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1) Higher-forms as dark matter candidates: the motivations

2) Higher-forms and dualities : constraints and new physics

3) Different phenomenological scenarios

Based on:

* Dark higher-form portals and duality, C. Plantier and C.Smith, Physical review D 112, 2025

* Dark higher-form fields and triangle anomalies, C. Plantier and C.Smith, JHEPO5, 2026




Differential forms as dark matter candidates

One can define fields with more than one Lorentz indices. They are antisymmetric and fundamentally tensorial.

'R
Number of indices p = 0 p = 1 p = 2 p = 3

Scalar field ¢ Vector field A# Kalb-Ramond field B*Y Three-form CHVP

Formally, these fields are differential forms — Often encountered in string theory

Here we adopt a phenomenological vision: Can these forms be suitable DM candidates?

M. Kalb, P. Ramond, Classical direct interstring action, Phys.Rev.D (1974)
2T. Curtright, P. Freund, Massive dual fields, Nucl.Phys.B (1980)
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Theories involving differential forms can exacerbate redundancies, known as generalized symmetries.

Like for the vector case, the transformations of the forms depend on gauge parameters.

AP — AP + A
1 Zero-form gauge parameter




Theories involving differential forms can exacerbate redundancies, known as generalized symmetries.

Like for the vector case, the transformations of the forms depend on gauge parameters.

AF — AP 4+ OFA

B — BM 4 9FAY — 97 AF
: One-form gauge parameter




Higher-forms and symmetries

Theories involving differential forms can exacerbate redundancies, known as generalized symmetries.

Like for the vector case, the transformations of the forms depend on gauge parameters.

AP — AP + A
BYY — BMY L OFAY — 0¥ AH

PP s (VP 1 GRAVP L GY APH 1+ 9P APV
: Two-form gauge parameter

Therefore, the strength tensor of a form is gauge-invariant
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Higher-forms and symmetries

Theories involving differential forms can exacerbate redundancies, known as generalized symmetries.

Like for the vector case, the transformations of the forms depend on gauge parameters.

Q= O+ A

L/ Shift-Symmetry parameter

AP — AP L OFA

B" — B" 4+ 0FANY — 0" A¥

(PP s (CIHVP 1 GIEAVP

oY APH

G

Therefore, the strength tensor of a form is gauge-invariant
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What do these forms propagate?

First step is to look at the number of degrees of freedom (DOFs) propagated by each form, taking into account for each free-theory:

The equations of motion

The gauge-symmetries

Scalar field ¢ Vector field A# KR field B*Y Three-form CH*VP
massless 1 2 1 0
massive 1 3 3 1
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What do these forms propagate?

First step is to look at the number of degrees of freedom (DOFs) propagated by each form, taking into account for each free-theory:

The equations of motion

The gauge-symmetries

Scalar field ¢ Vector field A# KR field B*Y Three-form CH*VP

massless 1 2 1 0

massive 1 @ 3 1

Two representations of a massive spin-one particle

3A.Hell, On the duality of massive Kalb-Ramond and Proca fields, JCAP 01, 2022
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What do these forms propagate?

First step is to look at the number of degrees of freedom (DOFs) propagated by each form, taking into account for each free-theory:

The equations of motion

The gauge-symmetries

Scalar field ¢ Vector field A# KR field B*Y Three-form CH*VP

massless 1 2 1 0
massive CLD/ 3 3\\-@

Two representations of a massive spin-zero particle
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What do these forms propagate?

First step is to look at the number of degrees of freedom (DOFs) propagated by each form, taking into account for each free-theory:

The equations of motion

The gauge-symmetries

Scalar field ¢ Vector field A# KR field B*Y Three-form CH*VP
massless @ 2 @ 0
massive 1 3 3 1

Two representations of a massless spin-zero particle (axion)

4F.Quevedo, Duality Beyond Global Symmetries: the Fate of the B®Y Field , arXiv: hep-th/9506081 (1995)
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A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg

decomposition:

A" = AM | ¢

massive massless

™




A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg
decomposition:

Au L 1 longitudinal DOF (scalar like)
massive

2 transverse DOFs (photon like)




A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg
decomposition:

Au 1 longitudinal DOF (scalar like)
massive

2 transverse DOFs (photon like)

In the context of the Higgs mechanism:

[/[/ K . — W K | Scalar EW Goldstone boson
massive massless




A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg
decomposition:

Au 1 longitudinal DOF (scalar like)
massive

2 transverse DOFs (photon like)

In the context of the Higgs mechanism:

[/[/ K . — W K | Scalar EW Goldstone boson
massive massless

A massive vector can be seen as a massless vector + a scalar « would-be » Goldstone that brings the missing DOF



A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg

decomposition:
0.al0)

™

A = AF |

massive massless

For the Kalb-Ramond field:

B o = B" i

massive massless

T




A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg
decomposition:

APJ — A“ |

massive massless
—I— 2 transverse DOFs (photon like)

For the Kalb-Ramond field:

B o =

massive

UV
massless

1 longitudinal DOF




Unpacking the nature of the DOFs

A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg

decomposition:
o* ¢

Aﬂ — AN/ |

massive massless
T
For the Kalb-Ramond field:
FH
BM  — BM L4
massive massless
TN
For the Three-form field:
FMVP
C#VP _ OMVP | B
massive massless
T

5/15 IDM 2026 — Cypris Plantier — LSPC Grenoble



Unpacking the nature of the DOFs

A massive vector has two transverses and one longitudinal polarizations. It can be seen explicitly through Stueckelberg

decomposition:
o* ¢

Aﬂ — AN/ |

massive massless
™m
For the Kalb-Ramond field:
FH
BM  — BM L4
massive massless
TN

For the Three-form field:

1 longitudinal DOF

CHvP

massive

Nothing!
5G. Dvali, Three-Form Gauging of Axion Symmetries and Gravity, hep-th/0507215 (2005)
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1) Higher-forms as dark matter candidates: the motivations

2) Higher-forms and dualities : constraints and new physics

3) Different phenomenological scenarios




A massive spin zero particle (1 DOF) can be described by a scalar field ¢ or a three-form field C*VP




A massive spin zero particle (1 DOF) can be described by a scalar field ¢ or a three-form field C*VP

As long as the underlying theories are free (without interactions with other fields), the scalar and the
three-form are formally equivalent!

As they are two identical representations of the same phenomena, they are said to be dual




A constraint on exotic fields: Duality

A massive spin zero particle (1 DOF) can be described by a scalar field ¢ or a three-form field C*VP

As long as the underlying theories are free (without interactions with other fields), the scalar and the
three-form are formally equivalent!

As they are two identical representations of the same phenomena, they are said to be dual

Same thing for the massive vector field A* and Kalb-Ramond field B*" that both describe a massive spin-one particle (3
DOFs) or for a massless scalar field ¢ and Kalb-Ramond field B*Y that both describe a massless spin-zero particle (axion).
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Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form
field onto a Lagrangian involving its dual




Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form field
onto a Lagrangian involving its dual

The mapping is exact for free theories

1 m2 dualization 1 2

_ H 2 _ C vpo | v
Ly=-FJF — —¢° —) | = — 15 Fivpo FE + 15 Cuo "




Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form
field onto a Lagrangian involving its dual

The mapping is exact for free theories

1 m2 dualization 1 2

_ H 2 _ C vpo | v
Ly=-FJF — —¢° (— 1 = — 15 Fivpo FE + 15 Cuo "




Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form
field onto a Lagrangian involving its dual

In the presence of external fields, the dualization maps the effective operators of both basis

1 m>
Ly = SFIF) — —- 6" +0(¢,9)

Scalar — fermion coupling




Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form
field onto a Lagrangian involving its dual

In the presence of external fields, the dualization maps the effective operators of both basis

dualization 1

1 vpo v
FOF] — —gb +O(¢, 1)) n—) L = ——8F,ff,pJF“ S —prC‘”’ "+O(C )

L¢2u

Three-form — fermion coupling




A constraint on exotic fields: Duality

Formally, duality amounts to an algebraic prescription mapping a Lagrangian written in terms of a given form
field onto a Lagrangian involving its dual

In the presence of external fields, the dualization maps the effective operators of both basis

1 dualization 1

m2 vpo m2 v
Lo = LEER 06 000, ) wmmmmm L = =Sy P + 50 O 10(C,0)

Three-form — fermion coupling

What are the characteristics of this mapping? At what extent are two dual couplings equivalent?
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Duality establishes a one-to-one correspondence between the two basis of effective operators.




Duality establishes a one-to-one correspondence between the two basis of effective operators.

Q Despite its rich Lorentz structure, a three-form field C#V? has the same number of effective operators as a scalar field ¢




Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling
* Gauge invariance

* Parity

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)



Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling
* Gauge invariance

* Parity

Exemple: scalar/three-form coupling with fermions

YriRe

Mass dimension: four
(dominant operator)

Gauge breaking

Parity even

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)



Duality at the level of effective operators

Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling

* Gauge invariance

* Parity

Exemple: scalar/three-form coupling with fermions

- dualization 1 — oo
wLwRé —t MlbleRngaFg ’

Mass dimension: four Mass dimension: five
(dominant operator) (suppressed operator)
Gauge breaking Gauge invariant
Parity even Parity odd

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)
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Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling
* Gauge invariance

* Parity

Exemple: scalar/three-form coupling with fermions

/Q/;L /YJ wL € uvpo P

Mass dimension: four
(dominant operator)

Gauge breaking

Parity odd

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)



Duality at the level of effective operators

Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling

* Gauge invariance

* Parity

Exemple: scalar/three-form coupling with fermions

— > mY. dualization 1 _
o
wL’}/ ?/)Lgpupac — —Mway QJJL(&ch)
Mass qlimension: four Mass dimension: five
(dominant operator) (suppressed operator)
Gauge breaking Gauge invariant
Parity odd Parity even

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)
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Duality at the level of effective operators

Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling

* Gauge invariance

* Parity

Despite duality, the dominant couplings of both forms to matter are structurally very different.

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)
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Duality at the level of effective operators

Duality establishes a one-to-one correspondence between the two basis of effective operators.

However, this correspondence itself does not preserve:

* Mass scaling

* Gauge invariance

* Parity

Despite duality, the dominant couplings of both forms to matter are structurally very different.

VRO VLY YLE e CHP

Yukawa-like coupling Vector-like coupling

6 D. Dalmazi, R. C. Santos, Spin-1 duality in D-dimensions, Phys. Rev. D 84 (2011)
7C.P. Burgess, F. Quevedo, Dual is Different, arXiv:2509.11340 (2025)
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When the dark forms are taken ON-SHELL, the dualization preserves the squared amplitude (and thus the decay rate)




When the dark forms are taken ON-SHELL, the dualization preserves the squared amplitude (and thus the decay rate)

Ex: emission of a real spin-zero field by a fermion:

C
Qa Ga Cb

> ] > .
]
Q%\ n

When both couplings are related through duality




When the dark forms are taken ON-SHELL, the dualization preserves the squared amplitude (and thus the decay rate)

However, when the dark forms are taken OFF-SHELL, (meaning that they play the role of a propagator), squared
amplitude is not preserved anymore.




Duality at the level of squared amplitudes

When the dark forms are taken ON-SHELL, the dualization preserves the squared amplitude (and thus the decay rate)

However, when the dark forms are taken OFF-SHELL, (meaning that they play the role of a propagator), squared
amplitude is not preserved anymore.

Ex: scattering of fermions though a spin-one field

4a dd

Even when both couplings are related through duality
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1) Higher-forms as dark matter candidates: the motivations

2) Higher-forms and dualities : constraints and new physics

3) Different phenomenological scenarios




Despite the constraints imposed by duality, the higher-form description of a particle depart from the standard picture
in four key aspects:




Despite the constraints imposed by duality, the higher-form description of a particle depart from the standard picture
in four key aspects:

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales




Despite the constraints imposed by duality, the higher-form description of a particle depart from the standard picture
in four key aspects:

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales

When coupled with external fields:

2) The dominant effective interactions with matter are structurally different




Higher-forms extend the playground

Despite the constraints imposed by duality, the higher-form description of a particle depart from the standard picture
in four key aspects:
1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales

When coupled with external fields:

2) The dominant effective interactions with matter are structurally different

3) The gauge-invariant operators are structurally different
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Despite the constraints imposed by duality, the higher-form description of a particle depart from the standard picture
in four key aspects:

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales
When coupled with external fields:
2) The dominant effective interactions with matter are structurally different

3) The gauge-invariant operators are structurally different

4) Using higher-forms as propagators breaks duality at the squared amplitude level




For every form, the leading operator coupling two dark fields with fermions involves the same structure

@L T/JR ¢2 @Ld}RAuAM @ZL VrB pv B* QELT;DRCW,OC HEP

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales




Different three-body decays

For every form, the leading operator coupling two dark fields with fermions involves the same structure

?’;L Vr ng VrrA A" LR B B | [ brrCw,C*

We look at the pair production of dark form fields:
I'(q, = qpXX) with X = ¢, A*, BV, CHVP,

da I
Dominant operator
qo

qa = qpXX with X = ¢, A*, BHY, CHVP

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales
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Different three-body decays

For every form, the leading operator coupling two dark fields with fermions involves the same structure

?’;L Vr ng VrrA A" LR B B | [ brrCw,C*

da I
Dominant operator

d In['/d(Q*/my)

dv

050 055 060 065 070 075 0.80
2 2
Q°/mg
Normalized differential decay rates for g, — g, XX, in function of the squared impulsion Q?

normalized by m2. Here, =2 = 0,1, =% = 0,35 .
mgy mgy

qa = qpXX with X = ¢, A*, BHY, CHVP

1) The Stueckelberg decomposition shows that different degrees of freedom will contribute at low or high energy scales
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Direct consequence of points 2 and 3:

2) The dominant effective interactions with matter are structurally different

3) The gauge-invariant operators are structurally different




Direct consequence of points 2 and 3:

2) The dominant effective interactions with matter are structurally different

3) The gauge-invariant operators are structurally different

Imposing dark gauge invariance leads to radically different theories for the two dual forms.




Gauge /Shift invariant dark spin-zero particle

Direct consequence of points 2 and 3:

2) The dominant effective interactions with matter are structurally different

3) The gauge-invariant operators are structurally different

Imposing dark gauge invariance leads to radically different theories for the two dual forms.

Examples:

* Gauge/shift invariant dark spin-zero particle

e Gauge invariant dark photon
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Imposing dark gauge/shift invariance, the dark scalar and the dark three-form have orthogonal coupling properties:




Imposing dark gauge/shift invariance, the dark scalar and the dark three-form have orthogonal coupling properties:

Yukawa interaction Scalar field ¢

forbidden by the shift-
symmetry —

[ \( 0, )yt
(8,,0) byt




Gauge /Shift invariant dark spin-zero particle

Imposing dark gauge/shift invariance, the dark scalar and the dark three-form have orthogonal coupling properties:

Yukawa interaction
forbidden by the shift-
symmetry

The dominant fermion

Scalar field @

—_

Three-form CH#VP

SYY

FC glJLVPO'??Bw \ The dominant fermion

U po

coupling is axion-like \Faﬂ ¢) IZ'-YM 1/)

Cuvpguvpa¢70¢

coupling is a Yukawa
interaction

— \

(B )Yy 1

pr€“”p%%’)/5¢

No axion-like
interaction
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Embody a dark photon in a vector or a Kalb-Ramond field, you obtain completely different realizations:




Gauge invariant dark spin-one particle

Embody a dark photon in a vector or a Kalb-Ramond field, you obtain completely different realizations:

Kinetic Mixing with SM Dark vector A*
fermions
Vector/axial A g A v
interaction € FHVF'Y GFU'VF’Y
forbidden

QW” VAL Dy P A,
7, A 7 v 5
ot ooty

\’ EDM/MDM operators are the
dominant couplings
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Gauge invariant dark spin-one particle

Embody a dark photon in a vector or a Kalb-Ramond field, you obtain completely different realizations:

Kinetic Mixing with SM
fermions

Vector/axial
interaction
forbidden

Dark vector A*

Kalb-Ramond B*V

No kinetic Mixing

f with SM fermions

A Tuv A ppv
€ FWF,Y ek, F.

uv|| 1
EBM,/F,Y GBMV

F[.LI/_l Vector/axial operators

RS

VY YA, |y A,

Fy, e Py,

are the dominant
couplings

F e P oyt

ot

F ot v

Buytﬁaww

B/JJVILO'MVVSw

\’ EDM/MDM operators are the
dominant couplings
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EDM/MDM operators are /

forbidden




Conclusion

Despite the constraints imposed by duality, higher-forms make compelling and natural candidates for dark matter, as:

Operators that were considered irrelevant in the standard picture are dominant in the dual description

* Areinterpretation of the currents limits on dark photons or ALPs would be needed to account for the higher-form description

Operators that were gauge-breaking in the standard picture are gauge-preserving in the dual description

* We could expect kinetic-mixing and EDM/MDM free dark photons, or Yukawa coupling ALPs

Degrees of freedom do not dominate at the same regimes in the two dual pictures

* Heavy higher-forms (at TeV or above) would have distinct experimental signatures in colliders

15/15 IDM 2026 — Cypris Plantier — LSPC Grenoble



Conclusion

Despite the constraints imposed by duality, higher-forms make compelling and natural candidates for dark matter, as:

Operators that were considered irrelevant in the standard picture are dominant in the dual description

* Areinterpretation of the currents limits on dark photons or ALPs would be needed to account for the higher-form description

Operators that were gauge-breaking in the standard picture are gauge-preserving in the dual description

* We could expect kinetic-mixing and EDM/MDM free dark photons, or Yukawa coupling ALPs

Degrees of freedom do not dominate at the same regimes in the two dual pictures

* Heavy higher-forms (at TeV or above) would have distinct experimental signatures in colliders a(\d
\§\

15/15 IDM 2026 — Cypris Plantier — LSPC Grenoble



