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We consider theories of all interactions (including gravity)
in the absence of fundamental scales: agravity

All observed masses, such as the Planck and the weak scales,
are generated dynamically by quantum corrections

Andy Gilmore for Quanta Magazine

For an outreach article on agravity see
[Natalie Wolchover for Quanta Magazine (2014)]
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Some motivations for models without fundamental masses (agravity)

Motivation 1: inflation

The potential of a scalar s in agravity is

Ass* 4 AS —a
U(s) = ——==Mp, = —M
( ) (25552)2 Pl 4£§ Pl
The potential is flat at tree-level, but at quantum level As and &s depend on s.

The RGEs give some slope, which is small if the couplings are perturbative.

— inflation!
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Motivation 2: origin of mass and EW symmetry breaking

Most of the mass of the matter we see has a dynamical origin

Example: the proton mass — E ® |

Is it possible to generate all the mass dynamically? If yes, with m < Mp,?



Agravity scenario

The most general agravity Lagrangian:

iR?2 —R? ©?
ya 3 nv § i
g <6f2 T - i £,7R + gmattcr

The corresponding action is

Y:/d4x,§f(x)



Agravity scenario (gravity sector)

The most general agravity Lagrangian:

R? iR R2 2
671602 + 3f722wj _Zgi%R'Ffmatter
1




Agravity scenario (gravity sector)

The most general agravity Lagrangian:

R2 IR?P-R? 2
671602 + 3f722py _Zfi%R+$matter
1

> There must be a scalar s whose quantum (s) generates Mp) =~ 2.4 x 108 GeV:
—£55°R — M2, = 2¢5(s)?

So we take (s) ~ Mp,



Agravity scenario (gravity sector)

The most general agravity Lagrangian:
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> There must be a scalar s whose quantum (s) generates Mp) =~ 2.4 x 108 GeV:
—£55°R — M2, = 2¢5(s)?

So we take (s) ~ Mp,

» Agravity is renormalizable, however, looking at the spectrum:

(i) massless graviton
W ; 2 1252
(ii) scalar z with mass Mg ~ 5 Mg,

(iii) massive graviton with mass M22 = %fgl\_ﬂf)l and negative norm,
but with energy bounded from below
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Agravity scenario (matter sector)

The most general agravity Lagrangian:

R? IR*-RZ, @2
671602 + T _Z‘:fi?’R"ijatter

The matter Lagrangian Znatter can be decomposed as Zmatter = ,S,”Sa&im + fggi\r/}l

> Ladim is the no-scale part of the SM Lagrangian (without m?|H|2/2):
2

Lo = - i iy + |DuH? — (yHyp + h.c)) — Ap|H|*
4 "

> f/ﬁ‘gi\‘/}‘ describes physics beyond the SM (BSM).
It contains a term that generates the weak scale:

Ass®|HI? = m* = 2\ps(s)?

m ~ My, and (s) ~ Mp; so Ays is tiny (the s-sector is a hidden sector)



Quantum corrections

They are mostly encoded in the RGEs and are important to generate the scales
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Quantum corrections

They are mostly encoded in the RGEs and are important to generate the scales )

We computed the 1-loop RGEs for all couplings

dp
dinp

=38y (of all parameters p)

of the most general agravity:

2
R2 %Rz - R;zw _ (F,Lél/) + (D,u¢a) fab

otz - S badbR— abcd¢a¢b¢c¢d+wj iD= Y i

Without gravity this was done before
[Machacek and Vaughn (1983,1984,1985)]


http://www.sciencedirect.com/science/article/pii/0550321383906107
http://www.sciencedirect.com/science/article/pii/0550321384905339
http://www.sciencedirect.com/science/article/pii/0550321385900409

Results for RGEs

Gauge couplings
Possible new gravity contributions
Their contributions to the RGEs cancel!

\
]
This was previously noticed in ’\
[Narain, Anishetty (2013)] v v v v
Possible explanation:
the graviton is not charged a

(Rainbow) (Seagull)

Yukawa couplings

We find the one-loop RGE (where Gy = tAtA and tA = “fermion gauge generators” ):

dy? 1 15
(47r)2r = 5(Y“’YbYaJrYaY“’Yb)+2YbYTaYbJrYbTY(Y“’Ya)fS{CZF, Y"’}+§f22Y"”
np

All remaining RGEs

We also computed all remaining RGEs: for


http://inspirehep.net/record/1252060

Dynamical generation of (s)

Agravity successfully generates (s) when

As((s)) = O <> nearly vanishing cosmological constant
%(s)) = 0 <> minimum condition

Es((s)(s)? = /\771231 <+ observed Planck mass



Is the dynamical generation of (s) possible?

Yes:

RGE running of the MS quartic Higgs coupling in the SM
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Tricks to bring the theory in a more standard form
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Tricks to bring the theory in a more standard form

First, we can trade the R? term with a scalar field: consider an auxiliary field x

% R2 2 R+ 3f2x/2)? fo 32
Ners =62 §%R+.i”matter _(6%/) = —ER— ?OXQ + Zmatter
/= z &

zero on—shell

(Dup)? _ 1

where f = X+£<P2 and  Zmatter = 2 ZF5u+QZ’W+(y <PT/”¢1+hC)—V(‘P)



Tricks to bring the theory in a more standard form

First, we can trade the R? term with a scalar field: consider an auxiliary field x

< R? P2 (R +3f2x/2)? f 3f2
——=— —-¢R+ 4 A - R K
\/% 6%2 3 > + Zmatter 6f02 5 8 + matter
zero on—shell
D.p)? 1
where f = x+£p? and  Zmatter = % n W-"w iPp+(y pypp+h.c.)=V(yp)

Second, perform a conformal transformation of the metric and the other fields:

gk, = guxf/M3 e =px(M3 /)2, g =ux(M3 /)3 A=A,

<z 1 = . M
— = _EFE‘“’ +YeilPYe + (ypeeye +he) — %RE + %~ Ve J

o [(Dug)® | 3(8uf)?
where Ly = M2, gf 4‘;2

M4 £2
] and Vg = ?P] |:V(<p) + %X2:|

i 2 [vie ) 2 (——sw )2”

By redefining z = V/6f,

6Ml%’l (Dup)® + (9u2)

Ly = s
i 22 2

VE(z, ) =




Predictions for inflation (generically a multifield inflation)

- - £s=1, MyMo = 1.00
The minimal realistic model £s=1, 6 = 1, MgMo = 0.10, 1y = 001
has at least 3 scalars: -

the SM scalar h
the Planckion s
the graviscalar z

Scalar graviton field M p
5

3L
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Ms ~ mass of s
My ~ mass of z

Planckion /Mg

Planckion field s/M gy



Predictions for inflation (generically a multifield inflation)
£s=1, Mg/Mg = 1.00

The minimal realistic model
has at least 3 scalars:

the SM scalar h
the Planckion s
the graviscalar z

Ms ~ mass of s
My ~ mass of z

> left: when
Ms < (>3>)Mo,
the inflaton is s (2)

> right: comparison with
a global fit of PLANCK
and BICEP2/KECK

, Mg/Mo = 0.10, A4 = 0.01
A

Planckion s/M g

Predictions of agravity inflation
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Matching the scalar amplitude

1. Planckion inflation (My > Ms)

2 N=60 8 N=x60
nszl—ﬁ ~ 0.967, r~ —

The scalar amplitude Pg = MS2N2/67r2I\7I%,1 is reproduced for Ms =~ 1.4 x 1013GeV



Matching the scalar amplitude

1. Planckion inflation (My > Ms)

2 N=60 8 N=x60
ns~1—— ~ 0.967, r~ —
N N

The scalar amplitude Pg = MS2N2/67r2I\7I%,1 is reproduced for Ms =~ 1.4 x 1013GeV

2. Graviscalar inflation (Starobinsky inflation) (Mo < Ms)

2 N~60 12 N~60

ns~1— — 0.967, re — 0.003
N N2

The scalar amplitude Pg = F02N2/487r2 is reproduced for fy ~ 1.8 x 10>



Matching the scalar amplitude

1. Planckion inflation (My > Ms)

2 N=60 8 N=x60
ns~1—— ~ 0.967, r~ —
N N

The scalar amplitude Pg = MS2N2/67r2I\7I%,1 is reproduced for Ms =~ 1.4 x 1013GeV

2. Graviscalar inflation (Starobinsky inflation) (Mo < Ms)

2 N~60 12 N~60

ns~1— — 0.967, re — 0.003
N N2

The scalar amplitude Pg = F02N2/487r2 is reproduced for fy ~ 1.8 x 10>

So generically we have
fo 2 107°



Other virtues

This scenario also

leads to successful reaheating

has natural dark matter candidates and can account for neutrino masses



Natural dynamical generation of the weak scale

1) Low energies (1 < Mp,2): agravity can be neglected and we recover the SM
— m is the only mass parameter and we do not see any large corrections to it
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These ultraweak couplings are preserved by the RGE even for fy > 105
by staying close to the conformal value {y = —1/6
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2) Intermediate energies (Mp 2 < p < Mp1): Both m and Mp; appear and we find
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These ultraweak couplings are preserved by the RGE even for fy > 105
by staying close to the conformal value {y = —1/6

3) Large energies (u > Mp)):

Aus|HI2s?2  —  m? = 2\gs(s)?

—  Ays ~ 10732 J

Ans can be naturally this small (looking at the RGE of Ays)



Conclusions

1. A rationale for

> inflation
> My < Mp

is achieved in no-scale theories of all interactions (including gravity): agravity

2. Inflation: the minimal realistic model predicts ns =~ 0.967, 0.003 < r < 0.13,
in agreement with PLANCK and BICEP2/KECK.



THANK YOU VERY MUCH FOR YOUR ATTENTION!



Extra slides



RGEs for the quartic couplings

Tens of Feynman diagrams contribute to these RGEs ... we obtain

dAaped 1 3
(47T)2ﬁn; = > |:§)‘abef)\efcd + g{GA,GB}ab{GAﬂB}cd — Try?ythycyitd

perms

5 A
+§f24fab§cd + %gaegcf((seb +6&ep)(0rg + 6E1g)

f2
+%(5ae + 6€ae) (0br + 6Ebf)>\efcd] + Xabed {Z(sz —3C)s) + 56|,
' P

where the first sum runs over the 4! permutations of abcd and the second sum over
k ={a,b,c,d}, with YJ and C¥ defined by

Tr(YT2yb) = vis%, 02464 = Cisap

(6* are the scalar gauge generators)



RGEs for the quartic couplings: SM case

For the SM H plus the complex scalar singlet S the RGEs become:

dX &
(4m)* = Insu = 2005 + 2\ + 5 [56 + 17 (1+665)] + As [55 + (1 + 6¢5)?]

d\
(m) Gy = S [+ B (6€s + (66 + 1] = 4 + A {BAs + 120 + 67

£2
+56 + & [(665 + 1) + (664 +1)° + 4(6¢s +1)(6¢u + 1)] }

dAn 9 9 27 &,

@Y Jing = g% T 0818 T opp8t — 6% 28N+ Ahs + o [56 + (14 66k)’]

9
+ A (51‘22 + A (1+660)* + 1257 — 9gF — gg%) :



RGEs for the scalar/graviton couplings

Complicated calculation (but computer algebra helps!)

déap 1 Yk o ck
2 El _ 2 2S
(4m)? = g Pabed (B€ca + 0ca) + (6620 + 6ab)2kj {3 -2
5f} 2
_Tfizgab + ffbac (fScd + g&d) (6&ab + dap)

For the SM H plus the complex scalar singlet S the RGEs become:

d 4 2\ 2 5 £}
(@255 (16 as — 2 (14 6 + Dol + 665)(2 + 365) — 2 B

dinp 3 3 3 3 f5

d 3 3 A
(@rP L (14 66) (20 — S — —gh 4+ 20m) — 25 (14 6¢5) +

dinp 4 20 3

2 5 £
Ty EHH 662+ 36H) — 3 5

» back to main slides



RGE for the gravitational couplings

Huge calculation ... (computer algebra practically needed!!)

df? 133 N N¢ N,
a2 (133 Nv  Ne O Ns
@) g 2(10+5+20+60
df? 5 5 £
(4)? g Ir?u = 564 + 5615 + 6f04 + %(‘Lb +68ap)(0ab + 68ap)

Here Ny, Nf, Ns are the number of vectors, Weyl fermions and real scalars.

In the SM Ny = 12, Ny = 45, N = 4.

We confirmed the calculations of [Avramidi (1995)]
rather than those of [Fradkin and Tseytlin (1981,1982)]

» back to main slides
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Agravity inflation

All scalar fields in agravity are inflaton candidates



Agravity inflation: a simple single field case

We identify inflaton = s by taking the other scalar fields heavy ...

Then we can easily convert s into a scalar sg with canonical kinetic term and find

T (LOUY L s (gl

2 \Udse) ~— 21+66s\ As &s
_ o 1PU g (ﬁ(ms) _,P(Bes) | 543665 By 7+ 48cs ﬁxsﬁss)
7T PTG T T ees \ s €5 1+6fs &2  1+6Es 2)sts

The slow-roll parameters are given by the [3-functions ...



Agravity inflation: a simple single field case

We identify inflaton = s by taking the other scalar fields heavy ...

Then we can easily convert s into a scalar sg with canonical kinetic term and find

. = %(i%)zzl & (&_Z&Y
2 \UO®dse 2146 \ As &s

n

Ply as2 — 1+ 6t

The slow-roll parameters are given by the [3-functions ...

We can insert them in the formulae for the observable parameters As, ns and r = %

UJe
—1-6c+2y,  As= 1 —16
e <t * T 24m2ME, ’ ‘

where everything is evaluated at about N & 60 e-foldings when the inflaton sg(N) was

se(N)
N = %/ U/(SE) dsg
Mpl 0 u (SE)

—, 102U & (/3(5A5) 25(555) 543685 B2, 7+ 48Es Bag Bes
As &s 1+6¢s &2 1+68s 2Asés

)



Reheating

The decay of | with mass M; and width I} reheats the universe up to a temperature
1/4
90 22 /
7r2g* 17V'P1 ’
where g, ~ 100 is the number of relativistic degrees of freedom at Try.

TRH:[

The inflaton / is in the hidden sector. How can it reheat the universe?
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90 _q1/4
Tru = [?g F?Mél} ;
where g, ~ 100 is the number of relativistic degrees of freedom at Try.

The inflaton / is in the hidden sector. How can it reheat the universe?

The Planckion s and the graviscalar z respectively couple to

At Tw
Me1/v/&s Mpy

(Tuyp is the trace of the energy-momentum tensor and 2, is the dilatation current)

The theory is classically scale-invariant — a non-zero 9,,%,, arises only at loop level:
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where ... are BSM terms (they are relevant for DM production as we will see)
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Reheating

The decay of | with mass M; and width I} reheats the universe up to a temperature
1/4
90 22 /
7r2g* 17V'P1 ’
where g, ~ 100 is the number of relativistic degrees of freedom at Try.

TRH:[

The inflaton / is in the hidden sector. How can it reheat the universe?

The Planckion s and the graviscalar z respectively couple to

At Tw
Me1/v/&s Mpy

(Tuyp is the trace of the energy-momentum tensor and 2, is the dilatation current)

The theory is classically scale-invariant — a non-zero 9,,%,, arises only at loop level:

Ber y2 Bes 12 Bes 2 4
8u@p,: 21 Y;“,'i' 20 WMV—"_ 285 G”V+ﬁytHQ3U3+B)\H‘H| +...,
where ... are BSM terms (they are relevant for DM production as we will see)
: lés g5 M2 €107 ( Ms )3/2
leading decay from 9, %, : (I — N2 T ~ 10’ GeV| ——=——
ing decay T T — gg) (ar)> 2, RH V{ B aev

(1+66n)%es| M}

Es~1 | 9o
L Tag 5501109 Gev
1+665| 64nhi2, RH ¢

leading decay from T, : T(/ — hghg) =




Dark matter and neutrino masses

There should be fermions in the s-sector. Two types of candidates come to mind
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Dark matter and neutrino masses

There should be fermions in the s-sector. Two types of candidates come to mind

Fermions in the s-sector with no gauge interactions

» They can couple to the SM behaving as right-handed neutrinos N and generate
the observed neutrino masses via NLH couplings. The right-handed neutrino
masses can be generated by sN? terms. [Alexander-Nunneley, Pilaftsis (2010)]

> They can provide baryogenesis via leptogenesis.

> [Dodelson, Widrow (1993)] claimed that N may also account for DM in special
cases
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Dark matter and neutrino masses

There should be fermions in the s-sector. Two types of candidates come to mind

Fermions in the s-sector with no gauge interactions

» They can couple to the SM behaving as right-handed neutrinos N and generate
the observed neutrino masses via NLH couplings. The right-handed neutrino
masses can be generated by sN? terms. [Alexander-Nunneley, Pilaftsis (2010)]

> They can provide baryogenesis via leptogenesis.

> [Dodelson, Widrow (1993)] claimed that N may also account for DM in special
cases

Fermions in the s-sector which cannot couple to the SM

The lightest fermion in the s-sector is a stable DM candidate if it cannot couple to the
SM sector (for example because it has gauge interactions under the inflaton sector).


http://arxiv.org/abs/1006.5916
http://inspirehep.net/record/1242456

Dark Matter: a Concrete example

A predictive model (no extra parameters)

Take a 274 copy of the SM and impose a Z symmetry, spontaneously broken by the
fact that the mirror Higgs field (S) has

<5> () Mpl while (H) ~ MW

Mirror SM particles (e.g. a mirror neutrino or electron) may be DM ...

Interactions between these candidates and the SM are suppressed by Ays ...




Dark matter abundance

Terms in 0,9, and T, lead to decays of the inflaton / into DM
(along the lines of the reheating calculation)

More in general the DM fermions can also get a mass M from another source.
Then such fermion masses would contribute to 0,%,, and to T, as MYV
(we are considering, for example, a Dirac mass term)



Dark matter abundance

Terms in 0, %, and T, lead to decays of the inflaton / into DM
(along the lines of the reheating calculation)

More in general the DM fermions can also get a mass M from another source.
Then such fermion masses would contribute to 0,%,, and to T, as MYV
(we are considering, for example, a Dirac mass term)

By identifying the fermion W with DM, its abundance is

pom _ 0.110 M T(I = DM)

Q = ~ X
M= h2 " 0.40eV T(I — SM)

having inserted the present Hubble constant Hy = h x 100 km/sec Mpc



Dark matter abundance: result

The observed DM abundance is reproduced for

M, 2/3
M ~ (10 — 200)TeV | ——l
( )Te (1013GeV)

where the lower (higher) estimate applies if ['(/ — gg) (I'(/ — hghg)) dominates

» back to main slides
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