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m At its tree level, the HI potential is [4, 6]

2. 9 2 22
_ 2 2 2 m-o9 AT 99
Vin(o,0) = k2 (M2 = 1)+ o+ S0 (1)
m The effective mass squared of the waterfall field v field in the ¢» =0
direction is m?p = kZM? + X2¢%/2. Thus, when ¢ > ¢, = V2M /)
the inflation occurs.

m During the inflation, the inflaton field ¢ slowly rolls down the valley of
1, on which v is frozen at zero.

m Upon reaching ¢ = ¢., the waterfall phase is triggered, the minimum
in the 1 direction becomes a maximum and the inflation ends.
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m On that inflationary trajectory, the (HI) effective potenial is
Vil (6) = Vo (1 + ¢%), (2)

where qE = %gf) and Vy = k?M* is the constant vacuum energy
term.

m The slow roll parameters of inflation are given by

inf\ 2 inf
_m (Y _m (Ve 3
4 Vinf ’ U 2 Vinf )

2 M2 .
where 19 = ng P and Mp is the reduced Planck mass.
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m The number of e-foldings IV, is given by
Qg* ~
1 do

N, = .
VIO J5\Je(d)

(4)

m The spectral index ng, the tensor-to-scalar ratio r and the amplitude of
scalar perturbations Ay are given respectively as (* means at horizon exit)

2 —1/2
nS:1—66*+27’]*:1_47’]0¢~7/7 (5)

(02 +1)2

1 72
r = 166, — 0P (6)
@+ 17
V*inf

© 7 UnZe, @

m For sub-Planckian values of the field ns ~ 1 and r is very small. While for
trans-Planckian values, we have » > 0.1.
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One of the solutions to the HI model drawbacks is to consider the
one-loop corrections as following

Vioop = Vin = A0 log( %) ®)
where A = 1642
The effective potential in this case is
VI(9) = Vo (1 + % — 4y0), (9)
4A10g(¢/¢0)
where A T2 (Vo/ML)
This solution improves the ng and r values but they are ruled out by

Planck/BICEP recent observations. Also,it spoils the EW vacuum
stability.

m Another solution,on the the tree level, is to add an extra scalar field.
m We followed this approach as it's consistent with Planck/BICEP

7/24

results and helps in stabilizing the EW vacuum.
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m A proposed MHI potential is [5]:

Vi (6, 1, x) = A 27@2 m 2 260 2% — 2y P22
MEI(D, ¥, X) = Ay (¥ 5 ) T3 O+ 2Xpy 7Y ox X
2 2

+)‘X(X2—1;()2—%2)\11;)((1#2_?)()(2_“2)()’ (10)

m The MHI effective potential is

Vit (6) = Vo (1 + 6 — 79") (11)
4 2 2
U’L/J wa 1 2 2 )\'L/)X 2 4>\¢X

M= (e =32) me gt -2 (e 300)] =50

o= M o= e m ox | Vx + A Uy v MNEVo
(12)

m The spectral index ns and tensor-to-scalar ratio r are
236 _ 5004 1 (9 72 _q

ne = 1 — 209" =570 +(2+67)¢ (13)

(1462 +764)2
r = L0m(é = 2167)° (14)
(1+8 —79)?
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m The quartic term with 7 in eq. (11) enables a hilltop type inflation in
which the inflaton field ¢ can slowly rolls towards the origin.
V(®)

Vint
HI
Yo

/\/\

“~ /

¢

Figure 1: The solid (blue) curve reprsents the MHI inflation potential (10),
while the dashed (orange) curve represents the standard hybrid inflation
potential.
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Par. 1, (M}) no (Mp?) ¥ s e
BP1 300x 10T 1.65x 10T 1.54 x 10~2 4.90 3.682
BP2 1.40x 10719 470 x 1072 10.0 1.49 x 10~ 1.24 x 102

Table 1: BPs of the MHI effective inflation potential (11) which produce the
observables in Table 2.

Obs. N, Tg r A,
BP1 59.6 0.9688 0.0165 1.98 x 1079
BP2 59.3 0.9674 0.0049 1.93 x 1079

Table 2: Inflation observables corresponding to the MHI.
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Figure 2: Predictions of the MHI model in the (ns,r) plane given by the cyan patch
(trans-Planckian) and the orange patch (sub-Planckian). The blue contours are the
observed constraints extracted from Planck 2018, and they correspond to the observed
68% and 95% C.L. constraints in (ns,r) plane when adding BICEP/Keck and BAO
data [2, 1]. The two BPs indicated by the solid dot and square are BP1 and BP2

presented in Table 2.
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m We discuss the reheating phase where the inflation decays into RH
neutrinos.

m The complete Lagrangian that is responsibe for neutrino masses and
reheating, contains the SM higgs h and left handed neutrinos vy, and
has the form

L,=Y,hoyN+Yy¢NN+Y, vy NN+Y, xNN+mnyNN
(15)
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m The SM Higgs doublet couples to the singlet scalar fields of the MHI
potential (10) to give the full scalar potential

2,2
V(H, 6,4, %) = Vamn (6, %, X) + Anr (H2 _ 5) +
2(H2 - %2) [)\H¢¢2 + AHy (1/12 - 11212!,) + AHy <X2 — %)}
(16)

m When the heavy degrees of freedom(w), ¢, x) are integrated out successively
[3], the SM Higgs quartic coupling is modified at the instability scale
thereshold A; with the matching condition:

~ )\%HX

~

A[ )\QX

)\2
|

= [/\SM +

. 1
AoH N A (17)
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Mass My o My,
BP1  1.41x10®° 5.80 x 102 2.86 x 10'°
BP2 3.64 x 10° 5.03 x 101 2.24 x 101°

Table 3: Scalar masses (GeV) corresponding to the MHI.
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m The relevant one-loop renormalization group equations (RGE's) of
the Higgs quartic coupling takes the form(for i = 2, 3,4)

d)\z in
16w = Bur = 3" + B (18)
where
SM(\isr) = 2791 . 99193 993

200 20 8
2
- 9(%1 + g3) Nimr + 2407y + 1205 Y — 6V (19)

m The beta functions of the effective 2-field model for ¢ ~ [8, 20]
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m As a very good approximation, we consider the effective 2-field model
Vaet (H, x). In this case, the 2 x 2 mass matrix of H and y is

Xopv?  Aopyvv
My =2 (o AH) . (23)
With approximated squared masses
m2 ~ 202 [AQH - A%HX} ‘ ~ (125.25)? (24)
/\QX EW
2 2 /\%Hx v’ 812
m2 ~ 207 [Agx n AZM%} ‘EW ~ O(10%) (25)

m Accordingly, we have the following boundary constraint for the SM
effective Higgs quartic coupling
)\%HX
Ax

At = [AQH - } ‘EW ~0.12 (26)
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m Also, the mixing angle

QAQHX’UUX

e ~ O(1077 27
/\2XU>2<_)\2HU2 EW ( 0 )7 ( )

tan 20, =

and this preserves the SM Higgs physics and up to the Planck scale
for the BPs in Table 2 and Table 3 as checked for the running of the
mixing angle (27).

20/24 Merna Ibrahim MHIEWVS



Hybrid Inflation Model (HI)

H Modified Hybrid Inflation (MHI)
Reheating
A Electroweak Vacuum Stability (EWVS)

Conclusion



MHIEWVS
L Conclusion

Conclusion

m MHI:

The modification results in an inflation potential in which ¢ rolls down
near a hilltop in the valley of the other hybrid fields.
ns problem is then resolved since the inflation occurs mostly in the
negative curvature part of the potential.
The inflation observables in both trans-Planckian and sub-Planckian
cases are in consistency with the recent Planck/BICEP observations.
m EWVS: Providing the couplings of the SM Higgs with the inflation
singlets and hence stabilizing the electroweak vacuum up to Planck
scale.

m Reheating: Inflaton field decays into right handed neutrinos, that
allow for reheating the universe.
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