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1 Introduction

Spontaneous breaking of supersymmetry is one of the most important issues for realistic
model building in supersymmetric theories. The nonlinear realization is a useful tool for
the description of the physics below the energy scale of spontaneous SUSY breaking, which
manifests in the form of constrained superfields. Appropriate constraints reduce the phys-
ical degrees of freedom in a given superfield in a supersymmetric manner; this corresponds
to the decoupling limit of heavy particles which acquire their mass from supersymmetry
breaking effects [1-6].

A nilpotent chiral superfield S (z,0) satisfying S§2 = 0 is particularly important to
describe supersymmetry breaking [1, 7-12]. The nilpotent condition has nontrivial solution
if and only if F¥ # 0, which means supersymmetry is broken by S. Interestingly, such a
nilpotent superfield appears in the low energy effective action of an anti-D3 brane in some
classes of superstring models [13-18]. Such an anti-D3 brane effect plays an important in
realizing de Sitter vacua in string theory [19]. The application of the nilpotent superfield
to inflationary cosmology has also been studied [20-24]. The absence of an independent
scalar S in the S superfield has an advantage in such model building.

From this perspective, it would be important to understand the properties of nonlinear
supersymmetry. In linearly realized supersymmetry, the supertrace mass formula [25-27]
shows one of the most interesting properties; it takes a simple form described in terms
of the underlying Kéahler geometry. This formula also has practical uses, e.g. loop cor-
rections to the vacuum energy. Recently, the supertrace formula in curved spacetime was
investigated in [28].

In this work, we will derive the supertrace mass formula for a system with a nilpotent
superfield in global and local supersymmetry models. The complete component action for
such a system was recently shown in [29-33]. It turns out that the presence of a nilpotent



superfield leads not only to the absence of the scalar S but also additional terms in the
Lagrangian, which seem to break the geometric form of the standard supergravity action.
For these reasons, one expects that the supertrace mass formula is also different from the
standard one. Indeed, as we will show, the formula consists of a standard geometric part
and a non-geometric part originating from the nilpotent superfield.

The remaining part of this paper is organized as follows. In section 2, we briefly review
the general features of a system with a nilpotent superfield. We then derive the general
form of the modified supertrace mass formula, which will be used in the following sections.
We construct the explicit modified supertrace mass formula for global supersymmetry in
section 3, and for supergravity in section 4. Finally we conclude in section 5.

2 Nilpotent condition and mass correction

In this section we briefly review the properties of the nilpotent superfield and discuss
possible corrections to the mass formulae for both bosons and fermions. The nilpotent
condition S?(x,0) = 0 on a chiral superfield,

S(x,0) = S(z) + vV20x5 (z) + 0> F(z), (2.1)
leads to [1, 9-12]
xx®
S =g (2.2)

where S, x® and F® are the scalar, a spinor and an auxiliary scalar field components
of S(z,0), respectively. This equation shows the following properties of the nilpotent
superfield: 1. the scalar S is not a physical degree of freedom, and 2. a linear term of S in
Lagrangian behaves like a mass term of x°.

From the first observation, we find that the scalar mass formula should be modified
as follows. Since S is not a dynamical degree of freedom and should be projected out as
S =0, the sum of scalar masses is given by

= |9°Vag = 9"V — 9"Vis — 0" Vis] (2:3)

S=0

where V' is the scalar potential; the roman indices a,b denote all scalar fields aside from
S, the greek indices «a, § run over all scalar fields including S and subscripts on V' denote
differentiation with respect to scalar fields. gO‘B denotes the inverse of Kahler metric. Here,
V and its derivatives should be calculated assuming S # 0; in the end we take the projection
S = 0 represented by |g—o. The first term of this formula gO‘B Vog = (trM@)yn corresponds
to the total scalar mass formula for the linearly realized supersymmetric case, where S
is unconstrained.

We also find the corrections to the fermion mass formula from the second observation
made above. Let us formally write a fermion mass in linear supersymmetry as mgg, which



will be defined in the following sections. Since the linear term of S in V' becomes the
fermion mass term of x°, the fermion mass formula is corrected as
s Vs

Mog = Mag + 0305 15| (2.4)
5=0
where we have defined the mass term of the fermion in Lagrangian as —%m/aﬁxaxﬁ. Thus,

the fermion mass trace is given by

(ter/Q) _ gaﬁg’ﬂsm m [

oy"B5|
Vs Vs 52| Vs |
— | Py mMmBnggsagsg OéBiS_i_gaSngmab §+( 552 s
F F FS| | s
= (M) + AME| | (2.5)
S=0
where (ter/Q) = gO‘B g”gmaﬂ,mgg and
Vs Vg 50| Vs |°
Sa b, S bS5 Vs S8 s
A]\41/2 =49 ag mabFS +ga g Map FS +( )2 Jas (2'6)

The first term ( 12/2> corresponds to the sum of fermion masses in linearly realized

supersymmetry, whereas the second contribution AM1 /o comes from the extra mass term
of x° induced by the nilpotent condition.

As discussed above, in both the scalar and fermion mass traces, there are corrections
originating from the nilpotent superfield S. Note that in supergravity there is no correction
to the gravitino mass aside from imposing the condition .S = 0. Taking the corrections into
account, we find that the relationship between the supertrace mass formulae in linear and
nonlinear supersymmetry is given by

1 2 _ 1 2 _ 2 _ 2
5 (StrM?) | = ( trM0>n1 (ter /2)n1 2m3

1
< trMO)l' - <trM12/2)_ — 2m3, — S AMG — AM; /2}

S=0

S=0

Il
N| =

(StrAm?) : (2.7)

S=0

lin

RENTININ

where (Str./\/lQ)hn (al) denotes the supertrace mass formula for (non-)linear supersymmetry
and

1 _ _ _
S AMG = 9°"Vp + 9" Vg + 9% Vs (2.8)

Note that the spin 3/2 part is absent in global supersymmetry. Using this general re-
lation (2.7), we derive the explicit form of the supertrace formulae in global and local
supersymmetry in the following section.



One may see the formula (2.7) as

1 2 1 2 2
5 (Stl"./\/l )nl = 5 (Stl"./\/l )S—decouple B A]\41/2 5—0 (2'9)
Here we have defined
1 2 1 2 1 2
5 (StI“M )S-decouple = § (Stl"./\/l )1in S—O_iAMO S—o (2'10)

One might expect that % (StrMQ)S_ decouple
nilpotent superfield, since such a system would correspond to the decoupling limit of the

is the supertrace formula in a system with a

scalar S. However, the presence of AM?, shows that it is not the case: the supertrace

1/2
mass formula is unexpectedly deformed in a nonlinearly-realized-supersymmetric system.

3 Global supersymmetry

In this section, we derive the supertrace mass formula with a nilpotent superfield in global
supersymmetry. We consider a system with N chiral superfields (£*) and one nilpotent
superfield S. Since S satisfies the nilpotent condition, the general form of the Kéhler and
super-potential are restricted as

K:Ko—i-KlS—i-Kig—l-KQSg, (3.1)
W =Wy + W3S, (3.2)

where K| ; 15 are functions of scalar fields 2 and 25, and Wy 1 are holomorphic functions
of z%. In a linearly realized supersymmetry case, the scalar potential is given by

V = gPW,W;. (3.3)

We have to project S out from the actual scalar potential if .S is a nilpotent superfield, and
then the scalar potential should be

(V) = g™ WaWs| . (3.4)

We have an algebraic relation

Voo = Wapg” W5 + 009" WsW5
= Wap(g"TW5) — TosWs(g” W)
= VaWs(g"'W5)
= —masF”, (3.5)

where m,g is a fermion mass given by

Mag = VaWs = Wap — TL W, (3.6)



and FZ{IB = g'ysgaﬁg is the Kahler connection. Note that, since S satisfies the nilpotent
condition, we find Wgg = I'¢g = 0, and therefore

mgs = 0. (37)
A similar calculation yields
Vaa = mapg™’msz + RoapsFPFP, (3.8)

where R,s55 = K,pa5 — 97 KapyKsz5- Note that these identities also hold under the
projection S = 0.

We derive each term in (2.7) using these identities. The first term of (2.7) corresponds
to the usual supertrace mass formula. Using the identity (3.8), we find

1 .
5 (Str./\/IZ)lin = {ga Vaa maggwgﬂﬁmag]
= S=0
= 9°" Raaps P F (3.9)
S=0
The second term of (2.7) can be expressed as
1 _ _ - . ) -
SAMG = g% (msag™ Maa + Rsaaa P F®) + 6% (Maag*“Mgs + Rygaa " F*)
+ 9% (Msag Mg + RegaaFOF®), (3.10)

where we have taken into account mgg = 0 and Rg, Sg = 0, which are consequences of the
nilpotent condition. Using the identity (3.5), we find

Vs Fa Fa

Note that for a nonlinear superfield Vg = 0 is not realized dynamically, because of the
absence of a dynamical scalar S and hence this quantity does not vanish at the vacuum.
The third term of (2.7) can then be expressed as

S 2
AM2. = _gSagsh, F° o as bs 0 §5\2
/2= 79 9 mabFsmSa g g Map -mSa+(g )

- (3.12)

Finally, we find the supertrace formula with N-chiral superfields and a nilpotent chiral
superfield S is

1 _ _ _ _ . o . _
9 (SUM2)HI = 9" Ragoa ' F* — gsamSagmmaa - gaSmaagmmga - QSSmSagaamga

a 2

_ _ a _
Sa  Sb F aS _bS F SS)Q

F(l
+ 9797 Mg g Msa + 9" Mab =g — (9

o MSa

= (3.13)

Although combining all terms partially simplifies the total expression, the expression for
the supertrace mass formula is still complicated. This is a significant difference between
the formula in linear and nonlinear supersymmetry.



3.1 Simplification: F¢ =0

Let us consider a condition which reduces the complexity of the supertrace formula.
The particular difference between the linear and nonlinear supersymmetry comes from
the additional mass contribution AM12/2. Indeed, the relation between (Str./\/IQ)n1 and

2
(StrMm )S- decouple PECOMES
- Fae o Fa _ Fa 2
2 2 Sa_Sb a8 _bS 552
(StI'M )nl = (Stl"./\/l )S—decouple 979 maéﬁmSa 99 mabﬁm‘gﬁ B (g ) ’Wmsa’
(3.14)
From this expression, one finds that for F'* = 0,
2\ _ 2
(StrM )nl - (StrM )S—decouple
_ [gaaRaangSFS — %m0 g e —gasmmgaaﬁ“@@ _gSSmSagaamga]
S=0
(3.15)

In this case, the supertrace mass formula corresponds to that in linearly realized super-
symmetry with decoupling of a scalar S. The condition F'* = 0 means that supersymmetry
breaking is caused only by a single superfield S. In particular for gsa = 0, x° becomes
the Goldstino.

This result is consistent with the observation in [34]: in the linearly realized supersym-
metry models where some superfields have non-vanishing F-terms, the infrared limit of the
model does not realize a nilpotent superfield but a constrained superfield X with a cubic
nilpotent constraint X3 = 0.2

We can further simplify the formula by imposing the vacuum condition V, = 0. This
vacuum condition leads to

Vo= —maeaF® = 0. (3.16)

Since we have assumed F® = 0 (and F*° # 0), the vacuum condition is equivalent to
Mmes = 0. (3.17)

Then, we find a simple expression

(SrM?),, = [9" RoqssF PP |

nl

(3.18)

5=0
4 Supergravity

In this section, we show the supertrace mass formula in the supergravity case. The com-
ponent action of the most general supergravity system coupled to matter and a nilpotent
superfield is shown in [33]. Even in the case with a nilpotent superfield, the standard

'For a case only with F* = 0, W, # 0 is possible in general. Then, the Goldstino G is a linear
combination of the fermions, G = Wsx® + Wax°.

2Conditions for X2 = 0 to be valid even in the presence of additional SUSY breaking fields are studied
in [35].



supergravity formula can be applied although we have to take into account the condition
S = 0 and the additional mass for x°. The scalar potential is given by

Voo = X (DanO‘BDBW - 3ywy2> , (4.1)
5=0
and the mass of the spin-1/2 fermion in the Lagrangian is
ap =% (Wag + KaWs + KgWa + KagW + KaKgW —TL,D,W) | (42)
S=0

where D W = W, + K, W is the Kéhler covariant derivative. The mass of the gravitino
is given by
K
m3/2 =e2W . (43)
S=0

However, there are mass mixing terms between the gravitino ¢, and spin 1/2 fields x
in the Lagrangian, \%eK/ QDOCW@,W“X“. In order to sum up the masses of fields for each
spin separately, such a mixing term should be removed by diagonalizing the fermions as
performed in [28]. The procedure is the same even if there is a nilpotent superfield, and

hence the mass formula for spin 1/2 components is

2
Maf = Mag — KD WDsW| (4.4)
mg o X S—o
aBy_1i
where g is given in (4.2) and X = W. The gravitino mass is not modified by

diagonalizing fermion masses and is given by (4.3).
As in the global supersymmetry case, the fermion mass of the nilpotent superfield

receives an additional mass contribution as shown in (2.4), and hence

: (4.5)
S=0

/ Vs
Mgg = | MSS + ﬁ

and other mass matrix elements of m,g are not corrected. Note that the bosonic part of
the F-term in supergravity is given by

F* = —e%gaBDBW (4.6)

S=0
We find a useful expression for the first and second derivatives of the scalar potential
as [28]

Vo = _maﬁFB7 (47)
and
Vaa = (V + |m3j*)gas + asg” gz + e (~DaWDaW + Ro5"° DsWDgW),
3 2€K/2 _ 3 2@K/2 _
_ 2 _ BB B - _ B
=(V+ !m3/2\ )9aa + Mapy Map — (m3/2X D,WF Mgz + mg/QXDaWF Mag
- X i 8 i
+ 7€ DaWDaW + Ryup " FP. (4.8)



We also find the following identity,
2 FY=0. (4.9)
This means that there always exists a zero mode, which corresponds to Goldstino.

Using the identities (4.7) and (4.8), we find the following expression (see [28] for the

detailed derivation)

1 2 2 K pfB T 2 1 aa T 1 aa
<2Sm~M >th\f(V+|m/2 )+e Rﬁ5D5WDﬁW+X<WVag DaW +75:Vag DaW)

5,2 (1
= N(Vt|ms )+ Rgs FPF"+ (m3/2 Fo‘maBFﬁ—Fmg/z

Famaﬁﬁﬁ> . (4.10)

where Raq = g°° Rg5aa- This expression gives the first term of (2.7).

Thus, we can formally write the supertrace formula as

1 1
<2StrM2) 125(3“/‘42)1111 ( AMG+A 1/2>

S=0 S=0
__ 9 _ _ -
N(V D4R GFOFY 4+ = FmgzF? Fom_sFP
(V-tlm ol - Roa P4 (P Pt P
Vs a Ve 5 Vo V. Vs Vs
Bs Vs S 5B S5\2 S S sVs
— 9 Mapyg 75 —g° ‘559 mag— (g )<mssFS+FS §5 ’};ﬂS‘Q)
—(gaSVag—f—gS(_lVSa—l—gSSVSg) (4.11)
S=0
The factor can be rewritten as
\% Fe

which follows from (4.7). Also, we can use (4.8) to derive Vg5 and V, g explicitly. However,
this manipulation complicates the expression.

Although the supertrace formula in a general scalar background is complicated, it is
somewhat simplified under the Minkowski vacuum condition V, = V = 0. Under this
condition, one finds m,g = —m”bF . We also find

9" V,5+9°Vsa+9°"Vag = (3— 9 g55)|Ima o>+ 9" mapg” mgz+9° mspg’ myz

& 2m 2
+gssmsﬁg/3/3m 4 23S mgs FSFS mSS FSES

1+ 2Msh pSFby 2750 ps b L pag
3ms /o 3m o 3
+9°° Rgg0aF F*+ 9" Rsaaa F*F*+g* R 5,5 F* F°,
(4.13)



where we have used X = 3 following from V' = 0. Using these expressions, we finally find
that the supertrace (4.11) is reduced to

1 2
<QStI'M ) .

S - __ 2
(N—3+9°%g55)|m3/|*+ 9" Rugaa F*FO+ > ( Fmgp P+

ms /o m3 /o

+9aSmaagaam§a+gsam5a9a&maa+gSSmSagaam§a~|—gSSm5ag“&m5a
o8 g0y, MaF s spn MaEUE | ogp lmaEUEYR

s 9 9 MaiTpsy |F5|E +5 I gaal™

S=0
(4.14)
The first and second terms are similar to the standard supertrace formula, and other terms
appear as consequences of the decoupled scalar in S and the nontrivial mass terms of o
In the following, we will consider simplification of this formula by imposing additional
conditions on the system.

4.1 Simplification: no Kéahler mixings g,5 = gsa = 0

As seen in the previous section, the supertrace formula becomes very complicated in the
presence of a nilpotent superfield. The completely general formula is not necessary, and
the simplified one under certain conditions would be practically useful. Here we consider

the case with the following Kéhler potential,
K = Ko(2% %) + K2(2%,2%)SS, (4.15)

which implies g,5 = gsa = 0 on the S = 0 hypersurface. This condition reduces the terms
in the general formula (4.11), and we find

1 __ 92 s
(28tr./\/12>n1 = N(V+\m3/2|2)+RadF"F°‘+§ <m3/2 FomgsF? +m3/2 Fo‘maﬂFB>
_ ~ FULF& ~ _
—I—(gSS)2 (msgmss—wmgamw) —gssvsg , (4.16)
S=0
where we have used % = —mgg —msa%. Also, the condition (4.15) reads ¢S5 = (955)7 1,

and we find

_ ~ _ 9 o
9% Vss =V + [m3al” + msag*“msag®® + (FSFﬁmgﬁ - h.c.)

ms/2
4-—X s 55, §5p _ papa
+ e F°ggsF” + g°° Rggoa F“F“. (4.17)
Thus, we obtain the simplified supertrace formula
1 - __ 2 1 1 - _ =
Str/\/l2> =(N—1)(V+|ms/s|*)+ ““RaaaaF“F“+(_ FomasFP + F“ma—Fﬂ)
(350M7) = V=1V ol g % (g Frmes P
. FeFa - ¢ 4-X o
+(g%%)? (—FstmsmSa) —msag msag” = —~F gssF”. (4.18)



Note that we have only assumed the condition (4.15) and the vacuum condition V, =V =0
is not yet imposed. Therefore, (4.18) is applicable to the general scalar field background
in the system satisfying (4.15).

Let us consider the expression under the Minkowski vacuum condition V, = V = 0.
These conditions lead to

Fb
Mas = —m;f’s . X =3 (4.19)
Then, we find
2
1 a o | Frma PP
StU\/lQ) = (N = 2)[mg)2” + 9°* Ragaa F*F* + ——"===
<2 nl | e / (FSgggF?)?
gaanFE _ 1 " _

_ wmabmab + §F GaaF, (4.20)

where we have used the relation Fsgsgﬁ’g = 3|m3/2|2 — F%g,5F® following from V = 0.
For further simplification, we consider a special case F'* = 0, which means that the

Goldstino is equivalent to x° and there is no kinetic mixing between matter and the

Goldstino x° by the assumption (4.15). In this case, the supertrace formula significantly

1 2
<2StI'M > .

where we have used F*° gSgF_’S = 3|ms /2]2 which follows from V' = 0. In pure de Sitter

simplifies,
F*=0

— (N = 2)lmyol + g™ Ro55F O F, (4.21)

vac

supergravity [29, 30], where N = 0, this expression gives

1 2
<2 StI'M ) "

which is the correct result because only the gravitino is a massive field. Note that the

pure dS
= —2|mgs*, (4.22)

vac
formula (4.21) seems similar to the standard supertrace formula, but there are differences.

At the Minkowski vacuum V, = V = 0, the supertrace formula in linearly realized super-
symmetry is given by
= N|msj|* + RaaF*F°, (4.23)

<1Str/\/l2>
2 lin vac

for the case with N + 1 chiral multiplets. The difference between (4.21) and (4.23) is

A = 2|mgpa|* + g% Rgggg FF”. (4.24)

Here, although the second term vanishes if S is nilpotent, we have formally introduced
it. This difference is nothing but the mass of the sGoldstino S, and hence (4.21) can be
identified as the supertrace formula for the decoupling limit of the sGoldstino S.

3We can identify this quantity as the sGoldstino mass by the following reason: consider a linearly realized
supersymmetric system with one chiral superfield S. Suppose S breaks supersymmetry spontaneously. The
supertrace of the system is given by %Str/\/t2 = gngsgng?FE. Since the Goldstino is massless, this
supertrace should be %S‘cr/\/l2 =g Vss — 2\m3/2|27 where ¢°° Vg3 is the squared mass of the sGoldstino.

Then using these equations, we find ¢°°Vgs = 2|ms 0 |® + g% Rgs55F F®.

~10 -



As shown above, if only the nilpotent superfield is responsible for supersymmetry
breaking and it has no mixing with matter, we find a simple and geometric expression
for the supertrace formula (4.21). In general, however, the supertrace formula has non-
geometric terms proportional to F'*. This shows that the spectrum of a system with a
nilpotent superfield is not just a simple decoupling limit of the sGoldstino.

5 Summary and discussion

In this work, we have derived the supertrace mass formula for a system with a nilpotent
superfield in global and local four dimensional N" = 1 supersymmetry. Due to the nilpotent
constraint, the scalar field disappears from the physical degrees of freedom and the non-
standard fermion mass (2.4) shows up, modifying the mass of x*. These features change
the supertrace formula significantly. We have shown the general formulae (3.13) for global
supersymmetry and (4.14) for supergravity. We find that the modified supertrace formula
has extra contributions, which are absent in the standard formulae. We also find that if
only the nilpotent superfield is responsible for supersymmetry breaking, i.e. the F-terms of
matter vanish, the supertrace formula becomes simplified significantly as shown in (3.18)
and (4.21). For such simplified cases, the modification of the supertrace formula can be
understood as the decoupling limit of S in global and in local supersymmetry, respectively.

In other words, if matter fields have non-vanishing F-terms, we cannot interpret the
nilpotent constraint as the decoupling limit of the S. Such an observation is consistent
with the result in [34], which shows that in models with multiple supersymmetry breaking
fields, the decoupling limit of S field leads not to a nilpotent superfield, but a different
constrained superfield. In this sense, as an effective theory of a Goldstino superfield in the
presence of matter, a nilpotent superfield can be a good approximation if the F-terms of
matter fields are negligibly small.

One of the interesting examples with a nonlinear superfield is the KKLT [19]/LVS [36]
model in string theory. Interestingly, in such a model, supersymmetry is broken not only
by a nilpotent superfield but also by moduli fields. Therefore, we need to take into account
the additional corrections to the mass, which we discussed in section 2.

It is also interesting to consider the structure of the Kéahler geometry in the presence
of the nilpotent superfield. As we have seen, the modified supertrace formula contains
the factor % which is absent in the standard supergravity case. One beautiful aspects of
supersymmetry is that the action is described in terms of the Kéhler geometry. However,

the action with a nilpotent superfield has various non-geometric terms proportional to
7
geometrical meaning of the nilpotent superfield.

. A new supergravity formulation studied in [37, 38] might be useful to understand the
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