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Introduction

Symmetry between particles with different spins

• stabilizes vacuum 
• has better UV behavior (against quantum corrections) 
• predicts new particles 
• indicates GUT 

…etc.



Introduction

Supersymmetry is phenomenologically not favored:

We have not yet observed any superparticles in collider experiments

SM superparticles should be much heavier than SM particles



Introduction

Supersymmetric universe is not favored from cosmological observations: 

the present universe is very consistent with positive c.c.

In supersymmetric theory, hHi ⇠ h0|Q†Q|0i
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Q|0i 6= 0
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SUSY has been broken from the beginning

Introduction

Throughout the history of our universe, 
SUSY always needs to be broken 



Introduction

However,  SUSY often plays important roles in string compactification

Supersymmetry seems necessary at very high energy scale

Our universe may be described by the theory 
 with spontaneously broken supersymmetry 



SUSY representation

SUSY is nicely described in superspace

zA = xµ, ✓↵, ✓̄↵̇
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↵, ↵̇ = 1, 2
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�(zA) = �(x) + ✓↵�↵(x) + ✓̄↵̇�̄
↵̇(x) + · · ·+ ✓2✓̄2D(x)
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SUSY representations are functions on superspace

Q↵ ⇠ @

@✓↵
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SUSY transformation is “translation” of fermionic coordinates 



Irreducible representations:

Chiral superfield

�(y, ✓) = �(y) +
p
2✓↵�↵(y) + ✓2F (y)
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yµ = xµ + i✓�µ✓̄
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describing e.g. quarks, leptons, Higgs boson…etc.

Real vector superfield

V ⇠ �✓�µ✓̄Aµ(x) +
�
i✓2✓̄�̄(x) + h.c.

�
+

1

2
✓2✓̄2D(x)
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Other components are unphysical: V ! V + (⇤(z) + ⇤̄(z))
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Super-gauge

describing gauge bosons

SUSY representation



Supersymmetry breaking

If SUSY is broken, 
fermion’s transformation becomes non-vanishing

h��↵i ⇠ hF i✏↵ 6= 0
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h��↵i ⇠ hDi✏↵ 6= 0
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or

 ↵(x) !  ↵(x) + ✏↵ + · · ·
<latexit sha1_base64="VaOccyGkDpRteGax3BxrqGba74c=">AAACIXicbZDLSgMxFIYzXmu9jbp0EyxCpVBmqmCXRTcuK9gLdMaSSTNtaCYZkoxYhr6KG1/FjQtFuhNfxrSdhW39IfDnO+eQnD+IGVXacb6ttfWNza3t3E5+d2//4NA+Om4qkUhMGlgwIdsBUoRRThqaakbasSQoChhpBcPbab31RKSigj/oUUz8CPU5DSlG2qCuXfViRR89xOIBKj5fQE8LuIhKHjF3JniGSh7uCa26dsEpOzPBVeNmpgAy1bv2xOsJnESEa8yQUh3XibWfIqkpZmSc9xJFYoSHqE86xnIUEeWnsw3H8NyQHgyFNIdrOKN/J1IUKTWKAtMZIT1Qy7Up/K/WSXRY9VPK40QTjucPhQmDJoZpXLBHJcGajYxBWFLzV4gHSCKsTah5E4K7vPKqaVbK7mW5cn9VqN1kceTAKTgDReCCa1ADd6AOGgCDF/AGPsCn9Wq9W1/WZN66ZmUzJ2BB1s8vWTqjpQ==</latexit>

Goldstone fermion = Goldstino is massless due to the “shift” symmetry

c.f. U(1) case ⇢(x) ! ⇢(x) + c
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Goldstino transformation:

�(x) = (v + h(x))ei⇢(x)
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Nonlinear realization of SUSY

Low energy effective theory of spontaneously broken symmetry:

described by Goldstone mode = nonlinear realization

In SUSY case, the EFT contains massless Goldstino  ↵
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the Goldstino action is universal: 
Volkov-Akulov action

L = � 1

22
detAa

µ
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Aa
µ = �aµ � i2@µ �

a ̄ + i2 �a@µ ̄
<latexit sha1_base64="LXObRgbyXQnonWOUN7cdEocouWM="></latexit>

where

� ↵ =
1


✏↵ � i( �µ✏̄� ✏�µ ̄)@µ 

↵
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D. V. Volkov, V. P. Alulov (1973)  



Historically, SUSY was broken from the beginning:

The very first paper of 4D SUSY was
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Physico- Technical Institute, Academy o f  Sciences of  the Ukrainian SSR, Kharkov 108, USSR 

Received 5 March 1973 

Using the hypotheses, that the neutrino is a goldstone particle, a phenomenological Lagrangian is constructed, 
which describes an interaction of the neutrino with itself and with other particles. 

Recently much attention has been paid in the ele- 
mentary particle physics to the problem of  spontane- 
ously broken symmetries and the related degeneracy 
of the vacuum state. An immediate consequence of 
the vacuum degeneracy is that it gives rise to a possible 
existence of zero mass particles, the so-called Goldstone 
particles [1 ]. 

Among known elementary particles only the neu- 
trino, the photon and the graviton have zero masses. 
However, the last two correspond to the gauge fields 
and do not require the vacuum degeneracy for their 
existence. Therefore the neutrino is the only elemen- 
tary particle the existence of which may be immedi- 
ately related to the vacuum degeneracy. 

We will restrict our attention to the following. If  
the neutrino is regarded as a Goldstone particle then 
this leads to a certain type of interaction of the neu- 
trino with itself as well as with other particles. The 
interaction is completely defined by phenomenologi- 
cal constants and in this sense is universal. 

For the determination of the type of spontaneously 
broken symmetry that causes the degeneracy of the 
vacuum and the corresponding properties of the neu- 
trino as a Goldstone particle, let us consider the equa- 
tion for a free neutrino 

i o ,  a~laxu = o (])  

Eq. (1) is invariant under transformations of the 
Poincar6 group and the chiral transformations as well 
as under translations in the spinor space, i.e. under the 
transformations of the type 

I 
-+ ~b' = ~b + ~ x .  -+ x .  = x . ,  (2) 

where ~" is a constant spinor, anticommuting with qJ. 
Leaving the transformation properties o f  x .  and q~ 
under the Poincar6 group unchanged, let us replace 

the transformations (2) by the transformations: 

~0--, ~ '=  ~ +~ ~0+ ~ ' +  = ~+ +~ + 
f a x .  -+ x .  = x u  - ~ ( f+ou ~k - ~k+ou f ) . (3) 

The resulting structure is a group with ten commuting 
and four anticommuting parameters*. It is the only 
possible generalization of (2) and the Poincar6 group 
if the dimension of the group space is not enlarged. In 
the transformations (3) a is an arbitrary constant. Its 
dimension is the fourth power of length. 

Let us assume that in the presence of interaction 
the equations for the neutrino are invariant under the 
transformations (3). 

In the following we also assume that the number 
of the derivatives of the neutrino field is a minimal 
one that is compatible with the invariance requirement. 

To construct the phenomenological action integral 
that satisfies the above assumptions it is sufficient to 
use the following differential forms 

a 
w,  = d r ,  + ~ (~+oud¢ - d~k+ou t.k), (4) 

which are invariant under transformations (3). The 
action integral which is invariant under the Poincar6 
group and the transformations (3) has the form 

1 f ~ 0  X co 1 X oa 2 X co 3 (5) S 

where the sign X denotes the outer product of differ- 
ential forms. 

The expression under the integral corresponds to the 
invariant infinitesimal four-dimensional volume in the 
space of group parameters. 
* Lie groups with commuting and anticommuting parameters 

were considered recently by Berezin and Kats [2]. 
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Volkov and Akulov considered neutrino as Goldstino
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vacuum and the corresponding properties of the neu- 
trino as a Goldstone particle, let us consider the equa- 
tion for a free neutrino 

i o ,  a~laxu = o (])  

Eq. (1) is invariant under transformations of the 
Poincar6 group and the chiral transformations as well 
as under translations in the spinor space, i.e. under the 
transformations of the type 

I 
-+ ~b' = ~b + ~ x .  -+ x .  = x . ,  (2) 

where ~" is a constant spinor, anticommuting with qJ. 
Leaving the transformation properties o f  x .  and q~ 
under the Poincar6 group unchanged, let us replace 

the transformations (2) by the transformations: 

~0--, ~ '=  ~ +~ ~0+ ~ ' +  = ~+ +~ + 
f a x .  -+ x .  = x u  - ~ ( f+ou ~k - ~k+ou f ) . (3) 

The resulting structure is a group with ten commuting 
and four anticommuting parameters*. It is the only 
possible generalization of (2) and the Poincar6 group 
if the dimension of the group space is not enlarged. In 
the transformations (3) a is an arbitrary constant. Its 
dimension is the fourth power of length. 

Let us assume that in the presence of interaction 
the equations for the neutrino are invariant under the 
transformations (3). 

In the following we also assume that the number 
of the derivatives of the neutrino field is a minimal 
one that is compatible with the invariance requirement. 

To construct the phenomenological action integral 
that satisfies the above assumptions it is sufficient to 
use the following differential forms 

a 
w,  = d r ,  + ~ (~+oud¢ - d~k+ou t.k), (4) 

which are invariant under transformations (3). The 
action integral which is invariant under the Poincar6 
group and the transformations (3) has the form 

1 f ~ 0  X co 1 X oa 2 X co 3 (5) S 

where the sign X denotes the outer product of differ- 
ential forms. 

The expression under the integral corresponds to the 
invariant infinitesimal four-dimensional volume in the 
space of group parameters. 
* Lie groups with commuting and anticommuting parameters 

were considered recently by Berezin and Kats [2]. 
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Now we know neutrino is not massless, and not the Goldstino

Supersymmetry breaking



Historically, SUSY was broken from the beginning:

Linearly realized SUSY was proposed after the VA paper
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Abstract: Supergauge transformations are defined in four space-time dimensions. Their commu- 
tators are shown to generate 75 transformations and conformal transformations. Various 
kinds of multiplets are described and examples of their combinations to new representations 
are given. The relevance of supergauge transformations for Lagrangian field theory is ex- 
plained. Finally, the abstract group theoretic structure is discussed. 

1. Introduction 

Supergauge transformations have been studied until now in dual models, especial- 
ly in their formulation as two-dimensional field theories [ 1 - 4 ] .  They transform 
scalar (in general tensor) fields into spinors and boson fields into fermion fields. 
This is possible because the parameters of the supergauge transformation are them- 
selves totally anticommuting spinors. The commutator of two infinitesimal super- 
gauge transformation is a conformal transformation in two dimensions. Invariance 
under supergauge transformations is closely connected to the absence of ghost 
states in the two dimensional field theory. 

It is natural to ask whether one can define supergauge transformations in four 
dimensional space-time. In this paper we show that this is indeed possible, although 
the generalization from two to four dimensions is not completely straightforward 
and presents some interesting new features. In four dimensions the commutator of 
two infinitesimal supergauge transformations turns out to be a combination of a 
conformal transformation and a 3'5 transformation. Supergauge transformations can 
be represented on multiplets of fields, a given multiplet containing some tensors and 
some spinors. Examples of such representations are given in sect. 3. A representa- 
tion is characterized not only by a given multiplet of fields but also by a weight, 
much as an ordinary tensor representation corresponds to a tensor density having a 
given index structure as well as a certain weight. Representations for supergauges 
can be combined into other representations, as exemplified in sect. 3. Using the 

Supersymmetry breaking



Nonlinear realization of SUSY

How can we describe Volkov-Akulov Goldstino action in superspace?

Nilpotent constraint

S(y, ✓) = s(y) +
p
2✓↵�S

↵(y) + ✓✓FS(y)
<latexit sha1_base64="YtJjnqSG62jKwd4XOQ9OQjojDFI="></latexit>

S2(y, ✓) = 0
<latexit sha1_base64="nLw5291xo3FLlUVecJMX1nsgCD4=">AAAB+HicbVBNS8NAEN34WetHox69LBahgpSkCnoRil48VrQf0May2W7apZtN2J0IsfSXePGgiFd/ijf/jds2B219MPB4b4aZeX4suAbH+baWlldW19ZzG/nNre2dgr2719BRoiir00hEquUTzQSXrA4cBGvFipHQF6zpD68nfvORKc0jeQ9pzLyQ9CUPOCVgpK5duHuolNKTDgwYkONLp2sXnbIzBV4kbkaKKEOta391ehFNQiaBCqJ123Vi8EZEAaeCjfOdRLOY0CHps7ahkoRMe6Pp4WN8ZJQeDiJlSgKeqr8nRiTUOg190xkSGOh5byL+57UTCC68EZdxAkzS2aIgERgiPEkB97hiFERqCKGKm1sxHRBFKJis8iYEd/7lRdKolN3TcuX2rFi9yuLIoQN0iErIReeoim5QDdURRQl6Rq/ozXqyXqx362PWumRlM/voD6zPH/eOkf0=</latexit>

Nontrivial solution of the constraint

Fermion & auxiliary scalar , no physical scalar partner!

s =
�S↵�S

↵

2FS
<latexit sha1_base64="76qGP/SkZAJrVRspFt2vG2HabsM=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWpgm6EoiAuK7UPaNIwmU6aoZMHMxOhhPyDG3/FjQtF3Lpx5984TbPQ1gMD555zL3fucWNGhTSMb620tLyyulZer2xsbm3v6Lt7HRElHJM2jljEey4ShNGQtCWVjPRiTlDgMtJ1x9dTv/tAuKBReC8nMbEDNAqpRzGSSnL0E3FpeRzh1MI+HaQtC7HYR1letZyiSus3g1bm6FWjZuSAi8QsSBUUaDr6lzWMcBKQUGKGhOibRiztFHFJMSNZxUoEiREeoxHpKxqigAg7zW/K4JFShtCLuHqhhLn6eyJFgRCTwFWdAZK+mPem4n9eP5HehZ3SME4kCfFskZcwKCM4DQgOKSdYsokiCHOq/gqxj1REUsVYUSGY8ycvkk69Zp7W6ndn1cZVEUcZHIBDcAxMcA4a4BY0QRtg8AiewSt40560F+1d+5i1lrRiZh/8gfb5A71NnrE=</latexit>

S =
�S�S

2FS
+

p
2✓�S + ✓✓FS = FS

✓
✓ +

�S

p
2FS

◆2

<latexit sha1_base64="tecrhqOX0rlaG+uRUzXtjP7AOk4="></latexit>

M. Rocek (1978) 
U. Lindstrom and M. Rocek (1979) 

R. Casalbuoni et al. (1989) 
Komargodski, Seiberg (2009) 



Nonlinear realization of SUSY

Minimal action

Z
d4✓SS̄ +

✓Z
d2✓µ2S + h.c.

◆

<latexit sha1_base64="IAG3TqAayw093WBiXRUMsgPNNf4="></latexit>

L = �i�̄S �̄a@a�
S � µ4 +

1

4µ4
(�̄S)2@2(�S)2 � 1

16µ12
(�S)2(�̄S)2@2(�S)2@2(�̄S)2

<latexit sha1_base64="ql0Y91kMmMxDnjoC0XsTRu/dVto="></latexit>

the equivalence to VA action is proven: S. Kuzenko, S. J. Tyler (2010)

Only fermion (Goldstino) exists. 
 no boson, but the action is supersymmetric (nonlinearly)



Nonlinear realization of SUSY

L =

Z
d4✓

✓
SS̄ � M2

µ4
(SS̄)2

◆
+

✓Z
d2✓µ2S + h.c.

◆

<latexit sha1_base64="Bjzh0saDXlO+b4Nnfdumo+mqfq0="></latexit>

L = �@s@s̄� µ2 � 4M2|s|2 � i�̄S�a@a�
S + · · ·

<latexit sha1_base64="PYkMdeDFR+vgm5PEPw+HN6MYBUw="></latexit>

M ! 1
<latexit sha1_base64="98SikJ7KUbw5+4PCbqXuQZwoWYA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNV0GXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0GnXvot54uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxLKkR4=</latexit>

SD̄2(S̄2) +
1

M2
(· · · ) = 0

<latexit sha1_base64="hLfCUoCKUT+9ZalLTKhSV/J/S4Q=">AAACFnicbZDLSsNAFIYn9VbrLerSTbAILWJJoqAboagLN0Kl9gJNWiaTSTt0cmFmIpSQp3Djq7hxoYhbcefbOE2z0OoPAx//OYcz53ciSrjQ9S+lsLC4tLxSXC2trW9sbqnbO20exgzhFgppyLoO5JiSALcEERR3I4ah71DcccaX03rnHjNOwuBOTCJs+3AYEI8gKKQ1UI+algNZcpX2zUpGTUnVQ8tjECVGmtz0zbRiITcUvHquD9SyXtMzaX/ByKEMcjUG6qflhij2cSAQhZz3DD0SdgKZIIjitGTFHEcQjeEQ9yQG0MfcTrKzUu1AOq7mhUy+QGiZ+3MigT7nE9+RnT4UIz5fm5r/1Xqx8M7shARRLHCAZou8mGoi1KYZaS5hGAk6kQARI/KvGhpBmYiQSZZkCMb8yX+hbdaM45p5e1KuX+RxFMEe2AcVYIBTUAfXoAFaAIEH8ARewKvyqDwrb8r7rLWg5DO74JeUj29WK542</latexit>

e.o.m

S2 = 0
<latexit sha1_base64="BW7VSSFK3+wis4TflRpXa8tvOeo=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQS9C0YvHim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRjdTv/XElOaxfDDjhPkRGUgeckqMlbz7x9qV0ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv87jKMIRHMMpuHABdbiFBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wfFqI4A</latexit>

Nilpotent condition corresponds to decoupling of sGoldstino

What is the origin of the nilpotent constraint ?



Nonlinear realization of SUSY

When SUSY is spontaneously broken, 
soft terms split the mass spectrum of boson and fermion

Decoupling can happen not only for sGoldstino, 
but also for other fields



Nonlinear realization of SUSY

When SUSY is spontaneously broken, 
soft terms split the mass spectrum of boson and fermion

Decoupling can happen not only for sGoldstino, 
but also for other fields

e.g.
Z

d4✓↵|�|2|S|2
<latexit sha1_base64="5dPe/9F/D/t0Eef0pGEzYdPs8fU=">AAACDHicbVDJSgNBEO1xjXGLevTSGARPYSYG9Bj04jGiWSCThJpOJ9OkZ6G7RgiTfIAXf8WLB0W8+gHe/Bs7y0ETC7p5vPeKqnpeLIVG2/62VlbX1jc2M1vZ7Z3dvf3cwWFNR4livMoiGamGB5pLEfIqCpS8ESsOgSd53RtcT/T6A1daROE9DmPeCqAfip5ggIbq5PKuCJF22yUXfY7ggox9oCO34otRu0hHd+Y3LrtgT4suA2cO8mRelU7uy+1GLAl4iEyC1k3HjrGVgkLBJB9n3UTzGNgA+rxpYAgB1610esyYnhqmS3uRMs+sNmV/d6QQaD0MPOMMAH29qE3I/7Rmgr3LVirCOEEestmgXiIpRnSSDO0KxRnKoQHAlDC7UuaDAoYmv6wJwVk8eRnUigXnvFC8LeXLV/M4MuSYnJAz4pALUiY3pEKqhJFH8kxeyZv1ZL1Y79bHzLpizXuOyJ+yPn8Ar6Kavg==</latexit>

L � ↵|FS�+ F�s�  � S |2
<latexit sha1_base64="sB5PBgAnoY0c8UM5Eya9VGB4lDg="></latexit>

This can be regarded as “soft mass” for complex scalar φ

↵ ! 1
<latexit sha1_base64="SqwwVm4xg4AZSN3TVL1ojtL4pyY=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0mqoMeiF48V7Ac0oWy2m3bpZjfsToQY+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MBHcgOt+O2vrG5tb26Wd8u7e/kGlenjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlYaVCs+EcmY+KB8LiPIBtWaW3fnwKvEK0gNFWgNql/+UNE0ZhKoIMb0PTeBICcaOBVsWvZTwxJCJ2TE+pZKEjMT5PPDp/jMKkMcKW1LAp6rvydyEhuTxaHtjAmMzbI3E//z+ilE10HOZZICk3SxKEoFBoVnKeAh14yCyCwhVHN7K6ZjogkFm1XZhuAtv7xKOo26d1Fv3F/WmjdFHCV0gk7ROfLQFWqiO9RCbURRip7RK3pznpwX5935WLSuOcXMMfoD5/MHLEiTbA==</latexit>

Scalar would decouple from the theory
� =

 � S

FS
� F� S S

(FS)2
<latexit sha1_base64="TmdP4EBnhmnMljgXtLAsNmhamzk=">AAACLXicbZBNS8MwGMfT+TbnW9Wjl+AQ5sHRTkEvwlAZHie6F1i3kWbpFpa2IUmFUfaFvPhVRPAwEa9+DbN2gm4+kPDP//c8JPm7nFGpLGtiZJaWV1bXsuu5jc2t7R1zd68uw0hgUsMhC0XTRZIwGpCaooqRJhcE+S4jDXd4PeWNRyIkDYMHNeKk7aN+QD2KkdJW17xx+IBeOp5AOHa4pJ3pORH347iit5OUVRIAU/LDC7rhuFMad828VbSSgovCnok8mFW1a746vRBHPgkUZkjKlm1x1Y6RUBQzMs45kSQc4SHqk5aWAfKJbMfJb8fwSDs96IVCr0DBxP09ESNfypHv6k4fqYGcZ1PzP9aKlHfRjmnAI0UCnF7kRQyqEE6jgz0qCFZspAXCguq3QjxAOh2lA87pEOz5Ly+KeqlonxZLd2f58tUsjiw4AIegAGxwDsrgFlRBDWDwBF7ABLwbz8ab8WF8pq0ZYzazD/6U8fUN1vCpDA==</latexit>



Nonlinear realization of SUSY

Once SUSY is spontaneously broken,  
any components can decouple from theory

No scalar �S = 0
<latexit sha1_base64="nfz7bz254wxidlytV8pYPRAhwnI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5xbUSkHnAccz+kAyX6glG0UqtTGwpyf+V2iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nd07ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Sz8VKk6QKzZf1E8kwYhMnyc9oTlDObaEMi3srYQNqaYMbUQFG4K3+PIyaVTK3lm5cndeql5nceThCI7hFDy4gCrcQg3qwEDCM7zCm/PovDjvzse8NedkM4fwB87nD9KQjys=</latexit>

No fermion

(�� �̄)S = 0
<latexit sha1_base64="zXjAZn6UN3DC5T4a1caaSIXiPO8=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3ASLUBeWpAq6EYpuXFa0F2hCmUwn7dDJJMxMhBqKr+LGhSJufQ93vo2TNgut/jDw8Z9zOGd+P2ZUKtv+MgoLi0vLK8XV0tr6xuaWub3TklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/usrq7XsiJI34nRrHxAvRgNOAYqS01TP3Km5jSI9dH4k0o8nR7YXdM8t21Z7K+gtODmXI1eiZn24/wklIuMIMSdl17Fh5KRKKYkYmJTeRJEZ4hAakq5GjkEgvnV4/sQ6107eCSOjHlTV1f06kKJRyHPq6M0RqKOdrmflfrZuo4NxLKY8TRTieLQoSZqnIyqKw+lQQrNhYA8KC6lstPEQCYaUDK+kQnPkv/4VWreqcVGs3p+X6ZR5HEfbhACrgwBnU4Roa0AQMD/AEL/BqPBrPxpvxPmstGPnMLvyS8fEN5nKUOA==</latexit>

Only a real scalar Re�
<latexit sha1_base64="lTQVE7uRQuoyVN94k8D4Oh+Vp50=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ac0oWy203bpbhJ2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSNsGm4EdhKFVIYC2+H4dua3n1BpHkePZpJgIOkw4gPOqLGSn/lKkgec+o0R75UrbtWdg6wSLycVyNHolb/8fsxSiZFhgmrd9dzEBBlVhjOB05KfakwoG9Mhdi2NqEQdZPObp+TMKn0yiJWtyJC5+nsio1LriQxtp6RmpJe9mfif103N4DrIeJSkBiO2WDRIBTExmQVA+lwhM2JiCWWK21sJG1FFmbExlWwI3vLLq6RVq3oX1dr9ZaV+k8dRhBM4hXPw4ArqcAcNaAKDBJ7hFd6c1Hlx3p2PRWvByWeO4Q+czx++FZF9</latexit>

SW↵ = 0
<latexit sha1_base64="kOFYzJ0Beto7/yynYIqO56ngt98=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8laQKehGKXjxWtB+QhjLZbtqlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737aysrq1vbBa2its7u3v7pYPDplGZpqxBlVC6HYFhgkvWQI6CtVPNIIkEa0XD26nfemLacCUfcZSyMIG+5DGngFYKHlrdDoh0ANdet1T2Kt4M7jLxc1ImOerd0lenp2iWMIlUgDGB76UYjkEjp4JNip3MsBToEPossFRCwkw4np08cU+t0nNjpW1JdGfq74kxJMaMksh2JoADs+hNxf+8IMP4KhxzmWbIJJ0vijPhonKn/7s9rhlFMbIEqOb2VpcOQANFm1LRhuAvvrxMmtWKf16p3l+Uazd5HAVyTE7IGfHJJamRO1InDUKJIs/klbw56Lw4787HvHXFyWeOyB84nz+K1JDE</latexit>

No gaugino

Constraints removing various modes 
= decoupling due to soft SUSY breaking mass

Komargodski, Seiberg (2009) 

S̄D↵� = 0
<latexit sha1_base64="kKH+QvoCih9vuQ1q7/IIm32w/vE="></latexit>



Nonlinear realization of SUSY

No scalar constraint �S = 0
<latexit sha1_base64="nfz7bz254wxidlytV8pYPRAhwnI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5xbUSkHnAccz+kAyX6glG0UqtTGwpyf+V2iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nd07ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Sz8VKk6QKzZf1E8kwYhMnyc9oTlDObaEMi3srYQNqaYMbUQFG4K3+PIyaVTK3lm5cndeql5nceThCI7hFDy4gCrcQg3qwEDCM7zCm/PovDjvzse8NedkM4fwB87nD9KQjys=</latexit>

� = �+
p
2✓�� + ✓✓F�

<latexit sha1_base64="/IAXpiy3M3QTU0k3SN0+PaYheJo=">AAACH3icbVDLSgMxFM3UV62vqks3wSIIQpmpom6EoiAuK9gHdNqSSdNOaOZhckcoQ//Ejb/ixoUi4q5/Y2amC209kHByzr3c3OOEgiswzamRW1peWV3Lrxc2Nre2d4q7ew0VRJKyOg1EIFsOUUxwn9WBg2CtUDLiOYI1ndFN4jefmFQ88B9gHLKOR4Y+H3BKQEu94rldc/mVHbr8xFaPEirYBpcBsanLu5mcvdMb33bjRJz0iiWzbKbAi8SakRKaodYrftv9gEYe84EKolTbMkPoxEQCp4JNCnakWEjoiAxZW1OfeEx14nS/CT7SSh8PAqmPDzhVf3fExFNq7Dm60iPgqnkvEf/z2hEMLjsx98MImE+zQYNIYAhwEhbuc8koiLEmhEqu/4qpSyShoCMt6BCs+ZUXSaNStk7LlfuzUvV6FkceHaBDdIwsdIGq6A7VUB1R9Ixe0Tv6MF6MN+PT+MpKc8asZx/9gTH9AVCAoyo=</latexit>

Other fields are independent

� =
�S��

FS
� (�S)2F�

2(FS)2
<latexit sha1_base64="xo/ryJ3NQ9dHzSD2l19GhShXy+c="></latexit>

Nontrivial solution



Nonlinear realization of SUSY

� = �+
p
2✓�� + ✓✓F�
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No fermion condition

Only the first component scalar is independent



Nonlinear realization of SUSY

SW↵ = 0
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No gaugino condition



Nonlinear realization of SUSY

What is the cut-off scale of nonlinear realization?

From a linear SUSY model in decoupling sGoldstino limit 
(= nonlinear SUSY model)

p
sc =

q
6
p
2⇡Mplm3/2
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Unitarity bound from 4-fermion scattering
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h01d5, and 5uch a 11m1t 15 n0t a110wed. 8y expand1n9 the expre5510n (2.1), and reta1n1n9 0n1y the term5 re1evant 
t0 0ur pr0ce55, we 06ta1n the f0110w1n9 effect1ve 1a9ran91an: 
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d0 n0t c0ntr16ute, at 10we5t 0rder, t0 the pr0ce55.1n (2.1), a tr111near der1vat1ve 1nteract10n ha5 6een ne91ected. 
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A ( + , + : + , + ) = A ( • ,  :•,•) 

= 5 ( m 5 + m v ) +  + - 2 2 + (2.4) 
-6 m3/2M~,r 5 - -m 2. 5--m7,J 6 m3/2MP1 k 5 - m 5 .  5 - m ~ , /  ~ 

A(+.+:• )=A( .•:+.+) 

4{5--4m2/2 t--4m~/2 51n -~ •0 t2--4m2/2 C052 ~0~ 
1 1 4 m ~ / 2 ( m 1 + m ~ , ) - m 5 ,  \ 5 ~  + -~ + 

- 6 2 , /7/3/2 ~1,~131 1-- m;• U-- m~ J 

+m4  5 ~ + t-m---~ + 

1 m 5 . - m >  (5 -m~, - ) (5 -m-e)  + ( t - m 2 , ) ( t - m 2 , )  + (2.5) = -  6 m~/~Mpj , ~ ( u - m 2 7 ) ( u - m 2 , )  • 

A(+•:+,•) =A(•+:•+) =A(+,+:+,+)(5--,u) , (2.6) 

A< + . . . . .  + ) =A( •+; +,• ) =A( +,+: +.+ )(5-*t) . (2.7) 
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3. Part1a1 wave un1tar1ty 
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R. Casalbuoni et al.  (1989)

Above this scale, we cannot trust perturbation theory



Nonlinear realization in supergravity

To describe our present universe with positive c.c., 
nonlinear realization in supergravity would be useful

Although expression is more complicated in curved superspace, 
constraints are the same as global SUSY case

S2(x, ✓) = 0 ! S2(x,⇥) = 0
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Pure de Sitter supergravity

Let us construct the minimal model of de Sitter universe

Minimal d.o.f. : graviton & (massive) gravitino 

Massive gravitino can be decomposed as 
transverse mode and longitudinal mode (= Goldstino)

Minimal model = supergravity with a nilpotent superfield

Without nilpotent condition, sGoldstino appears and system cannot be “minimal”

gµ⌫
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Pure de Sitter supergravity

The simplest de Sitter model in supergravity 
= pure de Sitter supergravity

S =

Z
d4x

Z
d4✓E(�3e�SS̄/3) +

✓Z
d2⇥2E(µ2S +W0) + h.c.

◆�
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E. Bergshoeff et al. (2015) 
F. Hasegawa, YY (2015)



Pure de Sitter supergravity

Usually, the auxiliary fields are up to quadratic order in the action

L � F IKIJ̄ F̄
J̄ + F IeK/2DIW + · · ·

<latexit sha1_base64="MWylLyrUp4ssIPslDFyYZgXN+G8="></latexit>

easy to solve its E.O.M
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By substituting the on-shell expression of FX into Eq. (3.7), we obtain the on-shell
Lagrangian as4

L =
1

2
(R− ψ̄µRµ + LSGT )−

1

2
(ḠPL /∇G+ ḠPR /∇G)− |f |2 + 3|W0|2 −

1

8
(ḠPLG)(ḠPRG)

+

[

−fW̄0

f̄
ḠPLG+

1√
2
f ψ̄µγ

µPLG +
W0

2
ψ̄µPRγ

µνψν + h.c.

]

− 1

4|f |2
∇µ(ḠPLG)∇µ(ḠPRG)− 1

2
(ψ̄µPLG)(ψ̄µPRG) +

i

16
ϵµνρσ(ψ̄µγνψρ)(ḠPRγσG)

−
(

W0

2
√
2f

ḠPRGψ̄µγ
µPLG+

f

4f̄
ḠPLGψ̄µPRγ

µνψν + h.c.

)

− 1

2
√
2

[

1

f
ψ̄µ /∇(ḠPRG)γµPLG+ h.c.

]

+
i

32|f |2 ϵ
µνρσ(ψ̄µγνψρ)

(

ḠPRG∇σ(ḠPLG)− ḠPLG∇σ(ḠPRG)
)

+
(ḠPLG)(ḠPRG)

4|f |2

[

−4|f |2|Ĉ|2 + 4|f |2 + 2|W0|2 +
{

W0

4
ψ̄µPRγ

µνψν + h.c.

}]

(3.15)

where Ĉ on the fifth line is defined as

Ĉ ≡ 1

2f 2

[

2W0f̄ − ∇µḠPL∇µG

2f̄
− 1√

2
ψ̄µγ

νγµ∇νPLG+
f̄

2
ψ̄µPLγ

µνψν

]

. (3.16)

The fermion PLG is the Goldstino in this system, and therefore, we take the unitary
gauge PLG = 0. Under the gauge condition, the Lagrangian (3.15) takes a very simple form
given by

L =
1

2
(R− ψ̄µRµ + LSGT )− |f |2 + 3|W0|2 +

[

W0

2
ψ̄µPRγ

µνψν + h.c.

]

. (3.17)

The Lagrangian (3.17) corresponds to the one in Ref. [31] if we set W0 = 0. This La-
grangian describes the pure supergravity system containing a graviton, a massive gravitino
with |m3/2| = |W0|, and a cosmological constant Λ = −|f |2 + 3|W0|2.

3.2 Case with a matter multiplet

Let us extend the result shown in the previous subsection to the matter coupled one. Al-
though, in principle, we can construct a system with multiple chiral matter multiplets and

4We would like to Magnus Tournoy for pointing out the last term missing in our previous version.
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where

F. Hasegawa, YY (2015)

Pure de Sitter supergravity

Since F-term equation is no longer linear in F,  
the action becomes very complicated

s =
�S�S

2FS
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The simplest de Sitter model in supergravity 
= pure de Sitter supergravity

S =

Z
d4x
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the action in the unitary gauge in which the Goldstino
vanishes and the nonlinearities associated with it disappear.
We then find a very simple form of supergravity with the
cosmological constant Λ ¼ f2 − 3 m2

κ2 . The equation of
motion for the gravitino in a de Sitter background has
no zero modes and its solutions are known [18,22].
Another feature of our new dS supergravity model is that

it reduces in the flat space limit to the VA global theory [6]
in the form given in [15]. We emphasize that the con-
strained components of the Goldstino multiplet transform
as a conventional chiral multiplet after elimination of F.
There is a curious question for future work. The elegant

geometric Lagrangian of the original form of the VA theory
involves the determinant of a quadratic form in the
Goldstino, L ¼ Detðδμν þ χ̄γμ∂νχÞ. It is known how to
couple it to a supergravity background in the D-brane
actions; however, the corresponding supersymmetry upon
gauge-fixing local κ-symmetry is still a rigid supersym-
metry [4,5]. It would be useful to know whether de Sitter
supergravity with local supersymmetry presented in this
paper may be brought to the geometric form of the global
VA theory: this could generate further insights into the
nature of fundamental symmetries and the origin of the
positive cosmological constant.
So far we have explicitly constructed only the complete

pure dS supergravity action with local supersymmetry.
More general explicit supergravity models with constrained
superfields interacting with general matter multiplets, to
all orders in fermions, still have to be constructed. The
corresponding superconformal action was already pro-
posed in [13], for any number of chiral multiplets XI ,
with generic Kähler manifold and generic superpotential
together with constraints on functions of chiral multiplets
determined by Lagrange multipliers Λk:

L ¼ ½NðX; X̄Þ&D þ ½WðXÞ&F þ ½ΛkAkðXÞ&F: ð5:1Þ

None of the Λk can appear in the Kähler potential and the
AkðXÞ must be algebraic functions of XI . The super-
conformal action in (5.1) must be decoded and the theory
expressed in physical form. Extension of the procedures of
this paper will be needed to investigate the physics of this
more general framework.
In closing we note that pure and complete anti–de Sitter

supergravity [1] was first formulated in 1977, but the pure
and complete de Sitter supergravity is first constructed now,
38 years later. The action and its local supersymmetry
transformation are presented in Sec. II of this paper.
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APPENDIX: FROM SUPERCONFORMAL
ACTION TO SUPERGRAVITY

In order to write the D terms in (1.1), we use the relation
that for a chiral multiplet ðX;PLχ; FÞ of Weyl weight 1, the
D-action can be written in the form of an F-action:

½XX̄&D ¼ 1

2
½XF̄&F; ðA1Þ

where F̄ is the lowest component of a chiral multiplet of
Weyl weight 2 since it transforms only under PLϵ. The
components of this multiplet are given in [[17], (16.36)]:

ðF̄;DPRχ;□CX̄Þ: ðA2Þ

The explicit expression of the superconformal covariant
derivative is given in [[17], (16.34)] and of the super-
conformal d’Alembertian on a scalar field of Weyl weight 1
in [[17], (16.37)]. These steps are performed separately for
the X0 multiplet and for the X1 multiplet. Therefore, we
write the Lagrangian as

L ¼
!
1

2
ηIJXIF̄J

"

F
þ ½WðXIÞ&F þ ½ΛðX1Þ2&F: ðA3Þ

The superconformal F-type action is given in [[17],
(16.35)]. The first term of (A3) is identical to [[17],
(16.39)], where pure N ¼ 1 supergravity was explained,
and the W term was written in [[17], (17.19)].

1. Solution of the Lagrange multiplier constraints

Let us look at the term ½ΛðX1Þ2&F

e−1LΛ ¼ FΛðX1Þ2 þ Λð2X1F1 − χ̄1PLχ1Þ − 2χ̄ΛPLχ1X1

þ 1ffiffiffi
2

p ψ̄μγμð2ΛX1PLχ1 þ ðX1Þ2PLχΛÞ

þ 1

2
ψ̄μPRγμνψνΛðX1Þ2 þ H:c: ðA4Þ

The field equation of Λ is

BERGSHOEFF et al. PHYSICAL REVIEW D 92, 085040 (2015)

085040-8

Pure de Sitter supergravity

Eric A. Bergshoeff,1,* Daniel Z. Freedman,2,3,† Renata Kallosh,2,‡ and Antoine Van Proeyen4,§
1Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,

Nijenborgh 4, 9747 AG Groningen, Netherlands
2SITP and Department of Physics, Stanford University, Stanford, California 94305, USA

3Center for Theoretical Physics and Department of Mathematics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

4KU Leuven, Institute for Theoretical Physics, Celestijnenlaan 200D, B-3001 Leuven, Belgium
(Received 30 July 2015; published 27 October 2015)

Using superconformal methods we derive an explicit de Sitter supergravity action invariant under
spontaneously broken local N ¼ 1 supersymmetry. The supergravity multiplet interacts with a nilpotent
Goldstino multiplet. We present a complete locally supersymmetric action including the graviton and the
fermionic fields, gravitino and Goldstino, no scalars. In the global limit when the supergravity multiplet
decouples, our action reproduces the Volkov-Akulov theory. In the unitary gauge where the Goldstino
vanishes we recover pure supergravity with the positive cosmological constant. The classical equations
of motion, with all fermions vanishing, have a maximally symmetric solution: de Sitter space.

DOI: 10.1103/PhysRevD.92.085040 PACS numbers: 04.65.+e, 11.30.Pb, 95.36.+x

I. INTRODUCTION

The cosmological constant is known to be negative or
zero in pure supergravity, if there are no scalar fields [1].
Pure supergravity with a positive cosmological constant
without scalars was not previously known. In this paper we
present the locally N ¼ 1 supersymmetric action and
transformation rules of such a theory. De Sitter space is
a homogeneous solution of the bosonic equations of
motion. Supersymmetry is spontaneously broken, so there
is no conflict with no-go theorems that prohibit linearly
realized supersymmetry [2].1

The main motivation for this work is an increasing
amount of observational evidence for an accelerating
Universe where a positive cosmological constant is a good
fit to data. The next step toward a better understanding of
dark energy is not expected before the ESA space mission
Euclid launches in 2020. It is therefore desirable to find a
simple version of de Sitter supergravity as a natural source
for the positive cosmological constant.
The Kachru, Kallosh, Linde and Trivedi (KKLT) uplifting

procedure for constructing de Sitter (dS) vacua in string
theory was proposed in [3]. It was recently updated to the
status of a manifestly supersymmetric uplifting using the
D3-brane on top of an O3-plane at the bottom of a warped
throat [4,5]. It corresponds to a globally supersymmetric

Volkov-Akulov (VA) Goldstino theory [6] coupled to a
supergravity background. The global supersymmetry is
realized nonlinearly. This recent development indicates that
a scalar independent de Sitter supergravity might exist.
Another indication of the existence of such a supergravity
was presented in [7], where the proposal to couple the VA
Goldstino theory [6] to supergravity was made. However, a
complete action and transformation rules that describe this
coupling have never been presented. The supersymmetric
coupling of the gravitino and Goldstino in D ¼ 10 at the
quadratic level in fermions was studied in [8,9]. The curved
superspace formulation of the VA Goldstino theory was
studied soon after the discovery of this theory; see for
example a review paper [10] or an application of the
constrained superfield formalism in superspace in [11].
The relation between the superspace approach and non-
linearly realized supersymmetries was investigated in [12].
All earlier theories were not yet developed to the level

of a component supergravity action with spontaneously
broken local supersymmetry, generalizing the globally
supersymmetric VA model. To construct such an action
is the purpose of our paper. We will do this by decoding
the superconformal action underlying dS supergravity,
proposed in [13]. Such a decoding procedure, in addition
to a standard gauge-fixing of local Weyl, R-symmetry
and special supersymmetry requires an elimination of the
auxiliary field F of the Goldstino multiplet from the action
which has a non-Gaussian dependence on F.
The important step for our ability to derive the complete

action of a pure dS supergravity is the observation made in
[14,15] that VA theory can be described using a chiral
superfield Sðx; θÞ ¼ X þ

ffiffiffi
2

p
θχ þ θ2F of global N ¼ 1

supersymmetry that satisfies the nilpotent constraint

*e.a.bergshoeff@rug.nl
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1Note that there exist N -extended de Sitter superalgebras for

even N but they have a noncompact R-symmetry group and
therefore do not allow unitary representations.
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The complete action of pure dS SUGRA was 
formulated 38 years after the formulation of pure AdS SUGRA
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Spontaneously broken SUSY & SUGRA can be  
described by constrained superfields

Summary

Decoupling of heavy components is 
expressed as constraints

Constrained superfield formulation can be 
used in supergravity as well

We can use the constrained superfields for 
constructing realistic models!



Pure de Sitter R^2 supergravity

A simple extension of Einstein gravity
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Inflation is realized by the scalar d.o.f. 
The spectrum of perturbations seems consistent with Planck 2018

Is it possible to realize 
 de Sitter in present universe, inflation, (SUSY breaking) 

in pure dS supergravity?



Pure de Sitter R^2 supergravity
the pure AdS SUGRA action
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Let us introduce higher-curvature couplings
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Now, SUSY breaking scale etc. are fixed
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because the observed value of Λ is Oð10−120Þ in
Planck units.
Next, let us discuss the inflation. Neglecting Λ, the scalar

potential becomes one in Eq. (13). We identify the inflaton
as Re ~T ≡ t, and Im ~T is stabilized at Im ~T ¼ 0 during and
after inflation. As we will see below, M is set to be
M ∼Oð10−5Þ, and then we can approximate the potential
(13) as

V ¼ M2t2

ð1þ 2tÞ2
: ð15Þ

The kinetic term of ~T is given by −KTT̄∂μ
~T∂μ ~̄T ¼

− 3
ð1þ2tÞ2 ð∂μt∂μtÞ þ % % % where the ellipsis denotes the

kinetic term of the imaginary part of ~T. In terms of the

canonically normalized inflaton ϕ ¼
ffiffi
3
2

q
logð1þ 2tÞ,

the scalar potential (15) becomes

V ¼ M2

4
ð1 − e−

ffiffi
2
3

p
ϕÞ2; ð16Þ

which predicts the cosmological parameters consistent with
the Planck 2015 results [49]. The observed amplitude of the
scalar power spectrum requires that M ∼ 10−5.

IV. SPECTRA OF SOFT SUSY-BREAKING
PARAMETERS AND THE GRAVITINO PROBLEM

In this section, we discuss the spectra of soft SUSY-
breaking parameters in this model. The soft breaking
parameters are determined by the VEVs of F-terms and
the couplings between matter multiplets, T, and S. We can
evaluate the VEVs of the F-terms of T and S as
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where we have used FI ¼ −eK
2KIJ̄DJ̄W̄, hTi ¼ M2

3 ,
hSi ¼ M, and M ∼ 10−5 ≪ 1. In the same way, the grav-
itino mass is evaluated as

m3=2 ¼ heK
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To discuss possible matter couplings to T and S, let
us return to the original higher-curvature action (3). The
matter coupled extension of the action (3) is
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where QI is a matter chiral multiplet, ~N is an arbitrary real
function of R

S0
; QI and their conjugates, and ~Wm and ~fAB are

holomorphic functions of the arguments. As in the pro-
cedure performed in Eqs. (4)–(6), we can derive the dual
action of Eq. (20) as

S ¼ − 3

"
S0S̄0

$
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whereN ðS;S̄;QI;Q̄J̄Þ¼ ~N ð13MS;13MS̄;QI;Q̄J̄Þ,WmðS;QIÞ¼
~Wmð13MS;QIÞ, and fAB ðS;QIÞ ¼ ~fAB ð13MS;QIÞ.
The most important feature is the form of the couplings

between T and QI . Those couplings in Eq. (21) take the
so-called conformal sequestering form [50,51], with
which the SUSY-breaking effect by T is never mediated
to the matter sector QI. After superconformal gauge
fixing, we find that the action (21) becomes the standard
SUGRA action with the following Kähler and super
potentials,

K ¼ − 3 log
$
T þ T̄ −

1

3
N
%
; ð22Þ

W ¼ MTSþWm; ð23Þ

and S satisfies the constraint (9). For concreteness of
the discussion, we assume the functions N , Wm, and
fAB as

N ¼ − 3þ jSj2 þ
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fAB ¼ δAB
g2A

ð1 − 2hASÞ; ð26Þ
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function of R

S0
; QI and their conjugates, and ~Wm and ~fAB are

holomorphic functions of the arguments. As in the pro-
cedure performed in Eqs. (4)–(6), we can derive the dual
action of Eq. (20) as

S ¼ − 3
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whereN ðS;S̄;QI;Q̄J̄Þ¼ ~N ð13MS;13MS̄;QI;Q̄J̄Þ,WmðS;QIÞ¼
~Wmð13MS;QIÞ, and fAB ðS;QIÞ ¼ ~fAB ð13MS;QIÞ.
The most important feature is the form of the couplings

between T and QI . Those couplings in Eq. (21) take the
so-called conformal sequestering form [50,51], with
which the SUSY-breaking effect by T is never mediated
to the matter sector QI. After superconformal gauge
fixing, we find that the action (21) becomes the standard
SUGRA action with the following Kähler and super
potentials,

K ¼ − 3 log
$
T þ T̄ −

1

3
N
%
; ð22Þ

W ¼ MTSþWm; ð23Þ

and S satisfies the constraint (9). For concreteness of
the discussion, we assume the functions N , Wm, and
fAB as

N ¼ − 3þ jSj2 þ
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fAB ¼ δAB
g2A

ð1 − 2hASÞ; ð26Þ
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SUSY breaking spectrum

Gravitino mass is super heavy m3/2 ⇠ 10�10 ⇠ 108 GeV
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because the observed value of Λ is Oð10−120Þ in
Planck units.
Next, let us discuss the inflation. Neglecting Λ, the scalar

potential becomes one in Eq. (13). We identify the inflaton
as Re ~T ≡ t, and Im ~T is stabilized at Im ~T ¼ 0 during and
after inflation. As we will see below, M is set to be
M ∼Oð10−5Þ, and then we can approximate the potential
(13) as

V ¼ M2t2

ð1þ 2tÞ2
: ð15Þ

The kinetic term of ~T is given by −KTT̄∂μ
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− 3
ð1þ2tÞ2 ð∂μt∂μtÞ þ % % % where the ellipsis denotes the

kinetic term of the imaginary part of ~T. In terms of the
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3
2

q
logð1þ 2tÞ,

the scalar potential (15) becomes

V ¼ M2

4
ð1 − e−

ffiffi
2
3

p
ϕÞ2; ð16Þ

which predicts the cosmological parameters consistent with
the Planck 2015 results [49]. The observed amplitude of the
scalar power spectrum requires that M ∼ 10−5.

IV. SPECTRA OF SOFT SUSY-BREAKING
PARAMETERS AND THE GRAVITINO PROBLEM

In this section, we discuss the spectra of soft SUSY-
breaking parameters in this model. The soft breaking
parameters are determined by the VEVs of F-terms and
the couplings between matter multiplets, T, and S. We can
evaluate the VEVs of the F-terms of T and S as
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where we have used FI ¼ −eK
2KIJ̄DJ̄W̄, hTi ¼ M2

3 ,
hSi ¼ M, and M ∼ 10−5 ≪ 1. In the same way, the grav-
itino mass is evaluated as
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To discuss possible matter couplings to T and S, let
us return to the original higher-curvature action (3). The
matter coupled extension of the action (3) is
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where QI is a matter chiral multiplet, ~N is an arbitrary real
function of R

S0
; QI and their conjugates, and ~Wm and ~fAB are

holomorphic functions of the arguments. As in the pro-
cedure performed in Eqs. (4)–(6), we can derive the dual
action of Eq. (20) as
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whereN ðS;S̄;QI;Q̄J̄Þ¼ ~N ð13MS;13MS̄;QI;Q̄J̄Þ,WmðS;QIÞ¼
~Wmð13MS;QIÞ, and fAB ðS;QIÞ ¼ ~fAB ð13MS;QIÞ.
The most important feature is the form of the couplings

between T and QI . Those couplings in Eq. (21) take the
so-called conformal sequestering form [50,51], with
which the SUSY-breaking effect by T is never mediated
to the matter sector QI. After superconformal gauge
fixing, we find that the action (21) becomes the standard
SUGRA action with the following Kähler and super
potentials,

K ¼ − 3 log
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and S satisfies the constraint (9). For concreteness of
the discussion, we assume the functions N , Wm, and
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A simple matter coupled extension shows that  
matters only couple to S

because the observed value of Λ is Oð10−120Þ in
Planck units.
Next, let us discuss the inflation. Neglecting Λ, the scalar

potential becomes one in Eq. (13). We identify the inflaton
as Re ~T ≡ t, and Im ~T is stabilized at Im ~T ¼ 0 during and
after inflation. As we will see below, M is set to be
M ∼Oð10−5Þ, and then we can approximate the potential
(13) as
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The kinetic term of ~T is given by −KTT̄∂μ
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which predicts the cosmological parameters consistent with
the Planck 2015 results [49]. The observed amplitude of the
scalar power spectrum requires that M ∼ 10−5.
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PARAMETERS AND THE GRAVITINO PROBLEM

In this section, we discuss the spectra of soft SUSY-
breaking parameters in this model. The soft breaking
parameters are determined by the VEVs of F-terms and
the couplings between matter multiplets, T, and S. We can
evaluate the VEVs of the F-terms of T and S as
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where we have used FI ¼ −eK
2KIJ̄DJ̄W̄, hTi ¼ M2

3 ,
hSi ¼ M, and M ∼ 10−5 ≪ 1. In the same way, the grav-
itino mass is evaluated as
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To discuss possible matter couplings to T and S, let
us return to the original higher-curvature action (3). The
matter coupled extension of the action (3) is
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where QI is a matter chiral multiplet, ~N is an arbitrary real
function of R

S0
; QI and their conjugates, and ~Wm and ~fAB are

holomorphic functions of the arguments. As in the pro-
cedure performed in Eqs. (4)–(6), we can derive the dual
action of Eq. (20) as

S ¼ − 3
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whereN ðS;S̄;QI;Q̄J̄Þ¼ ~N ð13MS;13MS̄;QI;Q̄J̄Þ,WmðS;QIÞ¼
~Wmð13MS;QIÞ, and fAB ðS;QIÞ ¼ ~fAB ð13MS;QIÞ.
The most important feature is the form of the couplings

between T and QI . Those couplings in Eq. (21) take the
so-called conformal sequestering form [50,51], with
which the SUSY-breaking effect by T is never mediated
to the matter sector QI. After superconformal gauge
fixing, we find that the action (21) becomes the standard
SUGRA action with the following Kähler and super
potentials,

K ¼ − 3 log
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T þ T̄ −

1

3
N
%
; ð22Þ

W ¼ MTSþWm; ð23Þ

and S satisfies the constraint (9). For concreteness of
the discussion, we assume the functions N , Wm, and
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where yIJK , ~yIJK , μIJ, ~μIJ and hA are complex-valued
constants, cIJ̄ and gA are real constants, Ŵ0 is one in
Eq. (12), and δJI , δAB are Kronecker symbols.
The soft SUSY-breaking terms of the MSSM sector are

given by

Lsoft ¼ −
!
1

2
MAλAλA þ 1

6
aIJK ~QI ~QJ ~QK

þ 1

2
B IJ

~QI ~QJ þ h:c:
"
−mIJ̄

~QI ~̄Q
J̄
; ð27Þ

where λA is a gaugino, and ~QI is a scalar component of QI .
Let us consider the soft parameters in our case. By using the
soft SUSY parameter formulas [52], we obtain the follow-
ing set of soft SUSY-breaking parameters:

MA∼hjFSjihA; ð28Þ

aIJK∼hjFSji~yIJK; ð29 Þ

bIJ∼hjFSji ~μIJ; ð30Þ

m2
IJ̄∼hjF

Sji2cIJ̄: ð31Þ

As we discussed below Eq. (21), the soft parameters do not
depend on FT due to the conformal sequestering structure
of the Kähler potential, which is always realized even if we
choose different N and Wm.
Let us compare the scale of the soft SUSY-breaking

terms and that of the gravitino mass. From Eqs. (28)–(31),
we find that the scale of the soft SUSY-breaking parameters
is determined by hjFSji ∼M3; on the other hand, the
gravitino mass scale is m3=2 ∼M2 in Planck units. As
we discussed in Sec. III, the order ofM should be Oð10−5Þ
due to the normalization of the cosmic microwave back-
ground power spectrum. Therefore, surprisingly enough,
the scales of the gravitino mass and the soft parameters are
predicted as

msoft ∼M3 ¼ Oð10−15Þ ¼ Oð1Þ TeV; ð32Þ

m3=2 ∼M2 ¼ Oð10−10Þ ¼ Oð105Þ TeV: ð33Þ

Because of the large gravitino mass, one may think that
the anomaly mediation [50,51] dominates the soft SUSY
parameters; however, we find that the anomaly mediation is
much smaller than the S-mediated SUSY breaking for the
following reason. It is known that the scale of anomaly
mediation is characterized by the F-term of the compensa-
tor FS0 [53]. In our case, the VEV of FS0 is evaluated as

jhFS0ij¼
#$$$$

1

3
e
K
6

!
KIFIþ3e

K
2W̄

"$$$$

%
¼ 4M4

9ð1þM2

3 Þ
2
; ð34Þ

which is much smaller than hjFSji ∼M3 and, therefore, we
can neglect the anomaly-mediated SUSY-breaking effects.
The suppression ofFS0 is realized by the so-called no-scale
structure of the Kähler potential. Indeed, the largest F-term
is that of T as shown in Eqs. (17) and (18).
Finally, we briefly discuss the reheating processes in

this model. Unlike the case in Ref. [54], the inflaton ~T
dominates the SUSY breaking, and then we can regard the
inflaton as the sgoldstino, which mostly decays into the pair
of gravitinos ψ3=2 with the decay rate (see e.g. Ref. [55])

Γð ~T → ψ3=2 þ ψ3=2Þ ∼
eKjDTWj2

288π
m5

inf

m4
3=2

∼
M
96π

: ð35Þ

After the reheating by the inflaton, the Universe is
dominated by the energy density of the gravitino. Such a
scenario was studied in Ref. [55] and called a gravitino
rich universe. Next, the produced gravitinos decay into the
MSSM sector with the decay rate,

Γðψ3=2 → MSSMÞ ∼ 193

384π
m3

3=2: ð36Þ

The temperature at the gravitino decay is given by

T3=2 ¼
!
π2g%
90

"−1
4 ffiffiffi

Γ
p

∼ 150 GeV
!
g%
80

"−1
4

; ð37Þ

where g% is the relativistic degrees of freedom at T ¼ T3=2.
The decay temperature (37) is much higher than the one at
the BBN and, therefore, the successful BBN can be realized
in our setup. Further investigation of the cosmological
history of this scenario will be shown in future work.

V. SUMMARY

We have investigated a simple model which realizes
inflation consistent with the Planck result, the de Sitter
vacuum with a tunable cosmological constant, a heavy
gravitino not leading to the problematic thermal history,
and a TeV-scale soft SUSY breaking of the MSSM sector
solving the gauge hierarchy problem.
We assumed a simple higher-curvature action (3) with a

constraint on the scalar curvature multiplet R, which is
equivalent to the one in Eq. (6). From the requirement of the
almost vanishing cosmological constant, a parameterW0 in
Eq. (6) is fixed to the value (12) as discussed in Sec. III.
Therefore, our model contains only one dimensionful
parameter M, which is fixed to the value M ∼
Oð10−5Þ–Oð1013Þ GeV by the Planck normalization of
the scalar power spectrum. However, at the vacuum, two
new scales appear: the gravitino mass scale m3=2 ∼
Oð105Þ TeV and the soft SUSY-breaking scale
msoft ∼Oð1Þ TeV. They originate from the nontrivial
vacuum in our model as shown in Sec. IV.
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MSUSY ⇠ O(10�15) ⇠ O(1) TeV
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Anomaly mediation is suppressed due to no-scale property

Gravitino is heavy but MSSM sector can have TeV scale mass!!
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Gravitino problems would be avoided because gravitino is very heavy

Thermal history is not well investigated yet…

where yIJK , ~yIJK , μIJ, ~μIJ and hA are complex-valued
constants, cIJ̄ and gA are real constants, Ŵ0 is one in
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where λA is a gaugino, and ~QI is a scalar component of QI .
Let us consider the soft parameters in our case. By using the
soft SUSY parameter formulas [52], we obtain the follow-
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As we discussed below Eq. (21), the soft parameters do not
depend on FT due to the conformal sequestering structure
of the Kähler potential, which is always realized even if we
choose different N and Wm.
Let us compare the scale of the soft SUSY-breaking

terms and that of the gravitino mass. From Eqs. (28)–(31),
we find that the scale of the soft SUSY-breaking parameters
is determined by hjFSji ∼M3; on the other hand, the
gravitino mass scale is m3=2 ∼M2 in Planck units. As
we discussed in Sec. III, the order ofM should be Oð10−5Þ
due to the normalization of the cosmic microwave back-
ground power spectrum. Therefore, surprisingly enough,
the scales of the gravitino mass and the soft parameters are
predicted as
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Because of the large gravitino mass, one may think that
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which is much smaller than hjFSji ∼M3 and, therefore, we
can neglect the anomaly-mediated SUSY-breaking effects.
The suppression ofFS0 is realized by the so-called no-scale
structure of the Kähler potential. Indeed, the largest F-term
is that of T as shown in Eqs. (17) and (18).
Finally, we briefly discuss the reheating processes in

this model. Unlike the case in Ref. [54], the inflaton ~T
dominates the SUSY breaking, and then we can regard the
inflaton as the sgoldstino, which mostly decays into the pair
of gravitinos ψ3=2 with the decay rate (see e.g. Ref. [55])
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After the reheating by the inflaton, the Universe is
dominated by the energy density of the gravitino. Such a
scenario was studied in Ref. [55] and called a gravitino
rich universe. Next, the produced gravitinos decay into the
MSSM sector with the decay rate,
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where g% is the relativistic degrees of freedom at T ¼ T3=2.
The decay temperature (37) is much higher than the one at
the BBN and, therefore, the successful BBN can be realized
in our setup. Further investigation of the cosmological
history of this scenario will be shown in future work.

V. SUMMARY

We have investigated a simple model which realizes
inflation consistent with the Planck result, the de Sitter
vacuum with a tunable cosmological constant, a heavy
gravitino not leading to the problematic thermal history,
and a TeV-scale soft SUSY breaking of the MSSM sector
solving the gauge hierarchy problem.
We assumed a simple higher-curvature action (3) with a

constraint on the scalar curvature multiplet R, which is
equivalent to the one in Eq. (6). From the requirement of the
almost vanishing cosmological constant, a parameterW0 in
Eq. (6) is fixed to the value (12) as discussed in Sec. III.
Therefore, our model contains only one dimensionful
parameter M, which is fixed to the value M ∼
Oð10−5Þ–Oð1013Þ GeV by the Planck normalization of
the scalar power spectrum. However, at the vacuum, two
new scales appear: the gravitino mass scale m3=2 ∼
Oð105Þ TeV and the soft SUSY-breaking scale
msoft ∼Oð1Þ TeV. They originate from the nontrivial
vacuum in our model as shown in Sec. IV.
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where yIJK , ~yIJK , μIJ, ~μIJ and hA are complex-valued
constants, cIJ̄ and gA are real constants, Ŵ0 is one in
Eq. (12), and δJI , δAB are Kronecker symbols.
The soft SUSY-breaking terms of the MSSM sector are

given by

Lsoft ¼ −
!
1

2
MAλAλA þ 1

6
aIJK ~QI ~QJ ~QK

þ 1

2
B IJ

~QI ~QJ þ h:c:
"
−mIJ̄

~QI ~̄Q
J̄
; ð27Þ

where λA is a gaugino, and ~QI is a scalar component of QI .
Let us consider the soft parameters in our case. By using the
soft SUSY parameter formulas [52], we obtain the follow-
ing set of soft SUSY-breaking parameters:

MA∼hjFSjihA; ð28Þ

aIJK∼hjFSji~yIJK; ð29 Þ

bIJ∼hjFSji ~μIJ; ð30Þ

m2
IJ̄∼hjF

Sji2cIJ̄: ð31Þ

As we discussed below Eq. (21), the soft parameters do not
depend on FT due to the conformal sequestering structure
of the Kähler potential, which is always realized even if we
choose different N and Wm.
Let us compare the scale of the soft SUSY-breaking

terms and that of the gravitino mass. From Eqs. (28)–(31),
we find that the scale of the soft SUSY-breaking parameters
is determined by hjFSji ∼M3; on the other hand, the
gravitino mass scale is m3=2 ∼M2 in Planck units. As
we discussed in Sec. III, the order ofM should be Oð10−5Þ
due to the normalization of the cosmic microwave back-
ground power spectrum. Therefore, surprisingly enough,
the scales of the gravitino mass and the soft parameters are
predicted as

msoft ∼M3 ¼ Oð10−15Þ ¼ Oð1Þ TeV; ð32Þ

m3=2 ∼M2 ¼ Oð10−10Þ ¼ Oð105Þ TeV: ð33Þ

Because of the large gravitino mass, one may think that
the anomaly mediation [50,51] dominates the soft SUSY
parameters; however, we find that the anomaly mediation is
much smaller than the S-mediated SUSY breaking for the
following reason. It is known that the scale of anomaly
mediation is characterized by the F-term of the compensa-
tor FS0 [53]. In our case, the VEV of FS0 is evaluated as

jhFS0ij¼
#$$$$

1

3
e
K
6

!
KIFIþ3e

K
2W̄

"$$$$

%
¼ 4M4

9ð1þM2

3 Þ
2
; ð34Þ

which is much smaller than hjFSji ∼M3 and, therefore, we
can neglect the anomaly-mediated SUSY-breaking effects.
The suppression ofFS0 is realized by the so-called no-scale
structure of the Kähler potential. Indeed, the largest F-term
is that of T as shown in Eqs. (17) and (18).
Finally, we briefly discuss the reheating processes in

this model. Unlike the case in Ref. [54], the inflaton ~T
dominates the SUSY breaking, and then we can regard the
inflaton as the sgoldstino, which mostly decays into the pair
of gravitinos ψ3=2 with the decay rate (see e.g. Ref. [55])

Γð ~T → ψ3=2 þ ψ3=2Þ ∼
eKjDTWj2

288π
m5

inf

m4
3=2

∼
M
96π

: ð35Þ

After the reheating by the inflaton, the Universe is
dominated by the energy density of the gravitino. Such a
scenario was studied in Ref. [55] and called a gravitino
rich universe. Next, the produced gravitinos decay into the
MSSM sector with the decay rate,

Γðψ3=2 → MSSMÞ ∼ 193

384π
m3

3=2: ð36Þ

The temperature at the gravitino decay is given by

T3=2 ¼
!
π2g%
90

"−1
4 ffiffiffi

Γ
p

∼ 150 GeV
!
g%
80

"−1
4

; ð37Þ

where g% is the relativistic degrees of freedom at T ¼ T3=2.
The decay temperature (37) is much higher than the one at
the BBN and, therefore, the successful BBN can be realized
in our setup. Further investigation of the cosmological
history of this scenario will be shown in future work.

V. SUMMARY

We have investigated a simple model which realizes
inflation consistent with the Planck result, the de Sitter
vacuum with a tunable cosmological constant, a heavy
gravitino not leading to the problematic thermal history,
and a TeV-scale soft SUSY breaking of the MSSM sector
solving the gauge hierarchy problem.
We assumed a simple higher-curvature action (3) with a

constraint on the scalar curvature multiplet R, which is
equivalent to the one in Eq. (6). From the requirement of the
almost vanishing cosmological constant, a parameterW0 in
Eq. (6) is fixed to the value (12) as discussed in Sec. III.
Therefore, our model contains only one dimensionful
parameter M, which is fixed to the value M ∼
Oð10−5Þ–Oð1013Þ GeV by the Planck normalization of
the scalar power spectrum. However, at the vacuum, two
new scales appear: the gravitino mass scale m3=2 ∼
Oð105Þ TeV and the soft SUSY-breaking scale
msoft ∼Oð1Þ TeV. They originate from the nontrivial
vacuum in our model as shown in Sec. IV.
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