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We discuss MSSM p-term hybrid inflation which, in its minimal format consisting of a renor-
malizable superpotential W, canonical Kihler potential K, and gravity mediated supersymmetry
breaking, leads to split supersymmetry. The u term is larger than the gravitino mass mj3,, and
successful inflation followed by reheating requires m3/; 2, 107 GeV. In this case the gravitino
decays before the LSP neutralino freezes out. Assuming universal scalar masses of the same or-
der as mj 5, this leads to split supersymmetry. The LSP wino with mass ~ 2 TeV is a plausible
dark matter candidate, the gluino in principle is accesible at the LHC, and the MSSM parameter
tan 8 & 1.7 in order to yield the required Higgs boson mass. The tensor to scalar ratio r 2 0.001.
Next we consider a slightly different scenario consisting of the same W but non-minimal Kahler
potential. Successful u-term hybrid inflation in this case is possible with a reheat temperature
~ 107 = 10° GeV and gravitino mass ~ 1 — 10 TeV. Thus, with non-minimal Kéhler potential
split supersymmetry can be circumvented.
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u-Term Hybrid Inflation with Minimal Kéhler Potential

Consider the following renormalizable superpotential, which is unique under a U (1) R-symmetry
(2]
W = S(k®® — kM* + AH,Hy). )

Here @, ® denote a conjugate pair of chiral superfields whose VEVs induce the spontaneous break-
ing of a gauge symmetry G, with supersymmetry unbroken. The dimensionless coefficients A and
K can be made real by suitable field redefinitions. The superpotential W and the G-singlet superfield
S are assigned unit R-charges, while the remaining superfields have zero R-charges.

In the case of global supersymmetry, the VEV of the scalar component of the G-singlet super-
field S is zero. However, taking into account supersymmetry breaking in supergravity, the S field
acquires a non-zero VEV proportional to the gravitino mass m3 ;. Following [1], we have included
the term ASH,H,, which then induces the desired MSSM u term. It was shown in [1] that to imple-
ment successful inflation, followed by the desired breaking of G and the MSSM gauge symmetry
unbroken, the parameter A > k. This additional term in the superpotential plays an essential role
in the analysis.

With a minimal canonical Kéhler potential and taking into account radiative corrections and
the linear soft supersymmetry breaking term, the inflationary potential is approximated by

V(p)=m" (1 +aln [(Z’D —2V2m3 m*¢. )

0
Here the inflaton field ¢ is the real part of S, the renormalization scale (Q) is set equal to the initial
inflaton VEV ¢y, and the imaginary part of S is assumed to stay constant during inflation. The
negative sign of the linear term is essential to generate the correct value for the spectral index.
Note that in the absence of this linear term the scalar spectral index n; is predicted to lie close to

0.98. Finally, m = /kM , and the coefficient o < 1 is given by

_ L (2 Ne o
a_47r2(7t+21<>. 3)

The coefficient Ng depends on the model under discussion. For instance, Np = 1 if G =U(1)p_p,
while it is 2 for G =SU2); xSU)rxU(1)p_;. Note that for inflaton field values close to M,
the leading supergravity corrections are of order (M /mp)* and therefore well suppressed, and also
the quadratic soft supersymmetry breaking term mé ¢ associated with the inflaton can be ignored
relative to the liner term in Eq. (2) [2].

Where appropriate, we set

V ~m?, v’:m“g(l—ﬁi}), v”:—m‘*;‘z, 4)
where /3
2V/2

p= Ve ® )

is a dimensionless parameter of order unity. Note that § = 0 if the linear soft supersymmetry
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breaking term is ignored. At the potential minimum, the inflaton VEV is given by (¢) = m3 /2 /K,
which yields the MSSM pu-term:

M= ym3),, (6)
where y=A1/k > 1.

The well-known slow roll parameters are given by

1V 1P o \° v a
=3 (v) =25 (eg) n=v=g "

For convenience we have used units where the reduced Planck mass mp = 2.43 x 10'8 GeV is set
equal to unity. For oo < 1, || > €. The end of inflation is determined by |n| = 1, so that the
inflaton value at the end of inflation is given by ¢, ~ \/«.

The number of e-foldings is estimated to be
N:/¢Ovd :gbg/l xdx _¢;
9 V'

o Jop 1-Bx @

I In(1-B)\ _ ¢
—— | == 8
(-5-"5)=%rm @
where we have used the approximation ¢, /@ = 0 in the integral. For the scalar spectral index, we
obtain

1y = 1= 6e(go) +201(90) = 1420(¢0) =~ 1 —  (B). ©)

In particular, for N =60 and B =0, f(B8) = 1/2 and we obtain the well known result of Ref. [2]
that ny =1—1/N ~0.983. To obtain the spectral index in the range of 0.955 < ny < 0.977 which is
indicated by 106 region in the Planck 2015 results, the parameter 3 lies in the range 0.83 > > 0.41,
with f(B) close to unity. A plot of ng versus f3 is shown in Fig. 1, along with 1o (dotted lines) and
20 (dashed lines) limits by the Planck 2015 results [2].
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Figure 1: Spectral index n; vs. B as defined in Eq. (5). The region between the two dotted (dashed)
lines corresponds to 16 (20) limit obtained by Planck 2015 [2].
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The tensor-to-scalar ratio is given by
r=16¢&(¢o) ~4a(1—B)*(1—ny), (10)

where we have used Eqgs. (7) and (9). With 0.83 > 8 > 0.41 which yields the n, prediction within
1o limit of the Planck 2015 results, we find

N.
r = (0.00014 — 0.00082) x <7LZ+2“’;< ) (11)

To proceed further we employ the power spectrum whose magnitude has been estimated
(Planck 2015) to be

Az_ 1 V((PO)

= =220x%x1077. 12
%= 2472 €(g) x (12)

Utilizing V ~ m*, and Egs. (7) and (8), we find the following expression for the gauge symmetry
breaking scale M:
- (60 '* 1/2 1/4
M=~0.0032xV7( ) (1=B)2f(B)"", (13)

where = +/7? + No /2. Setting Ny = 60 and 0.83 > 8 > 0.41, we estimate the symmetry breaking
scale M:
M[GeV] = (3.5—5.5) x 1015,/%. (14)

The ratio ¢y/M is given by

_ (NN . . .
do/M =~ 380 x /¥ <60> (1—B)"V2f(B)~3/* ~ (650 — 730) x K+/7. (15)
For 0.83 > 3 > 0.41, and requiring this ratio to be greater than unity,
K7 > (1.4—1.5)x 1073 (16)

The inflaton decay width is estimated to be

2

(g0 — H,Hy) = Sy (17)

where my = V2KkM is the inflaton mass. Using I'=H = TRZH g—ég* with g, = 228.75 for the
MSSM, we find

eVl ~ 1.5 106 -3 Y (228.75 60 8 _py\1/4 1/8
TonlGeV] = 151032 1 (2222 () Dy a

The condition, ¢o/M > 1, leads to

Tr[GeV] > (5.0 —7.5) x 10”\7[7 (19)
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for the 16 limit from Planck 2015. Using ¥ = /¥? + Ng/2 and y > 1, we obtain the lower bound
Try = (5.0—7.5) x 10'! GeV.

To avoid the constraint on the neutralino abundance from gravitino decay, assume that the LSP
neutralino is still in thermal equilibrium when the gravitino decays. In this case, the LSP neutralino
abundance is not related to the gravitino yield. Using a typical value of the ratio xr = myo /Tr >~ 20,
where TF is the freeze out temperature of the LSP neutralino, this occurs for the gravitino lifetime,

2
76 <4x 10710 <1Tev> , (20)
mzo

which yields

m)z() 2/3
2 TeV>

my 2 4.6% 107 GeV( Q1)

Therefore, our cosmological scenario favors a gravitino mass at an intermediate scale.

In our p-term generation mechanism, p = yms ), with y 2 1. To implement the electroweak
symmetry breaking, the soft supersymmetry breaking mass for the MSSM Higgs doublets should
satisfy |m(2)| > u?. Thus, the soft scalar mass parameter myq also lies at an intermediate scale.
On the other hand, the mass scale of the dark matter neutralino is of order 100 GeV—TeV to
reproduce the observed relic abundance. Therefore, the split SUSY scenario [2] is compatible with
our scheme, and we expect a hierarchy between the soft supersymmetry breaking scalar masses and
the gaugino masses [A special structure in supergravity is crucial to realize this mass splitting [2]].
In split SUSY with a large u, an LSP wino with mass around 2 TeV is the simplest dark matter
candidate [2].

m / GeV

Figure 2: Soft scalar mass (mg) as a function of tan . Along the solid line, the Higgs boson mass
my, = 125.09 GeV is realized for the top quark mass input M; = 173.34 GeV. The horizontal dashed
line denotes my = 4.6 x 107 GeV, corresponding to the lower bound on gravitino mass in Eq. (21)
with mgo =2 TeV.
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Let us fix the scalar mass scale in split SUSY so as to realize the observed Higgs boson
mass. With the decoupling of heavy scalar fields at a typical mass scale my, split SUSY provides a
boundary condition for the SM Higgs quartic coupling at Q = my [2],

1

An(mp) = 1 (g(mo)2 +g'(m0)2) cos’2p. (22)

Our result is depicted in Fig. 2, where the Higgs boson mass m;, = 125.09 GeV is reproduced along
the solid line. For mg = 4.6 x 107 GeV, corresponding to the lower bound on gravitino mass in
Eq. (21) with myo =2 TeV, m;, = 125.09 GeV is reproduced for tanf3 ~ 1.7.

Since the gauge group associated with inflation is an extension of the SM one, it may be natural
to set the symmetry breaking scale M equal to the gauge coupling unification scale, M ~ 2 x 10'6
GeV, which is achieved with ¥ = 13 — 32 in Eq. (14). In this case, we may choose A ~ 1 and
k >~ 0.1, for which ¢9/M > 1. For A = 1, the tensor-to-scalar ratio r = (1.4 — 8.2) x 10~ for
0.83 > 8 > 0.41 (see Eq. (11)). With somewhat larger values of A, r can be as high as 1073.

u-Term Hybrid Inflation with Non-Minimal Kihler Potential
The superpotential W is unchanged,

W =S (k®d— k M* + AH,H,) (23)

The non-minimal Kéhler potential is expanded as

|SJ* |S1°

K =S+ PP+ | P + |Ha|* + [Ha|* + Ks = + Kss = + .. (24)
4mp 6mp

Including various contributions, the scalar potential becomes

M2 M\ 4 2 4 22
Ve~ *M? (1 — K () Y (m) Lk ® Fa (x) + —— Fr (x2) +ams ), (x)> ;

mp P 2 82 472 KM
(25)
where
TK
Y5 = 1—TS+2KSZ—3KSS; (26)
1 4 (x*—1) 5 (P41 K2M?x?
U n (821 22ME
FH(xz):4<( 2—|—l)ln x‘z‘ +2x51n X%—l +2In I -3 (28)
and
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M
Xx=S/M, x3=/7x, My = 7 (29)

In our numerical calculations we consider the next to leading order terms in slow-roll parameters
and fix

N = 1, Np =60, kss =0, ng=0.9655, ’}/ZA/K‘ZZ & Q0= |So|.
The reheat temperature is

90 \'* 900 \"* /A2
TR_<228.757r2> vl "’_(228.757r2> g V V2KMmp: 30)
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Ng =1, Ng =60, ng =0.9655, y = A/k =2, kss=0
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In summary, the coupling of the MSSM Higgs doublets to the inflaton field induces the p-term

and also leads to important predictions concerning the gravitino, neutralino dark matter, Higgs

boson mass and low energy phenomenology. With minimal W and K, a consistent inflationary

scenario requires a fairly large gravitino mass (mz/, 2 5 X 107 GeV), and in the simplest scheme a
2 TeV wino is a compelling thermal dark matter candidate. The soft supersymmetry breaking scalar
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masses are of order 107 GeV, with tan B ~ 1.7, in order to generate the desired 125 GeV mass for
the SM-like Higgs boson. We have also shown that introducing a non-minimal Kihler potential
allows one to implement successful t-term hybrid inflation without invoking split supersymmetry.
The reheat temperature in this case can be ~ 107 — 10° GeV, with the gravitino mass ~ 1 — 10 TeV.
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