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Introduction

Inflation o

* Rapid expansion of early universe Y ;
* theoretically & observationally established N

(solve flatness, horizon, monopole problems)
* Slow roll inflation (scalar field) \/

dcMB Pend reheating
-
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Higgs inflation

Inflaton = SM Higgs boson
The original SM Higgs potential X
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Higgs inflation

Non-minimal coupling
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Higgs inflation

2 I 2 2
%4 V |74
r=8(%), n,—1=-3(=) +2%
V |74 |74
o=
s C ' ' \ TT,TE,EE+lowE + lensing
D, ‘ TT,TE EE+lowE +lensing
+BK14

TT,TE,EE+lowE+lensing
W BK14+BAO
|

Natural inflation

0.15

Hilltop quartic model
«v attractors
Power-law inflation
R? inflation

V oc ¢?

Voo /3

Voo

_— ) <232/3
@
®

Tensor-to-scalar ratio (7p.002)
0.10

0.05

Low scale SB SUSY
N,=50
N,=60

0.00

0 0.98 1.00

0.94 X
Primordial tilt (ny)

CMB observation = £2/1~101°
= Large non-minimal coupling £ ~10*




Unitarity problem in Higgs inflation

* Low cut off scale : A~M,,; /& = ?? perturbation

c.f, Hipe~VA A,
h>> My /JE> A



Unitarity problem in Higgs inflation

* Low cut off scale : A~M,,; /¢ = ?? perturbation

c.f, Hipe~VA A,
h>> My /JE> A

In Jordan frame
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Unitarity problem in Higgs inflation

- However, cutoff scale depends on the inflaton field = A’~\/?h

* Unitarity problem again in preheating
(Particles with momentum above the cutoff are generated)



Solution

One of solutions : Introduce a new d.o.f o (like Higgs boson in SM)

L o 1 N2 ~2 1 L —\2 2
= - Q(M L€ 2H H)R 5(0,0) = DK
—lr‘( 52— A2 — zcmw)g _ A(%m _ f)Q
4 v 2 .

cut off = M,
o-field linearize Higgs kinetic term = UV completion of Higgs inflation



RA2 (Starobinsky) model

[ — lR + aR? R? D higher derivative of metric
2 = anewd.o.f

\ Rewrite by auxiliary field y

1
L= (5 +2ax) R— ay’

Einstein frame

(Dual picture)

conformal trans.
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__Rp__= (1= V3? : scalaron
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v consistent with observation




Higgs-R"2 model

ldea : scalaron for unitarizing Higgs inflation ?

1
(1+&h*) R — §(a,,Lh)2 — %h‘l HaR?

1
2

Li/N =g =

v YES, it WorkS! Y. Ema’ 17, D. Gorbunov and A. Tokareva’1s,...

Scalaron pushes up to the unitarity scale to Mp,
(I will discuss how it solves in susy case)

2 A.Salvio and A. Mazumdar’ 15
v a’VE emerges by RGE effeCt X. Calmet and I. Kuntz’ 16

Y. Ema’ 17,
D. M. Ghilencea’ 18



Phenomenology of Higgs-R*2 model

v inflation

A.Salvio and A. Mazumdar’ 15

D. Gorbunov and A. Tokareva’18

Y. Ema’ 19,

A. Gundhi and C. F. Steinwachs’ 20, ...

v (p)reheating

M. He, R. Jinno, K. Kamada, S. C. Park, A. A. Starobinsky, J. Yokoyama '18
F. Bezrukov and C. Shepherd, '20
M. He, '20,...

v PBH D. Y. Cheong, S. M. Lee, and S. C. Park, "19

v Dark energy  H. M. Lee, A. G. Menkara 21

v Dark matter
SA, H. M. Lee, A. G. Menkara, K.Yamashita, in progress



S.A., H.M.Lee, A.G.Menkara,
TOday’S tOpiC 2108.00222
= embed Higgs-R"2 inflation into supergravity

Supersymmetry

. ] H I ]
* solution of the Hierarchy problem O ;A

unification of the forces
- dark matter candidate

/o
1oy

SUSY embedding may give an UV completion of Higgs-R*2 inflation



S.A., H.M.Lee, A.G.Menkara,

Today’s topic 2108.00222

= embed Higgs-R"2 inflation into supergravity

Questions
- Unitarity?
- maintain successful inflation?

- supersymmetry breaking and phenomenology?

- difference from non-SUSY model?



Higgs inflation in SUGRA + R*"2 SUGRA

N\

™~

NMSSM

Einhorn, Jones’ 10
H.M.Lee’ 10
Ferrara, Kallosh, Linde, Marrani, Van Proeyen’ 10

* Construction
S. Cecotti’ 87

* Apply to inflation
Kallosh, Linde’ 13, ...




Higgs inflation in NMSSM

1 ) ) _
L=— ESZR — Q50,200 -V Q) : frame function

()
K = —Slog (—g)
§

Contents : z! = {H,,H4, S} /
] 3

Q=-3 + |S|2 + |I{u|2 + |Hd|2 + (§®Hu ’ Hd + h-C->

(@nl
]

W = \SH, - Hy + §53



Higgs inflation in NMSSM

Truncate every field other than h

([ Hf 0 [ HY h/2
o= (15) (i) e () (1) 5o

m) Realize Higgs inflation with x/A~10*

cMe m) x/A~10* m) Large non-minimal coupling ¥




RA2 (Starobinsky) inflation in supergravity

[ d*o

/

[OK’}%R]D — (}jRQ + ..

R = (X"7'2(X") :curvature superfield

1 XY : compensator
Y : chiral projection (~ D?)




RA2 (Starobinsky) inflation in supergravity

l Introduce auxiliary superfield T and C

[aRR]|p = [aCClp +[T(C = R)|p— Ja%6

— [TC — (T(X")'Xp

— [TClp — [T( X' X% + celp

&
T —T(X"?and C — CX"Y
C— C/ya,
= [|X°2Q]p + (X" W]p Q=|CP—(T+T)

_ e

RA2 SUGRA = SUGRA + two chiral multiplets (T,¢) L~ V@




RA2 (Starobinsky) inflation in supergravity

Im7" — 0,C" =0

# Realize R*2 inflation with ReT identified as inflaton (scalaron)

cve  mp  g~101° M) Large coefficient




Supergravity embedding

NMSSM inflation in SUGRA + R*2 SUGRA (= dual scalars T, C)

— 9
K = —3log (—§>

3 _
Q=3+ S+ |H) + |Hy* + (axHu -Hy+ h.c.> +|C)1? = (T +T)

o
W — ASH, - H, + §S3 +—=TC

Va

—

v Fields : NMSSM singlet S, Higgs doublets H,,, H;, Dual scalars T, C
v Parameters : ¥ (non-minimal coupling), 4, p, a (coefficient of R*2)

| l

Large Large
v By construction, it has R"2 origin (T-sector is fixed by R"2 structure)



Three frames

Linear sigma frame (for unitarity)

Jordan frame Einstein frame
(for SUGRA construction) (for physics)

1
£ - ton . co=tni



Linear Sigma frame

2
1
Conformal trans. ¢, = (1 + %U> Gy

. . 1 . 1 2 ‘
. 2! — 2, T = o '11 t— ) W . C
Field redef. : (1 + \/60> 2, (1 + \/60> / 2 ={S H, Hy, C}

choose o s.t.

1 \? 1 . 2. 1
(1 -+ %O_) + (_§XHU' . Hd -+ h.C.) + gR.e:[T =1 — 602.

Convert ReT (scalaron) = ¢



Linear Sigma frame

1 2
Conformal trans. ¢, = (1 + %a> Gy

2
Field redef. 2 (1 + ia) . T= (1 + ia) T, 2 ={S H, Hy,C}

V6 Vo6
choose o s.t.
1\’ 1 . 2 . 1
(1 -+ %O'> + (_iXHu . Hd -+ h.C.) + gReT =1 — 60'2.
Convert ReT (scalaron) = ¢

1 1,4 1, - L, - 1, - 1
L/\/—g==|1—=|S]* = =|H,]* — =|H,)* — =|C]* = =¢* | R

) £/v=g g (1= 315 - FILE - HIE - 5CF - 5o
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2

No-large couplings v, a




Linear Sigma frame

Where y, a have gone?

. . L . 1 2
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Linear Sigma frame

Where y, a have gone?

L R . . 1 2
V =|\H, - Hy+ pS?* + N|S|2(|H.)* + | Ha|*) + o (O’ +\/_U—( YH, - Hd+hc>>
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X a can be order one

* no unitary violation up to Planck scale even after susy extension

. . . . L
perturbativity requires N <1




Inflation

SUGRA Higgs-R"2 system D o, h, .S,C,...

= non-susy  Extra fields due to susy
(should be stabilized)

Naive embedding = tachyonic instability in one of mixed state of S and C

Solution:  AQ = —¢|S|* — ¢|C|*

|

— 1.0 X3 (RR)?]p indualside

Note : doesn’t destroy R*2 structure in component



Stabilization of S and C

p : cubic coupling of S

Mass eigenvalues of S and C
m2IH? —*"/' meIH?
GOOOOI— ”””” i 250000
Jties I
A*"/ I v
40000 + 200000 +
20000
150000
OI1O OIO5 065 OLIO o
- v I : : 100 +
-20000
5000
—40000;
-60000 - o7 01 | 0.1 9.2
((s: CC)=(O,0) (551 €C)=(3;0-4)

(A& ) =(4%x107°1,10%)



Inflation

EFT of 0 and h = same as non-susy case

N Lolo +VB) (0~ 3 (¢ +) (0~ V)
: W= 2 ‘
Integrate out h X6 —2(E+1) (0-3(E+ 1) (0 - v0))

Canonical normalization : ¢ ~ —v6tanh (i>

V6

2 (1 — 6_2@5/\/6)23 € « A2 R2like

f 2
22 (1 _ 6—2@%) - £33 )2 Higgs-like



Inflationary observables

‘ 2
/\2+ﬂ

CMB: 7,

Perturbativity :
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v Consistent with Planck observation



SUSY breaking

1. SUSY breaking by higher curvature effects

Q= BT+ |C|2} —7.(C+C) = ¢|C*
Y !

new already added
RA2 SUGRA

In dual picture,

=3+ a|R/X"] = vea (R/X" + cc.) — C0*|R/ X

m) (T)+#0,(C)+0
SUSY ~ Mp//a > 10" GeV  : High scale SUSY breaking

!

perturbativity constraint



SUSY breaking

2. O'Raifeartaigh model

Q = —3—(T+T)+|C]+|P]* —~ ||
1 ‘ ‘
W= ﬁTC'—%—K(D—i—g(DC'Q+)\(I>‘3—|—fi.'C'+g’(I>QC—|—)\'C'3

@m 7, R-symmetry with R[®] = R[C] =+2 R[I]=0

SUSY breaking scale ~ [y = x :adjustable



Implication for phenomenology

pu-term
~ 3 1 _
= )\<S> + 5 X3 2 — §XKTF
NMSSM Non-minimal coupling Giudice-Masiero term
Lee’ 10 Giudice, Masiero’ 88

SequeSteI‘Ed form Randall, Sundrum’ 99
mm)  vanishing soft mass at tree level

m=)  anomaly mediation

mm) tachyonic slepton

S720011‘[&0‘5 — C@,BXTXZ;ZJB + c.c X = C) (I)a



Summary

 embed Higgs-R"2 inflation into SUGRA

* interpolate NMSSM inflation and R”*2 inflation in
SUGRA

* Three frames (Jordan, Einstein, Linear sigma)
* NO unitarity issue even after supersymmetrization

* successful slow-roll inflation with quartic couplings
(higher curvature terms)

* two SUSY breaking mechanisms & transmission to
visible sector



Discussion & Future

No distinction in inflationary observables (ng, )
of susy/non-susy models = How to distinguish?

- S, C contributions to inflation if they are light
- SUSY breaking effect on inflation

* go beyond standard analysis (e.g., Non-Gaussianity?)

1

ImT : relatively light ~2H
» gravitino problem

T, should be < 10%° GeV ¢ naive estimation ~ 1013 GeV

[For pure R*2 SUGRA =



Thank you for your attention !!



Backup



Cut off depends on the background field value
F. Bezrukov, A. Magnin, M. Shaposhnikov, S. Sibiryakov [arXiv:1008.5157]

ﬂf% + S(j)z + 65’2(,52

5\/ M2 + £62

A (o) =

® > Mp//€. large fields (inflationary period) ‘ A ~ \@ @_)
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Jordan frame supergravity

L/\/=g = XD 2R — Q(0,X")? = X0 X (08,2 + 00,7 ) + (X°)* QA2
(5(0)20”0 Agrzd _ v (2.16)
where
A, = 22) () 0, - at:fszf) . (2.17)
00\ 30 3 9 o
VE = (x0)?! (0” T) (UI—S—7U) (I-IJ—TJIi) 5 (X0
= (XO) R [lC” (W) + KW) (Wi + K0 = 3| ] . (2.18)
0\4
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RA2 frame

S = [ X°PQ 2o + (X W (E)e + [fap(z" )WV WPe + [aRR]p

R = (X")'5(X").

Y’ is a chiral projection operator

LIN=G == Q50,2705 + (—i€0,0,2° A" + c.c.) + Q= A + |[FO)") + (3FW + c.c.)

+Q
0 02 2 2 0 N2
1 s TP A Rt 3 R +a( 2+ | ) + oV, A")

— |9, F° = 3i4, F°|? — 0% (Q, P + W) (Q5F° + T5)
1 ~ L x 3
— 5(Ref) M PQuk 5k, (2.3)



RA2 frame

f:

Q(2*,2°9) = =3 +|S|? + |H,|* + |Hy|* + (§X'Hu - H;+ h.c.) ._

W (=) = \SH, - Hy + §S3,
1

| 1 ; 1 1
L/ —g=3=—=|S|* = =|H,]* — =|H4|* ——\H, -H;+he. ) R
W3 ={ 5 = glST = GHLE = gl (~ it Ha+he )}

— 10,5 = 10, HP = 10, Hal* + 5B + -+



Unitarity issue for ImT

1 1 ~o 1 - 1 - 1. - 1
Lrs// =G == (1— =8P — Z|HL> — <[> — =|C]> — =02 ) R
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A i A -~ -'-1_. ]_ € i
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2
B —4@5@(}(“)—1] .
7o gm .- 1,0y =2, convert ImT > b

(o}

i 1 Lo 1 3 A A = = \2
- Vi o E(Im’r)z — —(b— Zi"-x(Hu "H;—H, - Hd)) _

perturbative as long as

o l=
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Effective mu-term

b J(¢) J(9) | o
3M2  3M%  3MZ J(¢) = —x Capdd”.

K(z,2) = —3M3log [1

W) K(2) =0+ J(0)+J(0)+...

Kaehler transformation

J ((D:l ~ W -+ mga;gj ({D)

K 17 A7
[ g = W) (Wi J

M IZJ M %



ZE -symmetry

J—

W s @2Tiaw /My with gy = 2.

_ H — eQﬂ' i/ M 0

P _y p2mid /M (1)

Our case :

Z4p R-symmetry with R[®] = R|C] = +2 R[1T]=0



