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Motivation: Hierarchies
‘ A = pvac - 10_122 M;

® m ~10"16Mp

Higgs

@ m <H,  (slowroll)

inflaton



Symmetry origin?

—> SUsY A=A, ~TeV(?)

SUSY

A~10"M f,
~ H (n— problem)

inflaton

—> Pseudo-Goldstone scalars

¢—=>¢+c=m =0

—> Scale invariance



Scale independence?
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Field theory: dm” not measureable

..only m’ = mé +6m’ “physical”
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Gravity and scale invariance??
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Gravity and scale invariance

/W( "9, 09,0 :]ﬁﬁ’)

equivalent to
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Brans-Dicke



Weyl (scale) invariance:

Coordinates are scale free numbers.
Length is defined by the covariant metric.
Fields have canonical mass (length)! dimension

g, ()= e g (x), det(—g(x)) = e " det(~g(x))

P(x) = e“P(x)

BD form is globally Weyl invariant:
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Noether current:
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Noether current:

K*=(-a)pd"p, V K"=0

Integrable

K" =V*K, Kernel K:%(l—amz

Integrating:

¢2:¢§+CI dt

a(ty

= K — constant



Spontaneously broken Weyl symmetry

Goldstone mode- dilaton, o
¢ = ¢pexp(c/f)

..redefine metric uv = EXP(—ZG/JC)EW

1 |

A o

09

1
f =4/2K, where K = E(l—oc)gbg

Wey| symmetry is hidden |



Can our world have a hidden Weyl invariance?

.. need to generate variety of mass scales

O HI << MP’ m <<H1 (slow roll)

inflaton

® m ~10"16Mp

Higgs

. A = pvac ~ 10—122 M4

P

To investigate this consider two scalar fields:

¢ — Dilaton
¥ — Inflaton/"Higgs"



Weyl invariant Brans-Dicke theory:

/ d'zy/—g [—a¢2R+ S VoV + 6x2R+ V,le“erW(cb X))
/

“dilaton" “matter"”

W(qb,x}:%qbﬂ%xﬂgqﬁzf A<O<S



Weyl invariant Brans-Dicke theory:

/ d'zy/—g [—a¢2R ~ V#gbV“gb +%ﬁx2R + %V#XV“X +W(o,x)]
/

“dilaton" “matter"”

W(¢,x)=%¢4+§x4+g¢zf <o

Effective Planck mass

M= M3+ M3 =—tog? ~ Ly’



Weyl invariant Brans-Dicke theory:

/ d'z\/—g [—a¢2R+ -V <f>V“¢>+ 5x2R+ V uXVEX+ W (0, x))
/ /

“dilaton" “matter"”

W(0.2) = 50"+ 22+ S0 Ao

Effective Planck mass
2 2 2 2 2
M, = M¢ +M% =—+0 —%ﬂ){

Noether current

‘x
K =(1-a)pd"9+(1-P)yd" y ="K J\
o, g h

1 1 / '
K= 5(1— o)’ + 5 (1-B)x” — Constant K/ |




Weyl invariant Brans-Dicke theory:

= —/d4a:\/—_g[ —ad’R+ - Vp¢V”¢ ‘|' 5X2R‘|‘ VuXVuX+W(¢’ )

Field equations
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Weyl invariant Brans-Dicke theory:

1 1 1 1
— _/d4$\/—_g[ﬁa¢2R + Evmbvufﬁ +E5X2R T §V#XV#X T W(é’X)]

Inflation? -
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Jordan Frame




Weyl invariant Brans-Dicke theory:

1 1 1 1
— _/d4$\/—_g[ﬁad)2R + §V#¢Vu¢ +E6X2R T §V#XV#X T W(é’X)]

Inflation? .
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Slow roll

x=(-a)p’, y=>1-B)x’

x+y=1

4
9y ¥ =—Z0x(x=x)  N=a(r) \

x(0)




Slow roll

x=(-a)¢’, y=(1-B)x’

x+y=1
4
Jd,x= —gocx(x - X,) N = In(a(?))

End of inflation:

4
x=1-0(ax) 8:§a_——:1

x(0)



Slow roll

x=(-a)p’, y=>1-B)x’

x+y=1

4
J, x= —Sox(x=x) N =n(a(o) \

End of inflation:

x=1-0(ax) gzgaff;ZI
IR fixed point:
xX(t — o0)=x,
X _ PA—05 (9. x)——¢“ ‘S X+ 2¢2x2
5 o&-Po e z_lwz



Cosmology of symmetry broken phase

Inflation
/ Reheat
&
_x\\

Dark energy?
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Cosmology of symmetry broken phase
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Inflationary post-dictions
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Summary

@® Spontaneously broken scale-invariant "SM"+gravity

- only dimensionless ratios meaningful .
Y 9 Small or zero - c.c. fine tuned

& om, s Hso;[z &' 5#2]‘/ o

, <—, — i
M. B M, a M, o’\4 4 2

Hierarchy related to hierarchy of couplings (input but technically natural)
(No heavy states)

® Slow roll inflation with acceptable properties possible
r<0.01,n_<0.967

[ _ Massless dilaton - decouples ...no 5™ force avoiding BD bounds

Quantum
Deformed
ellipse

O Classical = Quantum scale invariance?

P & 4 i
V(g)=A¢"+ 1 ¢ 1H(Mj, M — M(¢,x)

c.f. D. Ghilencea's talk -tomorrow






Multiscalars

Conformal transformation with ¢; = e¢ 7¢; and 9., = ¢ 7)

N
o is the dilaton and ¢; satisfies K — %Z(l — )92 = f?
1—1

Transformed action:
R N
4 ~ A2 > 7« 7
S = —/d r\/—@ —75 E af?;cpz-}?—k — E O @i O ;

+f2 Ko, 00"0 + ()MUC)“A — Wi(o )+ ALC(¢ )]

(i.e.no coupllng — no fifth force!)




Ellipse is deformed

All dimensionless parameters run with RG

oa—A—B- ~9A°
20 7" \U 82

do _ By= l 34
5~ 20 a=0—1)Y Yo = 372

One loop solution with internal renormalization
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Inflationary post-dictions

A2
Einstein frame: guv = €2 guv

E:Q(l—dlng
dN

VH

Observables:
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Inflationary post-dictions
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