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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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Introduction
SM Dark sector

portals

• Neutral Naturalness, Cosmological Relaxation, Dark baryon 
or SIMP dark matter.

• 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.

⇒

Ga
D,μν, ψ

Dark QCD



• If no light dark quarks, the lightest dark 
hadron is dark glueball (� ). It can mix 
with Higgs and its phenomenology was 
studied, e.g., Fraternal Twin Higgs model 
(Craig et al 1501.05310). 

• With light dark quarks, the lightest dark 
hadrons are expected to be pseudo scalars 
(dark pions). [Focus of this talk]

• Above dark pions, there are vector mesons. 
If the decay of vector mesons to dark pions 
is closed, they may directly decay back to 
SM, contributing to the signals.

0+ +
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Dark QCD
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Dark QCD
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Ga
D,μν, ψ

Dark QCD

Portal interactions
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Introduction
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 , Gaµ⌫
D

Dark QCD

(neutral under the Standard Model)

Which portal?  

Some interactions are very well studied: Higgs, dark photon
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Heavy states ( , etc), dark hadrons typically long-livedXDK, Z′�

 Z, h
  decays serve as 
the main production at 
LHC, typically mediate 
displaced decays

Z, h

Tested at intensity frontier, prompt decays possible.
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Dark Shower Searches
• Current emerging jet, semi-visible jet, and mono-X 

searches mostly based on high-scale mediation 
models. They rely on hard object to trigger and have 
high �  cuts. The constraints on mediator masses 
typically reach a few TeV.

pT

E.g., CMS emerging jet search, 1810.10069

1

1 Introduction
Although many astrophysical observations indicate the existence of dark matter [1], it has yet
to be observed in the laboratory. While it is possible that dark matter has only gravitational
interactions, many compelling models of new physics contain a dark matter candidate that
interacts with quarks. One class of models includes new, electrically-neutral fermions called
“dark quarks”, QDK, which are not charged under the forces of the standard model (SM) but
are charged under a new force in the dark sector (“dark QCD”) that has confining properties
similar to quantum chromodynamics (SM QCD) [2, 3]. Unlike models based on the popular
weakly interacting neutral particle paradigm [4], such models naturally explain the observed
mass densities of baryonic matter and dark matter [5].

We consider, in particular, the dark QCD model of Bai, Schwaller, Stolarski, and Weiler (BSSW)
that predicts “emerging jets” (EMJ) [6, 7]. Emerging jets contain electrically charged SM parti-
cles that are consistent with having been created in the decays of new long-lived neutral par-
ticles (dark hadrons), produced in a parton-shower process by dark QCD. In this model, dark
QCD has an SU(NCDK) symmetry, where NCDK is the number of dark colors. The particle con-
tent of the model consists of the dark fermions, the dark gluons associated with the force, and
a mediator particle that is charged under both the new dark force and under SM QCD, thus
allowing interactions with quarks. The dark fermions are bound by the new force into dark
hadrons. These hadrons decay via the mediator to SM hadrons.

The mediator XDK is a complex scalar. Under SM QCD, it is an SU(3) color triplet, and thus
can be pair produced via gluon fusion (Fig. 1, left) or quark-antiquark annihilation (Fig. 1,
right) at the CERN LHC. The mediator has an electric charge of either 1/3 or 2/3 of the elec-
tron charge, and it can decay to a right-handed quark with the same charge and a QDK via
Yukawa couplings. There are restrictions on the values of the Yukawa couplings from searches
for flavor-changing neutral currents, neutral meson mixing, and rare decays [8–11]. We abide
by these restrictions by assuming that all the Yukawa couplings are negligible except for the
coupling to the down quark [8–11].
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q
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Figure 1: Feynman diagrams in the BSSW model for the pair production of mediator particles,
with each mediator decaying to a quark and a dark quark QDK, via gluon-gluon fusion (left)
and quark-antiquark annihilation (right).

The decay length of the lightest dark meson (dark pion) [7], is given by Eq. (1):

ct ⇡ 80 mm
✓

1
k4

◆✓
2 GeV
fpDK

◆2 ✓100 MeV
mdown

◆2 ✓2 GeV
mpDK

◆⇣
mXDK

1 TeV

⌘4
, (1)

where k is the appropriate element of the NCDK⇥3 matrix of Yukawa couplings between the
mediator particle, the quarks, and the dark quarks; fpDK is the dark pion decay constant; and
mdown, mpDK, and mXDK are the masses of the down quark, the dark pion, and the mediator
particle, respectively.

15

Figure 9: Event display of an event passing both selection set 1 and selection set 5. The event
contains four jets (jets 1 and 4 pass the emerging jet criteria), consistent with the decay of two
massive mediator particles, each decaying to an SM quark and a dark QCD quark. In such a
scenario, the dark mesons produced in the fragmentation of the dark quark would decay back
to SM particles via the mediator, resulting in displaced vertices with decay distances on the mm
scale. (Left) 3D display: the green lines represent reconstructed tracks, the red (blue) truncated
pyramids represent energy in the ECAL (HCAL) detectors, respectively. (Right) Reconstructed
tracks in r–f view. The filled blue circles represent reconstructed secondary vertices, while the
filled red circle is the PV. The solid grey lines represent the innermost layer of the silicon pixel
detector.
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Figure 10: Upper limits at 95% CL on the signal cross section and signal exclusion contours
derived from theoretical cross sections for models with dark pion mass mpDK of 5 GeV in the
mXDK � ctpDK plane. The solid red contour is the expected upper limit, with its one standard-
deviation region enclosed in red dashed lines. The solid black contour is the observed upper
limit. The region to the left of the observed contour is excluded.
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of the background estimation methods, described in Section 5. The EMJ-7 group has the same
PUdz, DN, and hIP2Di criteria as EMJ-1 set, but loosens only a3D < 0.4, while the EMJ-8 group
has the same PUdz and DN criteria as EMJ-3 set, but loosens hIP2Di > 0.10 and a3D < 0.5. These
two groups of jet-level criteria are more efficient for quark or gluon jets than those used for the
final selections in the analysis, improving the statistical power of the tests.

The acceptance of the selection criteria for signal events ranges from a few percent for models
with a mediator mass of 400 GeV to 48% for more massive mediators with a dark pion decay
length of 25 mm. Figure 4 shows an example of the signal acceptance of models with dark pion
mass of 5 GeV as a function of the mediator mass and the dark pion proper decay length, with
text indicating the corresponding selection set number.

Table 2: Groups of requirements (associated operator indicated in parentheses) on the variables
used in the identification of emerging jets. The groups EMJ-1 to -6 are used for the selection
sets that define the signal regions, while the groups EMJ-7 and -8 are used to define SM QCD-
enhanced samples for the tests of the background estimation methods.

Criteria group PUdz (<) [cm] DN (<) hIP2Di (>) [cm] a3D (<)
EMJ-1 2.5 4 0.05 0.25
EMJ-2 4.0 4 0.10 0.25
EMJ-3 4.0 20 0.25 0.25
EMJ-4 2.5 4 0.10 0.25
EMJ-5 2.5 20 0.05 0.25
EMJ-6 2.5 10 0.05 0.25
EMJ-7 2.5 4 0.05 0.40
EMJ-8 4.0 20 0.10 0.50

Table 3: The seven optimized selection sets used for this search, and the two SM QCD-enhanced
selections (sets 8 and 9) used in tests of the background estimation methods. The headers of
the columns are: the scalar pT sum of the four leading jets (HT) [GeV], the requirements on the
pT of the jets (pT,i) [GeV], the requirement on p

miss
T [GeV], the minimum number of the four

leading jets that pass the emerging jet selection (nEMJ), and the EMJ criteria group described
in Table 2. The last column is the total number of models defined in Table 1 for which the
associated selection set gives the best expected sensitivity.

Set number HT pT,1 pT,2 pT,3 pT,4 p
miss
T nEMJ(�) EMJ group no. models

1 900 225 100 100 100 0 2 1 12
2 900 225 100 100 100 0 2 2 2
3 900 225 100 100 100 200 1 3 96
4 1100 275 250 150 150 0 2 1 49
5 1000 250 150 100 100 0 2 4 41
6 1000 250 150 100 100 0 2 5 33
7 1200 300 250 200 150 0 2 6 103
8 900 225 100 100 100 0 2 7 SM QCD-enhanced9 900 225 100 100 100 200 1 8

5 Background estimation
The production of events containing four SM jets can mimic the signal when two of the jets
pass the emerging jet criteria, or when one passes and jet mismeasurement results in artificial
p

miss
T . The background contributions for each of the selection sets are calculated in two different

ways, using the probability for an SM QCD jet to pass the emerging jet requirements.

Schwaller et al, 1502.05409
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Dark Shower Searches
• These searches do not directly apply to dark showers 

from Z or Higgs portal. There is no hard object to trigger 
and the final state � ’s are too small to pass the cuts.

- Requiring extra hard jets from ISR or associate 
production greatly reduces the rate. Recasting the 
current CMS emerging jet search to these cases gives 
limited reaches. (Carrasco & Zurita, 2307.04847)

pT

Figure 8: 95 % C.L limits on BR(h ! qDqD) obtained by reinterpreting the CMS emerging
jet search, for the gluon portal and the Higgs portal as a function of c⌧⇡D with m⇡D = 5 GeV
(left) and as a function of m⇡D with c⌧⇡D = 25 mm (right). The solid lines use the existing
data, with a luminosity of 16.1 fb�1, which correspond to the dataset of the current emerging
jet search. The bounds from existing prompt searches, obtained with CheckMATE2 [40]
are shown as a hatched grey (green) region for the Higgs (gluon) portal. The dashed lines
correspond to 139 fb �1, the luminosity used on the current model-independent exclusions
on undetected (also called “BSM”) Higgs branching ratios from ATLAS and CMS, while
the dotted lines correspond to the projection to 3000 fb �1, which we compare with the
HL-LHC reach of the BSM Higgs branching ratios, shown with a red band that encapsulates
the different assumptions on the systematic uncertainties (see main text for details).

which make these final states also fall in the class of exotic phenomena dubbed “long-lived
particles” (LLPs).

Our reinterpretation procedure has been validated by carefully following the CMS
study. We have obtained good agreement with the published distributions on the hIP2Di

and ↵3D variables, and also reproduced the publicly available efficiencies for the benchmark
model employed in the search. We have reproduced the published exclusion limits through
two different routes, one by employing directly the CMS published efficiencies and another
one by computing the efficiencies ourselves through our own Monte-Carlo simulation. Here
there is a large uncertainty in the exact parametrization of the tracking efficiency. We have
attempted a few different parametrizations, and employed the one that, while possibly over-
simplified, can reproduce the published efficiencies (and exclusion limits) with a reasonable
accuracy.

We would like to stress that while the relevant information of the CMS study was pub-
licly available and clearly explained, getting in contact with the authors of the experimental
study was nonetheless needed in order to comprehend a few crucial details. Their response
has been instrumental to understand details concerning the track efficiency and the impact

– 15 –



• The lightest dark hadrons are typically long-lived 
with Z portal. They 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

Z

 8

Dark Shower Searches

b su , c, t

̂π
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Z-portal
• An interesting scenario which is less studied.

• Light dark quarks should be neutral under SM. How do 
they couple to Z?

1. Light dark quarks 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 quark are charged under a dark U(1) which 
mixes with Z after EW breaking.

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)

– 7 –

for 13(14)TeV
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Heavy Doublet Mixing Model

• SU(Nd) dark QCD, with a confining scale Λ.

• N flavors of SM-singlet dark quarks � .

• N heavy dark quarks,  under SU(2)W U(1)Y.

ψi, i = 1,⋯, N
Qi ∼21/2 ×

<latexit sha1_base64="SqdCtcY9xQtPa3ViobK/tWaV7qE="></latexit>

�LUV = QLY  RH +QR
eY  LH +QLMQR +  L! R + h.c.

 M ∼TeV ≫ Λ, ω, YỸv2

M
≪ Λ

Cosmological relaxation, Graham, Kaplan, Rajendran, 1504.07551,
Tripled top neutral naturalness, HC, Li, Salvioni, Verhaaren, 1803.03651.



 11

Constraints on Heavy Doublet Model

• For �  (or � ), motivated by chiral symmetry on �  
to suppress � , Z portal dominates. (If � , Higgs 
portal becomes important.)

Ỹ ≈0 Y ≈0 ψL
ω Y ∼Ỹ ≠0

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

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 Ỹ 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 ψ with the Z boson. The third line gives rise to the
mass matrix,

mψ = ω − v2

2 Ỹ †M−1Y , (2.2)

where the last term is induced by the seesaw mechanism. For general Y and Ỹ the
mass eigenstates ψ′ are obtained via unitary transformations ψL,R = UL,Rψ′

L,R , and their
diagonal mass matrix is

mψ′ = U †
LmψUR . (2.3)

Barring cancellations, the ψ′
i are light if both terms in eq. (2.2) are small compared to Λ.

This occurs most naturally if there is an (approximate) chiral symmetry acting on ψL (or
ψR) to suppress both ω and Ỹ (or Y ). For example, that is the case in the tripled top
model, where Ỹ = 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,

Γ(Z → ψ′ψ
′) ≃ Ndm3

Z

96
√
2πGF

{
Tr
[
(Y †M−2Y )2

]
+ (Y → Ỹ )

}
, (2.4)

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

BR(Z → ψ′ψ
′) ≈ 1.8 × 10−4

(
NdTr(Y Y †Y Y †) + (Y → Ỹ )

3

)(1TeV
M

)4
. (2.5)

The LEP measurement of the Z invisible width requires ∆Γinv
Z < 2MeV at 95% CL [38],

and from eq. (2.4) we obtain

M ! 0.7 TeV
(
NdTr(Y Y †Y Y †) + (Y → Ỹ )

3

)1/4
. (2.6)

If Y ∼ Ỹ 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

Γ(h → ψ′ψ
′) ≃ Ndmh

8
√
2πGF

Tr
[
Y †M−1Ỹ (Y †M−1Ỹ )†

]
. (2.7)

– 5 –

! Br( ! inv) ! !  allowedΔ Z → ≲10−3 ⇒ Y ∼1

• Precision EW constraint due to heavy fermions: J
H
E
P
0
1
(
2
0
2
2
)
1
2
2

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
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µν i are also generated at one loop. However,
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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].
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apply to |H|2W i
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M ! 40 TeV Y Ỹ from eq. (2.9). In summary, we find that EDMs do not provide additional
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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
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which gives a vanishing contribution to the hγγ coupling.
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apply to |H|2W i

µνW̃
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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
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for Nd = 3 [44]. This is much weaker than the Higgs invisible branching ratio bound,
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• Direct searches of heavy doublets:  � . 
Assuming �  results in missing energy, recasting SUSY 
searches gives �

Q → W/Z + ψ
ψ

M ≳1.1 TeV
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Dark �  Mixing ModelZ′� −Z

  :  SM fermions,     : dark fermions,     : dark U(1) chargef ψ xi
L,R

 : dark Higgs which breaks U(1),    obtains a mass item  Φ ̂Z′� 1
2 M2

Z′�
̂Z′�μ ̂Z′�μ

  :  mass mixing, can arise from a second Higgs doublet   
which carries the dark U(1) charge
δM̂2

odd scalar, the charged scalar and one CP -even scalar mostly come from H 0 and play little

role in the dark pion phenomenology. Mixing of the CP -even scalars from H and �, on

the other hand, will be responsible for the CP -even dark pion decays. Such mixing can be

induced by a �⇤�H†H interaction, or a term like H†H 0�⇤+h.c. if the U(1)0 charges allow

it. For simplicity, we consider the former operator as an illustration.

With the above assumptions, the model is described by the Lagrangian1

L = LSM + Ldark + Lmix, (2.1)

with

LSM = �
1

4
B̂µ⌫B̂

µ⌫
�

1

4
Ŵ 3

µ⌫Ŵ
3µ⌫ +

1

2
M̂2

ZẐµẐ
µ
� ê

X

f

f̄�µ
 

Yf
ĉW

B̂µ +
T 3
Lf

ŝW
Ŵ 3

µ

!
f, (2.2)

Ldark = �
1

4
Ẑ 0
µ⌫Ẑ

0µ⌫ +
1

2
M̂2

Z0Ẑ 0
µẐ

0µ
� gD

NX

j=1

⇣
 j�

µxj
L
PL j +  j�

µxj
R
PR j

⌘
Ẑ 0
µ (2.3)

�
1

4
GD

aµ⌫G
Dµ⌫

a +
NX

j=1

i j
/DG j �

NX

i, j=1

⇣
 Limij Rj +  Li⇣

1
ij Rj�+  Ri⇣

2
ij Lj�+ h.c.

⌘
,

Lmix = �
sin�

2
Ẑ 0
µ⌫B̂

µ⌫ + �M̂2Ẑ 0µẐµ � �⇤�H†H , (2.4)

where B̂µ⌫ , Ŵ 3
µ⌫ , Ẑ

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

U(1)0 respectively; f = {uL, . . .} are the SM chiral fermions and Yf , T 3
Lf

are their charges

under U(1)Y and the third generator of SU(2)L. Furthermore, ĉW , ŝW are the cosine and

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

Âµ = ŝW Ŵ 3
µ+ĉW B̂µ are the Z and photon fields without mixing with the new gauge boson.

The dark quarks are written as N Dirac fermions  j , with xj
L(R) being the U(1)0 charges of

their chiral components, and Dµ

G
= @µ + igs,DT aGa

D
, where T

a are the generators in the

fundamental representation of SU(Nd), is the dark QCD covariant derivative. The scalar

field �, singlet under the SM and with U(1)0 charge x�, is assumed to be dominantly

responsible for M̂Z0 . Depending on the U(1)0 charge assignments, some (or all) entries of

the dark Yukawa couplings ⇣1,2 must be vanishing. The kinetic mixing between U(1)Y and

U(1)0 is parametrized as sin� (the absolute value of this coe�cient must be smaller than

1, to ensure positivity of the kinetic energy). As already mentioned, the mass mixing �M̂2

is assumed to originate from the VEV of a second Higgs doublet charged under U(1)0.

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 angle ⇠ satisfying

tan 2⇠ =
�2 cos�(�M̂2 + M̂2

Z
ŝW sin�)

M̂2
Z0 � M̂2

Z
cos2 �+ M̂2

Z
ŝ2
W

sin2 �+ 2�M̂2ŝW sin�
, (2.6)

1Di↵erently from Refs. [7, 8], we use Dµ = @µ + igAµ as sign convention. We mostly adopt the notation

of Ref. [9].
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   :  kinetic mixing sin χ

odd scalar, the charged scalar and one CP -even scalar mostly come from H 0 and play little

role in the dark pion phenomenology. Mixing of the CP -even scalars from H and �, on

the other hand, will be responsible for the CP -even dark pion decays. Such mixing can be

induced by the �⇤�H†H and H†H 0�⇤ +h.c. interactions. Upon integrating out the heavy

H 0 doublet, the latter operator ends up giving an additive contribution to the former at

low energies (see Appendix D). Therefore it is su�cient to focus on �⇤�H†H.

With the above assumptions, the model is described by the Lagrangian1

L = LSM + Ldark + Lmix, (2.1)

with

LSM � �
1

4
B̂µ⌫B̂

µ⌫
�

1

4
Ŵ 3

µ⌫Ŵ
3µ⌫ +

1

2
M̂2

ZẐµẐ
µ
� ê

X

f

f̄�µ
 

Yf
ĉW

B̂µ +
T 3
Lf

ŝW
Ŵ 3

µ

!
f, (2.2)

Ldark = �
1

4
Ẑ 0
µ⌫Ẑ

0µ⌫ + (Dµ�)
⇤Dµ�� gD

NX

j=1

⇣
 j�

µxj
L
PL j +  j�

µxj
R
PR j

⌘
Ẑ 0
µ (2.3)

�
1

4
GD

aµ⌫G
Dµ⌫

a +
NX

j=1

i j
/DG j �

NX

i, j=1

⇣
 Limij Rj +  Li⇣

1
ij Rj�+  Ri⇣

2
ij Lj�+ h.c.

⌘
,

Lmix = �
sin�

2
Ẑ 0
µ⌫B̂

µ⌫ + �M̂2Ẑ 0µẐµ � �⇤�H†H , (2.4)

where B̂µ⌫ , Ŵ 3
µ⌫ , Ẑ

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

U(1)0 respectively; f = {uL, . . .} are the SM chiral fermions and Yf , T 3
Lf

are their charges

under U(1)Y and the third generator of SU(2)L. Furthermore, ĉW , ŝW are the cosine and

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

Âµ = ŝW Ŵ 3
µ+ĉW B̂µ are the Z and photon fields without mixing with the new gauge boson.

The dark quarks are written as N Dirac fermions  j , with xj
L(R) being the U(1)0 charges

of their chiral components, and Dµ

G
= @µ + igs,DT aGa

D
, where T

a are the generators in

the fundamental representation of SU(Nd), is the dark QCD covariant derivative. The

scalar field �, singlet under the SM and with U(1)0 charge x� (Dµ = @µ + igDx�Ẑ 0
µ), is

assumed to be dominantly responsible for the Ẑ 0 mass M̂Z0 through spontaneous symmetry

breaking. Depending on the U(1)0 charge assignments, some (or all) entries of the dark

Yukawa couplings ⇣1,2 must be vanishing. The kinetic mixing between U(1)Y and U(1)0

is parametrized as sin�, since the absolute value of this coe�cient must be smaller than

1 to ensure positivity of the kinetic energy. As already mentioned, the mass mixing �M̂2

is assumed to originate from the VEV of H 0. It is the leading e↵ect of the second Higgs

doublet at low energies.

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)

1Di↵erently from Refs. [7, 8], we use Dµ = @µ + igAµ as sign convention. We mostly adopt the notation

of Ref. [9].

– 4 –



Constraints on Dark �Z′�

 13

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

-0.05

0.00

0.05

0.10

log10 ( δM� 2 /M� Z
2 )

si
n
χ

MZ2 = 20 GeV [95% CL]

[dashed: Z pole; dotted: low-energy; solid: combined] [dot-dashed: DELPHI]
thin gray lines: contours of ξ = + 0.05, + 0.01, 0, - 0.01, - 0.05

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

-0.05

0.00

0.05

0.10

log10 ( δM� 2 /M� Z
2 )

si
n
χ

MZ2 = 60 GeV [95% CL]

[dashed: Z pole; dotted: low-energy; solid: combined] [dot-dashed: DELPHI]
thin gray lines: contours of ξ = + 0.05, + 0.01, 0, - 0.01, - 0.05

Figure 2: Constraints from electroweak precision data and the direct search for Z2 at

DELPHI, for representative benchmark values of MZ2 .

Figure 3: 95% CL constraints on �M̂2/M̂2
Z
from electroweak precision data and the direct

search for Z2 at DELPHI, assuming vanishing kinetic mixing, sin� = 0.

3.3 Combination and bounds on the parameter space

To set constraints 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� , MZ2 , �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 Z2 mass, 20 GeV and 60 GeV, which we adopt throughout the discussion. In Fig. 3

we display the constraint on �M̂2/M̂2
Z

as function of the Z2 mass, for vanishing kinetic

mixing.
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• Strongest constraint coming from EW precision 
observables for �  mass.MZ′� ≳Υ

Low energy (APV,…)

DELPHI (missing energy)

Z-pole

 ξ = 0.05

 ξ = 0.01
 ξ = 0

 ξ = −0.01

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: 95% CL constraints on �M̂2/M̂2
Z
from electroweak precision data and the direct

search for Z2 at DELPHI, assuming vanishing kinetic mixing, sin� = 0.

4 Other constraints

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

arising either from direct production of the Z2 or from decays of the Z and h to the dark

sector.

4.1 Direct search for Z2 at DELPHI

A relatively light Z2 that dominantly decays to invisible final states can also be probed

by direct searches for the process e+e� ! �Z2. These have been extensively analysed

for a kinetically mixed dark photon, see e.g. Ref. [6] for a recent compilation of bounds.

For masses larger than about 8 GeV the strongest sensitivity still belongs to a DELPHI

search at LEP2 (
p
s between 130 and 209 GeV), from which bounds on kinetic mixing were

obtained in Refs. [5, 22]. We reinterpret their results in our setup, where the Z2 has both

kinetic and mass mixing, by requiring that the production cross sections match,

v̄2
f
+ ā2

f
= (v̄2

f
+ ā2

f
)
���
�M̂2 =0 , sin�= "/cW , MZ2 =mA0

, (4.1)

where

v̄f =
⇥
ŝW ĉ2W cos ⇠ tan�+ (� sin ⇠ + ŝW cos ⇠ tan�)ŝ2W

⇤
2Qf � (� sin ⇠ + ŝW cos ⇠ tan�)T 3

Lf
,

āf =(sin ⇠ � ŝW cos ⇠ tan�)T 3
Lf

, (4.2)

are the vector and axial-vector couplings of the physical Z2 to SM Dirac fermion f , defined

as L � (ĝZ/2)f̄�µ(v̄f � āf�5)fZ2µ. Note that for sin� = 0 we have simply {v̄f , āf} =

sin ⇠ {vf , af}. On the right-hand side of Eq. (4.1), the limit on " as function of mA0 is

taken from [22] for mA0 < MZ , whereas for mA0 > MZ we apply the limit on " as given

in [5].
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Figure 5: Cross section for on-shell Z2 production at the LHC, setting sin� = 0 so that

the Z2ff̄ couplings are given by sin ⇠ times the Zff̄ couplings and the cross section scales

like ⇠2. We set ⇠ = 0.01 for illustration, and note that BR(Z2 ! DS) ⇡ 1. The orange

lines show, for comparison, the rate of DS production from the Z1, for two di↵erent choices

of the dark quark U(1)0 charges.

7 Phenomenology

The Z2 decays to fermions, with

�(Z2 ! DS) =
MZ2

24⇡
Nd

cos2 ⇠

cos2 �
g2D

X

i

(x2Li + x2Ri) , (7.1)

�(Z2 ! SM) =
MZ2

48⇡
ĝ2Z

X

f

Nc(f)(v̄
2
f
+ ā2

f
) , (7.2)

where the v̄f , āf couplings are defined in Eq. (4.2). In addition, a heavy Z2 would decay

to WW and Zh final states.

The cross section for production of on-shell Z2 in pp collisions reads

�(pp ! Z2) =
KZ2⇡ĝ

2
Z

4Ncs

X

q

(v̄2q + ā2q)Lqq̄

✓
M2

Z2

s

◆
, (7.3)

where KZ2 = 1.3 approximately accounts for QCD corrections and the parton luminosity

is Lqq̄(⌧) =
R 1
⌧

dx

x

⇥
fq(x)fq̄(⌧/x) + fq(⌧/x)fq̄(x)

⇤
. For reference, the Z1 production cross

sections computed in this way are 54.5, 57.0, 58.9 nb at 13, 13.6, 14 TeV. The dependence

of the cross section on MZ2 is shown in Fig. 5, highlighting that for MZ2 . MZ1 decays of

Z2 are the dominant DS production mechanism.

8 Summary and discussion
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Assuming the most promising decay mode is Z ! `` (` = e, µ), we estimate

BR(h ! ZZ2 ! `+`� + inv)

BR(h ! `+`�⌫⌫̄)SM
⇡ 0.2

✓
⇠ � ŝW tan�

10�2

◆2✓20 GeV

MZ2

◆2

. (4.12)

The BSM rate is rather large, and even becomes comparable to the SM one for MZ2 ⇠

10 GeV. However, the measurement of h ! ZZ⇤
! ``+ /ET is extremely challenging at the

LHC, due to the very large Z+jets background for small values of the missing transverse

energy. In fact, the analysis of this final state has only been performed targeting larger

h masses [? ] or in the regime where h is o↵ shell [? ]. As a result, we believe that no

significant bounds arise from this final state.

BR(Z !   ) ⇡ 1.8⇥ 10�4

✓
NdTr(Y Y †Y Y †))

3

◆✓
1TeV

M

◆4

, (4.13)

BR(Z !   ) ⇡ 1.4⇥ 10�4

✓
Nd

3

◆✓
⇠

0.01

◆2

g2D
X

i

(x2Li + x2Ri), (4.14)

BR(Z 0
!   ) ⇡ 1 (4.15)

BR(h !   ) ' 7⇥ 10�3
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5 E↵ective theory for dark hadrons

We assume that N flavors of dark quarks, which transform in the fundamental representa-

tion of dark QCD, have masses below the confinement scale. Their N⇥N mass matrix m 

can in general contain also terms pairing dark quarks with di↵erent U(1)0 charges, induced

by Yukawa couplings to the dark scalar(s) whose VEVs are responsible for giving mass

to the Z 0. Explicit examples will be discussed momentarily. Diagonalization is achieved

via unitary transformations  L,R = UL,R  0
L,R

, where  0
L,R

are the mass eigenstates with

diagonal mass matrix

m 0 = U †
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m UR . (5.1)

Then the dark U(1) current

Jµ

D
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Assuming the most promising decay mode is Z ! `` (` = e, µ), we estimate
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The BSM rate is rather large, and even becomes comparable to the SM one for MZ2 ⇠

10 GeV. However, the measurement of h ! ZZ⇤
! ``+ /ET is extremely challenging at the

LHC, due to the very large Z+jets background for small values of the missing transverse

energy. In fact, the analysis of this final state has only been performed targeting larger

h masses [? ] or in the regime where h is o↵ shell [? ]. As a result, we believe that no

significant bounds arise from this final state.
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but production cross section suppressed by  ξ2

 mixing between  ,ξ : Z, Z′�



Dark Pion Decays
• Dark pions:
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̂π1,3 , CP odd (JPC = 0−+ )

̂π2 , CP even (JPC = 0−−) ̂π2
h

f

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

SM×

If no CP violation in the dark sector, CP-odd dark pions 
decay through mixing with   (and  ), CP-even dark pions 
decay through Higgs.

Z Z′�



CP-odd Dark Pions
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Integrating out   and replacing  Z (,Z′�) ψ′�i σa

2 γμγ5ψ′ � → f ̂π∂μ ̂πa

ALP-like interaction

maximal isospin violation

Heavy doublet model: 

  mixing model:Z′�

It requires mass mixing.  Kinetic mixing only mixes transverse polarizations, 
which do not induce pion decays.

where the e↵ective decay constant fa of ⇡̂b is found to be, by simple calculation,
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Thus dark pion decay is mediated by mass mixing between Z and Z 0, but not by kinetic

mixing. This was expected [? ]: kinetic mixing only a↵ects the transverse modes of gauge

fields, and exchange of a single transverse vector cannot mediate the decay of a pion.

Dark pion decays to SM particles mediated by the e↵ective Lagrangian in Eq. (5.12)

have been thoroughly evaluated, as a function of fa , using a data-driven approach [?

]. Those results directly apply here. Very roughly, the decay to µ+µ� dominates for

2mµ < m⇡̂ . 800 MeV, whereas for 800 MeV . m⇡̂ . 3 GeV the decay to ⇡+⇡�⇡0 is

largest, accompanied by a plethora of other modes with branching ratios at the 10% level.

For m⇡̂ & 3.5 GeV, decays to cc̄ and ⌧+⌧� have comparable branching ratios.

We pause briefly to compare the expression of the dark pion decay constant fa obtained

in the present vector mediator model, Eq. (5.16), with its expression in the model with

heavy fermion mediators, given by Eq. (3.10) in Ref. [? ]. Parametrically we find
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Y 2
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M2
Z2
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Z

, (5.14)

where we have taken eY = 0 in the model with heavy fermions, for the sake of simplicity,

and we have assumed the traces over dimensionless matrices [here Tr(�bX 0
A
)] to be O(1)

numbers. In the heavy fermion model, Y ⇠ 1 and M ⇠ 1 TeV are roughly at the edge of

the currently allowed region [? ]. Here, for a heavy Z 0 with MZ2 = 1 TeV the electroweak

constraints require �M̂2/M̂2
Z
< 0.30 (95% CL, sin� = 0). This cannot be compensated by

increasing gD � 1, which would lead to a rapid loss of perturbativity in the UV. Hence,

for a heavy Z 0 mediator fvector
a is mildly larger than f fermions

a . However, the situation is

dramatically di↵erent for a light Z 0: for MZ2 < MZ the electroweak constraint �M̂2/M̂2
Z
.

10�2 (see Fig. 3) is more than compensated by the large M2/M2
Z2

ratio. Therefore, as far as

EW precision constraints are concerned, fvector
a can be more than one order of magnitude

smaller than f fermions
a . On the other hand, such smaller values of fa can be ruled out by

FCNC decays of SM mesons depending on the dark pion masses, as we are going to discuss.
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In addition to the Z-Z 0 mediation, the decay of dark pions can proceed through ex-

change of scalar fields. Assuming that m2
h
, m2

�
� m2

⇡̂
, by integrating out h and � one

obtains a low energy e↵ective interaction between dark fermions and SM fermions
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)gDĝZf⇡̂�M̂2

2M2
Z1
M2

Z2
cos2 �

⇡
1

1 PeV

Tr(�bX 0
A
)gD

cos2 �

✓
f⇡̂

1 GeV

◆✓
�M̂2/M2

Z1

10�2

◆✓
60 GeV

MZ2

◆2

.

(5.13)

Thus dark pion decay is mediated by mass mixing between Z and Z 0, but not by kinetic

mixing. This was expected [? ]: kinetic mixing only a↵ects the transverse modes of gauge

fields, and exchange of a single transverse vector cannot mediate the decay of a pion.

Dark pion decays to SM particles mediated by the e↵ective Lagrangian in Eq. (5.12)

have been thoroughly evaluated, as a function of fa , using a data-driven approach [?

]. Those results directly apply here. Very roughly, the decay to µ+µ� dominates for

2mµ < m⇡̂ . 800 MeV, whereas for 800 MeV . m⇡̂ . 3 GeV the decay to ⇡+⇡�⇡0 is

largest, accompanied by a plethora of other modes with branching ratios at the 10% level.

For m⇡̂ & 3.5 GeV, decays to cc̄ and ⌧+⌧� have comparable branching ratios.

We pause briefly to compare the expression of the dark pion decay constant fa obtained

in the present vector mediator model, Eq. (5.16), with its expression in the model with

heavy fermion mediators, given by Eq. (3.10) in Ref. [? ]. Parametrically we find

f fermions
a

fvector
a

⇠
gZgD
Y 2

M2

M2
Z2

�M̂2

M̂2
Z

, (5.14)

where we have taken eY = 0 in the model with heavy fermions, for the sake of simplicity,

and we have assumed the traces over dimensionless matrices [here Tr(�bX 0
A
)] to be O(1)

numbers. In the heavy fermion model, Y ⇠ 1 and M ⇠ 1 TeV are roughly at the edge of

the currently allowed region [? ]. Here, for a heavy Z 0 with MZ2 = 1 TeV the electroweak

constraints require �M̂2/M̂2
Z
< 0.30 (95% CL, sin� = 0). This cannot be compensated by

increasing gD � 1, which would lead to a rapid loss of perturbativity in the UV. Hence,

for a heavy Z 0 mediator fvector
a is mildly larger than f fermions

a . However, the situation is

dramatically di↵erent for a light Z 0: for MZ2 < MZ the electroweak constraint �M̂2/M̂2
Z
.

10�2 (see Fig. 3) is more than compensated by the large M2/M2
Z2

ratio. Therefore, as far as

EW precision constraints are concerned, fvector
a can be more than one order of magnitude

smaller than f fermions
a . On the other hand, such smaller values of fa can be ruled out by

FCNC decays of SM mesons depending on the dark pion masses, as we are going to discuss.

fa ⇠
M2

Y 2f⇡̂
⇠ 1 PeV

✓
M/Y

TeV

◆2✓GeV

f⇡̂

◆
(5.15)

fa ⇠
2M2

Z1
M2

Z2
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(Z1 = Z, Z2 = Z′�)
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Dark Pion Decays
• For �  we need to consider exclusive final states 

containing SM hadrons. Applying data driven methods 
[following Aloni, Soreq, Williams 1811.03474, which considered gluon (quark-
universal) couplings],

m ̂π ∼GeV

(HC, Li, Salvioni, 2110.10691)

- For � , match ALP EFT to χPT

- For � , include exchange of scalar, vector, 
tensor resonances, using as much input from data as possible

m ̂π < mη′ � ∼1 GeV

mη′� < m ̂π ≲3 GeV

0.0 0.5 1.0 1.5 2.0 2.5 3.0

10-8

10-5

0.01 For �
�

m ̂π = 650 MeV, fa = 1 PeV,
cτ ≈70 cm
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Isospin Violating vs Gluon Couplings
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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 thema =

mtrans
a where our evaluation of the total hadronic width transitions from

P
i �(a ! excl i)

to �(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 �(a ! gg) in Eq. (A.3) is 235↵s(mtrans

a )/(12⇡) ⇡ 1.6

times the leading order, suggesting a sizable residual uncertainty for this width.

current meson FCNC constraints are at the level fa ⇠ 103 TeV, as obtained from B ! Xs⇡̂

decays (where Xs denotes a strange hadron state) with long-lived ⇡̂ ! µ+µ� at CHARM,

LHCb and CMS for m⇡̂ & 2mµ , and from searches for K+ ! ⇡+⇡̂ with invisible ⇡̂ 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),

 
0
LB 

0
Rh+ h.c. =

1

2
 

0⇥
B +B† + (B �B†)�5

⇤
 0h , B ⌘ v U †

L
eY †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 �5 is relevant for dark pion decay,

and we rewrite it as

� 1

2

3X

q=0

Tr
⇥
i�q(B �B†)
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0 i�q
2
�5 

0h . (3.14)
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Big differences with gluon-coupled ALP 
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isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018] 9

Big differences with gluon-coupled ALP 
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  dominates for  π+ π−π0 m ̂π ≳900 MeV

  negligibleπ+ π−γ

 a few % for  μ+ μ− > m ̂π ≲3 GeV

×
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π0 ρ+
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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 –

• The dark pion decays through Z-portal have decay lengths in the most 
interesting range of few mm to 100 m for  . 

• The typical effective mixing of CP-even dark pion with Higgs    , 
implying it most likely decays outside the detectors.

2mμ < m ̂π < 3 GeV, fa ∼1 PeV
sθ ∼10−8



Experimental Searches for Dark Showers
• �  and �  decays: dark showers at LHC and future 

colliders
Z Z′�

 21

The Hidden Valley Module of Pythia8 is used to simulate 
the dark shower events. 



CMS Scouting Search
• CMS 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.
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• Recast CMS scouting search, with some conservative 
assumptions. Model independent bounds (for 1 DV only).

Blue:  m ̂π = 650 MeV Red:  m ̂π = 2 GeV

  contribution with  Z′ � mZ′� = 20 GeV  contribution Z

Dashed curve: current

Solid: HL-LHC projections

Preliminary



LHCb
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  contribution Z   contribution with  Z′� mZ′� = 20 GeV

• 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.



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 � .

B, D, K

fa

 25

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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b su , c, t

̂π

phase spaceform factor

m2 ! 0 : in this case one quark is massless, Tr(m 0) =
q
y21v

2
� +m2

1 and we find

Tr(�1X
0
A) = Tr(�1X

0
V ) = �

y1v�m1

y21v
2
� +m2

1

(x1 � x2) , Tr(�3X
0
A) = �

y21v
2
�

y21v
2
� +m2

1

(x1 � x2) ,

Tr(�3X
0
V ) =

m2
1

y21v
2
� +m2

1

(x1 � x2) , Tr[i�2(Cs �C†
s)] = �2y1

m1q
y21v

2
� +m2

1

. (5.32)

We see that for y1v�/m1 ⇠ O(1) both CP -odd dark pions decay with Tr(�iX 0
A
) ⇠ 1,

whereas the CP -even dark pion decays with Tr[i�2(Cs � C†
s)] ⇠ y1. The dark pions mix

with the angular (ã) and radial (�) modes of �, leading to corrections to the physical

dark pion masses. These can be included in two equivalent ways: either in ChPT, or

by considering e↵ective operators made out of four dark quarks. Both descriptions are

provided in Appendix C. Quantitatively, however, these e↵ects are small and do not play

a major role in our discussion.

The same Lagrangian in Eq. (5.29) also provides an example of the situation where

the dark pions do not decay through the Z portal: assuming CP conservation with y1 = y2
implies UL = UR = U , therefore X 0

A
= 0 while X 0

V
= U †XU is maximized.

6 Production of dark mesons from FCNC decays

Dark mesons can also be produced from SM FCNC transitions, mediated by one-loop

diagrams involving the W boson. We focus on down-type FCNC e↵ects, which receive a

large contribution from top loops, and specifically on B ! K(⇤)⇡̂, K(⇤)⇢̂ decays. In the

present model only triangle diagrams mediating d̄jdiZ1,2 flavor-changing interactions play

a role, whereas box diagrams are absent. Making use of the general amplitudes provided

in Ref. [31] to evaluate the d̄jdiZ1,2 vertices and integrating out Z1,2 at tree level, we arrive

at the following four-fermion Lagrangian

L
FCNC
e↵ = � gDĝZ

�M̂2

M2
Z1
M2

Z2
cos2 �

ĝ2

128⇡2
Jµ

D
d̄j�µPLdi

X

q 2u,c,t

V ⇤
qjVqiKq + h.c. , (6.1)

where

Kq ⌘ xq log
⇤2
UV

M2
W

+
�7xq + x2q
2(1� xq)

�
4xq � 2x2q + x3q

(1� xq)2
log xq , (6.2)

with the definition xq ⌘ m2
q/M

2
W
. The contribution from q = t dominates. The residual

divergence appears because our treatment of the Z-Z 0 mixing is not UV complete. The

divergence will be removed in a complete model where the new fields inducing �M̂2, such

as a second Higgs doublet, are included dynamically. In that case ⇤UV would be set

by the mass of the charged Higgs scalar, possibly up to O(1) factors. Numerically, the

dimensionless quantity Kt varies from 5.0 to 16 as ⇤UV is increased from 300 GeV to

1 TeV, signaling an important theoretical uncertainty.

The amplitude for the process Had1 ! Had2 + ⇡̂b , where Had1,2 are SM hadrons, can

then be obtained from factorization as

h⇡̂bHad2|H
FCNC
e↵ |Had1i =

i ĝ2

64⇡2
V ⇤
tjVtiKt

pµ
⇡̂

f (b)
a

hHad2|d̄j�µPLdi|Had1i , (6.3)
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:Loop integral,   5-16 for cutoff 300 GeV - 1 TeV ∼
Cutoff determined by heavy fermions (heavy doublet model) 
or 2nd Higgs doublet (  mixing model)Z′�
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tjVtiKt ĝZ"Zb ✏

⇤
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leading to
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and
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ĝ2V ⇤

tsVtb

128⇡2
Kt
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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
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(6.10)

whereas for decays involving dark vector mesons one finds

BR(B+
! K+⇢̂b) ⇡ 1.2⇥ 10�9

✓
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�10�6 GeV�1
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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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Constraints: pre-LHC
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Constraints: CMS
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Constraints: LHCb
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Figure 6: Parameter space of our benchmark dark sector model for MZ2 = 20 GeV and

sin� = 0. We have assumed y1v� = m1 and x1 = �1 = �x2, gD = 0.25 and f⇡̂ = 1 GeV.

The Z ! invisible constraint is assumed to apply only for c⌧⇡̂ > 1 m. The top panel shows

present constraints from dark shower events and FCNC decays, whereas the bottom panel

shows projections to the HL-LHC, including both main detectors and auxiliary detectors,

compared to the strongest present bounds (Z2 ! DS at LHCb and CHARM).
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In terms of MZ1 , MZ2 , ⇠, Eq. (A.2) takes the form
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yielding in particular the exact relation
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  contribution Z   contribution with  Z′� mZ′� = 20 GeV

FCNC• Dark hadrons with lifetimes > O(m) 
predominantly decay outside the 
multipurpose detectors, resulting in 
reduced sensitivities. Proposed 
auxiliary detectors targeting LLPs 
have advantages in this regime. 
They are sensitive to all charged 
final state tracks and expected to 
be essentially background-free. 
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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 us a great opportunity to explore this scenario. 

• Dark showers from Z-portal decays give interesting but  
challenging experimental signals.

• We describe two classes of underlying theories and give the 
phenomenological expectations from some benchmarks.

• New experimental techniques (e.g., data scouting) and new 
detectors can provide extended reaches for these scenarios.

• FCNC productions of dark hadrons offer complementary 
probes and can constrain different combinations of model 
parameters
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