LPSC UGA

Université IN2P3

EEEEEEEEEEEEEE Grenoble Alpes ° Les det

Dark higher-form portals

Cypris Plantier

Laboratoire de Physique Subatomique et de Cosmologie (LPSC) — 38000 Grenoble, France

GDR Intensity Frontier, Marseille and Carry-le-Rouet, 2025




Table of Contents

1) Higher-forms as dark matter candidates: the motivations
2) Higher-forms and dualities : constraints and new physics

3) Different phenomenological scenarios

This presentation is based on the results of the article:

* Dark Higher-form portals and dualities
e Cypris Plantier and Christopher Smith
e arXiv:2506.04795 [hep-ph]

* Publishedin PR.D 112, 075043 (2025)

GDR-InF 2025 — Cypris Plantier — LSPC Grenoble
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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.

Al — AP 4 OFA
£

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.

AP — 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+ OFA
B — BM 4+ O"AY — 9" A

CHoP —s OHYP 4 QAP 4 O APH 4 9PN
: 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.

6= d+A
AP — AP+ OFA

Shift-Symmetry parameter

B" — B" 4+ 0FANY — 0" A¥

CHoP —s 1P JUAYP 4 97 AP* - P AP

Therefore, the strength tensor of a form is gauge-invariant

2/16 GDR-InF 2025 — Cypris Plantier — LSPC Grenoble



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

3/16 GDR-InF 2025 — Cypris Plantier — LSPC Grenoble



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 GD/ 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:

AHJ - 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:

A" = AM | ¢

massive massless

™

For the Kalb-Ramond field:

[Nz
FA

BMV — BIW |

massive massless

T




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

A" = AM | ¢

massive massless

UV
massless

™

—I— 2 transverse DOFs (photon like)

For the Kalb-Ramond field:

B o =

massive

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:

AL | il

AF
massive massless
T

For the Kalb-Ramond field:

UV

B,ul/ . B;w | b A

] o |
ImMassive IMasSS1IESS m
For the Three-form:

pvp

COHYP R | Iy

massive ~ ~“massless m
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Unpacking the nature of the DOFs

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

Aﬂ APJ | augb

massive massless
T

For the Kalb-Ramond field:

Bﬂl/ — BﬂU I FZV

massive massless
TN

For the Three-form:

1 longitudinal DOF

CHvP

massive

Nothing! _ _ _ , _
6G. Dvali, Three-Form Gauging of Axion Symmetries and Gravity, hep-th/0507215 (2005)
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1 m?

The massive Kalb-Ramond Lagrangian contains a kinetic term and a mass term: Lp = FB F‘”’Vp +

o BW BH .

12 #¥P 4




Parity-even Kalb-Ramond propagator

1 B uwp m’ v
12FWPF +TBWB‘“’-

The massive Kalb-Ramond Lagrangian contains a kinetic term and a mass term: LB

Its propagator can be seen as a four indices, antisymmetric version of a massive vector propagator

o —1q pa  KYEY
Vector propagator P, = 12 5 |9 — 2
1

KR propagator Pg”’o‘ﬂ _

1
[(gﬂaguﬂ _ gﬂﬁgr/a) . m(gyﬁk“ka . guﬂkuka . guakvkﬁ . guakukﬁ _|_g,uakvkﬁ)
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Parity-even Kalb-Ramond propagator

1 m?
The massive Kalb-Ramond Lagrangian contains a kinetic term and a mass term: LB FB F”Vp ——B.. BH*”.
12 H¥P 4 M
Its propagator can be seen as a four indices, antisymmetric version of a massive vector propagator
k“k"‘
Vector propagator P}~ = 5 @
—m
X metric tensors
1
KR propagator ng,aﬁ mﬁua vB _ Mﬁ z/a)] ,mz (g”ﬁk“ka _ guﬂkvka _ guakvkﬁ _ gvak,ukﬁ + guakvkﬁ)
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1 m?

The massive Kalb-Ramond Lagrangian contains a kinetic term and a mass term: LB

B Hvp v
2FM,F +TBWB”-

Its propagator can be seen as a four indices, antisymmetric version of a massive vector propagator

—1
Vector propagator Pj"‘ = [gua _

o« impulsions/m?

N

(QVﬁ El RS — g‘”ﬁk”ka — ghe kP — g kPEP 4 gHe k”k’g)]]

1

m2

1
KR propagator Pg”’aﬂ — " 5 [(gaagvﬁ _ gaﬁgm) _[_
—m




In 4 dimensions, the peculiar case p = 2 of the Kalb-Ramond field allows for an additional, parity-odd mass term:

1 2 ~2

Lp=—FB prry = B B™ ¢ ZBWB“”

12 HP 4




The peculiar case p = 2 of the Kalb-Ramond field allows for an additional, parity-odd mass term:

1 B Luwp m’ m’
Lp = —Fo,Fi" + == B,B" + 2= B,,B"

1 Parity-odd mass term

P LV vpo
B" = ¢t B,




The pseudo-scalar mass term

The peculiar case p = 2 of the Kalb-Ramond field allows for an additional, parity-odd mass term:

Lp=—

1
12

2 ~2

B phvp | m v
FMVPF 4 BPWBH _I_Z

B, B"

A\l

It translates in an additionnal term for the propagator:

praf
PB -

7/16

1

kZ_

m4+m4

m?2

(929" —

1
guﬁ gva) _

— (gVﬂkuka — g"PRVEY — gt kv R —

g"ak”kﬁ + g“ak”kﬁ) +

Parity-odd mass term

~

m ghvep

m?2

B —

1
EE#UPJBPO-
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The pseudo-scalar mass term

The peculiar case p = 2 of the Kalb-Ramond field allows for an additional, parity-odd mass term:

Lp=-—F% F

1 2 ~2

B,,B* + —
12 + 4

™m
12 HP 4

" B,,B"

A\l

It translates in an additionnal term for the propagator:

Pgu,aﬁ — N (g,uagvﬂ _ g#ﬂg’/a) —

1

— (g”ﬁk“ka — g"P KRR — g kv RS —

grk! LA + ghe k”kﬂ)

antisymmetric tensor in the propagator

Corrected mass term

Parity-odd mass term

B —

1
EE#UPJBPO-
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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 CH*VP




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

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*V 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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1) Duality is strict as long as the theories are free

The presence of interactions induces corrections to the duality relations (in the form of contact terms) that jeopardize the naive interpretation:

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)




The range of validity of duality

1) Duality is strict as long as the theories are free

The presence of interactions induces corrections to the duality relations (in the form of contact terms) that jeopardize the naive interpretation:

2) When differential forms are OFF-SHELL (meaning that they play the role of a propagator), duality is no longer valid

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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The range of validity of duality

1) Duality is strict as long as the theories are free

The presence of interactions induces corrections to the duality relations (in the form of contact terms) that jeopardize the naive interpretation :

2) When differential forms are OFF-SHELL (meaning that they play the role of a propagator), duality is no longer valid

3) When differential forms are ON-SHELL (meaning that they are real), duality still holds but it shuffles the orders of mass of the effective
interactions between the forms and the external fields.

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 gives an algebraic prescription to go from a basis of effective interaction to another, but this mapping involves mass scales

&L 70 1/)1; € uvpo Ol

Dominant three-form - fermions coupling




Duality gives an algebraic prescription to go from a basis of effective interaction to another, but this mapping involves mass scales

&L Y pre Ly po crr %@L’YWL (050)

Suppressed scalar - fermions coupling

Dominant three-form - fermions coupling




Duality gives an algebraic prescription to go from a basis of effective interaction to another, but this mapping involves mass scales

&L Y pre Ly po crr %@L’YWL (050)

Dominant three-form - fermions coupling Suppressed scalar - fermions coupling

VLR

Dominant scalar - fermions coupling




Duality shuffles the orders of mass

Duality gives an algebraic prescription to go from a basis of effective interaction to another, but this mapping involves mass scales

10/16

Dominant three-form - fermions coupling

VN

. o v I -
¢L7 nguupaCu P MlbL’YUwL(aa@)

Suppressed scalar - fermions coupling

s N

1

VRS e FE VRO

Suppressed three-form — fermions coupling Dominant scalar - fermions coupling

Despite the duality, we see that the dominant effective couplings (for examples to fermions) will not be the same
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For every form, the leading operator coupling two dark fields with fermions involves the same structure

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




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

db

Ga = qpXX with X = ¢, A*, BHY, CHVP
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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*

02 sE ]

T S, 5

- St /b z

< 2F i

qa I a CC .

Dominant operator E 1:_ A
db © o

050 0.55 060 065 070 0.75 0.80

2 2
Q7 /my,
Normalized differential decay rates for g, — g, XX, in function of the squared impulsion Q?
normalized by m2. Here, % =01,2%=0,35.

a mgq

Ga = qpXX with X = ¢, A*, BHY, CHVP
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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




Duality maps gauge-invariant operators of a basis with gauge-breaking operators of the other (and reciprocally).

Despite duality, if one imposes gauge invariance, the models are therefore very different!

Examples:

 Gauge invariant dark photon

* Gauge/Shift invariant dark spin-zero particle




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




Gauge /Shift invariant dark spin-zero 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 /Shift invariant dark spin-zero particle

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

Kinetic Mixing with SM
fermions

Dark vector A*

Kalb-Ramond B*V

No kinetic Mixing

f with SM fermions

Vector/axial

A puv
€ FWF,Y

e[4 v

pv

uv|| 1
EBM,/F,Y GBMV

F[.LI/_l Vector/axial operators

interaction
forbidden

Py A,

1;7”7577014#

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

EDM/MDM operators are /

forbidden
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Like for the dark-photon, and despite duality, the dark scalar and the dark three-form have orthogonal coupling properties:




Like for the dark-photon, and despite duality, the dark scalar and the dark three-form have orthogonal coupling properties:

Yukawa interaction Scalar field @

forbidden by the shift-
symmetry —

o s ?s”Z;fJ:}iZ\gﬁu ¢)1,E”y”" WY
(8,,0) Yy~




Gauge /Shift invariant dark spin-zero particle

Like for the dark-photon, and despite duality, 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 CHVP

— -
QY

FC 6”1/{)0_?757# \ The dominant fermion

uv po

OquguypU@E’Ya@b

coupling is axion—/ike\gau ¢) ?7;,)/” w

(0, )"~y

Cuvpguypaquya V5

P

|\

coupling is a Yukawa
interaction

No axion-like
interaction
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Conclusion

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

 The dominant operators are not the same for two dual forms, giving distinct experimental signatures.
e Duality is broken off-shell, leading to distinct scattering amplitudes even for dual operators.
e Duality involves mass scales as free parameters, that enables us to suppress or boost certain operators naturally.

* Despite the growing number of indices, the number of effective operators is considerably small thanks to duality

* Imposing gauge symmetries breaks duality as well, allowing or preventing couplings depending on the regarded form.

b Could lead to kinetic-mixing and EDM/MDM free dark photons, or to Yukawa coupling ALPs
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Conclusion

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

 The dominant operators are not the same for two dual forms, giving distinct experimental signatures.
e Duality is broken off-shell, leading to distinct scattering amplitudes even for dual operators.
e Duality involves mass scales as free parameters, that enables us to suppress or boost certain operators naturally.

* Despite the growing number of indices, the number of effective operators is considerably small thanks to duality

* Imposing gauge symmetries breaks duality as well, allowing or preventing couplings depending on the regarded form.

b Could lead to kinetic-mixing and EDM/MDM free dark photons, or to Yukawa coupling ALPs

Thank you for your attention and feel free to ask questions!
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