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INFLATION MOTIVATED BY THE QFT

A fundamental step towards the unification of physics at all energy scales
could be the possibility to describe the inflation using particle physics
models.

A number of advantages of simplified SUSY GUTs in comparison with
nonsupersymmetric GUTs such as naturally longer period of exponential
expansion and better stability of the effective Higgs potential with
respect to radiative corrections due to cancelation of loop diagrams have
been noted quite long ago:

J. Ellis, D. V. Nanopoulos, K. A. Olive and K. Tamvakis, Primordial
supersymmetric inflation, Nucl. Phys. B221 (1983) 524.

B. A. Ovrut and P. J. Steinhardt, Supersymmetric inflation, baryon
asymmetry and the gravitino problem, Phys. Lett. B147 (1984) 263.
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nonsupersymmetric GUTs such as naturally longer period of exponential
expansion and better stability of the effective Higgs potential with
respect to radiative corrections due to cancelation of loop diagrams have
been noted quite long ago:

J. Ellis, D. V. Nanopoulos, K. A. Olive and K. Tamvakis, Primordial
supersymmetric inflation, Nucl. Phys. B221 (1983) 524.

B. A. Ovrut and P. J. Steinhardt, Supersymmetric inflation, baryon
asymmetry and the gravitino problem, Phys. Lett. B147 (1984) 263.
There are a lot of papers that describe inflation using supersymmetry:

G. R. Dvali, Phys. Lett. B387 (1996) 471 [hep-ph/9605445].

K. Enqvist and A. Mazumdar, Phys. Rept. 380 (2003) 99,
[hep-ph/0209244].

L. E. Ibanez, F. Marchesano and |. Valenzuela, J. High Energy Phys.
1501 (2015) 128 [arXiv:1411.5380 [hep-th]].
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SM and nothing else

The main idea is to use the Standard Model all the way to the Planck
scale, and to introduce neither supersymmetry, nor any extension of the
Standard Model gauge group:

C. D. Froggatt and H. B. Nielsen, Standard model criticality prediction:
Top mass 173 + 5 GeV and Higgs mass 135 + 9 GeV, Phys. Lett. B 368
(1996) 96 [arXiv:hep-ph/9511371].

The first inflationary model with the SM Higgs boson: J. L.
Cervantes-Cota and H. Dehnen, Induced gravity inflation in the standard
model of particle physics, Nucl. Phys. B442 (1995) 391
[astro-ph/9505069].

It is not realistic.
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THE HIGGS-DRIVEN INFLATION

There are models of inflation, where the role of the inflaton is played by

the Higgs field nonminimally coupled to gravity. (F.L. Bezrukov and

M. Shaposhnikov, Phys. Lett. B 659 (2008) 703-706, arXiv:0710.3755).

They add W(O)(¢) to the standard GR term and get the following action:

S = /d“xFK ”L+£¢) ~ S(00) A (¢~ 63)’
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M. Shaposhnikov, Phys. Lett. B 659 (2008) 703-706, arXiv:0710.3755).

They add W(O)(¢) to the standard GR term and get the following action:

S = /d“xFK ”L+£¢) ~ S(00) A (¢~ 63)’

This model have been actively studied

A.O. Barvinsky, A.Y. Kamenshchik, and A.A. Starobinsky, J. Cosmol.
Astropart. Phys. 0811 (2008) 021 (arXiv:0809.2104);

F. Bezrukov, D. Gorbunov and M. Shaposhnikov, J. Cosmol. Astropart.
Phys. 0906 (2009) 029, arXiv:0812.3622;

A. De Simone, M.P. Hertzberg and F. Wilczek, Phys. Lett. B 678 (2009)
1 (arXiv:0812.4946);

A.O. Barvinsky, A.Y. Kamenshchik, C. Kiefer, A.A. Starobinsky, and
C.F. Steinwachs, J. Cosmol. Astropart. Phys. 0912 (2009) 003
(arXiv:0904.1698);

J. Garcia-Bellido, D.G. Figueroa, and J. Rubio, Phys. Rev. D 79 (2009)
063531 (arXiv:0812.4624);

F. Bezrukov, Class. Quant. Grav. 30 (2013) 214001 (arXiv:1307.0708)
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OBSERVATION DATA

There are a few main parameters that can be obtained by the observation
data:

(Planck 2015 results. XX. Constraints on inflation, Astron.Astrophys.
594 (2016) A20)

@ The joint BICEP2/Keck Array and Planck constraint on
tensor-to-scalar power ratio r: r < 0.12 (95% c.L.).

@ The scalar spectral index ng.

ns = 0.968 £ 0.006.
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There are a few main parameters that can be obtained by the observation
data:

(Planck 2015 results. XX. Constraints on inflation, Astron.Astrophys.
594 (2016) A20)

@ The joint BICEP2/Keck Array and Planck constraint on
tensor-to-scalar power ratio r: r < 0.12 (95% c.L.).
@ The scalar spectral index ng.

ns = 0.968 = 0.006.
@ The constraints on local non-Gaussianity are
fiocal = 0.8+5.0.  (68%CL).
@ The upper bound on the Hubble parameter during inflation of
H < 3.6 x 107> Mpy.

Similar bound has been calculated in the GUT motivated inflationary
model A.O. Barvinsky and A.Yu. Kamenshchik, Phys. Lett. B 332
(1994) 270 [gr-qc/9404062].
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The MSSM-inspired model with non-minimal interaction

e We start with the non-minimal coupling model:
S = /d“x\/i—g[f((Dl,dDg)R — §°0g" 0, 010,0, — V(d1, d2)], (1)

where g is the determinant of metric tensor g,,,,, and R is the scalar
curvature.
o In the single-field Higgs-driven inflation the function f has been chosen
as a sum of the Hilbert—Einstein term and the induced gravity term. We
choose the function f in an analogous form:
f _ MI%I T T
(b1, P0) = - + 60101 + H9,9, (2)

where &1 and &, are positive dimensionless constants.
e The potential V is MSSM effective potential
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The MSSM effective Potential

e The two-doublet effective potential

V(D1, D) = Vo(d1, D) + Va(dy, D7), (3)
where
Vo= — #%(CDJ{(DI) - M%(q);d’z) - [H%z(cbicbz) + h~C-]a
Vi = M(P101)? + Aa(@Ld5)2 + A3(D1d)(@Idy) + Mg (] dy) (D))

A
|5 (O102)(P]92) + Ao(@]01)(P[2) + A7(P]b)(®]02) + hoc. |

has been proposed in P. Fayet, Nucl. Phys. D90, 104 (1975);
K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theor. Phys.
68, 927 (1982)
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e Two Higgs doublets can be parameterized using the SU(2) states

®, — —iwy ®, — —iwy
T s tm i) )0 2T Hletmtix) )

where wfz are complex scalar fields, 7712 and 1,2 are real scalar fields.
e The dimensionless factors A; (i = 1,...,7) at the tree level are
expressed, using the SU(2) and U(1) gauge couplings g» and gi, in the
form:

)\tree _ )\tree _ gl2 + g22 )\tree _ g22 B g]%
1 — 2 - ) ’ 3 - 4 )
2

M= =2 s =0,
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At the superpartners mass scale Msysy renormalization group evolved
tree-level quartic couplings A; can be evaluated, using the collider data
for g1 and g» at my,, scale.

Indeed, the gauge boson masses at tree level

v v _
mZ:Eng—i—gf, mw = 5 &, v=1/v2+v3=(GrV2)"?

where Gf is the Fermi constant.
Substituting pole masses
mz = 91.2 GeV, my = 80.4 GeV, and v = 246 GeV,
we obtain
g1 =036 and g =0.65

at the my,, scale.
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Transformation to Scalar Fields Model

e Two Higgs doublets of the MSSM can be parameterized using the
SU(2) states

O — —iwy ®, — —iwy (4)
! Hlutm+ixa) )0 72 T tmt+ix) )

e The mass basis of scalars is constructed in a standard way.

The SU(2) eigenstates (wF,n, and x,, a = 1,2) are expressed through
mass eigenstates of the Higgs bosons h, Hy, A and H* and the
Goldstone bosons G°, G* by means of two orthogonal rotations

(h)-e (%) (%)= (%) (%) -2 (%)

where the rotation matrix

cos X —sinX
OX:( sinX  cos X )’ X=a,p. (%)
tg = tan(f) = ey

Vi
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We use the unitary gauge G° = G* = 0, therefore,
1 = cos(a)Hy — sin(a)h, 12 = sin(a)Hp + cos(«)h,

x1 = —sin(B)A, x2 = cos(B)A, wi = —sin(B)HE, wi = cos(B)HT.

The h-boson is identified as the observed 125.09 4= 0.24 GeV scalar state.
The 'alignment limit" of the MSSM s used:

7r

B —a= 5"

We assume 3 = 5 + a.

The limits on tan 8 coming from models of low-energy supersymmetry
are assumed to be 1 < tg < Myop/myp = 35.

The latest results of ATLAS and CMS collaborations show that regions of
large tan 3 at the 95% confidence level (CL) should be excluded.

At the same time tg = 0o is interesting as a toy model.
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In the alignment limit with 8 = 7/2 + « the potential V, can be written
in terms of the scalar fields:

Vs

+ o+ o+ o+ o+

1
———— {(ef +&d) (- 1)" — 8 (g + 83) ta (£ — 1) Hoh}
32(8 +1
[(2H™H* — A? — H)g2 — 2(A% + H} + 2H™ H*)g?) t}

((4A° +20H3 +8H™ H)gf + 4(A> + 5H3 + 6H H")g3) £5
22HHY — A — H3)gd — 24+ H +2H H')gf]
8(g7 +g2)t,8 (t/23 - 1) (A% + H3 + 2H™ H*)Hoh,

(2 + ) (£~ )2 (4 + 1} +2H H'))

where h, = h + v.
The function f in terms of the scalar fields is

f:

+

2t +1)

M3, &
2 T 2(2+1)
&2

[(A? + HG +2H H')t] + 2Hoh, ts + hY)
[h2t5 — 2Hohyts + A% + H + 2H™ H™] .
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The Strong Coupling Approximation

D. Roest, J. Cosmol. Astropart. Phys. 1401 (2014) 007 [1309.1285
[hep-th]];

M. Galante, R. Kallosh, A. Linde and D. Roest, Phys. Rev. Lett. 112
(2014) 011303[1310.3950 [hep-th]];

R. Kallosh, A. Linde and D. Roest, J. High Energy Phys. 1409 (2014)
062 [1407.4471 [hep-th]];

M. Galante, R. Kallosh, A. Linde and D. Roest, Phys. Rev. Lett. 114
(2015) 141302[1412.3797 [hep-th]];

P. Binetruy, E. Kiritsis, J. Mabillard, M. Pieroni and C. Rosset, J.
Cosmol. Astropart. Phys. 1504 (2015) 033[1407.0820 [astro-ph.CO]]
e The idea of a cosmological attractor is based on an observation that
the kinetic term in Jordan frame practically does not affect the slow-roll
parameters if the 'strong coupling regime’ is respected during inflation.
e |t allows to get approximate values of ng and r in the analytic form.
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Conformal Transformation

@ Generic action which is dependent on N scalar fields ¢/, I =1,..., N
with the standard kinetic term and nonminimal coupling to gravity

/ d*x\/—& [ )R — *5/Jg’“'5 ¢'d,¢7 — (¢’)] . (6)

tilde denotes the metric tensor and curvature in the Jordan frame.
@ This action can be transformed to the following action in the
Einstein frame !

SE = / d4X\/ |: PIR gljguya,ugblav@b-l - W:| ) (7)

M3, { 3"./@} sV 1
= —— ; W=M ol Mp; = )
Gu 2f (¢F) fF(6K) Plaf2 Pl e
f1=0f/0¢.

@ Metric tensors in the Jordan and the Einstein frames are related by
the equation

Buv = "/’;2:/ F(¢' (x))&u (%)- (8)

IR.N. Greenwood, D.l. Kaiser, E.I. Sfakianakis, Phys. Rev. D 87 (2013) 064021
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e By definition the strong coupling regime of the field system takes place
if the following inequality is respected

00,9 9,¢7 < 7 ¢K)f,fjaﬂ¢ '0,¢7. (9)
e Using this approximation, we get
M2 ghv M v
— 4 — “Plp_ S O — Pl ]
Se /dx\/ g{z 28M@6@ 4f2}

e The role of inflaton in the strong coupling approximation is performed

by the " effective field”
3 f
©= \/QMP/ In (fb) (10)

where fy is a positive constant with the same dimension as 7. If we
choose fy = /\/IE,,/2, then © = 0 corresponds to zero values of all scalar
fields.

e In terms of which the action Sg includes the standard kinetic term of ©
and does not include kinetic terms of any other scalar fields which can be
interpreted as model parameters.

e This circumstance allows one to calculate the inflationary parameters in
the SC approximation using the single-field model.
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The potential V' depends on five real scalar fields

. HT+H- , Ht—H
2 VR

o If we set ¢® = h, = 0 and V4 < V, during inflation, then

a¢3:A7¢4:H07¢5:hv-

) ¢

Mg (6113 + &)(A? + HZ + 2HTH™)
2 2 (£ +1)

and the potential V & Vj can be expressed as a function of f:

f:

2
1 2 [ 2f — M2
Vi=—(gf+8)(t5-1)" | 52

In the Einstein frame the potential is

" 2 2\ pgh 2
W = /\/pr/-2\/4 — (gl +g2) MPI2 (I‘% _ 1)2 (1 _ e_\/g"/’em> .
2 (a8 +6)
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In the spatially flat Friedman—Lemaitre-Robertson-Walker (FLRW)
universe with the interval

ds? = — dt? + 2%(t) (dxf + dxg + dx3)
where a(t) is the scale factor, the slow-roll parameters are

2 /N 2 -y
M3, (We> 4 e 3Vp
€= ——

2 \w )~ e \2
3<1—e 3"”Pl>
4(2 3“Mae>
— @3Mpy
_M2 Wé/@_

n= Pl W - ( N >2’
3(1—e3¥m

where primes denote derivatives with respect to ©.
The inflationary parameters are

b

[0}

| BMR (M3, +2f) L GaMp,
3(M2, —2F)* 3(M2, —2f)°

ng =
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Note that these expressions for ng(f) and r(f) do not depend on tz and
coincide with the corresponding formulae for § = /2 (when tg = c0).
At the same time it is not correct to say that the corresponding
inflationary scenarios do not depend on (3, the direction to potential
minima in the (vq, v2)-plane, because the Hubble parameter is expressed

through f as follows:
2 2
Mp (&% +2) (65— 1) (Mp,—21)

. (16)
384 (gl £+ 52) £2

2~
HZ ~

One can see that inflationary scenarios are excluded at 8 = 7/4.
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The temperature data of the Planck full mission and first release of the
polarization data at large angular scales constrain the spectral index of
curvature perturbations to

ns = 0.968 + 0.006 (68% CL), (17)
and restrict the tensor-to-scalar ratio from above
r<0.11 (95%CL). (18)

Using the observable value of ny = 0.968, we obtain from Eq. (15) the
corresponding value of f = 43.14M3,, so the Hubble parameter is
expressed in a compact form

2
(2 -1) M3 (e7 +82)

(51 t5 + 52)2

H?  0.01 (19)
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Numerical calculations

e Let us consider a spatially flat FLRW universe with metric interval
ds® = — dt* + 2°(t) (dx§ + dg + dx§)

where a(t) is the scale factor.
e Varying the action Sg, we get

1 (62

H> = — =+ W
3M%,<2+ )

. 1

H = —_——5°
M3,

)

where the Hubble parameter H = a/a,

62 = gIJd.)lqgja

and dots mean the time derivatives.
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e Field equations have the following form:
¢! +3H¢ + T 4o + g™ Wic =0,

where r’JK is the Christoffel symbol for the field-space manifold,
calculated in terms of G,

W’ = OW /9K,

Hereafter, primes denote derivatives with respect to the fields.
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e During inflation the scalar factor a is a monotonically increasing
function. To describe the evolution of scalar fields during inflation we use
the number of e-foldings Ne = In(a/a.), as a new measure of time.

Using d/dt = Hd/dN, one can write Eqgs. (20) and (21) in the form

2w
H = ———
6Mz, — (o)’
dinH 1 ( ,)2
= — o
dN, 2M3, ’
d¢'
aN. Y,
dy' dinHY\ , I K 1 ks
= — —-T - =g W
dN. (3+ dn. >¢ K H2g Ko
So, we get the following system of ten first order equations
do’ I
dNe - ,(/) 9

dy! (0/)2 / ! J..K 6M/2>/ - (‘7/)2 K1/
_ _ T - —=——= 2 G"W,.
dN, (3 2M3, ¥ KYY 2W G Wk
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Parameters of an inflationary model

e In order to calculate the observables, spectral index ng and
tensor-to-scalar ratio r, slow-roll parameters are introduced analogously
to the single-field inflation

H Maa
ez_mv nUJ:M,‘%/ W’
where
Mg = 6567 (DD,W), (22)

ol = gﬁ"/c’r is the unit vector in the field space and D denotes a covariant
derivative with respect to the field-space metric, D;¢”’ = 9;¢7 + '] oK.
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Numerical calculations show that all scalar fields monotonically decrease
before and during inflation, so the function f is also a monotonically
decreasing function. For this reason, such initial values of scalar fields are
chosen that the corresponding values of f > 43.14M3,. Thus, the strong
coupling approximation simplifies the choice of initial conditions for
numerical calculations.

70 60 50 40 30 20 10 0 150 100 50 0
N: Ne

Figure: Evolution of the fields and the Hubble parameter as functions of the
number of e-foldings N = —N. during inflation in scenarios A; (left) and G
(right), see Table 1. The vertical line corresponds to N = 65.
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Numerical solutions of the equations of motion

Table: The parameters of the model and the initial field values for numerical
calculations.

Scenario | t5 | & & | 01/Mpr ¢o/Mp $3/Mpp  da/Mp
A 5 | 2000 2000 0.1 0.025 0.2 0.02
A> 5 | 2000 2000 0.2 0.05 0.1 0.15
B 10 | 2500 2500 0.15 0.15 0.1 0.1
B> 10 | 2000 1000 0.15 0.15 0.1 0.2
G 20 | 2500 1000 0.015 0.25 0.2 0.02
G 20 | 2500 500 0.015 0.25 0.2 0.02
Dy 40 | 2000 2000 0.01 0.025 0.2 0.02
Dy 40 | 2000 2000 0.12 0.12 0.12 0.12
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Table: The values of function f and the Hubble parameter H at N. = —65,
together with the tensor-to-scalar ratio r and spectral index ns for successful
inflationary scenarios.

Scenario | /M3, | H/Mp; [1075] r ng
A 45.042 3.461 0.002661 | 0.9694
Ay 45.247 3.462 0.002637 | 0.9695
B 44.807 2.941 0.002649 | 0.9695
B, 45.048 3.694 0.002660 | 0.9694
G 44910 2.989 0.002677 | 0.9695
G 45.084 2.991 0.002656 | 0.9694
Dy 44.908 3.461 0.002661 | 0.9694
D, 45.387 3.462 0.002621 | 0.9696
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The case tg = 0o (8 = m/2) has been consider in detail in

M.N. Dubinin, E.Yu. Petrova, E.O. Pozdeeva, M.V. Sumin and

S.Yu. Vernov, JHEP 1712 (2017) 036, arxiv:1705.09624

We have made numerical calculations without any approximations and
consider the case of non-zero h, as well.
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The case of §=17/2

e We choose the mixing angles 3 = 7/2 and a = 0 in the unitary gauge
G% = G* =0 and get
e o The potential has the following form

V(h,,Q0,Q24) = — m2h2 + m3 (3 + Q3) + va(h) + Q4 + Q%)
— 22U 2Q3 + v h2Q2 + 21, Q303
where h, = h+ v,
Q= H? + A2 = (0" + (67, QB =2H"H™ = () + (")

2 2 2 2 2 2 2
2 _ Mz 2_ My  mz _ 8 tT8& _ & —&i

M= M=t =T =T

e The kinetic terms of the canonical form

9, 010"y = 9, H™ OPH 4 X (aA) (8H0)2, 9, 050" by = 5(ah) .

e The non-minimal interactlon can be presented in the form

F(®1,2) = T+§(Q +03) + 52

From the MSSM we also get ma < Mp;.
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In this case there are two types of inflationary scenarios:

e A) the field system rolls slowly down to the potential minimum

e B) all nonzero fields demonstrate rapidly damped oscillations for the
number of e-foldings before the end of inflation N} > 65.

Scenario | & ) g IR
A | 2500 any | 02 024 03 01 0
A, | 2500 any |2x1073 0 045 02 O

A; | 2500 any | 02 026 05 06 O

0.1
0.3

B 1100 500 0.3 0.2 0 0
B> 1100 500 0.4 0.6 0 0
Bs 2200 1000 0.3 0.2 0 0 0.1
By 2200 2200 0.1 0.1 0 0

Table: Initial conditions (in units of Mp) for trajectories with successful
inflationary scenarios, CP-odd Higgs boson mass ma = 200 GeV. The SU(2)
and U(1) gauge couplings are g1 = 0.36 and g» = 0.65.
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Figure: Evolution for the scenarios A; (a), Az (b)r Bi (€) and By (d).
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A; | 0.0849 0.10 0.127 0.042 | 0.0006 0.0008 0.0010 0.0003
A, | 0.0008 0 0.173 0.077 | 0.000006 0 0.0013 0.0006
Az | 0.0446 0.06 0.111 0.134 | 0.0003 0.0004 0.0008 0.0010

Table: Initial conditions (fields in units of Mp;) at N7 = 65 in the scenarios of
type A (see table 3).

1 2 5 1 2 5
d)in in ¢ 1 1 1 in

B, [ 02367 0.1578 1.2-107% | —0.0018 —0.0012 —7.7-10~"
B, | 0.1578 0.2367 —1-10"%° | —0.0012 -0.0018 —1.6-10"2°
B; | 0.1675 0.1117 3.2-107'" | —0.0013 —0.00084 5.2-10"%7
B, | 0.1009 0.1009 0.1426 —0.00076 —0.00076 —0.0011

Table: Initial conditions (fields in units of Mp;) at N7 = 65 in the scenarios of
type B (see table 3).
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Scenario | H [1077] r ng
A1 2.99983 | 0.00266259 | 0.969398
Az 2.99983 | 0.00266259 | 0.969398
As 2.99983 | 0.00266255 | 0.969399
B, 6.81778 | 0.00266322 | 0.969396
B, 6.81778 | 0.00266325 | 0.969396
B; 3.40892 | 0.00265832 | 0.969424
By 2.98224 | 0.00263611 | 0.969555

Table: The Hubble parameter H, tensor-to-scalar ratio r and spectral index ns
for successful inflationary scenarios at N; = 65, ma = 200 GeV.

o For the Hubble parameter H ~ 10~3Mp; the values of ng and r coincide
up to five and three digits, correspondingly. Such " attractor behavior”
when over a wide range of initial conditions the system evolves along the
same trajectory in the course of inflation is known for single-field models,
but it is not an obvious observation, generally speaking, for multifield
models.
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Conclusions

@ We constuct the inflationary scenarios which could be induced by
the two-Higgs-doublet potential of the Minimal Supersymmetric
Standard Model (MSSM) where five scalar fields have non-minimal
couplings to gravity.

@ Observables following from such MSSM-inspired multifield inflation

are calculated and a number of consistent inflationary scenarios are
constructed.

© Cosmological evolution with different initial conditions for the
multifield system leads to consequences fully compatible with
observational data on the spectral index and the tensor-to-scalar
ratio.

@ It is demonstrated that the strong coupling approximation is precise
enough to describe such inflationary scenarios.

@ Inflationary scenarios have been constructed for different values
of ts.
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Thank for your attention
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