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Charmonium system 1

Charmonium System
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
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Darkonia
3 unknowns: dark matter spin, binding force, mediator

We choose dark matter to be a Dirac fermion. The scalar 
dark matter case can be worked out in a similar way. 

0−+ 1−− 0++

ηd Υd

hd

The three lightest darkonia are
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Dark force
The mediator could be scalar, pseudo-scalar or vector 
boson

ℒdark ⊃ − mχ χχ −
1
2

m2
d S2 − gd S χχ , (FS Model)

ℒdark ⊃ − mχ χχ −
1
2

m2
d P2 − gd5 P χiγ5χ , (FP model)

ℒdark ⊃ − mχ χχ −
1
2

m2
d Aμ

d Ad μ − gd Aμ
d χγμχ , (FV model)

V(r) = −
αd

r
e−md r

αd ≡ g2
d /(4π) (FS , FV)

αd ≡
g2

d5

4π
×

m2
d

4m2
χ

(FP)

ηd Υd hd

ηd
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Dark P & C
The minimal models have dark parity and dark charge 
conjugation symmetries (similar to G-parity for pion)

Pd χLPd = − χR Pd χRPd = − χL

Cd χ Cd = iγ2 χ*

For the  model,  is -odd and  is -oddFS ηd Pd Υd Cd

For the  model,  and  are -oddFP ηd P Pd

For the  model,  and  will not play a role for 
phenomenology

FV Pd Cd
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Binding energies
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Wave functions
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Portal interactions

ℒportal = − μS S H†H − λS S2 H†H + μ2H†H − λ(H†H)2, (FS)

In general, the mediator particle to the SM may not be the 
force carrier. For simplicity, we assume that the force 
carrier can couple to the SM

ℒportal = − λP P2 H†H , (FP) [conserving dark parity]

ℒportal = −
1
2

ϵ
cW

BμνF
μν
d (FV)
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Bound State EFT (BSEFT)

Similar to NRQCD, one has an EFT with the cutoff scale

mχ v ∼ αd mχ ≪ Λd ≪ mχ

- and -conserving interactions up to three boundstatesPd Cd

ℒFS,eff =
1
2

∂μηd∂μηd −
m2

ηd

2
η2

d −
1
4

Υμν
d Υd,μν +

m2
Υd

2
Υμ

dΥd,μ

+
1
2

∂μS∂μS +
1
2

∂μhd∂μhd −
m2

S

2
SS − μ2

d gd hd S −
m2

hd

2
h2

d

+λhSShd + λ′ hShdhd + ωhSShdhd + λ′ ηSηdηd + ωηSSηdηd + ωhηShdηdηd + ξηhdηdηd

+λ′ ΥSΥμ
dΥd,μ + ωΥSSΥμ

dΥd,μ + ξΥhdΥμ
dΥd,μ

Both  and  are stableηd Υd
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Bound State EFT (BSEFT)

ℒFP,eff =
1
2

∂μηd∂μηd −
m2

η

2
ηdηd +

1
2

∂μP∂μP −
1
2

m2
PP2 − μ2

d gd ηd P

ℒportal ⊃ − λP (cos θ ̂P + sin θ ̂ηd)2 (v h +
1
2

h2)
The lighter one of  and  is stablêP ̂ηd
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Signatures at the LHC: FP 
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Signatures at the LHC: FS

Alternatively, the dark scalars Ŝ and ĥd can be produced in association with a top-antitop

pair,

pp ! tt̄Ŝ ⇠ µSvs� (4.5)

pp ! tt̄ĥd ⇠ µSvs� .

For ⌘d and ⌥d, which have to be produced in pairs, top-antitop-associated production

is phase-space suppressed and needs to proceed through an o↵-shell scalar. We do not

consider this option any further.

At Belle II, dark scalars lighter than about 4GeV can be produced in loop-induced meson

decays, by coupling through the Higgs portal to the top quark and W boson in the loop.

Prominent production channel are the B meson decays

B ! KŜ ⇠ µSvs� (4.6)

B ! Kĥd ⇠ µSvs� .

The production of ⌘d and ⌥d is strongly suppressed, similar to the case of top-antitop-

associated production described above.

Signatures The phenomenology of the FS model is determined by the masses m̂hd
, m⌘,

m⌥, m̂S , several dark-sector couplings [specify?] and the mixing angles s↵, s� , s� .

At the LHC, the Higgs decays from (4.3) lead to the following darkonium signatures:

pp ! h
Ŝ⇤
! Ŝĥdĥd ! (SM)Ŝ [ŜŜ]hd

[ŜŜ]hd
! (SM)Ŝ

⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

pp ! h
Ŝ⇤
! Ŝĥdĥd ! (SM)Ŝ [⌘d⌘d]hd

[⌘d⌘d]hd
! (SM)Ŝ + /E

pp ! h
mix
�! Ŝĥd ! (SM)Ŝ [ŜŜ]hd

! (SM)Ŝ
⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

pp ! h
mix
�! Ŝĥd ! (SM)Ŝ [⌘d⌘d]hd

! (SM)Ŝ + /E

pp ! h
s�
�! ĥdĥd ! [ŜŜ]hd

[ŜŜ]hd
!

⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

pp ! h
s�
�! ĥdĥd ! [ŜŜ]hd

[⌘d⌘d]hd
!

⇥
(SM)Ŝ(SM)Ŝ

⇤
ĥd

+ /E,

where SM = {`
+
`
�
, jj, ��} and /E stands for missing energy.

Produced in association with top-antitop pairs, the dominant signatures are

pp
s�
! tt̄ĥd ! tt̄[ŜŜ]hd

! tt̄
⇥
(SM)Ŝ(SM)Ŝ

⇤
hd

(4.7)

pp
s�
! tt̄ĥd ! tt̄[⌘d⌘d]hd

! tt̄+ /E,

where we have kept the top quarks stable.

At Belle II, darkonium production in B meson decays lead to the signatures

B
s�
! Kĥd ! K[ŜŜ]hd

! K
⇥
(SM)Ŝ(SM)Ŝ

⇤
hd

(4.8)

– 16 –

(SM) ̂S = {ℓ+ℓ−, jj, γγ}
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Signatures at the LHC: FV

The decay ⌥d ! ⌘d�
⇤
d is suppressed by the small hyperfine splitting between the masses of

⌥d and ⌘d [REF]. The dark photon in this decay is likely to be o↵-shell, as indicated by

an asterisk. The decay ⌥d ! ⇡
0
�d is induced through kinetic mixing, see (??). It has no

suppression from hyperfine splitting and can dominate over ⌥d ! ⌘d�
⇤
d , provided that the

kinetic mixing is not too small.

In a similar way, the dark photon can decay through kinetic mixing into �d
✏/⇤d
�! ⇡

0
�. This

leads to interesting signatures with photons in the final state. If the mediator force is the

binding force, it is typically stronger than phenomenologically allowed kinetic mixing can

be. In this case, the decay �d ! ⇡
0
� is suppressed. We do not consider it in our analysis.

[discuss]

Production The production of the darkonium states proceeds through the vector me-

diator. At e+e� colliders, the lowest bound states can be produced through the processes

(see also [10])

e
+
e
�
! �

⇤
d ! ⌘d�d, e

+
e
�
! �

⇤
d� ! ⌥d�. (4.12)

In the production of ⌘d, the dark photon in the final state is radiated from the dark fermions

to balance the quantum numbers of the vector mediator.

At the LHC, possible production channels are (see also [1])

Drell-Yan: pp ! �
⇤
d ! ⌘d�d pp ! �

⇤
dj ! ⌥dj (4.13)

Higgs decays: h ! ⌘d�dZ h ! ⌥dZ

Weak boson fusion: pp ! ⌘d�djj pp ! ⌥djj.

Sub-GeV darkonia can also be produced from bremsstrahlung through q ! �
⇤
dq ! ⌥dq.

The production of an ⌘d�d pair is phase-space suppressed.

Signatures The phenomenology of this model is determined by the dark-sector masses

m⌘, m⌥, md, as well as the mediator couplings to darkonia, gd, and to SM particles, ✏.

At the LHC, many di↵erent signatures with large event rates are possible. Drell-Yan

production leads to the following signatures

pp
1/⇤d
�! ⌘d�d ! [(SM)�d(SM)�d ]⌘(SM)�d (4.14)

pp
✏

�! ⌥d j ! [(SM)�d(SM)�d(SM)�d ]⌥ j

pp
✏

�! ⌥d j
�⌥⌘
�! [⌘d�

⇤
d ]⌥ j !

⇥
[(SM)�d(SM)�d ]⌘ SM

⇤
⌥
j,

where SM = {`
+
`
�
, jj}. Since the dark photon couples with equal strength to all fermions,

at high energies the relative branching ratios into leptons and jets are determined by the

fermion quantum numbers. Depending on the mass, the intermediate dark photons can be

on-shell or o↵-shell. In the case of a resonance, the decay products reconstruct the dark

photon mass.

– 18 –

(SM)γd
= {ℓ+ℓ−, jj}

Some light mass parameter space has been searched for at 
low-energy linear colliders  BABAR, PRL 128 (2022) 2, 021802
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Conclusions

15

Dark matter could form bound states if it interacts 
through additional dark forces.

Some models suggest that darkonia could remain 
stable not only at colliders but also on 
cosmological time scales.

There are still many intriguing signatures at the 
LHC waiting to be explored.
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Thanks!
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