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Old minimal R + R? supergravity has a U(1) R symmetry which rotates the chiral curvature superfield.
We gauge this R symmetry and study new interactions involving the gauge multiplet in the context of

inflation and supersymmetry breaking. We construct models where supersymmetry and the R symmetry are

spontaneously broken during and after Starobinsky inflation, and one-loop gauge anomalies are canceled
by the Green—Schwarz mechanism which can also generate Standard Model gaugino masses. The hierarchy
between the auxiliary fields, (F) 2 (D), leads to split mass spectrum where the chiral multiplet masses are
around the inflationary scale (10'* GeV), while the gauge multiplet masses can be arbitrarily small.
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I. INTRODUCTION

Observations of cosmic microwave background (CMB)
fluctuations are in a good agreement with predictions of
single-field inflation, and favor models with concave scalar
potentials predicting low tensor-to-scalar ratio [1]. One of
these models is the Starobinsky model [2], which is a
theory of R + R?> modified gravity, where the quadratic
term in the scalar curvature R gives rise to an additional
scalar degree of freedom (called the scalaron) with a
particular form of the scalar potential that makes it a good
candidate for the inflaton field.

N =1 supersymmetrization of R + R? gravity is not
unique. This is because in standard two-derivative super-
gravity there are multiple choices of auxiliary fields to
complete an off-shell supergravity multiplet. Well-known
minimal examples, with 12 4 12 degrees of freedom, are
old minimal and new minimal multiplets [3]. The former
includes a real vector and a complex scalar as auxiliary
fields, while the latter includes a real vector and a two-form
auxiliary field. In fact, the auxiliary vector of new minimal
supergravity is a gauge field of R symmetry, U(1). This is
inconsequential for two-derivative supergravity, because
upon eliminating the auxiliary fields, both old minimal and
new minimal approaches describe the same Einstein super-
gravity. But if we include higher derivatives, namely an R?
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term, the two approaches lead to two different super-
symmetric extensions of R + R? gravity, due to the fact
that the auxiliary fields become dynamical. See, e.g.,
Refs. [4-8] for the realization of inflation in these modified
supergravity models.

R + R? supergravity in the new minimal formulation can
be equivalently described by Einstein supergravity coupled
to a massive vector multiplet which gauges the R symmetry
(spontaneously broken everywhere in field space) and
includes a real scalar (scalaron) and a massive vector as
bosonic degrees of freedom [9]. On the other hand, the old
minimal R + R?> supergravity is equivalent to Einstein
supergravity coupled to two chiral (scalar) multiplets
[10]. Notably, this theory has global exact R symmetry,
for a suitable choice of Kihler potential and superpotential,
which rotates one of the chiral scalars (in the higher-
derivative formulation, this scalar can be seen as the leading
component of the chiral curvature superfield). In this work
we gauge the R symmetry and study the resulting theory in
the context of inflation and supersymmetry breaking.

Supersymmetry breaking in pure old minimal R + R?
supergravity has been studied for example in [11] where
the SUSY-breaking vacuum found by the authors also
spontaneously breaks global R symmetry. This leads to
two problems: a massless R axion, and the fact that the
inflationary attractor trajectory generally leads SUSY-
preserving vacuum instead of the SUSY-breaking one
(see Fig. 2 of [12] which shows the scalar potential and
inflationary trajectory of this model). In Ref. [13] the
authors studied new SUSY-breaking vacua in old minimal
R + R? supergravity by introducing explicit R symmetry-
breaking terms, which solves both of the above problems.
In our approach, these problems are solved by instead
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gauging the R symmetry and arranging for its spontaneous
breakdown both during and after inflation.

We start in Sec. II by introducing general old minimal
R + R? supergravity, and in Sec. IIl we describe dual
scalar-tensor theories first in terms of the component fields,
and then in superspace. We show that one (out of four) real
scalar can be integrated out when describing inflation, and
obtain convenient form of the effective Lagrangian. In
Sec. IV we gauge the R symmetry of the model, and use
the resulting theory in Sec. V to describe inflation and
SUSY breaking in Minkowski vacuum. In Sec. VI we study
anomaly cancellation condition by the Green—Schwarz
mechanism, and obtain the fermion mass spectrum.
Finally, in the conclusion section we summarize the results.

II. OLD MINIMAL R + R> SUPERGRAVITY

We start with general (M =1, D =4) old minimal
modified supergravity Lagrangian (throughout the paper
we set Mp = 1 and use the conventions of [14])

L= / d’®2¢& [é (D*-8R)N(R,R) + F(R)| + Hec.,

(1)

1 - - -1 1

where D? = D*D, with supercovariant derivative D,, &
and ‘R are density and curvature chiral superfields, respec-
tively. N(R,R) is a real function, while F(R) is hol-
omorphic. Neglecting the fermions, the component
expansion of £ and R is

26| =e,  D2E|=-24eX, R|=X,

j 2
—Vmbm +-b,,b", (2)

1
—R+ 16XX — 9

DR| =

where | extracts ® = 0 component, e = detej, = /=g, X
and b,, are complex scalar and real vector auxiliary fields of
old minimal supergravity. The standard Poincaré super-
gravity corresponds to N =0 and F = —3R, or equiv-
alently N = =3 and F = 0. For general function N(R, R),
or more specifically if 0zrdzN = Npp # 0, the theory
includes an R’-term (R being the scalar curvature), while
X and b,, become dynamical. This can be seen from the
component expansion of the Lagrangian (1),

- %bm (Nx@"X — N30"X) + éVb(]—"’ — '+ 2NyX — 2NgX) + 6XF + 6XF + 12NXX

_ (F’ +F'+2N + 2NxX + 2NgX — 4Nyx XX —

where N(R,R)| = N(X,X), F(R)|=F(X), and
F' = 0yF. We also denote V,,b™ = Vb and b,,b™ = b,
where V,, is the spacetime covariant derivative. It is
convenient to introduce the mass scale M of the R?
modification of Einstein supergravity by the redefinitions
X - MX/\/12 and b,, — \/3/72Mbm, and rewrite the
Lagrangian as (up to total derivatives)

R2

1 1 Nyx
L= (A+5Nyxb? R
¢ 2< T3Nab? |R+

1
— Nyx {amxamx - (Vb)z} — Mb,,z"

M? M2
+ 5 Ab? + = Nyxb?b? ~ U, (4)

where A, ¥, and the Jordan frame scalar potential U, are
functions of X, X

- 0,X0"X Vb
v *36 ( y
LN 4XX + Ly (3)
187X 18 )’
[
A——L(PH'E')—}(NJFN X+N-X)+‘—1N XX
\/§M 3 X X 3 XX ’

(5)
s = \Lf (N4, X — N5d,, X)

+-1a, (ff' —i_]-" + NyX — NXX> (6)

N
U= ;M2XX [\/M_ (F'+ F') 4+ 2(NxX + NgX)
~-N- 4NX,-(XX] —VB3M(XF + XF). (7)

The bosonic degrees of freedom of this theory are com-
prised of the complex scalar X, one real scalar (the
scalaron) from the R?-term, and b,, contributing another
real scalar in the form Vb, which can be seen from its
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equation of motion (we will derive it in the next section).
See also Refs. [6,11] for further discussions of the vector
b,, in old minimal R 4+ R? supergravity.

III. DUAL SCALAR-TENSOR THEORY

Here we dualize the R + R? Lagrangian given by (4) to
scalar-tensor gravity. Although the dualization is often
performed in terms of the superfields, since the resulting
Lagrangian is that of the standard N = 1 supergravity
coupled to matter, it is nevertheless useful to derive the
component dual theory from the Lagrangian (4) because it
will explicitly separate the Starobinsky-like potential for
the scalaron, from the Jordan frame potential U(X, X) as
well as the potential for the effective scalar Vb. We then
find superfield dual theory and compare the results.

A. Component dual

First, let us write the gravitational part of (4) as

1 1 Nys f
L =~ (A4 -Nyzb* |R+ 2L R2 =L (8
i 2( *3 XX)+12M2 > ®

where we have introduced the function f = f(R, X, X, b?).
We then rewrite £, in terms of the (real) auxiliary field Z as

1 1
e'L, :Efz(R—Z> +§f’ )

where f = f(Z,X,X,b?), and f, = df/0Z. Varying (9)
w.rt. Z gives Z=R and leads back to the original
Lagrangian (8). On the other hand, via the Weyl rescaling,

gmn_)fzgmn’ €—>f22€,

3
efzR~¢(R=2f70,120"f7).  (10)

we can bring (9) to the Einstein frame where the canoni-
cally normalized scalaron ¢ is introduced as f, =
exp(1/2/3¢), and the full bosonic Lagrangian [classically
equivalent to (4)] reads

e 'L =~ (R — 0¢pdp) — yN x30X0X

2

1
2

1 M
+ 5 Nxx(V6)? = Myb, =" + = b
3M>

- 1 —Ay)?2 —y2U, 11
4Nx>-(( y)?: =y (11)

where we denote y = exp(—+/2/3¢).
Let us now look at the equation of motion for b,,,

V,.(NxxVb) + MyS,, — M?b,, = 0. (12)

Taking the derivative of (12) we obtain
O(NxxVb) + MV, (y=™) — M?>Vb = 0, (13)

which is a Klein—Gordon-like equation for the real scalar
field Nyx Vb with the mass M?/({Nyx), interacting with X
and ¢ through derivative terms. If we identify the scalaron
with the inflaton, the mass parameter M is of order Hubble
scale. Assuming that the derivative terms are small com-
pared to M, i.e. taking the limit M?> — oo in Eq. (12) [since
it is more restrictive than (13)], the first term becomes
negligible, and we have

bm2 Zm’ (14)

s

which is reminiscent of algebraic equation of motion for
b,, in standard supergravity where it serves as an auxiliary
field. Substituting (14) into (11) and neglecting
(Vb)? ~ M—2, we obtain the effective Lagrangian

1 _
e Loy = > (R — 0pop) — yNx50X0X
2 2
y 3IM 5 5
-3 " — 1-A —y°U, 15
5 Zm 4Nx>-(( Y-y (15)

which describes the dynamics of X and ¢. For example the
quadratic term ~(1 — Ay)? is responsible for Starobinsky
inflation provided that X is stabilized at X =0 by its
potential U. In general however, X can deviate from zero
both during inflation and at the vacuum.

The Lagrangian similar to (15) was also obtained in [12]
for specific choices of N and F, where the effects of b,,
and the R axion (log(X/X)) were ignored. The effective
Lagrangian (15) is our new result that holds for general
functions N and F (with the assumption Nyg # 0).

B. Superfield dual

The superfield action (1) can be rewritten with the help
of auxiliary chiral superfield 7T as

L= / d’®2¢& E (D* - 8R)N(S,S) + F(S)
+6T(S — R)} +H.c., (16)

where the original Lagrangian (1) is obtained by varying 7,
which eliminates the chiral superfield S as S ="R. To
obtain the dual Lagrangian, we use the superfield identity

-6 / d*@2ERT + H.c.

— %/ d?28(D* = 8R)(T+T) + Hee.,  (17)
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and bring (16) to the standard matter-coupled N =1
supergravity form,

L= /d2®25 E (D2 —8R)e K3 4 W] +Hec., (18)

where, after the rescaling S - MS/+/12, Kihler potential
and superpotential are

K:—3log[T+T—%N(S,S‘)], (19)

W = V3MST + F(S), (20)

such that the complex scalar S (we use the same letter for
the superfields S and 7" and their leading components) is in
one-to-one correspondence with X of the R + R? formu-
lation described by the Lagrangian (4).

The component (bosonic) Lagrangian derived from (18)
has the familiar form

1 _
'L =R~ K;30,%'0"®' —Vp, (21)
Vi = eX(D;WK''D,W — 3WW), (22)

where K5 = 0,0;K is the Kihler metric, K’/ is its inverse,
and D;W = 0;W + W¢,;K. The indices I, J run through the
chiral scalars of the model. In present model we have two
such scalars, ® = {T, S}. The complex scalar T includes
the degrees of freedom associated with the scalaron and
the effective scalar from b,, of the Lagrangian (4) [or its
component-dual (11)]. More precisely, we can introduce
the scalaron ¢ through the parametrization

1 2 V(s 3
T:§<z+i\/§r>, t=e‘/g‘”+§1\’(5,5)v (23)

where the imaginary part z describes the same degree
of freedom as the effective scalar Vb of the R+ R?
formulation.

After using (23), the Lagrangian (21) reads

e™'L =~ (R — 0¢pdp — y*drdr) — yN 50508

N[ =

———y2(Nd,,S — N50,,5)d"z

sl

+ Eyz(NSOmS — N50,8)* = V., (24)

where, again, y = e_\/%‘/’. Following the same pattern as the
previous subsection, we can integrate out 7 taking the limit
M? — oo. For this we write down the 7-dependent part of
the scalar potential,

ol

+ NgS — NSS> + Er] : (25)

Vie(r) = szer_ {

which leads to its equation of motion,

V,u(y?0"7) + —=V, [y’ (NS — N50"3)]

7
+ M*y*N [\@Cfﬁ V3 g
+ NgS — NSS) - T] =0. (26)

When M? — co, we can integrate out 7 as

V3., V3

T F' - F + NS~ NSS> (27)

7l

and the resulting effective Lagrangian obtained from (24)
coincides with the Lagrangian (15) (after identifying S
with X).

IV. GAUGING THE R SYMMETRY

Having established the effective Lagrangian in the
convenient form (15) (with z or b,, integrated out), we
now discuss the R symmetry of the model and its gauging.
We can derive the extension of (15) due to the gauging, by
using standard matter-coupled supergravity formulas.

First, let us review the global U(1) R symmetry of old
minimal R + R? supergravity in the dual formulation given
by Egs. (18)-(20). The main feature of the U(1) R
symmetry, which we call U(1)g, is that it transforms
superpotential and the Grassmann coordinate ®. We use
the convention where superpotential and ® have the R
charges g(W) =1, ¢(®) = 1/2,

W — We'e, O - Be@/?, (28)
where a is the transformation parameter. By looking at the
Kihler potential (19) and superpotential (20), it can be seen
that R symmetry fixes the R charges of the chiral super-
fields as ¢(7T) = 0 and ¢(S) = 1 (the curvature superfield
‘R also has unit R charge), while the function F must be
proportional to S. We can write it as F = —/3McS/2,
with some constant c. Assuming that ¢ is real and positive
(the latter is needed for Starobinsky-like inflation), it can be
absorbed in Egs. (19) and (20) by the redefinitions T — T,
N — ¢cN,and M — \/EM followed by the constant Kihler—
Weyl transformation K — K +3logc, W — ¢3/2W. As
the result, we get the following Kihler potential and
superpotential without loss of generality,
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K = =3log [T +T- %N(SS‘)} , (29)

W = 3MS <T - %) , (30)

where N(S,S) = N(SS), as required by R symmetry.
After gauging the U(1)g, the component Lagrangian
reads

1 _ -
¢”'L =R~ K70,T0"T ~ Ky50,TD"S
— K4;D,,S0"T — K sD,,SD"S

1 1 -
_ZhRanan +Zthmnan - VF - VD’ (31)

where F,,, = 0,A, — 0,A,, and F"™ = 1™k F,; for the
U(1); gauge field A,,, and ordinary derivative 9,,S has
been replaced by the gauge-covariant derivative,

D,.S=0,S — igA,,S. (32)

with gauge coupling g. Under the U(l)g, S, and A,
transform as

. 1
S —elds, A=A, +-0,a(x).  (33)
g

As for the scalar potential, V. is given by (22) as before,
while Vp reads

1
VD — Ehglpz, (34)

where D is the Killing potential of U(1)g,
D = gS(Kg + oglogW) = g(SKg + 1). (35)

The gauge kinetic function £ is generally a holomorphic
function of chiral superfields, 4(7, S) (we denote hy = Reh
and h; = Imh). However, since T appears in (16) as a
Lagrange multiplier, in order to keep the modified super-
gravity structure we take 4 independent of 7. On the other
hand, tree-level R symmetry prohibits the S-dependence
of h, but as the model is generally anomalous at one
loop (due to R charged fermions), it is possible to cancel
the anomalies by the Green—Schwarz mechanism where
S-dependent gauge kinetic function is employed, such
that the Chern—Simons term (proportional to h;) shifts
under U(1)g, cancelling the gauge anomaly, see, e.g.,
Refs. [15-17] for more detailed discussions (gravitational
anomaly can also be cancelled in a similar fashion). At this
stage we take i = 1, and return to the anomaly cancellation
conditions in Sec. VI, where it will be shown that 7 = 1 is a
good approximation for inflationary models.

Finally, we use the parametrization (23) and integrate out
7 according to (27), where the R symmetry and the choice
of F leads to 7 ~0. Then the Lagrangian (31) becomes

(R = 0pdp) — yNgsD,,SD™S

1 _
Eyz(NSDmS - NSDmS)2

1
- ZanFm" = Vet — Vb (36)

where V¢ and Vp are

3
Vet = ZMZNEgl(] —Ay)* +y*U,

1
Vb 2592(1 + yNsS)2. (37)

Vp is unaffected by integrating out 7, while
Vit = Vpl,—o- The functions A =A(SS) and U=
U(SS) are defined in (5) and (7) (taking X = S), now
with F = —/3M$S /2. The main result of this section is the
Lagrangian (36) which we will use to describe inflation and

spontaneous SUSY breaking without additional matter
fields.

V. INFLATION AND SUSY BREAKING

To discuss inflation and SUSY breaking we consider a
concrete model where N is of the form

N =S5 %g(ssy - gy(SS)3, (38)

where { and y are real constants. This form of N was used
in [12] in the context of ultraslow-roll inflation and
primordial black hole production (without SUSY break-
ing). Since the superpotential (30) is proportional to S, in
order to break supersymmetry in Minkowski vacuum we
need (S) # 0, which in turn spontaneously breaks U(1)g.
Thus, in the broken phase we can use the unitary gauge
where the angular part of S (R axion) is set to zero, and the
U(1)r gauge field becomes massive. We parametrize

|S| = 6/+/2, where o is a (almost) canonical real scalar.
Then, by using (38) the Lagrangian (36) becomes

1
e Loy =5 (R = dpdg) - % (1= ¢o? — yo*)dodo
1 |
- Zanan - Emi (90’ O-)AmAm -V, (39)

where the scalar potential is
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3M*(1 - Ay)?
4(1 = go® —yo?)

2 2
g Y, 5 v 4

T l1+262(1=-262-% )
—1—2{—1—20‘( 20 30‘)}

The functions A and U can now be written as

V=Vie+Vp= +y2U

(40)

1 11 29
A=1+-¢° —ﬁéjo“ - —y0°,

6 54 (41)

1 1 3 25
=-M?6*(1-—-0>+=Cc*+—y0° ). 4
U 6( 6+8C0' —|—5 yd) (42)

The mass m, of the vector field is a function of y and o,

1 SN
mj = ¢yo*(1 = Lo —yo') + 2 g'y?o* <1 —50° - §G4> :
(43)

where the first term comes from the kinetic term |D,,S|? of
(36) as in the usual Abelian Higgs model, and the second
term from the second line of (36). In the R 4+ R? formu-
lation, the latter term originates from integrating out b,,—
see (14) and (15).

A. During slow-roll

First, let us study the asymptotic form of the potential as
y = 0, or ¢ — oo, which corresponds to early inflation,

3 1
V= ZM2(1 — o —yot)t + 592 +0O(y). (44)
Here we have two extrema in o-direction: 6 = 0 = ¢, and
6> = —{/(2y) = o3. The second derivatives at these points
are [also ignoring O(y)]

vl =2ae. v —-aee(145)7 @)
00'11_2 ’ oolb — 27 .

For {y > 0, the only critical point is ¢, which is a local
minimum (maximum) if { is positive (negative). For y < 0
and ¢ > 0, o, becomes a local minimum and o, a local
maximum (and the potential becomes unbounded from
below), and for y > 0, { < 0 they switch roles: ¢, is a
maximum, o, is a minimum (the potential is well behaved
in this case). The latter choice is suitable for our purposes
for the following reason (as opposed to the {y > 0 case).
If 6, (i.e., 0 =0) is a local minimum when y — 0, the
inflationary trajectory will follow the o, path until y
reaches unity, which is always a local minimum of the
two-field potential, regardless of the choice of the param-
eters. At this minimum R symmetry is unbroken (since
o = S = 0), while SUSY is broken by our D-term cosmo-
logical constant g¢”>/2, which is undesirable (SUSY

breaking scale cannot be of the same order as the
cosmological constant). Therefore we consider the case
where o, is instead a local maximum (at y — 0) and o, is a
minimum at which U(1), is spontaneously broken. This
corresponds to { < 0 and y > 0. The inflationary trajectory
can then follow this o; path until it reaches a Minkowski
minimum at ¢ # 0 (not necessarily o;,) where U(1), and
SUSY remain broken. This minimum can always be
arranged with the suitable choice of the parameters.

Let us also comment on the stabilization of ¢ during
inflation. As can be seen from (45), for negative { the
effective mass of ¢ (around its local minimum o) during

inflation is proportional to M \/m . Moreover, its kinetic
term multiplies a factor of y which is very small at this
stage. Therefore o is strongly stabilized during inflation as
long as ¢ is not vanishingly small.

As for the inflationary observables n, and r, we can
expect the usual prediction of the Starobinsky model,

ng~1-2/N,, re~12/N2, (46)
with the number of e-folds N, between 50 and 60. This is
because the effective scalar potential, after minimizing with
respect to o, can always be written as

V= A=Ze V040V, (47)
where A and Z are some functions of the parameters
{¢,7,M, g}, and = ¢ — (). Regardless of the values of
A and Z, the parameters n, and r will be given by (46) when
using slow-roll approximation (assuming that slow-roll is
not broken during inflation).

Out of the four parameters {{,y,M,g}, the mass
parameter M is fixed by the CMB value of the amplitude
of scalar perturbations, A, = 2.1 x 107? [1], and one other
parameter, say 7, is fixed by Minkowski vacuum equations
V=V, =V, =0 (which we solve numerically). Hence,
we have two free parameters ¢ and g, but with restricted
domains. We choose { <0 (and y > 0) as mentioned
earlier, and g/M < O(1) because too large g can spoil
(F-term-driven) inflation.

Let us demonstrate the scalar potential and inflationary
solution by fixing the parameters,

{=-1, y =0.232, g/M=0.1, (48)
where M = 1.77 x 107>. We then numerically solve equa-
tions of motion for ¢(¢) and o(z) in FLRW spacetime
Gmn = diag(—1,a%, a*,a*), where a is time-dependent
scale factor. The inflationary solution is shown in Fig. 1,
where we take the initial conditions as ¢(0) =7,
6(0) = (0) = 6(0) = 0.01. It can be seen that given a
small perturbation of ¢ around zero, it will quickly fall into
its local minimum where scalaron-driven slow-roll inflation
begins. Assuming the observable inflation lasts 55 e-folds,
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o = N W A~ OO N

0 50 100 150 200 250 300 350
a Mt

FIG. 1. Left: trajectory of the inflationary solution superim-
posed on the scalar potential V/M?. Right: evolution of the
scalars ¢(¢) and o(¢) with normalized time M?. Initial conditions
are ¢(0) =7, 6(0) = @(0) =6(0) = 0.01; the vertical lines
show the start and end of the last 55 e-folds.

we calculate the values of the spectral tilt n; and tensor-to-
scalar ratio r at the horizon exit,

ng; = 0.9650, r = 0.0036, (49)
which are in agreement with CMB data, and indistinguish-
able from the predictions of single-field Starobinsky
inflation.

After inflation, the fields start oscillating around the
Minkowski vacuum at (@) ~ 1.01 and (o) ~ 1.59. Figure 1
(left) also shows the additional local minimum at
@ = o = 0, which is de Sitter since at this point we have
V = ¢%/2. Therefore our Minkowski minimum at ¢ # 0
is stable. In this example, the masses of ¢ and ¢ around
the SUSY breaking minimum are m,~0.7 M and
my,~1.44 M.

B. Spontaneous breaking of SUSY and U(1),

Supersymmetry breaking scale is characterized by the
auxiliary field values at the minimum, as well as the
gravitino mass (ms,) = (eX/2|W|). Equations of motion
for the auxiliary F-fields yield

Fl = —eK2D; WK, (50)

In the standard SUGRA formulation of our model where
K and W are given by (29) and (30), we have two auxiliary
F-fields (using the parametrization (23) for 7)),

=305

2NgN5 1/- N
_M_F_(S__S)} (51)
3Ngs y N3
M 3
FS = y<3—N—NSS—), (52)
2Ngs V3 y

and one D-field from the U(1), gauge multiplet,

TABLE I. VEVs of the auxiliary fields and the gravitino mass,
in Minkowski vacuum. ¢ are chosen by hand, while y are found
from the vacuum equations (for g = 0.1 M).

¢ -0.1 -1 -10
v 0.013 0.232 5.898
[(FT)| 0.7 M 0.39 M 021 M
[(FS)] 226 M 0.95 M 033 M
|(D)] 256 g 1.98 g 1.76 g
(my)) 1.03 M 0.54 M 029 M
D = —-D = —g(1 + yNsS), (53)

where D is the Killing potential (35). Since we assume
g < M, SUSY breaking is dominated by the F-terms which
are both nonzero, and are of order Hubble scale.

Let us consider three examples with ¢ = {-0.1,—1,-10}
keeping g = 0.1 M, and compute the auxiliary field VEVs.
The results are presented in Table I where we also include the
values of y found from the vacuum equations for each choice
of . It can be seen that the values of the F-terms becomes
smaller as we increase \C , while the D-term becomes only
slightly smaller. In particular for { = —10 the F-terms and
the D-term are of the same order if g = 0.1 M. Since g has
no lower bound, we can take much smaller values such that
the F-terms always dominate.

To complete the picture let us also write down the masses
of ¢, 0, and A,,:

m,/M = 0.94,0.70,0.45,
m,/M ~1.39,1.44,1.44,
my/g~2.18,1.71,1.54, (54)

for { = —0.1, —1, and —10, respectively. Although we used
g = 0.1 M to obtain the vacuum values of the scalar fields,
we keep the gauge coupling ¢ in Eq. (54) and Table I, to
show explicitly the proportionality of m, and (D) to g.

VI. ANOMALY CANCELLATION AND FERMION
MASSES

Both chiral fermions of the model, which we call y” and
x5, as well as the R gaugino A and the gravitino y, carry
nonzero R charges,

qi") =-1/2,  q(¢’) = q(@) = qly) =1/2,  (55)

which leads to gauge and gravitational anomalies at one
loop. These anomalies can be canceled by the Green—
Schwarz mechanism, where a set of appropriate Chern—
Simons terms is added to the Lagrangian, such that their
gauge transformations cancel the anomalies [15-17]. In
particular, for the cancellation of the [U(1)g]? anomaly we
employ the S-dependent gauge kinetic function [17],
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p=-L5% (s6)

h:1 }1 S, )
+plog 1222

where Cp is determined by the R charges ¢ of the fermions,

Cr =Tr(q*) = q(r")* + a(x*)* + 9(2)* + 3q(w)*. (57)

Using (55) we obtain Cr = 1/2, and the resulting Chern-
Simons term has the necessary transformation property
under the U(1)g,

1 ~ 1 -
ZhIanan - Z(hl + aﬁ)ananv (58)

since S transforms as S — ¢S. Notice that the log-term of
h in (56) is proportional to g?, which makes it negligible
because g <M = O(1073) (using Planck units) and [S| =
6//2 generally stays at O(1) during and after inflation.
Therefore we can safely use &~ 1 when studying infla-
tionary dynamics.

Once the supersymmetric Standard Model (SSM) is
added to the picture, it will bring additional R charged
fermions, depending on how the SSM superfields are
charged. For example, a fermion of any neutral chiral
superfield has the R charge of —1/2, while a gaugino has R
charge 1/2. This leads to mixed anomalies Gggy X U(1)g
which can be cancelled, similarly to the [U(1)g]* anomaly,
by implementing S-dependent gauge kinetic matrix of the
Standard Model. The diagonal elements of the gauge
kinetic matrix will include terms ~g2log S (for Standard
Model gauge couplings g,), which would generate SSM
gaugino masses, often one or two orders of magnitude
smaller than the gravitino mass [17,18]. We leave the
implementation of the SSM in our model for future work,
and below we consider only the fermions y7, 5, and A.

Since all three multiplets contribute to SUSY breaking,
the goldstino # is a linear combination,

_ 1 _ gD -K/2
n=20;(K+logW)y oW e %/, (59)
In the unitary gauge n = 0 we are left with two physical
massive spin-1/2 fermions. After fixing the parameters ¢
and y as in Table I with g = 0.1 M, and diagonalizing the
kinetic and mass matrices, we obtain the following masses
for the two Weyl fermions (at the Minkowski vacuum),

my /M = 1.00,0.72,0.45,
m/M % 0.07,0.08,0.11, (60)

for ¢ = —0.1, —1, and —10, respectively. For larger |{| we
can see that the gap between the two masses becomes
smaller: m; decreases while m, slightly increases.

As we decrease ¢, the heavier fermion mass m; is
unchanged and given by (60). On the other hand, m, is

proportional to g>/M, which is consistent with the limit
g — 0 where the R gaugino becomes massless, because the
mass term of 1 is proportional to F5dgh (this contains g?),
while the mixing terms Ay are proportional to g. As there is
no lower limit on g, in principle the lighter physical fermion
(which is dominated by A for small g) can be arbitrar-
ily light.

VII. CONCLUSION

In this work we studied a new class of old minimal
R + R? supergravity models with gauged R symmetry in
the context of inflation and supersymmetry breaking. We
started from general (ungauged) old minimal R + R?
supergravity which is equivalent to Einstein supergravity
coupled to two chiral multiplets. For convenience we
derived a simplified effective Lagrangian (15) by inte-
grating out an irrelevant heavy scalar (sinflaton) z, or in
the higher-derivative formulation Vb. We then gauged the
R symmetry by introducing an abelian vector multiplet,
and studied inflation and SUSY breaking vacua in a
simple example where Kihler potential is given by (29)
and (38). The model has one mass parameter M from the
superpotential (30), which is fixed by the inflationary
scale, the U(1), gauge coupling g, and parameters from
the Kihler potential, of which there are two in our
example.

Inflation is effectively single-field Starobinsky-type,
driven mainly by the F-term, and consistent with CMB
data, while SUSY can be broken in Minkowski vacuum by
both F- and D-terms. R symmetry can be spontaneously
broken before the onset of observable inflation, and remain
broken at the Minkowski vacuum. This leads to the Higgs
mechanism where the gauge field becomes massive by
combining with the R axion. Of the two remaining
dynamical scalars, one (o) is responsible for the afore-
mentioned R symmetry breaking, while the other one—the
scalaron @—drives inflation. Because large D-term can
spoil inflation, it must be bounded from above, (D) < (F),
or in terms of the parameters, g < M. This in turn creates
split mass spectrum after SUSY and U(1), breaking: three
real scalars {¢@, o, 7}, one physical spin-1/2 fermion, and
the gravitino have masses of order M, and on the other side
the vector boson and the second spin-1/2 fermion have
masses of order g and g%>/M, respectively.

Cubic anomalies due to the non-zero R charges of the
fermions can be canceled by the Green—Schwarz mecha-
nism, which requires field-dependent gauge kinetic func-
tion transforming under the U(1). Once the visible sector
is added, the same mechanism will also introduce field-
dependence to the Standard Model gauge kinetic matrix,
which will give masses to the gauginos. In future works it
would be interesting to study reheating, addition of super-
symmetric Standard Model, and dark matter candidates in
this setup.
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