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Question: What is Dark Matter,

and why should we care?

Taken from Symmetry, Illustration by Sandbox Studio, Chicago with Ana Kova



Why Should we Care?

There is ample observational evidence for the 
existence of dark matter!

• Galactic Rotation Curves


• Galaxy Clusters


• CMB



What is Dark Matter?
Luminous Matter (~5%) Dark Matter (~26%)

?

Black Holes?

…and?



-In the CDM paradigm, dark matter particles interact with each other only gravitationally 
and do not collide. 


-While the simulations using CDM produce distributions where the density sharply 
increases at the centre of the galaxies (“cusps”), observations of dwarf galaxies show 
constant central distributions (“cores”). 


-A solution to the core-cusp problem is self-interacting dark matter (SIDM).

The Core-Cusp Problem

W. J. G. de Blok, Advances in Astronomy, vol. 2010, Article ID 789293, 2010. https://doi.org/10.1155/2010/789293



What is Dark Matter?
Luminous Matter (~5%) Dark Matter (~26%)

Dark or Hidden Sector! 

Is there a “dark” 
 Standard Model?



Scalar Portal: Dark Higgs
Pseudoscalar Portal: Axion-like Particle
Neutrino Portal: Heavy Neutral Lepton

Vector Portal: Dark Photon

We would like to connect the Standard Model  
to our Hidden Sector, this is done through a “portal” 
interaction or interactions.

Four commonly discussed portal interactions:
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Vector Portal: Dark Photon

The Lagrangian for a dark fermion , , coupling to a dark photon that kinetically mixes with the standard model is:χ

the correct relic abundance via 3 ! 2 annihilation gives an explicit relationship between

m⇡ and f⇡.

There are strong constraints on large dark-matter self scatterings from bullet-cluster

obsersvations [14–16] and halo shape simulations [17, 18], which give roughly �scatter/mDM .
1 cm2/g. In terms of the pions, the self-scattering cross section can be calculated to leading

order using the 4-point interactions of the chiral Langrangian [Eqs. (2.5) and (2.7)],

�scatter =
m2

⇡

32⇡f4
⇡

a2

N2
⇡

, (2.9)

where the factor of a2/N2
⇡ is a combinatorial factor that depends on Nf and the choice of

the confining gauge-theory; further details can be found in the Appendix of Ref. [3].

Applying the constraints on self-interactions, that the pions produce the observed dark-

matter relic abundance, and assuming validity of chiral perturbation theory m⇡/f⇡ . 2⇡,

points to a preferred region of parameter space which is very similar to that of QCD:

m⇡ ⇠ 300 MeV, f⇡ ⇠ few ⇥ m⇡. (2.10)

This corresponds to the strongly interacting regime of the theory, where the strong dy-

namics can induce O(1) changes to the above; Eq. (2.10) should be thought of as a mere

proxy to the scales involved.

We note that the self-scattering cross sections predicted by Eq. (2.9) are of the right size

to reconcile discrepancies in N-body simulations with the observed small-scale structure,

such as the ‘core vs. cusp’ and ‘two big to fail’ puzzles [17–24]. Additionally, a recent study

of the Abell 3827 galaxy cluster showed evidence for self-interactions of dark matter [25, 26].

Ref. [25] claimed the self-scattering cross section should be �scatter/m = (1.7 ± 0.7) ⇥

10�4 cm2g�1
⇥ (tinfall/109 yr)�2, but a reanalysis in Ref. [26] finds �scatter/m = 1.5 cm2g�1

as the preferred value, similar to the rate needed to address the small-scale structure puzzles

and the rate expected from the SIMP mechanism.

3 Dark photon review

We consider a massive dark photon, which is the U(1)D gauge boson, that is kinetically

mixed with the hypercharge gauge boson. Extensively studied in the literature, here we

summarize the relevant parts of the dark photon Lagrangian as well as relevant experimen-

tal limits, including several new limits.

3.1 Kinetic mixing

We take a U(1)D gauge theory with a gauge field Aµ which has kinetic mixing with the

U(1)Y gauge field Bµ,

LA = �
1

4
Aµ⌫A

µ⌫
�

sin �

2
Bµ⌫A

µ⌫ +
1

2
m2

V AµA
µ . (3.1)

The gauge boson’s mass may arise either from a hidden-photon Higgs mechanism or the

Stückelberg trick.

– 5 –

:U(1)D gauge field :U(1)Y gauge field

Under the field redefinition:

B. Holdom, Phys.Lett. B166, 196 (1986).

Bμ
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ℒ = ℒSM + ℒDS −
κ
2

B′￼μνBμν

A More General Case: Dark Photon+Dark Z

Standard Model Lagrangian
Dark Sector Lagrangian

Hypercharge Gauge Field

“Dark” Hypercharge: dark Abelian vector field



κB′￼μνBμν = κ cos(θW)cos(θW′￼
)Aμ

1 A2μ + κ sin(θW)sin(θW′￼
)Zμ

1 Z2μ − κ sin(θW)cos(θ′￼W)Zμ
1 A2μ − κ cos(θW)sin(θ′￼W)Aμ

1 Z2μ

E. Izaguirre and I. Yavin, Phys Rev D 92 , 035014 (2015)

Weinberg angle
“Dark” Weinberg angle

SM Photon

“Dark” Photon SM Z

“Dark” Z

Three possible phases can be considered:


-Okun phase:  is purely massive

-Holdom phase:   is massless

-Mixed phase: Both massless and massive dark gauge fields are present

B′￼μ
B′￼μ



After field redefinitions, to order , one gets:κ

ℒ ⊃ A ⋅ [eJEM − κ cos(θW)cos(θW′￼
)JEM′￼] Photon now couples to dark EM current

E. Izaguirre and I. Yavin, Phys Rev D 92 , 035014 (2015)

ℒ ⊃ Z ⋅ [ g2

cos(θW)
JZ + e′￼κ sin(θW)cos(θW′￼)JEM′￼− g′￼2 tan(θW′￼)κ sin(θW){ M2

Z

M2
Z − M2

Z′￼
} JZ′￼] Z now couples to dark EM current and dark Z current

ℒ ⊃ Z′￼⋅ [ g′￼2

cos(θW′￼)
JZ′￼+ e′￼κ sin(θW)cos(θW′￼)JEM + g2 tan(θW)sin(θW′￼)κ ( M2

Z′￼

M2
Z − M2

Z′￼
) JZ] Dark Z now couples to EM current and  Z current



The Experimental Context

Large


Hadron


Collider 



MoEDAL is sensitive 

to many new physics

scenarios!

International Journal of Modern Physics A, September 2014, Vol. 29, No. 23

For what follows we will focus on the search for milli-
charged particles.

Monopoles and Exotics Detector At the LHC



Expanding the physics reach of MoEDAL beyond highly ionizing particles to include FIPs

LHCb

MoEDAL Apparatus for Penetrating Particles



Holdom Phase: Milli-Charged Fermions

Postdoc: Michael Staelens

M. Kalliokoski, V.A. Mitsou, M. de Montigny, A. Mukhopadhyay, P.-P. A. Ouimet, J. Pinfold, A. Shaa, M. Staelens, J. High Energ. Phys. 2024, 137 (2024).



Charge-normalized milli-
charged fermion production 
cross-sections at 

. Meson decays 
are scaled by their respective 
branching ratios.

s = 14 TeV

M. Kalliokoski, V.A. Mitsou, M. de Montigny, A. Mukhopadhyay, P.-P. A. Ouimet, J. Pinfold, A. Shaa, M. Staelens, J. High Energ. Phys. 2024, 137 (2024).



M. Kalliokoski, V.A. Mitsou, M. de Montigny, A. Mukhopadhyay, P.-P. A. Ouimet, J. Pinfold, A. Shaa, M. Staelens, J. High Energ. Phys. 2024, 137 (2024).

Projected 95% confidence 
level exclusion limits for 
MAPP-1 for milli-charged 
fermion produced in pp 
collisions.


Run 3: , 



HL-LHC: , 

s = 13.6 TeV
L int

LHCb = 30 fb−1

s = 14 TeV
L int

LHCb = 300 fb−1



Mixed Phase: Milli-Charged Scalars

Graduate Student: Shafakat Arifeen

The first equations we want to modify are the ChiPT kinetic, mass, and interac-

tion Lagrangians, (2.49) and (2.50) become:

L2 =
1

F 2
Tr

⇣
Dµ�D

µ�
⌘
+

BF 2

2
Tr

⇣
2M�

M�2

F 2

⌘
(3.100)

where � is defined as:

0

BBBB@

⇡0
D
+ 1p

3
⌘D

p
2⇡+

D

p
2K+

D

p
2⇡�

D
�⇡0

D
+ 1p

3
⌘D

p
2K0

D

p
2K�

D

p
2K̄0

D
�

2p
3
⌘D

1

CCCCA
(3.101)

Then the interaction Lagrangian (2.51) will also change:

L
4�
int

=
1

4F 2
0

Tr
⇣
�

1

6
(Dµ�D

µ��2 +Dµ��D
µ��+Dµ��

2
D

µ�)

+
1

4
(Dµ��+ �Dµ�)(D

µ��+ �Dµ�)

�
1

6
(Dµ��

2
D

µ�+ �Dµ��D
µ�+ �2

Dµ�D
µ�)

⌘

+
B0F 2

0

2
Tr

⇣
M�4

24F 4
0

⌘

(3.102)

where � is defined in (3.101).

The Wess-Zumino-Witten term will also change accordingly. (2.63) will stay the same,

except � will be defined as (3.101), while the external term (2.67) will change as:

nLext

WZW
= �en(A0

µ
�  cos ✓W cos ✓W 0Aµ)J

µ

+ ı̇
ne2

48⇡2
✏µ⌫⇢�@⌫(A

0
⇢
�  cos ✓W cos ✓W 0A⇢)(A

0
�
�  cos ✓W cos ✓W 0A�)

⇥ Tr [2Q2(U@µU
†
� U †@µU)�QU †Q@µU +QUQ@µU

†]

(3.103)
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ϕ =

We use a model inspired by chiral effective theories of QCD:

⇡ ! �D�D

The Lagrangian for a dark fermion. � coupling to a dark photon that kinetically
mixes with the standard model is
µij

me↵

�̄e,ref =
16⇡↵2✏2µ2

�e

q4ref

LD = �̄(i�µDµ �m�)� +
1

4
Aµ⌫Aµ⌫ +mVAµAµ +

✏

2
Bµ⌫Aµ⌫

L2�
int =

1

F 2
0

Tr(Dµ�D
µ�) +

BF 2
0

2
Tr

✓
2M � M�2

2

◆

�̄e ⌘
16⇡↵gD✏2µ2

�e

(q2ref +m2
V )

21



The first equations we want to modify are the ChiPT kinetic, mass, and interac-

tion Lagrangians, (2.49) and (2.50) become:

L2 =
1

F 2
Tr

⇣
Dµ�D

µ�
⌘
+

BF 2

2
Tr

⇣
2M�

M�2

F 2

⌘
(3.100)

where � is defined as:

0

BBBB@

⇡0
D
+ 1p

3
⌘D

p
2⇡+

D

p
2K+

D

p
2⇡�

D
�⇡0

D
+ 1p

3
⌘D

p
2K0

D

p
2K�

D

p
2K̄0

D
�

2p
3
⌘D

1

CCCCA
(3.101)

Then the interaction Lagrangian (2.51) will also change:

L
4�
int

=
1

4F 2
0

Tr
⇣
�

1

6
(Dµ�D

µ��2 +Dµ��D
µ��+Dµ��

2
D

µ�)

+
1

4
(Dµ��+ �Dµ�)(D

µ��+ �Dµ�)

�
1

6
(Dµ��

2
D

µ�+ �Dµ��D
µ�+ �2

Dµ�D
µ�)

⌘

+
B0F 2

0

2
Tr

⇣
M�4

24F 4
0

⌘

(3.102)

where � is defined in (3.101).

The Wess-Zumino-Witten term will also change accordingly. (2.63) will stay the same,

except � will be defined as (3.101), while the external term (2.67) will change as:

nLext

WZW
= �en(A0

µ
�  cos ✓W cos ✓W 0Aµ)J

µ

+ ı̇
ne2

48⇡2
✏µ⌫⇢�@⌫(A

0
⇢
�  cos ✓W cos ✓W 0A⇢)(A

0
�
�  cos ✓W cos ✓W 0A�)

⇥ Tr [2Q2(U@µU
†
� U †@µU)�QU †Q@µU +QUQ@µU

†]

(3.103)

47

To which we add a Wess-Zumino-Witten like term:

where N = 2 for massless u and d quarks and N = 3 for massless u, d, and s quarks.

We have split SU(N) to SU(N)L and SU(N)R for the left- and right-handed chiral

fields. We want to construct the chiral Lagrangian, which consists of Goldstone bosons

associated with the spontaneous symmetry breakdown (SSB) in QCD. We want the

effective Lagrangian to be invariant under SU(3)L ⇥ SU(3)R ⇥ U(1)V in the chiral

limit and should contain exactly 8 pseudoscalar degrees of freedom transforming as

an octet under the subgroup H = SU(3)V . After SSB, the ground state should only

be invariant under SU(3)V ⇥ U(1)V .

We define a field U(x) in terms of the SU(3) matrix:

U(x) = exp
⇣
ı̇
�(x)

F0

⌘
(2.27)

where � is defined as:
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8X
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�a�a =
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where �a are the Gell-Mann matrices and �a =
1
2Tr [�a,�].

Since we’re dealing with pseudoscalars, the most general, chirally invariant Lagrangian

one can have is [59]:

Leff =
F 2
0

4
Tr (@µU@µU †) (2.29)

where F0 is the pion-decay constant in the chiral limit.

26

Method F (MeV) [�h0|qq̄|0i]1/3 (MeV)
quenched Wilson fermions [93][94] 82± 11 ⇠ 260

dynamical staggered fermions 94� 105 310� 370
2 flavours [95]

dynamical staggered fermions 75± 10 215± 25
4 flavours [96]
experiment [97] 92.4

ChiPT [98] 225± 25

Table 3.1: Pion decay constant and quark condensate from various lattice
calculations [99], as well as the experimental value of F and the standard ChiPT
value for the quark condensate [98].

where

Jµ =
✏µ⌫⇢�

48⇡2
Tr (Q@⌫UU †@⇢UU †@�UU † +QU †@⌫UU †@⇢UU †@�U) (3.104)

For the Feynrules model in the Appendix A, we will not be using (3.103), in-

stead, we will Taylor-expand U and write the entire Wess-Zumino-Witten Lagrangian

in terms of �.

Since we have introduced the dark gauge fields A0
µ

and Z 0
µ
, we will also have a kinetic

Lagrangian for the gauge fields:

LgD = �
1

4
B0

µ⌫
B0µ⌫ (3.105)

It is interesting to note that the scale of SM ChiPT varies between different methods,

and it gives different values of the pion decay constant F and the quark condensate

h0|qq̄|0i[92]. This is shown in Table 3.1.

While this is true for the case of SM, in the DS we have no way of knowing what these

scales would be, the only assumption one would make is that the scales will be much

48



Case 1: Drell-Yan production of 
milli-charged scalars

5.1 Drell-Yan Production of charged dark pions

The first process we want to study is the pair production of charged dark pions

via the Drell–Yan mechanism. The reason we want to study the Drell–Yan (DY)

mechanism is that mCPs can be produced via this mechanism in particle accelerators

such as the LHC, where MoEDAL-MAPP is located. The Feynman diagram for the

process is given in Figure 5.1.

Figure 5.1: Tree-Level Feynman diagram for Drell–Yan pair-produced charged
dark pions.

The vertex of �⇡+
D
⇡�
D

is:

{Aµ⇡�
D
⇡+
D
} = �

4ı̇cc0gD

F 2
(pµ2 � pµ3) (5.112)
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Case 2: photo-fusion production 
of milli-charged scalars
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Projected 95% confidence 
level exclusion limits for 
MAPP-1 for milli-charged 
scalars produced in pp 
collisions and photo-fusion.


Run 3: , 



HL-LHC: , 

s = 13.6 TeV
L int

LHCb = 30 fb−1

s = 14 TeV
L int

LHCb = 300 fb−1



Conclusion

• Hidden sector models offer a rich and interesting phenomenology 
that is accessible at accelerators.


• Indications are that MAPP-1 will access novel parameter space in 
the search for mCP.


•Much work yet remains to be done!


