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• Massive gravity and bigravity theories have cutoffs 
<latexit sha1_base64="TNIPUOqiywjRY62bZi9tjlJFE6M="></latexit>

!n = (mn→1MP )
1
n

• The cutoff can be raised for KK theories and string theory: infinite set of massive spin-2 fields 

• SUSY massive graviton multiplet
<latexit sha1_base64="QcIy9l3gqmyJAciIxzLb887dA/w="></latexit>

(hµω ,ωµ,εµ, Aµ) : couple it to SUGRA 
<latexit sha1_base64="IL8apjRuhRT74DxtfyzSFqsWrLU="></latexit>

(gµω ,ωµ)

Is the corresponding action related to a KK truncated action ? Or string theory effective action ?
Until which energy scale it is valid ?   

• Usually SUGRA solves problems, ex.  causality in gravitino propagation. We find a result superficially 
orthogonal to this lore



Summary & Outline

consistency with local SUSY

- massive spin-2 supermultiplet

Unique at leading order in 𝑀PUnique at leading order in 𝑀P

Supercurrent superfield 

Properties of the coupling
connection with string theory 

4-derivatives coupling to 𝑅!"#$

Relation to Kaluza–Klein theory*

SUGRA

Unitarity and cutoff



- Massive spin-2 supermultiplet:
[ZINOVIEV ’02]
[BUCHBINDER, GATES, LINCH, PHILLIPS 
’02]

The massive spin-2 multiplet



- Massive spin-2 supermultiplet:
[ZINOVIEV ’02]
[BUCHBINDER, GATES, LINCH, PHILLIPS 
’02]

The massive spin-2 multiplet

- Supersymmetric Fierz–Pauli lagrangian:



- Massive spin-2 supermultiplet:
[ZINOVIEV ’02]
[BUCHBINDER, GATES, LINCH, PHILLIPS 
’02]

The massive spin-2 multiplet

- Coupling to supergravity: 

Supercurrent superfield



- Multiplets of currents:

The supercurrent superfield

linear multiplet conservation-like equation

[FERRARA, ZUMINO ’74] [SOHNIUS, WEST  ’81]
[KOMARGODSKI, SEIBERG  ’10]



- Multiplets of currents:

The supercurrent superfield

[FERRARA, ZUMINO ’74] [SOHNIUS, WEST  ’81]
[KOMARGODSKI, SEIBERG  ’10]

- Local SUSY

off-shell SUGRA

𝒮! is the current of the SUGRA gauge fields:

[FERRARA, VAN NIEUWENHUIZEN ’78] [STELLE, WEST ’78] 
[SIEGEL, GATES ’79] [SOHNIUS, WEST  ’81]



The supercurrent superfield

- Currents supermultiplets & off-shell SUGRA formulations:

(2) R-symmetry multiplet:

(1) Ferrara–Zumino multiplet:

complex scalar
[FERRARA, ZUMINO ’74]

old-minimal off-shell SUGRA
[FERRARA, VAN NIEUWENHUIZEN 

’78]
[STELLE, WEST ’78]

[SOHNIUS, WEST  ’81] antisymmetric field

new-minimal off-shell SUGRA

[SOHNIUS, WEST  ’81]



The massive spin-2 supercurrent 
& the coupling to supergravity



The massive spin-2 supercurrent

- Supercurrent for the multiplet                               :

R-symmetry:



The massive spin-2 supercurrent

- Supercurrent for the multiplet                               :

R-symmetry current:

new-minimal         
off-shell SUGRA

R-symmetry multiplet:
[SOHNIUS, WEST  ’81]



R-symmetry current:

The massive spin-2 supercurrent

stress-energy tensor: 
[CALLAN, COLEMAN, JACKIW ’69]

improvement terms

non-minimal couplings 

diff-invariant

not diff-invariant

terms do not define consistent couplings to gravity

- Supercurrent for the multiplet                               :



The unique consistent coupling

- Improvements to the supercurrent: [FERRARA, ZUMINO ’74] [KOMARGODSKI, SEIBERG  ’10]

linear superfield improvement

multiplet of improvements

Parity + linear multiplet + four-derivatives



- Unique consistent improvements :

non-trivial coupling to the Riemann tensor

unique coupling to gravity at 4-derivatives

The unique consistent coupling

to di!erent spacetime dimensions and to higher number of supercharges, were studied in
[30–32]. The simplest way to couple a massive spin-2 multiplet to gravity is to consider
supergravity in higher dimension and compactify the theory in a way that only preserves
N = 1 supersymmetry. The minimal example is defined by the Kaluza–Klein reduction
of pure 5D supergravity on the orbifold S1

⌜Z2, where Z2 acts both as the reflection on
the circle and as an R-symmetry to be a symmetry of supergravity in five dimensions.
In this way one obtains D = 4 supergravity coupled to a massless chiral multiplet and a
tower of (real) massive spin-2 multiplets (see Appendix B for details). However, there is
no consistent truncation of this theory to the first massive multiplet and there is no well
defined e!ective theory with a separation of scale between the first Kaluza–Klein mode and
the others. From the two-to-two amplitude one finds that the interaction with the next
Kaluza–Klein mode is necessary to ensure the expected unitarity bound (1.1) in the Regge
limit, as one can see from the analysis of [14, 15] in Einstein gravity in five dimensions.
Moreover, the absence of propagating ghosts in the theory relies on the non-linear local su-
persymmetry gauge invariance coming from five-dimensional supergravity, which is broken
in the truncation to the first Kaluza–Klein mode. The massive multiplet coming from the
Kaluza–Klein reduction is indeed naturally defined in the Stückelberg formulation, together
with additional pure gauge fields for the gauge invariance induced by di!eomorphism and
local supersymmetry in five dimensions. The consistency of the theory therefore relies on
five-dimensional gauge invariance. As we shall explain in Section 5, this implies that the
N = 1 supersymmetry algebra is deformed in the unitary gauge for the massive fields. Here
we shall focus instead on massive spin-2 multiplets that can be coupled to supergravity in
the unitary gauge without deforming the algebra.

Our main result is that the coupling of a massive spin-2 multiplet in the unitary gauge
to undeformed (o!-shell) supergravity is uniquely fixed at leading order and necessarily
includes a higher-derivative coupling between the massive spin-1 field and the Riemann
tensor of the type

⌐
3

16m2
RµωεϑF

µωF εϑ . (1.3)

According to [10], one expects such a coupling to lead to violations of causality that can
only be resolved through the introduction of an infinite Regge trajectory of massive higher-
spin fields. This result therefore suggests that the higher-spin Regge trajectory present in
string theory can be predicted from the low energy e!ective action itself.1 There are in this
way two kinds of massive spin-2 multiplets in supergravity, the ‘Kaluza–Klein mode’ and
the ‘string oscillator’. We claim that unitarity can only be resolved by the Kaluza–Klein
tower in the former and by Regge trajectories in the latter.

At leading order in the Planck mass MP, the coupling to D = 4, (undeformed) N = 1
supergravity is given by the current of (rigid) supersymmetry and the stress-energy tensor.
These currents are part of the so-called supercurrent superfield [33–35]. As discussed in the
seminal paper [33] of Ferrara and Zumino, this multiplet of currents is a linear superfield

1
Meaning the infinity of higher-spin fields, not their specific spectrum.

– 3 –



In principle we may consider U as a general polynomial in the fields and their derivatives
including up to two derivatives, as we did for the new-minimal coupling. However, the
modification of the three-point coupling then reads

L→ L ⌐
e

2
RU + eω̄µωε

µω! , (3.30)

and they can be eliminated at three-point by a field redefinition of the massless fields. We
can therefore choose to disregard them at three-point. In fact this is also true for any term
which couples non-minimally to the Ricci tensor in (3.26). For the sake of completeness we
can write the full non-linear lagrangian which cannot be eliminated at three points

e⌐1L = 1

2ϑ2
R ⌐

1

2
ϖ̄µε

µωεDωϖε (3.31)
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4
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⌝ + . . . ,

where the dots include higher order terms that we have not computed as well as quartic
terms in the massive fields that come from the field redefinition necessary to eliminate the
terms linear in the Ricci tensor and Rarita–Schwinger field equation and quartic terms
quadratic in the massless fields necessary to eliminate the terms proportional to the linear
massive field equations. Writing gµω = ↽µω + 2ϑg

(1)
µω , we can write the on-shell three-point

coupling of two massive spin-2 fields and a massless graviton as

ϑ

2
⌝g(1)

µω⌜⇀
µhεϑ⇀ωhεϑ ⌐ 4⇀

µhεϑ⇀εh
ω
ϑ⌜ + h
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⌜⇀µg
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εϑ
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⌜

+ ⇀µ⇀
εg(1)

ωε⌜2h
µ
ϑh

ωϑ
⌐

1
4↽

µωhϑϱh
ϑϱ
⌜⌞ , (3.32)

which reproduces the coupling of a massive open string state of mass m = 1⌜
ς⌐ to the

graviton in superstring theory [41] (and in bosonic string theory [47]). The massive open
string theory states also have a self-interaction at three-point with leading component in
m2ϑhµωh

µεhωε [41], which can be supersymmetrised using the full-superspace integral of a
superfield S with first component S⌞φ=0 = ϑhµωAµAω . In our analysis these terms are not
required by supersymmetry and can thus appear with arbitrary overall coe!cients.

– 16 –

The full action quadratic in massive fields is  

<latexit sha1_base64="808c2EHJza3B7RJBz6rfUBdVHU4="></latexit>

ωµω = Dµ!ω →Dω!µwhere
Higher-derivative terms, potentially dangerous ! 



2 → 2 massive spin-2 scattering amplitude

ℎ!#

ℎ!#

ℎ!#

ℎ!#

(1) High-energy limit: fixed

[BONIFACIO, HINTERBICHLER ’18]
[BONIFACIO, HINTERBICHLER, ROSEN ’19]

&

[ARKANI-HAMED, GEORGI, SCHWARTZ ’03]

spin-2, spin-1, spin-0

dRGT massive gravity & Hassan-Rosen bigravity
[DE RHAM, GABADADZE, TOLLEY ’11] [HASSAN, ROSEN ’12]



2 → 2 massive spin-2 scattering amplitude

ℎ!#

ℎ!#

ℎ!#

ℎ!#

spin-2, spin-1, spin-0

(2) Regge limit: fixed

[KUNDU, PALTI, QUIRANT ’23]

(1) High-energy limit: fixed

[BONIFACIO, HINTERBICHLER ’18]
[BONIFACIO, HINTERBICHLER, ROSEN ’19]

&

[ARKANI-HAMED, GEORGI, SCHWARTZ ’03]



- Massive spin-2 scattering from the unique coupling:

2 → 2 massive spin-2 scattering amplitude

ℎ!#

ℎ!#

ℎ!#

ℎ!#

𝑔!#

both high-energy & Regge  

agreement with [ARKANI-HAMED, GEORGI, SCHWARTZ ’03] [BONIFACIO, HINTERBICHLER ’18]  [BONIFACIO, HINTERBICHLER, ROSEN ’19] [KUNDU, PALTI, QUIRANT ’23]

better behaviour than the generic  

non-minimal improvements worsen the amplitude 



- Connection with superstring theory:

[LÜST, MARKOU, MAZLOUMI, STIEBERGER ’21]

coupling of a massive open string state of mass 𝑚 = 1/ 𝛼!(1)

[CAMANHO, EDELSTEIN, MALDACENA, ZHIBOEDOV ’14]

tower of higher-spin fields(2)

[ADAMS, DEWOLFE, TAYLOR ’10] [KIM, TARAZI, VAFA ’19] [MONTERO, VAFA ’20] [BEDROYA, HAMADA, MONTERO, VAFA 
’21]

potential violations of causality

The unique coupling & open string theory

Evidence for the string lamppost principle for              and   <latexit sha1_base64="0ihbKfEaXiIAdQG6lJAT2oTkLIE="></latexit>

D = 4
<latexit sha1_base64="Ft5WBZeJOmtH7k9UAQAa0BKopqQ="></latexit>

N = 1



The Kaluza–Klein coupling



SUGRA multiplet chiral multiplet tower of massive spin-2 
supermultiplets

The Kaluza–Klein coupling

- Kaluza–Klein reduction of 5D pure supergravity on the orbifold              :



The Kaluza–Klein coupling

- Kaluza–Klein reduction Stückelberg organisation of the massive degrees of freedom

5D gauge invariance

unitary gauge:

unitary gauge + massive SUSY deformation of the massless SUSY

the Kaluza–Klein coupling cannot be captured by 
the undeformed supercurrent superfield setup 



Infinite distance paradigm
String oscillator Kaluza–Klein mode

- long multiplet in  𝒩 ≥ 2  SUSY 

[BOSSARD, CASAGRANDE, , E.D, LOTY 
’25]

- higher-spin tower becoming light for 

- unique coupling to gravity  

tensionless limit of the string

- massive spin-2 tower becoming light for 

- KK coupling to gravity  

decompactification limit

- 1/2-BPS short multiplet in SUSY 

deformation expected to be unique

realisation of the infinite distance paradigm of the swampland program
[OOGURI, VAFA ’06] [GRIMM, PALTI, VALENZUELA ’18] [LEE, LERCHE, WEIGAND 

’19]

<latexit sha1_base64="4a6VVD1neFhTPWeqvDo53ueWxR8="></latexit>

N → 2



Conclusions & future directions
The coupling of to undeformed SUGRA is unique 

SUGRA is unique.

 

causality violation?

• extend the improvement analysis to higher-derivative orders  

• extension to a fully non-linear lagrangian propagation of ghosts ?

• prove that the KK is (not) the only deformed coupling.    
• Massive spin-2 field could be a DM candidate  (freeze-in production)

Main (conservative interpretation) result : eliminating causality issues needs higher spins with no mass gap  

but it contains higher-derivative terms. 



Thank you!



Non diff-invariant improvements



Non-minimal coupling to the Riemann tensor



1) 5D supergravity algebra: [GÜNAYDIN, SIERRA, TOWNSEND ’83]  [CERESOLE, DALL’AGATA ’00]

The Kaluza–Klein reduction

- 5D pure supergravity on the orbifold              :



1) 5D supergravity algebra

2) compactification ansatz: 

[GÜNAYDIN, SIERRA, TOWNSEND ’83]  [CERESOLE, DALL’AGATA ’00]

- 5D pure supergravity on the orbifold              :

The Kaluza–Klein reduction



1) 5D supergravity algebra

2) compactification ansatz 

3) mode decomposition of the fields along.             :

[GÜNAYDIN, SIERRA, TOWNSEND ’83]  [CERESOLE, DALL’AGATA ’00]

- 5D pure supergravity on the orbifold              :

The Kaluza–Klein reduction



1) 5D supergravity algebra

2) compactification ansatz 

4) Stückelberg organisation of the massive degrees of freedom:

3) mode decomposition of the fields along  S1/Z2 

[GÜNAYDIN, SIERRA, TOWNSEND ’83]  [CERESOLE, DALL’AGATA ’00]

&

- 5D pure supergravity on the orbifold              :

The Kaluza–Klein reduction



Stückelberg combinations


