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HiGas INFLATION IN SUGRA
o

GENERAL FRAMEWORK

SUGRA (1.e. SUPERGRAVITY) POTENTIAL

e THe GeNERAL EINsTEIN FrRAME AcTioN For THE ScALAR FiELbs z* PLus GraviTy IN Four DimensionaL, N = 1 SUGRA is:

—( 1= 2 =
S= fd4x V-9 (757% + K3 VDﬂz"DVz*ﬂ - V) Where WE Use UNits WiTH mp=1.

K 2 5
Aiso K 1s THe KiHLer Potentiat With K5 = porw e 0 anp KPOK,; = 6’;; D" = 8,2 +igAiT s, Where
200"

Aﬁ 1s THE VECTOR GAUGE FIELDS AND T, ARE THE GENERATORS OF THE GAUGE TRANSFORMATIONS OF z%; FINALLY, V = Vi + Vp WiTH

= 3 = 1
Ve =ef (K””FL,F; - 3|W|2) WitH W THE SuperpOTENTIALAND F, = W.a + K o W; Vp = EgzDi witH D, =z, (Ta)g K.

o WEe CoNceNTRATE oN Higas INFLATioN (HI) DRiveN BY Vi Since WE Can Easity Assure Vp = 0 DuriNg HI.

’ THererFore, HI WitHN SUGRA REeauires THE APPROPRIATE SELECTION OF THE FuNcTions W anD K
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o DirricuLties Anp PossisLe Wavs Out

® THe 7 ProBLEM. COEFFICIENTS OF ORDER UNITY IN K May SpoiL THE FLATNESS OF VF Due To THe FacTor ¢X. This Can Be
Evapep IF WE IMPosE A SHIFT SYMMETRY SO THAT K = K(® — @*) = K(Im(®D)) AND THE INFLATON BE ¢ = V2Re(D).
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o CoMPLEMENTARILY, FRoM MoDpELs oF NoN-MiNiMAL CHaoric INFLATION (NMI) IN SUGRA WE KNow THAT VF 1S SUFFICIENTLY FLAT, IF
WE Apbopt K = =N1In (1 + cg(DP + ®*P)) + --- aND TuNE N > 0 AND 2 WiTH THE EXPONENT m oF @ IN W = AS @Y. E .,

IF we SeecT W = AS®? A K = —21n (1 +2cp(D? + %)) = (& - &*)2/2 + IS
WEe Oan Vi = KKSS |Wv5 |2 = 2¢*JA(1 + crp*)* ~ const FOR cg > 1.
How WE can AppLy THESE GENERAL IDEAs To HI?
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HiGas INFLATION IN SUGRA

INFLATING WITH A SUPERHEAVY

SeLECTING CONVENIENTLY THE SUPERPOTENTIAL AND KAHLER POTENTIALS

o WE Use 3 SuPERFIELDS 7! = @, 7> = ®, CHARGED UNDER A LocAL SYMMETRY, E.G. U(1)p_z, AND 2> = S (“StaBiLizER” FiELD).

© SuPERPOTENTIAL W = AS ((f)(l) - M2/4) CHARGE ASSIGNMENTS

e W Is UniqueLy DeTermINED UsiNg U(1)p-1 AND AN R SYMMETRY SUPERFIELDS: N [} [0}

AND LEADS To A GRraND UniFiED THEORY (GUT) PHASE TRANSITION U()g 1 0 0
AT THe SUSY Vacuum (S) = 0, (®)] = K®)| = M/2, UL o]t |-t

Since IN THe SUSY Limit, Arter HI, We Ger

Vsusy = /12 |d3<D - 1‘42/4|2 + P

1 _
[ — (ICDI2 + \(D\Z) +D —terms (c- AND r.. ARE DEFINED BELOW)
(a-2r)

1 C.P. and N. Toumbas (2016, 2017).
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- 2 1
Vsusy = A2 | @0 — M? /4| + PRI

o PossiBLE KAHLER PoTENTIALS — SoFTLY BROKEN SHIFT SymmeTrY For Hices FiELbs

ISP (ICDI2 + \(f)\z) +D —terms (c- AND r.. ARE DEFINED BELOW)

-2
e THE SHIFT SymmeTRY CaN BE FormuLaTED By THE FuncTions F. = |(I) + CI>*| WitH COEFFICIENTS ¢4 AND C_, C4 < C—.
e HI can Be OBTAINED SELECTING THE FoLLowiNGg K’s WHICH ARe QuabRraTic AND INVARIANT UNDER U(1)p-; AND R SYMMETRIES:

K =-2In(1+ciF)+cF_+ Fis(SP), K»=-2In(1+c.Fy)+ Fas(F_,|S|*) Where We Choose T FuncTions'

Fis = Ns In(1 +|S[*/Ns) AND Fas = Ns In(1 +c_F_/Ng +|S|*/Ns) With Ng >0
SiNce THE SiMpLEST KINETIC TERM FOR S, |S |2, LEADS TO m§ < 0or mg < ﬁ%—u ALONG THE INFLATIONARY PATH.

1 C.P. and N. Toumbas (2016, 2017).
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Do D+, 0> P+c(ceC) ap S — €S, NTHELMTS ¢, 50 & 1> 0.

1 C.P. and N. Toumbas (2016, 2017).
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1 C.P. and N. Toumbas (2016, 2017).
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EmBeppinG IN A B — L GUT
[ Je]

B — L BREAKING, ¢t TERM & NEUTRINO MASSES

THe ReLeVANT SupPer- & KAHLER POTENTIALS

e PromoTiNG To Locat THe ALreapy Existing U(1)p-; GrLoeaL SYMMeTRY oF THE MSSM, WE OBTAIN A SUPERPOTENTIAL INVARIANT
UNDER THE Gsm X U(1)p-;, Gauce GRoup:
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B — L BREAKING, ¢t TERM & NEUTRINO MASSES

THe ReLeVANT SupPer- & KAHLER POTENTIALS

e PromoTiNG To Locat THe ALreapy Existing U(1)p-; GrLoeaL SYMMeTRY oF THE MSSM, WE OBTAIN A SUPERPOTENTIAL INVARIANT

UNDER THE Gsm X U(1)p-;, Gauce GRoup:

w =

+

8 (do - M?/4)

70 AcHIEVE HI & Break U(1)p-1.

A, SH,Hy

To GENERATE i ~ 1 TeV

Aijy®N; NS

To GENERATE MAJORANA MassEs FOR NEUTRINOS
& ENsSURE THE INFLATON DECAY

hijwNSL;H,

To GENERATE DIRAC MAssEs FOR NEUTRINOS

WMSSM WITH 1t = 0

(Note tHaT 3 RicHT-HanDED NEUTRINOS, N, ARE
NEcessARY To CANCEL THE B — L GAUGE ANOMALY)

B — L Hias INF

SuPER- REPRESENTATIONS GLOBAL SYMMETRIES
FIELDS uwoeRGsm XU, | R B [ L
MarTer FiELDS

e 1,1,1,1) 0 0 -1
N{ (1,1,0,1) 0 0 -1
L; 1,1,-1/2,-1) 2 0 1
uf 3,2,-2/3,-1/3) 1 -1/3 0
d 3,2,1/3,-1/3) 1 -1/3 0
] (3.2.1/6,-1/3) 1 1/3 0

Higas FiELbs
Hy 1,2,-1/2,0) 0 0 0
H, (1,2,1/2,0) 0 0 0
S (1,1,0,0) 4 0 0
5} (1,1,0,2) 0 0 -2
] (1,1,0,-2) 0 0 2
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B — L BREAKING, ¢t TERM & NEUTRINO MASSES

THe ReLeVANT SupPer- & KAHLER POTENTIALS

e PromoTiNG To Locat THe ALreapy Existing U(1)p-; GrLoeaL SYMMeTRY oF THE MSSM, WE OBTAIN A SUPERPOTENTIAL INVARIANT
UNDER THE Gsm X U(1)p-;, Gauce GRoup:
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(Note tHaT 3 RicHT-HanDED NEUTRINOS, N, ARE ® (1,1,0,-2) 0 0 2

NEcessARY To CANCEL THE B — L GAUGE ANOMALY)
o THE ABove W May CooperaTe WitH THE FoLLowiNg KAHLER PoTENTIAL PoTeNTIALS WHICH RESPECT THE IMPOSED SYMMETRIES
Ky ==2In(1+c,Fy)+c_F_ + Fix(XP?), K»=-2In(1+c,F,)+ Fax(F_,|X?) WHere
Fis = NxIn(1 + X*X4/Nx) AND Fas = Ny In(1 + XX, /Nx + c_F_/Nx) With N,Nx >0
AND X¢ =S, Hy, Hy, N{ — Pracing X*X,, INsIDE THE ARGUMENT OF In, WE OBTAIN SiMiLAR REsuLTs,

ITY WITH SEVER
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B — L BREAKING, ¢t TERM & NEUTRINO MASSES

GENERATING THE - TERM oF MSSM
o THE ORiGIN oF THE i TerM CaN BE ExpLaNED IF WE ComeiNe THE TeRMs®
Wit + W, = S (D - M2/4) + 4, S H,Hy . (:1)

2G. Dvali, G. Lazarides and Q. Shafi (1999).
3 P. Athron et al. [GAMBIT Collaboration] (2017).
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B — L BREAKING, ¢t TERM & NEUTRINO MASSES

GENERATING THE - TERM oF MSSM
o THE ORiGIN oF THE i TerM CaN BE ExpLaNED IF WE ComeiNe THE TeRMs®
W + W, = A8 (DD - M?/4) + .S H,Hy . (2 1)
o THE Sort SUSY Breakine Terms CORRESPONDING TO Wiy + W), ARE INCLUDED IN
Viott = (14,8 BD + ,A,S H,Hy — as SAM? 4+ he) + m2 | winw 2% = @, .5, H,.. Hy

WHERE 114, A, A, AND ag ARE SOFT SUSY BReakiNG Mass PARAMETERS.

2G. Dvali, G. Lazarides and Q. Shafi (1999).
3 P. Athron et al. [GAMBIT Collaboration] (2017).
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GENERATING THE - TERM oF MSSM
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WHERE 114, A, A, AND ag ARE SOFT SUSY BReakiNG Mass PARAMETERS. -
o Minmizing Vi, = Vsusy + Vioft AND SUBSTITUTING IN Vo THE SUSY V.E.vS OF @ AND O WE GET

(Vir($)) = 22 M2S?/2c_(1 = 2r.) — Aa,M*S, WHERE ms < M aND (|Aq] + lag|) = 2a,m3)
WITH m3,> BEING THE GRAVITINO Mass. THE MINIMIZED (Vo (S)) W.R.T S LEADS TO A NON-VANISHING (S) As FoLLows:

AVir(SN/AS =0 = (S) = aye (1 = 2r)ms)a /A = 10°a,msn F (1)

2G. Dvali, G. Lazarides and Q. Shafi (1999).
3 P. Athron et al. [GAMBIT Collaboration] (2017).
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B — L BREAKING, ¢t TERM & NEUTRINO MASSES

GENERATING THE - TERM oF MSSM
o THE ORiGIN oF THE i TerM CaN BE ExpLaNED IF WE ComeiNe THE TeRMs®
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WITH m3,> BEING THE GRAVITINO Mass. THE MINIMIZED (Vo (S)) W.R.T S LEADS TO A NON-VANISHING (S) As FoLLows:

dVia(SN/AS =0 = (S) = a,c (1 = 2re)map /A = 107 a,m3 F (rs).

© THEREFORE, THE GENERATED 1 PARAMETER FROM W), 18 1t = 4,(S) = A,mzpaye (1 —2ry) /A = 105m3/2/1;,7‘(ri),
WHERE THE PREFACTOR Is ABSORBED SINGE SuccessFuL HI Neebs 4, <9 - 107 For StaeiLiTy Reasons — See BeLow.

|2 with 2% = @, ®, S, H,, H;

2G. Dvali, G. Lazarides and Q. Shafi (1999).
3 P. Athron et al. [GAMBIT Collaboration] (2017).
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dVia(SN/AS =0 = (S) = a,c (1 = 2re)map /A = 107 a,m3 F (rs).

© THEREFORE, THE GENERATED 1 PARAMETER FROM W), 18 1t = 4,(S) = A,mzpaye (1 —2ry) /A = 105m3/2/1;,‘f(ri),
WHERE THE PREFACTOR Is ABSORBED SINGE SuccessFuL HI Neebs 4, <9 - 107 For StaeiLiTy Reasons — See BeLow.
® THE ALLowep A, VaLues Renber Our MobeLs ComparisLe Wit THE BesT-Fir PoinTs IN THE CMSSM? E.a., SETTING

|2 witH 2% = ®, D, S, H,, Hy

my =m3;; AND |Ay] = lag| = Aol

[ CMSSMReaon [ [Aol (TeV) [ mo (TeV) | [u[(TeV) [ a, [ 4,(107°%) |
A/H FunNEL 9.9244 9.136 1.409 1.086 0.607
71 — ¥ COANNIHILATION 1.2271 1.476 2.62 0.831 9.12
71 — x COANNIHILATION 9.965 4.269 4.073 2.33 1.75
X1 — X COANNIHILATION 9.2061 9.000 0.983 1.023 0.456

2G. Dvali, G. Lazarides and Q. Shafi (1999).
3 P. Athron et al. [GAMBIT Collaboration] (2017).
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EmBeppinG IN A B — L GUT

[ Je]

THE INFLATIONARY SCENARIO

THE INFLATIONARY POTENTIAL

o IF WE Use THE PARAMETRIZATION:

@ = ¢e coslp/ V2 anD D = e sinfp/ V2 wH 0 <6y <7/2 ano XP = (xﬁ + ixﬁ) /N2,
Weere XP = S, H,, Hy, N¢, We Can Srow THat A D-Fiat DirecTion Is 6 = 6= ¥ = # =0, anp 6 =7/4 (1)

o THE ONLY Survivine TERM OF VF ALonG THE PatH IN Ea. (1) 1s

_ . 2(p? - M2)?
Vi = X K557 WP = et el 3
16/2

PLaving THE RoLe OF A Non-MinmaL CoupLiNGg To GRAVITY.
© ALONG THE INFLATIONARY PaTH K3 Takes THE Form

. 1 K K
(Kop) = diag (M, Kss) wimw M. = = [,( )
R

AND Kgg= = 1. Here k = c_f — 2c, AND & = 2c2 ¢°.

With fr =1+ c+¢2

14
12
&~ 10

% 0.8

<>I 0.6
0.4
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THE INFLATIONARY SCENARIO

THE INFLATIONARY POTENTIAL

o IF WE Use THE PARAMETRIZATION:
@ = ¢e? cosp/ V2 ap D = e sinfp/ V2 witH 0<8p <7m/2 anp XP = (xﬁ + ixﬁ) /N2,

Weere XP = S, H,, Hy, N¢, We Can Srow THat A D-Fiat DirecTion Is 6 = 6= ¥ = # =0, anp 6 =7/4 (1)

o THE ONLY Survivine TERM OF VF ALonG THE PatH IN Ea. (1) 1s

waF - T T T ™
. . (6 — M2 2=6.310"r1,=0.025 |
Vi = K K557 WP = % WitH fr =1+ c,¢” 12F
T s~ 10
PLaving THE RoLe OF A Non-MinmaL CoupLiNGg To GRAVITY. o
o 08
© ALONG THE INFLATIONARY PaTH K3 Takes THE Form ~
STos
: 1 (¢« & 04
(Kop) = diag (M, Kss) wimw M. = AL :
R 0.2
AND K+ = 1. HERE k = c_f2 — 2c, AND & = 2¢% ¢°. 00

H s s
0.0 0.2 0.4 0.6 0.8 1.0 12 14

o THE EF CanonicaLly NormaLizep FieLbs, WHicH ARe DenoTep By Har, Can Be OsTaiNED As FoLLows:

d¢ Joo, —

ﬁ =J= K, 0, = ¢ 5T = 500 o G =¢F(9¢— 7), (?‘?j):(xﬁxf*)
WHeRE 0, = (0£0)/ V2, ky = c_ (1 + 2ri(c+¢2 - 1)/f,§) ccomok.=c.(1-2r/fR) >0 = r.<1/2.
o WEe Can CHEck THE STABILITY OF THE TRAJECTORY IN Ea. (I) w.R.T THE FLucTuATIONs OF THE VARIoUs FIELDS, I.E.

v . _ 2V
— ) =0 AND mgq >0 WHERE m,p, = Eav [M2 ] WitH M:;ﬁ = Py

AND Z% = 6_,6,,6p, X, .

B — L HiGGS INFLATION IN ITY WITH SEVER
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THE INFLATIONARY SCENARIO

StaBiLITY AND RADIATIVE CORRECTIONS

THE Mass SPECTRUM ALONG THE INFLATIONARY TRAJECTORY

FieLps EINGESTATES MassES SQUARED
K=K | K=K,
2 ReAL ScALARS 0, w2, 617-1\12_II 6(1 + l/NX)I’-I\f“
b mp, | M3, +6HE | M3+ 61+ 1/NOHE,
1 COMPLEX SCALARS 53 m? 6E§II/NX
4 CoMPLEX SCALARS hyy by m:, 31:12“(1 + 1/Ny £44,/14%)
3 CoMPLEX SCALARS ¥, mke Sﬁfn(l + 1/Nx + 16;y¢ [ 12¢%)
1 GAUGE BOSON AL M3, g*c_ (1 =2r:/fR) ¢*
4 WEvL SpINoRs A ;ﬁéi 241:1211/0—¢2f7%
Wine My e 482 HY 29
Ao Yo | M3, gre- (1-2ru/fR) ¢

o WE can OsTaiN VY a, ﬁ)z((, > 0. EsPeciaLLy

m:>0 © Nxy<6awp iy >0 & A, <A1+ 1/Ny)¢e/4 (Ee. 4, <9-107 For rp = 0.03).

o WE can OB1ain Y a, ﬁf{u > Hﬁu AND So ANy INFLATIONARY PERTURBATIONS OF THE FiELDS OTHER THAN ¢ ARE SAFELY ELIMINATED;
o Mgy # 0 SiGNALS THE FACT THAT THAT U(1)p_1. |s BROKEN AND s0, No TopoLogicAL DerecTs ARE PRODUCED.
e THE ONe-Loopr Rapiative CorrecTions A LA CoLEMAN-WEINBERG TO Vg CaN BE Kept Unper ConTRoL PROVIDED THAT

® M2, > m aND 2 > m? ARE NOT TAKEN INTO ACCOUNT.
D

® THe RenormALizaTioN GRroup Mass ScaLe A Is DetermiNED By ReauiriNg AVHI(qﬁ*) =0oR AVHI(m) =




INFLATION ANALYSIS
o

INFLATIONARY OBSERVABLES — GRAVITATIONAL WAVES

APPROXIMATING THE INFLATIONARY DyYNAMICS
© THE SLow-RoLL ParameTERs ARE DETERMINED USING THE STANDARD FORMULAE EMPLOYING THE CANONICALLY NORMALIZED ¢:

— 2 —
1 VH],}I AND ﬁ: VH],};}; - 12 l—C+¢2

€= =

8
2| Vi ¢ ff Vi ¢ f3




INFLATION ANALYSIS
o

INFLATIONARY OBSERVABLES — GRAVITATIONAL WAVES

APPROXIMATING THE INFLATIONARY DyNAMICS

© THE SLow-RoLL ParameTERs ARE DETERMINED USING THE STANDARD FORMULAE EMPLOYING THE CANONICALLY NORMALIZED ¢:

—~ 2 —~
1 Vg 8 — Vg 1-cp¢?

= =2 | ~ —— AN 7= HE — 12 7?? .
2\ Vi - f Vi c-¢° fz

o THE Numser oF e-FoLpings THAT k, = 0.05 Mpc Experiences DuriNg HI Is CALCULATED To BE

- b _ V N
Ne = fA dp = = (1 +ci¢? ) - D/ 16r,
ot HL




INFLATION ANALYSIS
o

INFLATIONARY OBSERVABLES — GRAVITATIONAL WAVES

APPROXIMATING THE INFLATIONARY DyNAMICS

© THE SLow-RoLL ParameTERs ARE DETERMINED USING THE STANDARD FORMULAE EMPLOYING THE CANONICALLY NORMALIZED ¢:

—~ 2 —~
1 Vg 8 — Vg 1-cp¢?
= =2 | ~ —— AN 7= HE — 12 7?? .
2\ Vi - f Vi c-¢° fz

o THE Numser oF e-FoLpings THAT k, = 0.05 Mpc Experiences DuriNg HI Is CALCULATED To BE

— ;5* - V.
N, = fA 0B (1 ) 1)/ 167
[

HL$

o THERE Is A Lower Bounp oN ¢_, ABOVE WHICH ¢ < 1 — AND so Terms (O®)' with [ > 1 Are HarmLess. E.q.,

6u<l = o2 (fra— Dfra =100, win fra = (1+16rN.)"7 a0 N, =~ 58,




INFLATION ANALYSIS
o

INFLATIONARY OBSERVABLES — GRAVITATIONAL WAVES

APPROXIMATING THE INFLATIONARY DyNAMICS

© THE SLow-RoLL ParameTERs ARE DETERMINED USING THE STANDARD FORMULAE EMPLOYING THE CANONICALLY NORMALIZED ¢:

—~ 2 —~

~ 1 Vag  Vaw 1 —c.d?

SR (73 DR S/ g TSt
2\ Vi - f Vi c-¢° fz

o THE Numser oF e-FoLpings THAT k, = 0.05 Mpc Experiences DuriNg HI Is CALCULATED To BE

HL$

. b
N, :fA dp AV”‘ = (1 +ca¢?)? — 1)/16r,
[

o THERE Is A Lower Bounp oN ¢_, ABOVE WHICH ¢ < 1 — AND so Terms (O®)' with [ > 1 Are HarmLess. E.q.,

—~\1/2 —
¢e <1 > e 2 (fru = Dfre =100, wn fey = (1+16r.N,) 2 mo N, =58
e The Power SpecTRuM NORMALIZATION IMPLIES A DEPENDENCE OF A ON ¢_ FOR EVERY 7.

Ve L V@0 Aye !

# = 1= \BArc R —————— = . = 10°AF (ry).

2V3x Vi@l T 32 (frx — 1)°12




INFLATION ANALYSIS
o

INFLATIONARY OBSERVABLES — GRAVITATIONAL WAVES

APPROXIMATING THE INFLATIONARY DyNAMICS

© THE SLow-RoLL ParameTERs ARE DETERMINED USING THE STANDARD FORMULAE EMPLOYING THE CANONICALLY NORMALIZED ¢:

—~ 2 —~

~ 1 Vag  Vaw 1 —c.d?
SR (U IR T P Y
2\ Vi & fz Vi c-¢° fz

o THE Numser oF e-FoLpings THAT k, = 0.05 Mpc Experiences DuriNg HI Is CALCULATED To BE

HL$

. b
N, :fA dp AV”‘ = (1 +ca¢?)? — 1)/16r,
[

o THERE Is A Lower Bounp oN ¢_, ABOVE WHICH ¢ < 1 — AND so Terms (O®)' with [ > 1 Are HarmLess. E.q.,
— \1/2 —
¢e <1 > e 2 (fru = Dfre =100, wn fey = (1+16r.N,) 2 o N, =58,

e The Power SpecTRuM NORMALIZATION IMPLIES A DEPENDENCE OF A ON ¢_ FOR EVERY 7.

1 Vu@)?  aye 1
<= \ix:u(qﬁi - AN ¢ = 1=32\BAmc_r)? Vg T = 10°AF (r) .
2V37 Vi@l 3231 (frx = 1)
e A CLEAR Depl oF THE Ol BLES (SPECTRAL INDEX 725 AND TENSOR-TO-ScALAR RaTiO, ) ON 7. AND 12 ARISES, |.E.,
_ 1 2
ns=1—@+2n*21—é—%,r=l€e}2+,\ + =,
ON,  S(Niry)l2 ONZ2r.  (N3ro)l?

WiTH NEGLIGIBLE 724 RUNNING, 5. THE VARIABLES WITH SUBSCRIPT % ARE EVALUATED AT ¢ = ¢,




INFLATION ANALYSIS

FITTING THE DATA

TesTING AGAINST OBSERVATIONS

© THE Cowmsnep Bicer2/Keck Array ano Planck Resutrs® AttHouaH Do Not ExcLube INFLATIONARY MobeLs WiTH NEGLIGIBLE 7’s, THEY
Seem 1o Favor THose WiTH r’s oF ORDER 0.01 WHIcH IMPLY OBseRVABLE GRAVITATIONAL WAVES.

CURRENT Dama: 1 = 0.028fg:8§g = 0.003<r<0.054 Ar68%c.L. AN r<0.07 AT 95% c.L.

4 Planck Collaboration (2015); Bicer2/Keck Array and Planck Collaborations (2015)




INFLATION ANALYSIS

FITTING THE DATA

TesTING AGAINST OBSERVATIONS

© THE Cowmsnep Bicer2/Keck Array ano Planck Resutrs® AttHouaH Do Not ExcLube INFLATIONARY MobeLs WiTH NEGLIGIBLE 7’s, THEY
Seem 1o Favor THose WiTH r’s oF ORDER 0.01 WHIcH IMPLY OBseRVABLE GRAVITATIONAL WAVES.

CURRENT Dama: 1 = 0.028fg:8§g = 0.003<r<0.054 Ar68%c.L. AN r<0.07 AT 95% c.L.

o ENFORCING ZV* =~ 58 aND VAs = 4.627 - 105, we OsTaN THE ALLowed CuRVE [ReGION] IN THE 12y — 7,002 PLANE:

14 o For Quite NaTuRAL r.’s WE caN OBTaIN ResuLts WITHIN THE
12 1-0- OBSERVATIONALLY FAVORED RANGE, |.E.,

gt 9.63 5 ny/0.1 £9.72 anp 0.7 5 r/0.01 5 8.1.

o

=% ALso, 3.46 < 7igs/101°GeV < 420.

506 o For ng = 0.968 WE OstaiN r = 0.043;
04 e Best-Fit Point: r, = 0.025 = (ng,r) = (0.969,0.033) anp
02 sy ~ 8.63 - 101°GeV.

o THe ErrecTivE THEORY Is VALID SINCE VII{{A < Auvy.

4 Planck Collaboration (2015); Bicer2/Keck Array and Planck Collaborations (2015)




INFLATION ANALYSIS

FITTING THE DATA

TesTING AGAINST OBSERVATIONS

© THE Cowmsnep Bicer2/Keck Array ano Planck Resutrs® AttHouaH Do Not ExcLube INFLATIONARY MobeLs WiTH NEGLIGIBLE 7’s, THEY
Seem 1o Favor THose WiTH r’s oF ORDER 0.01 WHIcH IMPLY OBseRVABLE GRAVITATIONAL WAVES.

CURRENT Dama: 1 = 0.028fg:8§g = 0.003<r<0.054 Ar68%c.L. AN r<0.07 AT 95% c.L.

o ENFORCING ZV* =~ 58 aND VAs = 4.627 - 105, we OsTaN THE ALLowed CuRVE [ReGION] IN THE 12y — 7,002 PLANE:

14 o For Quite NaTuRAL r.’s WE caN OBTaIN ResuLts WITHIN THE
12 1-0- OBSERVATIONALLY FAVORED RANGE, |.E.,

g0 9.63 < ns/0.1 <9.72 anp 0.7 < 7/0.01 < 8.1.

o

=% ALso, 3.46 < 7igs/101°GeV < 420.

506 o For ng = 0.968 WE OstaiN r = 0.043;
04 e Best-Fit Point: r, = 0.025 = (ng,r) = (0.969,0.033) anp

sy ~ 8.63 - 101°GeV.

0.2 .
o THe ErrecTivE THEORY Is VALID SINCE VII{{A < Auvy.

9.55 9.60 9.65 9.70 9.75 9.80
n, (0.1)

o THe UrtravioLeT (UV) Cut-off ScaLE Is Ayy = mp SINCE THE ExpansioNs ABOUND (¢) = O ARE JusT .. DEPENDENT:
242 252 354 =2 > 1 307
P (14624 - 103" +--)4 Ao Vi = (1-2rg® +328" - ).
* = 16¢2 -

ConsequenTLy, No ProeLeEm WiTH THe PerTURBATIVE UNITARITY EMERGES FOR 7. < 1, EVEN IF ¢, AND ¢_ ARE LARGE.

4 Planck Collaboration (2015); Bicer2/Keck Array and Planck Collaborations (2015)




Post-INFLATIONARY EvoLuTION

@00

INFLATON DECAY & NON-THERMAL LEPTOGENESIS

PERTURBATIVE REHEATING

o At tHe SUSY Vacuum, THe INFLaToN AND THE RHNS, N, AcauiRe MAsSES 77155 AND Myc RESPECTIVELY GIVEN BY
AM
V2c_(1 -2ry)

WHERE WE RESTORE /m1p IN THE FORMULAS. 71254 1S ONLY N AND 7. DEPENDENT IF WE IMPoSE A GUT ConbiTioN — SEE BeLow.

Moy = (E.a. 9-10'° GeV For r. = 0.03) anD Mine = Aiye M ,
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@00

INFLATON DECAY & NON-THERMAL LEPTOGENESIS

PERTURBATIVE REHEATING

o At tHe SUSY Vacuum, THe INFLaToN AND THE RHNS, N, AcauiRe MAsSES 77155 AND Myc RESPECTIVELY GIVEN BY
— AM
msy ~ —— (E.a. 9- 10" GeV For r. = 0.03) AnD Mine = Aiye M ,
V2c_(1 -2ry)
WHERE WE RESTORE /m1p IN THE FORMULAS. 71254 1S ONLY N AND 7. DEPENDENT IF WE IMPoSE A GUT ConbiTioN — SEE BeLow.
© THE INFLATON CAN DEcAY PERTURBATIVELY INTO:

® A Par oF RHNs (N/”) WitH Masorana Masses M jyc THrougH THE FoLLowing Decay WipTH

- 2 a2\ M, " _
l"(;q,ﬂng = 116;1 sy (1 - i ) With e = — [1 -3¢y ?] ARISING FROM L%HN;- = iye6p NENE .
P

m2, 2AnM
® H, ano H,; THroueH THE FoLLowing Decay WipTH
ﬁ%HH = g/lf,ﬁ;q, WITH Ay = /l—“ [l - 2cy Kj) ARisiNG FROM L= = —/lyﬁwaﬁH*H;.
8n V2 myg op=HuHy “
® MSSM (s)-ParticLes XYZ THRouGH THE FoLLOWING c..-DeEPENDENT 3-Bopy Decay WipTH
14 7y,

/1:5¢ﬁxyz = /15 — WitH /l_,/ = Ny3c+

51273 m]

(SHmp

AND Y3 = hyp(5p) = 0.5.

THis Decar Arises From L%HXYZ = —/ly((%/mp)(wa(//z + Y¥xz + Zyxyy) + hec.
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© THE INFLATON CAN DEcAY PERTURBATIVELY INTO:

® A Par oF RHNs (N/”) WitH Masorana Masses M jyc THrougH THE FoLLowing Decay WipTH

- 2 a2\ M, " _
l"(;q,ﬂng = 116;1 sy (1 - i ) With e = — [1 -3¢y ?] ARISING FROM L%HN;- = iye6p NENE .
P

m2, 2AnM
® H, ano H,; THroueH THE FoLLowing Decay WipTH
ﬁ%HH = g/lf,ﬁ;q, WITH Ay = /l—“ [l - 2cy Kj) ARisiNG FROM L= = —/lyﬁwaﬁH*H;.
8n V2 myg op=HuHy “
® MSSM (s)-ParticLes XYZ THRouGH THE FoLLOWING c..-DeEPENDENT 3-Bopy Decay WipTH
14 7y,

/1:5¢ﬁxyz = /15 — WitH /l_,/ = Ny3c+

51273 m]

(SHmp
This Decay Arises From Ly v, = ~ 2,5 /mp) (X¢hypz + Ybxihz + Zibxiby) + hec.

o THE REHEATING TEMPERATURE, Ty, IS GIVEN BY

AND Y3 = hyp(5p) = 0.5.

1/4 =,
Tw = (72/57%9.) " T3

2

1/
mp

WITH ﬁ;'z, :ﬁwﬁng +f§¢ay +f5¢ﬁxyz, WITH g, =~ 228.75.




Post-INFLATIONARY EvoLuTION
oeo

INFLATON DECAY & NON-THERMAL LEPTOGENESIS

Lep anp G A
o The Out-Or-EquiLiBrium Decar oF N; caN GENERATE AN L AsyMMETRY WHicH Can BE CoNVERTED TO THE B YIELD:
5 Ty Tooone Im (m mp)
Yp=-0352 > Arh . Where & = Z D u] (FS (x,.j’y,-!yj) + Fv(x,','))»
4 My Ty, = Sr(H, )2 (mlmp)i

WITH xjj := M e [ Miye AND yf; = Diye [Mine = (m;mD);;/8ﬂ<Hu)2 AND 754 < 2M;yc For SoMe i with i = 1,2, 3.
o Here Fy AND F's RePRESENT, REsPECTIVELY, THE CONTRIBUTIONS FROM VERTEX AND SELF-ENERGY DIAGRAMS

Fy(x) = 7x1n(1 + x’z) AND F (x,y,7) = —2x(x* = 1)/ <x2 - 1)2 + (xzz - y)2
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LATIONARY EvoLuTION

INFLATON DECAY & NON-THERMAL LEPTOGENESIS

Lep AND G A
o The Out-Or-EquiLiBrium Decar oF N; caN GENERATE AN L AsyMMETRY WHicH Can BE CoNVERTED TO THE B YIELD:
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WITH x;j := Mjye [ Miye AND y; = Tiye [Miye = (m;mD);;/8ﬂ<Hu)2 AND 754 < 2M;yc For SoMe i with i = 1,2, 3.
o Here Fy AND F's RePRESENT, REsPECTIVELY, THE CONTRIBUTIONS FROM VERTEX AND SELF-ENERGY DIAGRAMS

Fy(x) = 7x1n(1 + x’z) AND F (x,y,7) = —2x(x* = 1)/ <x2 - 1)2 + (xzz - y)2

o THe THERMALLY Propucep G YiELp A THe ONseT of BBN Is EsTimarep To BE: Yz ~1.9-107T/GeV.

PosTINFLATIONARY REQUIREMENTS
(i) Gauee Unirication. AutHougH U(1)p-; Gauge SymmeTry Does Not Disture THis Gauge CoupLing UNiFication WiTHiN MSSM
WEe DETERMINE M DEMANDING THAT THE UNIFICATION SCALE Mgut =~ 2/2.433 X 1072 Is IDENTIFIED WiTH M, AT THE VAcuum, |.E.

Ve ((fry = 2re)gM/[ \{fr) = Mgur = M =~ Mgur/gc- (1 =2r.) ~ 10" GeV with g = 0.7 (GUT Gauae CouPLING).
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Ve ((fry = 2re)gM/[ \{fr) = Mgur = M =~ Mgur/gc- (1 =2r.) ~ 10" GeV with g = 0.7 (GUT Gauae CouPLING).
(ii) ConsTRAINTS ON M yc. To Avoip ANy Erasure OF THE PRropuceD Y, AND ENsURE THAT THE ¢ Decay To &; Is KINEMATICALLY
ALLOWED AND M;yc ARE THEORETICALLY AccerPTABLE, WE HAVE To IMPosE THE CONSTRAINTS:

(@) Myye 2 10Ty, (b) sy > 2Myye AND (¢) Miye S TAM & e < 3.5,
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INFLATON DECAY & NON-THERMAL LEPTOGENESIS

Lep anp G A

o The Out-Or-EquiLiBrium Decar oF N; caN GENERATE AN L AsyMMETRY WHicH Can BE CoNVERTED TO THE B YIELD:

Ty 6rb~>N Im (m mp)
Ys=-03522 A“ : WHeRE 5; = ) ———Dr _m]ommo)] (Fs (xioyiw)) + Fv(xi,-)),
4 My Ty, = Sr(H, )2 (mlmp)i '

WITH x;j := Mjye [ Miye AND y; = Tiye [Miye = (m;mD);;/8ﬂ<Hu)2 AND 754 < 2M;yc For SoMe i with i = 1,2, 3.
o Here Fy AND F's RePRESENT, REsPECTIVELY, THE CONTRIBUTIONS FROM VERTEX AND SELF-ENERGY DIAGRAMS
2 2
Fy(x) = 7x1n(1 + x’z) AND F (x,y,7) = —2x(x* = 1)/ <x2 - 1) + (xzz - y)
o THe THERMALLY Propucep G YiELp A THe ONseT of BBN Is EsTimarep To BE: Yz ~1.9-107T/GeV.

PosTINFLATIONARY REQUIREMENTS

(i) Gauee Unirication. AutHougH U(1)p-; Gauge SymmeTry Does Not Disture THis Gauge CoupLing UNiFication WiTHiN MSSM
WEe DETERMINE M DEMANDING THAT THE UNIFICATION SCALE Mgut =~ 2/2.433 X 1072 Is IDENTIFIED WiTH M, AT THE VAcuum, |.E.

Ve ((fry = 2re)gM/[ \{fr) = Mgur = M =~ Mgur/gc- (1 =2r.) ~ 10" GeV with g = 0.7 (GUT Gauae CouPLING).

(ii) ConsTRAINTS ON M yc. To Avoip ANy Erasure OF THE PRropuceD Y, AND ENsURE THAT THE ¢ Decay To &; Is KINEMATICALLY
ALLOWED AND M;yc ARE THEORETICALLY AccerPTABLE, WE HAVE To IMPosE THE CONSTRAINTS:

(@) Myye 2 10Ty, (b) sy > 2Myye AND (¢) Miye S TAM & e < 3.5,

(iiii) THe Ac T OF Barvc VIA NON-THERMAL LEPTOGENESIS DicTaTES AT 95% C.L. Y5 = (8 64+0- '5) 1071,
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o The Out-Or-EquiLiBrium Decar oF N; caN GENERATE AN L AsyMMETRY WHicH Can BE CoNVERTED TO THE B YIELD:

Ty Tooone Im (m mp)
Ys=-03522 A“ i Where 5= ——2 L ”]
4 Mgy Tsy “# 8n(H, )z(mDmD),,

(Fs (wijs s ) + Fv(xi/))»

WITH x;j := Mjye [ Miye AND y; = Tiye [Miye = (m;mD);;/8ﬂ<Hu)2 AND 754 < 2M;yc For SoMe i with i = 1,2, 3.
o Here Fy AND F's RePRESENT, REsPECTIVELY, THE CONTRIBUTIONS FROM VERTEX AND SELF-ENERGY DIAGRAMS
2 2
Fy(x) = 7x1n(1 + x’z) AND F (x,y,7) = —2x(x* = 1)/ <x2 - 1) + (xzz - y)
o THe THERMALLY Propucep G YiELp A THe ONseT of BBN Is EsTimarep To BE: Yz ~1.9-107T/GeV.

PosTINFLATIONARY REQUIREMENTS

(i) Gauee Unirication. AutHougH U(1)p-; Gauge SymmeTry Does Not Disture THis Gauge CoupLing UNiFication WiTHiN MSSM
WEe DETERMINE M DEMANDING THAT THE UNIFICATION SCALE Mgut =~ 2/2.433 X 1072 Is IDENTIFIED WiTH M, AT THE VAcuum, |.E.

Ve ((fry = 2re)gM/[ \{fr) = Mgur = M =~ Mgur/gc- (1 =2r.) ~ 10" GeV with g = 0.7 (GUT Gauae CouPLING).

(ii) ConsTRAINTS ON M yc. To Avoip ANy Erasure OF THE PRropuceD Y, AND ENsURE THAT THE ¢ Decay To &; Is KINEMATICALLY
ALLOWED AND M;yc ARE THEORETICALLY AccerPTABLE, WE HAVE To IMPosE THE CONSTRAINTS:

(@) Myye 2 10Ty, (b) sy > 2Myye AND (¢) Miye S TAM & e < 3.5,

(iiii) THE Ac T OF BARYC VIA NON-THERMAL LEPTOGENESIS DICTATES AT 95% C.L. Y5 = (8.64‘:8:{2) -1071,

(iv) G ConsTraNTs. Assuming UnsTasLE G, WE IMPose aN UpPER Bounp® oN Y In Oroer To Avoip ProsLems Wit THE SBB

NUCLEOSYTHESIS:
yo (107 [53.107GeV = (069 TeV
G 110713 m3153.108 Gev © SSMG = 110.6 TeV.

5M Kawasaki, K. Kohri, and T. Moroi (2005);
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© mp ARE THE DIRac MassEs IN A Basis (CaLLep N¢-Basis) WHere Ni Are Mass EicensTates. IN THE WEAK (PRIMED) Basis
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UTmDUCT = dp = diag (mp, myp,msp) WHERe L' = LU ano N = U°N° (1.
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INFLATON DECAY & NON-THERMAL LEPTOGENESIS

LeptoN-Numeer AsyMMETRY AND LigHT NEUTRINO DATA
© mp ARE THE DIRac MassEs IN A Basis (CaLLep N¢-Basis) WHere Ni Are Mass EicensTates. IN THE WEAK (PRIMED) Basis
i

UTmDUCT = dp = diag (mp, myp,msp) WHERe L' = LU ano N = U°N° (1.
o WorkiNG IN THE N; -Basis, THE Type | Seesaw FormuLA Reaps
m, = —mp d,_\,l mE, WHERE dyc = diag (M nc, Maye, Maye) WITH Miye < Moye < Mzye REAL AND POSITIVE.
© RepLaciNg mp FRoM Ea. (1) IN THE ABove Equation aND WE ExTRACT THE Mass Marrix o LigHT NEUTRINOS IN THE WEAK Basis
iy = Ulm,U* = —dpUdyt U dp,
WhHich Can Be DiaconALized BY THE UNITARY PMINS Marrix U, ParameTerizep As FoLLows:
c12€13 S12€13 si3e70)  (ei1/?

s s Cion2

—C23512 — $23C12513€" 2312 = $23512513¢€" $23€13 | - et/
i )

523812 — €23€C12513€"

U,

5
—$23C12 — C23812513€" c3C13 1

:= sin 6;;, 6 THE CP-VioLATING DIRAG PHASE AND 1 AND 2 THE TWO CP-vIOLATING MAJORANA PHASES.

WITH ¢;j = €08 6;j, S;




Post-INFLATIONARY EvoLuTION

ee]

INFLATON DECAY & NON-THERMAL LEPTOGENESIS

LeptoN-Numeer AsyMMETRY AND LigHT NEUTRINO DATA
© mp ARE THE DIRac MassEs IN A Basis (CaLLep N¢-Basis) WHere Ni Are Mass EicensTates. IN THE WEAK (PRIMED) Basis
i

UTmDUCT = dp = diag (mp, myp,msp) WHERe L' = LU ano N = U°N° (1.
o WorkiNG IN THE N; -Basis, THE Type | Seesaw FormuLA Reaps
m, = —mp d,_\,l mE, WHERE dyc = diag (M nc, Maye, Maye) WITH Miye < Moye < Mzye REAL AND POSITIVE.
© RepLaciNg mp FRoM Ea. (1) IN THE ABove Equation aND WE ExTRACT THE Mass Marrix o LigHT NEUTRINOS IN THE WEAK Basis
iy = Ulm,U* = —dpUdyt U dp,
WhHich Can Be DiaconALized BY THE UNITARY PMINS Marrix U, ParameTerizep As FoLLows:
s .
cci3 B s12€13 ) size®) (et )
Uy = |—exsia = s;cinsize®  cazcnn = sysiasine®  syens | - emie2/2
5238512 — €3C12813€°  —sp3c10 — Cc3sins13€0 cpsens 1

:= sin 6;;, 6 THE CP-VioLATING DIRAG PHASE AND 1 AND 2 THE TWO CP-vIOLATING MAJORANA PHASES.

WITH ¢;j = €08 6;j, S;

PARAMETER BesT FiT VALUE
© THE MassEs, m;,, oF v; ARE CALCULATED As FoLLows:
NoRMAL [ INVERTED

HigrarcHy My, = \Jm3, + Am3, AND

Am2, /1073eV? 7.56
21
Am3, /103eV? 255 [ 249 m3, = \Jm? +Am%.  FoRNOm,'s
sin® 61,/0.1 321 OR
sin® 613/0.01 2.155 2.14

= \Jm3, + |Am§1 |, For 10 m,’s
sin® 6,3/0.1 43 5.96

myy, =
o Y.mj, <0.23 eV ar 95% c.L. FRoM Planck DaTA.

o/m 1.40 1.44




NFLATIONARY EvoLuTion

Resurrs

COMBINING INFLATIONARY AND POST-INFLATIONARY REQUIREMENTS

e To VERIFY THE CompaTiBILITY OF THE PosT-INFLATIONARY CoNsTRAINTS, WE CaAN FurTHER CoNnsTRAIN 7. IN ConvuncTioN WiTH THE
Low ENeray NEUTRINO PHysics PARAMETER
© ALL THE REQUIREMENTS CAN BE MET ALONG THE LINES PRESENTED IN THE 7 — map PLANE FOR A, = 1076,

Y, =8.64x10™

CASES: A B c

10}k ) J Hierarchy : NO NO 10

ICase B m_/ev 0.01 0.05 0.01

< / Tm eV 0.074 0.17 0.11

© m, 1 GeV 05 1 0.13

e m,. 1 GeV 150 170 100

o
EN 9, -nl2 n -3nl4
0 n/3 5n/4
1k CaseC /. .
M, /10°Gev | 3 3 0.45
L 11

0.01 0.1 M, /10" GeV | 0.4-8.7 1-16 03-1

r, M, /10“Gev | 49 22 27

o WE 1aKE m,,, = my, FOR NO v;’s AND m,, = m3, FOR 1O v;’s .
© THE INFLATON DEecAYs INTO THE LigHTEST AND NEXT-To-LigHTEST OF RHN SINCE 2M ¢ > Mgy FOR i = 3.

e Yp Is EquaL To ITs CENTRAL VALUE AND THE G ConsTRAINT is Unper ConTroL EVEN FoR m3/ ~ 1 TeV Since We OsTain

0.7 < Y5/107"° <3 anD 0.4 < Tp4/107GeV < 1.8.
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o WE ProPoseD A VARIANT oF NON-MINIMAL Higas INFLATION (NAMED KiNETICALLY MobiFiEp) WHICH CAN BE ELEGANTLY IMPLEMENTED
WiTHIN A B — L Extension oF MSSM, AporTiNg A SUuPERPOTENTIAL DETERMINED BY AN R-SYMMETRY AND SEVERAL SEMILoGARITHMIC
KAHLER PoTenTIALs WHICH RESPECT A SOFTLY BROKEN SHIFT SYMMETRY.

8 E.g., Core+, LiteBird, Bicep3/Keck Array and PRISM
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CONCLUSIONS

CoNCLUSIONS

o WE ProPoseD A VARIANT oF NON-MINIMAL Higas INFLATION (NAMED KiNETICALLY MobiFiEp) WHICH CAN BE ELEGANTLY IMPLEMENTED
WiTHIN A B — L Extension oF MSSM, AporTiNg A SUuPERPOTENTIAL DETERMINED BY AN R-SYMMETRY AND SEVERAL SEMILoGARITHMIC
KAHLER PoTenTIALs WHICH RESPECT A SOFTLY BROKEN SHIFT SYMMETRY.

© THE MopEL ExHiBITS THE FoLLowING FEATURES:

® |7 INFLATES Away CosmoLoaicAL DEFEcTs;

® |1 Sarely AccommonaTes OBservABLE GRAVITATIONAL WavEs® WiTH SuepLANCKIAN INFLATON VALUES AND WiTHouT CAUSING ANY
ProsLeM WiTH THe VALDITY OF THE EFFECTIVE THEORY;

® I Orrers A Nice SoLuTion To THE i ProBLEM oF MSSM, PROVIDED THAT A, IS SOMEHOW SMALL;

® |7 ALLows FOR BarvogeNnEsis viA NON-TL ComparieLe WiTH G ConsTRAINTS AND NEuTRINO DATA. IN PARTICULAR WE MAY HAVE
m3 ~ 1 TeV, WitH The INFLaTON Decaving MainLy To N{ anp N5 — We OBTAIN Mye IN THE RaNGE (10° = 10) GeV.

THANK You!

8 E.g., Core+, LiteBird, Bicep3/Keck Array and PRISM
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