇠ 1 and negligible backgrounds, the 95% C.L.

10For electron pair final states, further cuts are needed to remove large backgrounds from converted
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• To compare reaches of different experiments and production 
mechanisms, specific benchmark models are needed to 
obtain model-dependent bounds.

The relative strengths of dark shower and FCNC reaches depends on .        
For   GeV, DS > FCNC. Dark shower reaches decrease as  increases.

f ̂π
f ̂π = 1 f ̂π

Fermion doublet mixing model: , set  lifetimes equal 
by choosing 

Ỹ = 0 π̃1, π̃3
y11 = y12(1 + 2), y21 = y22 = 0

Figure 19: Model-dependent exclusion limits from the dimuon DV scouting strategy

at (HL-)HLC with various channels. LEFT: Exclusion limits for a Z
0 model with

mZ0=20 GeV. RIGHT: Exclusion limits for a fermion doublet model.

(Do we need to discuss vector mesons? –HC)

Constraints from CMS In Fig. 19, we plot CMS scouting search limits for the two

benchmark models mentioned above (heavy doublet mixing and dark Z
0) with benchmark

parameters given in App B. In both panels we display the limits in the m⇡̂ � fa plane,

with f⇡̂ fixed to be 1 GeV. The dark pion lifetime is entirely determined by fa and m⇡̂ as

given in Eqs. (2.3), (2.4) and shown as the light gray contours. (The current EWPT

constraints are also shown as shaded regions independent of fa. We adopt fit

values from [16] for the Z
0 mediation case. If the mediator is the heavy fermion,

we follow the calculation in App. B.14 –LL)

For the dark showers, the current limits and the HL-LHC projections of the 1DV

dimuon scouting search are shown. For the dark Z
0 model, the contributions from Z and

Z
0 are summed, with Z

0 contribution dominating due to the large overall production rate

for a light Z
0. On the other hand, a lighter Z

0 also lowers the value of fa. The overall

result is that the same signal rate corresponds to a higher fa value in the heavy doublet

mixing model where only dark showers from Z decay are included. The current limits

have surpassed the EWPT constraints of these benchmark models. The HL-LHC could

improved the limits on fa by a factor 2. We also plotted the future projections of the

2DV limits from the dark showers. They tend to constrain the lower fa region due to their

high sensitivity for shorter lifetimes. As we discussed earlier, the projections are highly

conservative, so further improvements are possible. The multi-DV events would provide a

direct indication of the dark shower if discovered.

The B FCNC inclusive decay limits from the scouting search are also shown in both

panels of Fig. 19 according to the general prediction of FCNC decay rates as functions of

fa and m⇡̂. They are scaled up from the exclusive limits of Sec. 4 using Eq. (4.2). In both

14Since fa and the oblique parameters have di↵erent M and Y dependence, the constraint di↵ers with

parameter choice. Here, we adopt a nominal lower limit of M & 1 TeV. For higher M values, the EWPT

lower bound on on fa scales proportional to M .
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heavy doublet mixing and dark Z
0 models, the corresponding FCNC limits are identical

if the benchmark models have the same Kt and the same decaying dark pions. Such

predictions are even independent of f⇡̂ as it is included in the definition of fa. Therefore,

the limits given are also applicable to general ALPs with the same couplings. The relative

strengths of the dark shower constraints and FCNC constraints depend on f⇡̂. For f⇡̂ =

1 GeV adopted in the plots, the dark showers give stronger constraints. For a fixed fa,

increasing f⇡̂ implies smaller couplings of Z to the dark quarks and smaller mixing between

Z and Z
0. This will reduce the production rate of the dark showers and hence their search

reaches, while the FCNC constraints stay more or less unchanged. Therefore, for large

enough f⇡̂, FCNC may provide stronger limits.

Figure 20: Model-dependent exclusion limits from the LHCb dimuon DV search at the

(HL-)HLC various channels. LEFT: Exclusion limits for a Z
0 model with mZ0=20 GeV.

RIGHT: Exclusion limits for a fermion doublet model.

Constraints from LHCb With the same benchmarks, we plot the current and projected

future LHCb limits on such dark shower signals in Fig. 20. In the dark Z
0 model, with

mZ0 = 20 GeV, the dark shower signals from the light Z
0 dominate the exclusion limit,

similar to the CMS case. As discussed in Sec. 3, LHCb has the advantage of a lower

muon pT threshold and the coverage of high |⌘| region for a light Z 0. It is thus relatively

advantageous compared to the CMS in the dark shower searches with a light dark Z
0.

Similarly, LHCb has better reaches in FCNC decays due to the unsuppressed B mesons

production in the forward region and the conservative approach in our recasting of the

CMS scouting search. LHCb and CMS have similar reaches in the dark shower signals for

the heavy doublet mixing model.

Constraints from Auxiliary Detectors Following a similar procedure, the model-

dependent limits for both benchmark models at (HL-)LHC auxiliary detectors are plotted

in Fig. 21. The dark shower signals are accessible at MATHUSLA and Codex-b as they are

sensitive to dark pions with c⌧(⇡̂) & 10 m with low backgrounds. The reach of fa can even

exceed 102 PeV. All auxiliary detectors considered are sensitive to the FCNC decay signals,

though for f⇡̂ = 1 GeV, they are weaker than the dark shower reaches. Nevertheless, they

can still reach fa values comparable to the dark shower limits in other detectors thanks to

the detector’s reach in the long-lifetime regime.
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CMS scouting LHCb



Reaches of Benchmark Models

18

Auxiliary detectors Intensity frontier

Figure 21: Similar to Fig. 19 but for auxiliary detector limits.

Figure 22: Similar to Fig. 19 but for intensity frontier limits. Only the dimuon branching

ratio at Belle II is used.

Constraints from Rare and Precision Frontiers In Fig. 22 we list constraints from

several other experiments. The dark pions from FCNC B decays can be tested at Belle

II and fixed target experiments. Together they cover a wide range of parameter space,
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• Higher  implies longer decay length. Experiments sensitive to 
longer decay lengths have strong reaches in  .
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Conclusions
• The Z boson can be an interesting portal to the dark 

sector. More than 1011 Z bosons will be produced at HL-
LHC, providing a great opportunity to explore this 
scenario. 

• Dark showers from Z-portal decays give exciting 
experimental signals, which are quite challenging. New 
search strategies and techniques (e.g. data scouting 
and parking) will be crucial to explore them.

• Additional auxiliary detectors at the LHC (FASER, 
MATHUSLA, CODEX-b) will be helpful for dark pions 
with longer decay lengths. A future Z-factory will be very 
powerful in extending the search reaches. Other fixed 
target experiments and Belle II provide complementary 
tests through FCNC meson decays.
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