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Motivation

Good inflation model should:

* Solve standard cosmological problems (e.g.
flatness, horizon, monopole)

e Solve initial conditions problem

e Satisty observational constraints (ns ~ 0.96-0.97,
r<0.1)

e Have a direct connection to the Standard Model
and particle physics
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Motivation

e Higgs inflation: Bezrukov and Shaposhnikov, arXiv:
0710.3755

e SUSY version:
e Einhorn and Jones: arXiv:0912.2718

e Ferrara et al. : arXiv:1004.0712



Motivation

e Higgs inflation: Bezrukov and Shaposhnikov, arXiv:
0710.3755

e SUSY version:
e Einhorn and Jones: arXiv:0912.2718
e Ferrara et al. : arXiv:1004.0712
Above needs:

 Non-minimal coupling to R
e NMSSM = MSSM + gauge singlet
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Content of the B-LL MSSM

SU(?))C X SU(Q)L X U(l)gR X U(l)B_L

Q ™~ (372707 1/3) U ~ (:_37 17 _1/27 _1/3)

d¢ ~ (3,1,1/2,-1/3)

X 3

L~ (1,20, —1) e~ (1,1,1/2,1)
V¢~ (1,1,-1/2,1)

H, ~(1,2,1/2,0) Hy~ (1,2,-1/2.,0)



Content of the B-LL MSSM

SU(B)C X SU(Q)L X U(l)gR ><

Q ™~ (372707 1/3) U ~ (:_37 17 _1/27 _1/3)

d¢ ~ (3,1,1/2,-1/3)

X 3

L~ (1,20, —1) e~ (1,1,1/2,1)

oD

H, ~(1,2,1/2,0) Hy~ (1,2,-1/2.,0)




Heterotic M-theory

c.f. Lukas, Ovrut, Waldram arXiv:9710208

Visible sector Hidden sector
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Heterotic M-theory

c.f. Lukas, Ovrut, Waldram arXiv:9710208

O-brane O-brane
S—Srane 3—bvrane
SO(10) SUG)e x SU©2), x U(L)sp x U(L)p_1
Visible sector Hidden sector
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Dimensional reduction

c.f. Lukas, Ovrut, Waldram arXiv:9710208
11 dimensional metric:

ds® = g drtdz” + 2@ Qypdrtde® + 2@ (da'h)?

—_—— ——

Four dimensional action:

1
Shos = — \/_ R+ 2K;0,Y'0*Y7 + Vp + Vp)
167TGN

1
167TC¥GUT

F[ (f (Yi))trFu%(f(w‘))trFﬁ’}
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Dimensional reduction

11 dimensional metric:

ds® = g drtdz” + 2@ Qypdrtde® + 2@ (da'h)?

—_—— ——

Kahler potential:

12
K:—ln(S—l—g)—Sln(T—l—T—Z G

1
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No scale supergravity

Dimensional reduction

11 dimensional metric:

ds® = g drtdz” + 2@ Qypdrtde® + 2@ (da'h)?

—_—— ——

Kahler potential:

Ci \2

K=-In(S+8)-3Wm(T+1T - Z

. ik
_ 6 —I—Z\/§O', _620 Z\/7X_|_ Z| ’
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SUGRA lagrangian

Redefine matter fields + gauge couplings:

, 3 \1/2 , 2 \1/2 /
— \ === Cz', — \5F . A aaf :727 7BL
drop primes:
lim K;0,C'0"C7 = 9,C'0"C"
Mp—)OO

Work with Mp = 1 units from now on
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SUGRA lagrangian

scalar kinetic energy: —K;39,C 9" C?

F-term potential: Vr = e™ (KﬁD@WDjw - 3\W’2)

W =Y, QH,u — YdQHdCZ— YdLHdCZ—i— Y, LH, v+ unH,H,

1
D-term potential: Vo = 3 > D

r oK r '
Do = =ga55 T(w)i”C5 =

9a
DT‘
(NG

r{a) — _6 [T{a)]ijcj
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SUGRA lagrangian

Soft SUSY-breaking terms (from hidden sector):

2

Viort = (mg Qs> +mi,,. Nursl® +mg, |drsl* +m7, |Le* +m5, v

—I—ng’f‘eR’fP) +myy |Hul* + mi—ld\HdIQ + (bHyHg + h.c.) + ...

+ gaugino masses + tri-linear couplings

—— ——

SUSY fermions small for us - ignore
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SUGRA lagrangian

»Cscalar — _Kﬁ@uciauéj —Vr —Vp — Vtsoft
« Want to inflate

o Simplicity - go for D-flatness

VD:%ZD?L = D, =D, =0V a

20



D-term potential

3
3
QL

v
Z

3

SU(3): —Dfs) = (Tr,t) " [A]m "(ur)n + (drs) " [A"]
+(Ur,e) ™ [A ] "(ur)n + (dr,e) ™ [A"]

3
N
/N
S8
.
h
N——"
N

SU(2):

—D{yy = (Hu)"[7" e '(Hu)t + (Ha) " [7" e '(Ha)1 + (Qp) [k ' (Qe )t + (Le) [Tk ' (Lg):

U(1)ar:  ~Pom =3 (HI"+[H,] = [Hal” = [H; )

—Yorsl? + Lersl? = Sursl® + Ldrl?

U(1)B-L: —Dpry = —|vesl® — lens” + glur el + 5ldrsl?

+Hrrel® + lerel? — Surgt)® — 3|drs|?
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Construct D-flat direction

* Ignore color-charged fields - set squarks to zero

e |gnore electrically charged fields - charged sleptons and
higgs to zero
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Construct D-flat direction

e |gnore color-charged fields - set squarks to zero

* |gnore electrically charged fields - charged sleptons and
higgs to zero

e (Gives us 3 equations we need to solve, from 3R, BL, SU(2) D
terms:

—|HY2 + |H? + v s)P=0

H°?2 — |HY? — |vrs?=0 ¢ 8unknowns

vrs|® = v gl =0
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Construct D-flat direction

Choose 3rd family sneutrinos

set Hq to zero.
lgnore phases

Gives us:

— VR3 — VL 3
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Construct D-flat direction

* Equation defines a line in 3 dimensional space HS = VR3 = VL3

 Rotate to new basis which includes D-flat direction

A
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Construct D-flat direction

» Equation defines a line in 3 dimensional space | H) = vg3 = vp 3

u

 Rotate to new basis which includes D-flat direction
4 4
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Construct D-flat direction

Redefinition of fields (I1):
H, = %(¢1—¢2—¢3)
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Construct D-flat direction

Redefinition of fields (lI):
H, = %(¢1—¢2—¢3)
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Back to lagrangian
P1 = % (HS +vr3+VR3)

1
2 2 2 2
%oft(¢1) — m2’€b1’2 m- = §(mH,3 T mVL,S + mVR,S)

Blgnl® (n* + Yislén]”

VF(le) — (3 B |¢1|2)2
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Back to lagrangian
P1 = % (HS +vr3+VR3)

1
‘/soft(qbl) — m2’¢1’2 m2 — g(m?{,g T mIZ/L,s + mIQ/R,S)

3lgnl* (1” + Yislenl?)

Vi(¢1) =
(38— |o1[?)°
* Kinetic energy is non-canonical:
1 _
T Qa,u¢1a'u¢l

(1= 3lo1l?)
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Back to lagrangian

Redefinition of fields (ll) - the revenge:

(i6) = 5=t

¢1 = V3tanh (%)
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Inflationary lagrangian

1
L= —20,00" = Ve(¥) = Vior: (1)

tanh? (%) (,u2 + 3Y2 tanh? (%))

Vr(¢Y) = 2
(1=l ()
Vsort (V) = 3m? tanh? (\%)

1
2 2 2 2
m :g(mHo +m, . +m
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Inflation

Slow-roll parameters:

Vel V! 2
77:7 €:%<7) 6777<<1

Physical quantities:
ns >~ 14 21, — Ge, r ~ 16e¢,

Planck2015 CMB normalization constraint:

VIt =1.88(—)"" x 101 Gev
(010) "~ ¢
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Inflation

 Difficult to constrain all parameters at once

e “Turn off” VF first and concentrate on soft mass.
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Pure soft mass inflation

Viost (1) = 3m? tanh” (\‘/%) Vi)

epsilon =1, 60 e-folds gives:
wend = 1.21 3 w* = 0.23

(physical fields < Mp)

ne >~ 0.967 . r ~ (0.00326

CMB normalization gives us:

VM4t —7.97 x 101 GeV m = 1.55 x 1013 GeV
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Vsoft + VF

e Turn F-term back eta-problem
* Need to avoid spoiling 60 e-fold constraint
e F-term contribution dominated by u

vy = 0 () (v vA e () )

(1= ()
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3.% 10°10]
2.5 10‘102‘
2.% 10—‘"i~
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2.5 % 10-“’6—
2.% 10-”’5—
1.5x% 10-“’5—
1.x 10-“’5-

5.x 1071}

Vsoft T VF

Vsoft + VF
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Vsoft T VF

25%x 10710}
| Vsoft + VF

2.x 10710}

1.5x 10710}

1.x 10710}
5.% 107!}

031__¢elnd_.l ‘/’*
2

wall a la Mukhanov? 5
arXiv: 14092335 W ~ % (
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Vsoft T VF

Turn F-term back on - eta problem
Need to avoid spoiling 60 e-fold constraint

F-term contribution dominated by p

Largest value of p allowed is: = 1.20 x 10! GeV

ns ~ 0.9609 . r ~ 0.00334

V4 — 8.07 x 10'° GeV m = 1.58 x 1013 QeV
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Planck 2015

Planck TT+lowP
Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

Hilltop quartic model

(v attractors

Power-law inflation

Low scale SB SUSY

R? inflation

V x¢*

V x ¢?

V x ¢4/3

Vxo¢

V x ¢2/3

N,.=50

N,=60

0.15

Tensor-to-scalar ratio (ro.002)
0.10

0.05

0.00

0.94 0.96 0.98 1.00
Primordial tilt (n,)

Fig. 54. Marginalized joint 68 % and 95 % CL regions for n; and rgop from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.
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Stability

 Need to ensure that trajectory is stable during
inflation
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Stability

Need to ensure that trajectory is stable during
inflation

Hard constraint: inflaton direction in field space is a
local minimum for all values of phif
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Stability

 Need to ensure that trajectory is stable during
inflation

e Hard constraint: inflaton direction in field space is a
local minimum for all values of phif

- Cannot be satisfied

» Soft constraint: any roll-off is <107°Mp
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Stability

10°Mp
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e Construct Hessian matrix to check stability:

Stability

e Thankfully matrix is block diagonal:

(

d*V 9%V d*V d*V
VR y? vl Ovp ;)('?I/L 1 Ovp ! dvp1 Ovp 5&9:1;; 1
a°V <V oV o<V
IR 56 vl Ovp J)('?UL 1 Ovg ! dvp1 Ovp ]_2(9!/1{ 1
a“V o<V oV o<V
vy, 5(7 v, oOvy !’01114 1 dvyp, ]Qal/ Rr1 Ovp ]2(')1/13 1
a“V o<V oV o<V
Ovp10vy, Ovp,10vr, Ovp10vpy Ovp10vi
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
3’V I’V 2’V *V
oen 5(")(3. L1 9degn ,)0(3. L1 Oepn 5(9(3 r1 Oegn batf. 1
o’V o~V o~V oV
oen 5(‘9(3. L1 9degr ,)('9(3. L1 Oen &3(3 r1 Oegn 12('9&. 1
a°Vv o~V o~V oV
deyp, ]2('?(3. L1 Oep J_jac L1 der ]_){')e. r1 Oer ,2('9(: 71
oV oV oV oV
derqr10er, Oepr10ep; depi10er, Oepy0€ep
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Stability

* All blocks are 4 by 4 except for

* 06 by 6 involving phi2, phi3 phi4

* 8 by 8 involving e3R e3L Hu+ Hd-

9*v Vv 9%V 9’V 9*v 9’V
ORG20Rps  ONP203¢2 ORG20RGs  ORP203¢3 ORG,0RHY RG0S H) \
9>V 9’V %V 9%V 9%V 9%V
0[¢20Rp2 03020302 03¢20Res  0[¢920F03  03¢020RHY  93¢203H)Y
9%V 9%V 9%V 9%V 9%V 9%V
ORP30Rp; ORP303¢, ORP30Rp; ORPG303¢3 ORP3ORHY ORG39IHY
A% 9?2V 9%V 92V A% 92V
I3¢30Rp2 93¢3903¢2 O3¢30RGs 03030303 033 0ORH) IS p30IHY
9%V 9%V %V 9%V 9%V 9%V
ORHOOR G emHgaa@ amH;em(;sg (’)fRHé’(’)ikq‘p;-, ORHOORHG ORHOOSHY
9°V % °V 9°V % 9*V )
OSHYORG, OIHJ0[¢, OSHYORG; OSH0S¢; OSHGORH) 9SHYOSHY

9*v *v *Vv a9’V a9’V a9’V *Vv 9V
ONesrdResr ORNezrdVezr OMNezrdResr ONezrdVesr ONesprdRHT ORespdIHT ORezrORH (’)}RE‘;ROQHJ
8%V %V %V oV a%v a2V %V 9’V
dJespdResr 0Ve3rdIegr 0VegrdMNesr O0Ve3rdFesr IQ[espgdRH, I[ezpdIH]T O%e3pORH; 9e3rdIH;
9V *V *Vv a9’V %V a*v *Vv 9V
ONezLONezr ONezr ez ORezLONezr, ONezLdVesr ORes ORHT ORes OSH (')Re;‘L(?RHJ (?Re;”j)i}Hd"
9V a*v a*v 8%V %V a2V %V 8%V
Oe3L0Nesp 0FVe3L0Fesp 0FezLONezr 0[ezrdSVesr 9Q[es ORHT 0[es ISH ez ORH; 0[e3LdSH
v %V *v %V %V %V *v 9V
ORH OResp ORHIOJesg ORHIOResy, ORHIO0[es, ORHIORHT ORHIOSH] ORHIORH; ORHIOSH
9V v a*v 8%V 8%V 8%V %V 9V
OSH] OResr OIH] 0[esp OSH] OResy, OIH] 0Fes, OSH,ORH] OSH]OSH] OSHTORH; OSHIOSH)
9V %V %V %V %V %V %V 9’V
ORH, OResp ORH; 0Sesp ORH; OResr ORH) 0Fes, ORH; ORH] ORH;OIHT ORH;ORH; ORH;OSH]
9V *V *V v a*v v %V 9V

OIH; OResp OSH; 03esr
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Stability

* Check eigenvalues - if positive stable

 |f negative construct assoc. eigenvectors and look
for roll-off
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Stability

* Check eigenvalues - if positive stable

 |f negative construct assoc. eigenvectors and look
for roll-off

» Soft constraint: any roll-off is < 107°Mp
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Return to particle physics
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Return to particle physics

e Can Msusy ~ 101%GeV 1 <10°GeV

give us reasonable physics?

Redo statistical scan with soft masses thrown about new
M with m/f, fm], f=3.3

1
* s.t. average m* = §(m?{g + mim + miR,g)
m = 1.58 x 10" GeV

e p constrained to be < 101°GeV
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Search for valid low-energy points
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Spr ((My))

Search for valid low-energy points

| |
152 | e e .
1002k o : . i
z
S . 00 R :
) o i . no EW breaking
B 1 2 4 it ) -
! B : EW breaking
f sparticle bounds
Higgs mass
—152 | [
—152 —10? 0 10
Ssr((My))
(10°GeV)?
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Search for valid low-energy points

Randomly throw 10-million points:

152 | e e

7 SIS te b
) . SRR R
102 | - o e e ey sHCLL e, S R -. -------------------
L R RO

—
~|
S1%

=g .

=12 OF - - e R S e S S BT L L
N

0|

1 no EW breaking
102 e SR [0 EW breaking

[

.

sparticle bounds

Higgs mass
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Search for valid low-energy points

Randomly throw 10-million points:

e 841, 952 points that break B-L

| |
152 | e e .

9 ) . R
109 - - - - o e RSN A T el e Dt saThE e L L -
2 7 e ‘«....:‘._,: " &
: 'S EPR PO P L
; R 2 S8

: 1 no EW breaking
U R SR [ EW breaking ||
: [ sparticle bounds
Bl IHiggs mass

|

—15° i
—152 —102 0

Ssp((My))
(105Gev)?



Search for valid low-energy points

Randomly throw 10-million points:

e 841, 952 points that break B-L

* 172, 374 points that break EW

| |
152 f oo e .

" o PITENG,
9 ) . R
109 - - - - o e RSN A T S RS T -
2 7 e ‘«....:‘.‘,: " &
: 'S EPR PO P L
; R 2 DR

: 1 no EW breaking
U R SR [ EW breaking ||
: [ sparticle bounds
Bl IHiggs mass

|

—152 —102 0

Ssp((My))
(105Gev)?



Search for valid low-energy points

Randomly throw 10-million points:

e 841, 952 points that break B-L

* 172, 374 points that break EW

| |
152 f oo e .

* 276 points that have
th — 126 Gev 107 oo « e i

: 1 no EW breaking
10% e R S [ EW breaking |
: [ sparticle bounds
Bl IHiggs mass

|

—152 —102 0

Ssp((My))
(105Gev)?



msusy"’ 1 013 Gev

276 that give mn% = 126 GeV

Msusy~ 103 GeV

44,884 that give mp©
126 GeV

Spr ((My))

152

102
S
. ()2
—152

Spr ((MU>)(TQV2 )

0 no EW breaking
S = EW breaking ||
[ sparticle bounds
: Bl Higgs mass
f1102 (I)
Sar((Myy))
(1013GeV)?

no EW breaking
EW breaking
sparticle bounds

Higgs mass
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152 oo e e e

102

102 - oo b AU i
msusy"’ 1013 Gev §§

g% O :

276 that give mi? = 126 GeV | B 1o BW breaking
I - = EW breaking ||

: [ sparticle bounds

. W Higgs mass
2 orders of magnitude fewer

black points

Msusy~ 103 GeV

44,884 that give mp0 =
126 GeV

no EW breaking
EW breaking

sparticle bounds

Higgs mass
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Conclusions

e Can get a reasonable model of inflation from the
B-L MSSM using only matter fields, no exotics.

* Cosmological data implies high scale SUSY breaking

* Consistent with SM light higgs and all low energy
phenomenology
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Ongoing work

* Reheating and dark matter candidates.

* Extending high SUSY breaking scale to bouncing/
ekpyrotic framework.
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Thank you!

Work supported by DOE contract No. DE-SC0007901
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Backup slide: Construct D-flat direction

* Note: space of D-flat solutions satistying
—|Hy* + [Hg|* + [vr.g|* =0

HOP — [HYP — |vg g® = 0

2:O

VR f[" = VL s

IS larger than just

0
H, =vrs=vL3

for instance 0 __ 170
Hu — Hd

c.f. Ibanez et. al, “Higgsotic inflation” arXiv:1411.5380
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