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Introduction: Review of the Cosmic v Background l

Cosmic neutrinos decouple from the Big Bang plasma at a temper-
ature around 2 MeV. At that time they have a thermal Fermi-Dirac
distribution.

AsS the universe expands, their density and temperature red-shift, lead-
ing to
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where 75 and n~ are the measured temperature and number density
of CMB photons. Thus at least two species must be non-relativistic
today. If neutrinos cluster gravitationally, the density is enhanced
[Singh, Ma; Ringwald, Wong].

Due to large mixing, the flavor composition is equilibrated. All three
mass eigenstates have equal densities. [Lunardini, Smirnov]

The asymmetry n, = (ny —ny)/ny is related to the baryon asymmetry
n, = (ng — ng)/nfy ~ 10710 so that any asymmetry can be neglected
and we will assume ny, = ny.



Introduction: Where are we? l

The universe is not empty.
We live in a bath of neutrinos.
Even “vacuum” contains long wavelength neutrinos and photons.

To leading order we're justified in ignoring them because

T,, Ty, No/3 N3 << To, pro << My,

Our field theories and experiments have accurately told us what lives
at high energies (W=, Z* and possibly HO).

If I look at the scales that are known, the ratios of those scales seem
to contain the Planck scale (M2/T, or M2/pF).



Introduction: Scales of the neutrino background l

What scales do I know about? (note p} = 3n2n; Ep = \/m? + p%)

pr(v) 2.34x 1074 eV per flavor/anti

VAmi, 8.94 x 1073 eV

VAmo3 5.29 x 1072 eV

T, 1.68 x 10~4 eV

G177 2.92x1012 ev

What scales do I want to explain? (using pp as representative of the
low scale)

A 2.3x 1073 eV O(pr)

pr(x)  8.80 x 10~6 eV (%) O(pp)
M5t =Gy (1.22 x 10%8ev) 1 O(prGr)
an 1.51 x 10733 eV O(p%GF)
AMOND 2.63 x 10734 eV O(ngF)

Is this all a big coincidence?



Introduction: Scattering Scales l

This interactions of cosmic neutrinos are a theory of contact inter-
actions in a quantum liquid at finite density and temperature. The
fundamental parameters are the Fermi momentum pg, T and Gp.

Let us examine the effective range expansion of neutrino self-scattering
to get an idea of the scales:

11
kcotdg = —g+§k210+...

where a = /oy /47 ~ T,Gp is the s-wave scattering length and lg =
VG Is the range of the potential. Thus we have the approximation
regime a < lg.

This is the opposite approximation regime to atomic and nuclear finite
density systems, BEC's, and BCS superconductivity, so one must be
careful when applying results from those fields, and we want to take
a — 0.

Therefore, the leading dynamics occurs due to this p-wave term.



Introduction: Scattering Scales Again l

Note that the self-interactions of a weakly-interacting fluid can be
expanded as

M = ReM + iImM = oG + i3G%

That is, the imaginary part of the matrix element is related, by
the Optical Theorem, to the total scattering cross section. This
is O(G%). The real part however is only O(Gp).

Or, to repeat the last slide, Ig > a. The range (Ig = /GF) is much
larger than the scattering length (a = T, Gp).

Therefore, the dynamics of the real part of the matrix element are
much, much more important than the scattering cross section for
weakly interacting fluids.

So, in terms of interactions, we will want to discover what the p-wave,
real part of the matrix element is doing.



What are neutrinos doing today l

The dynamics of the neutrino background is given just by its kinetic
term and self-interaction

2
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let us ignore the interactions for a few slides and concentrate on the
first two terms. They do 2 things:
e Give rise to the 2 point function, transporting neutrinos in space

e Cause the expansion of the neutrino’s wave packet

The latter effect is normally forgotten in QFT under the assumption
that we have asymptotic localized particles. Is this a good assumption
for a cosmological relic?



Wave packet expansion I/IV I

Wave packets expand because different wave numbers move at dif-
ferent velocities in the presence of a mass or interaction. The wave
number at p = pg+ Ap moves with velocity v = (pg+ Ap)/E while the
wave number on the other side moves with velocity v = (pg — Ap)/E,
and these wave numbers separate in space.

Thus the uncertainty of a wave packet evolves as
Ax(t)? = Azf + Avt?
In the relativistic case we must use

Av = —2(1 — v2).
v="2(1-v?)

Assuming the initial uncertainty is given by the de Broglie wavelength
Azxg = \/p=\/V3mkT

allows us to derive the condition for a massive quantum liquid with
t = 0 (or equivalently Ap = 0)

n2/3)2
3mk

~1/3

Ax >n = T <




Wave packet expansion II/IV I

o(x)|°

I I I I I
(p-Ap)/E p/E (p+Ap)/E



Wave packet expansion III/IV I

The quantum liquid condition is: (by .efinition)

Az > n1/3.

The opposite limit is the classical gas limit, and is the limit used by
scattering theory (particles are localized):

NAxr <K n_1/3 ~ b.

where b is the impact parameter in scattering theory. The tempera-
ture condition is valid only if scattering occurs sufficiently often that
the time dependence of the wave packet can be neglected:

Ax Azx
TL —=FkE—
Av Ap
where 7 = (onv)~1 is the mean time between collisions. This holds

for atomic and nuclear matter at the densities usually considered.

Notice that the other assumption Ap = EAv = 0 implies Ax = o©
by AzAp > h/2 and vacuum calculations are not appropriate. they
must be done at finite density. (i.e. we're in a momentum eigenstate
but there is no empty space. we must use mean field theory)



Wave packet expansion conclusion l

Putting everything together using ¢t = :
1 (1 —02)2 1
A —1/3 = — .
x >n 2 + > 2,273
If we can neglect the first term, which is valid for decoupled relics,
we obtain the quantum liquid criterion for weakly coupled relics:

)\(1 — v2)
—1/3
— o > 2/3 .

This is very (very very) well satisfied for both relic neutrinos and dark
matter (o ~ 107°0ev—2, n=2/3 ~ 10-8eV~2). This means:

o2n?

Ax <n

1) We have to worry about the dynamics of a quantum liquid for
any massive cosmological relic (dark matter, at least 2 flavors of
neutrinos)

2) We need to worry about quantum liquid dynamics of massless
relics (lightest neutrino, axions, photons) too, because T ~ n~1/3
and the low-momentum components of the distribution function are
a quantum liquid.



Where do we go from here? I

How do we deal with this kind of quantum liquid, and what are its
dynamics?

The wave packet Ax calculation is telling us that relics are plane
waves. T herefore they are entirely described by their thermal distri-

bution n(p).

When Az > n~1/3 collective dynamics begin to be important. It
doesn’'t make sense to compute Ax larger than this. The dynamical
impact of Ax is the suppression of collective effects, and if Az >
n~1/3, one cannot observe this.

Fuller and Kishimoto recently calculated Ax for relic neutrinos and
gave an answer of Gpc [Phys. Rev. Lett. 102, 201303 (2009)].
(a.k.a. “Ginormous Neutrinos")



What's different about a quantum liquid? l

We have non-zero density everywhere. Particles are not isolated or
localized.

= Contact operators have expectation values in “vacuum’ .

This means that those contact operators can define propagating com-
posite degrees of freedom.

For a Fermi liquid with repulsive interactions, this is zero-sound.

Just as with a BEC (cooper pair), or meson, it is the attractive
interactions that define the propagating collective modes.

This is also index of refraction (forward-scattering) physics, which
is important when there is no scattering! (look through a plate of
glass)



Landau Zero Sound References |

In 1957, Landau realized that to describe the dynamics of 3He, a
relativistic degree of freedom was required. He proved its existence
on the context of his Landau Fermi Liquid Theory.

Landau & Lifshitz, "“Statistical Physics” Volume 9, Part 2, p. 13;
Baym & Pethick, “Landau Fermi Liquid Theory", section 1.3.1, p.46

T he relativistic extension of this theory was provided by Baym & Chin,
NPA 3, 527 (1976). The best relativistic exposition of Zero-Sound in
the literature is due to Chin, Annals of Physics 2, 301 (1977) (section
5) in the context of Quantum HadroDynamics (QHD).

The original Landau theory is only a phenomenological model, and is
missing important Pauli-blocking and interference effects: Chitov &
Senechal, Phys. Rev. B57, 1444 (1998)



The Fermion’'s Spacetime I. Lagrange Multipliers I

A free (Weyl) fermion:
ZXTEaaaX

has two global symmetries: a U(1) “lepton number” (or particle
number) with current J¢;

x — €“x; J* = xTg%
and the Lorentz symmetry with generators Maﬁ and current TP
x — i€ Mag, . TP = % {7%,0°} + n*"50,

Therefore in the presence of a background of x, we can introduce
two Lagrange multipliers that fix the matter content of the theory.

L = ixX'5%ax + p*Ja + wiEF
note w®T 5 = W2EF with E¢ = 1529,y and w®P is required to be
S ap v B 2 K
symmetric)

u® = (u,0) in the rest frame, where p is the chemical potential.
w® I cannot find any previous use in the literature.



The Fermion's Spacetime II: what is w®0?

Introducing u® and w®? is a Mean-Field method. (a.k.a Self-Consistent
Field Theory)

If w® is constant (density/temperature constant in space/time), we
can make a Lorentz transform to make T8 diagonal. Therefore, we

can choose:

. w w w w
waﬁzdza’g(__an 7n 7?7 )
c 3 3 3
For a massless relic, n = 1. For massive, n — 0 (massive relics are
pressureless).

We can rewrite the action for a free fermion to absorbing w®? into
the metric:

1
XTeéfEaﬁux; etl = 5k + Wk O = diag <—, —-1,-1, —1)
c

b — b
eﬁewab = Nuv + 2wpy + wﬁwynab

= diag <( ;)) —(1 — Zwn)? 1)
c 3

Juv




The Fermion’s Spacetime III: I

We can rewrite this metric as follows

2 A c?
gw/ze d|ag (p,—l,—l,—].)

implying the new action is

1€
. 'I‘_aa
et J, X7 0x

in @ Lorentz invariant space with speed of light ¢/ = c/n =1 and

1—lw
n = 3«7

1 —w
The deformed Lorentz group has h is changed, as is ¢. It is an index
of refraction. As computed by Notzold & Raffelt (1988):

14
n=1++ 4—57Ts.in2 O cos? HWG%T“/a ~ 14247 x 108

Note the above fixes the sign of w by the requirement n > 1 (other
sign for w is superluminal in the original space).



Lorentz Invariance is Broken l

The order parameters u% and WP parameterize Lorentz breaking by
a physical background.

The fundamental theory is still globally Lorentz invariant!

When u® and WP gets an expectation value, a new, approximate
LLorentz symmetry is still present.

Infrared poles in correlation functions are no longer renormalizable
because they depend on the density (through the index of refraction
n)!

Infrared poles in correlation functions correspond to new, physical
degrees of freedom.

Note: I'm talking about global, not local Lorentz invariance.



Landau Zero Sound |

[We follow here Chin, Annals of Physics 2, 301 (1977)]
Zero sound exists in a Fermi liquid with repulsive interactions.

Here I take “Zero Sound” to mean any collective excitation with a
linear dispersion relation w(k) = cs|k| as k — O.

“Zero Sound” is the density and spin-density fluctuations of the sys-
tem.

Neutrinos have repulsive self-interactions [Caldi, Chodos, '99]
The tree diagrams are all finite. One is required to compute at

one loop to see the infrared divergences corresponding to collective
effects.



Fermi Liquid Self-Interactions

This set of diagrams has two singular limits: the BCS (p; = —p»>)
and Zero-Sound (p1 - p3 = po - p4 forward scattering) limits.

All three of these diagrams have infrared singularities due to a back-
ground density.

[

*The Landau Theory of Fermi Liquids omits the ZS’ diagram, and therefore does
not properly have the correct interference and Pauli blocking due to it.



Vector Zero Sound

Secmon

The 4-point operator is IR divergent: We must resum the divergence
of the diagram with Dyson’s equation

Du(q) = D3%,(q) + D% ()N’ (q) Dy, ()
—1
= Dyg(a) = [0 — Dpa(@N*(9)] ~ D95(a)
In terms of the vector boson self-energy,

4
I—Iaﬁ(Q) — ’ng/ (57:54

and fermion Green's function G(k). The poles occur when

Tr[7aG(k)v3G° (k + q)]

det[sun — Do ()N (q)] =0



Vector Zero Sound Spectrum l

We can factorize this dielectric function
E,ul/(Q) — 5,uV — DSQ(Q)Hg(Q)

e(q) = det e (q) = e (q)e5(q) =0

reflecting the three degrees of freedom of a massive vector boson
(two transverse and one longitudinal).

2 2
_ gprEp 1-0§ Co
o) =170 JQ—q8+M§¢ (E
) = 14 27F . 14 (1260 o (Co
T 2m2Ep @2 — g8 + M2 v2 vE
1 y+1
dP(y) = —1—|—§y|n y— 1

This is written in terms of the gauge boson propagator. In terms of
a four-Fermi operator, it is

O "X Dy (0¥ x)



Vector Zero Sound Properties l

Solving €7(q) = 0 and expanding around Cy = vy we can find an
expression for the velocity of zero sound:

2Q + (1 —v%)}>

2

2272

_ 7 M7
kpEpg?
Thus a relativistic mode appears in the limit EFr — kp or equivalently,

m — 0.

Co ~ nvp (1:|:2exp{— ~ 1039

= The Zero-Sound of a massless Fermi liquid is relativistic!

Kinematically this pole corresponds to a pole in the scattering ampli-
tude at cosf ~ 1 at weak coupling (2> 1).

This exponential is equivalent to the gap equation for a superfluid. (A
Kohn-Luttinger superfluid occurs for kp ~ My the forward scattering
limit py1 - p3 = po - pg4 contains the BCS configuration p; = —p3).



Vector Zero Sound Operators l

The effective one loop operator containing a pole in this interaction
g2

167 2M

A pole in an operator is physically nonsense. Another way to describe

this pole is that there is a gapless vector gauge boson that couples
to

0N 000

i .
Ab(x,y) = Hxx

(xaOixy — xa0lixy) =

kp sz

We can describe this pole by defining an auxiliary particle A#. (The
momentum pt = —iO* contains an index of refraction)

Because this mode is a goldstone boson, the theory has a cutoff at
2k, SO the effective action is an expansion in p*/kp.

Thus our effective interaction is

gA K2
F AMAT
47r2M4



Identify the neutrino sound wave(s) I

Let us examine the possible quasi-particles containing one derivative:

Au(z,y) (Fux(@)ex(y) — x(x)edux(®))

sz

Eiwy) = 5 (O @) = X' @7"Gux(v)
These arise from integrating out the Z and including the 1-loop cor-

rections from the previous slide(s). The 4-point interactions are
T AM- af pp
Ay AP B Eq

these are the same interaction (related to each other by a Fierz
transformation). The derivative is

Oy = (ndy/ec, d)

reflecting the fact that the dispersion relation for these states is
E = cnp with n > 1 (there is an index of refraction). The interaction
terms are therefore

4 4.2
47T2M4 A7 2M4 M

these are clearly tachyonic mass terms.



Tensor Zero Sound

We only resummed the bubble insertions of the gauge boson propa-
gator to find vector Zero Sound. However this is not the only class
of diagrams. Consider the resummation of the ZS and ZS’ graphs.

[ his gives rise to a contribution that is simply a Fierz transformation
of the previous operator
94]@% t t
__JVF . at mu L
1.2 gfmy [(1 m)E, B +mALA ] :

where




Some Calculational details * l

One can regard this problem as zero-temperature and finite density.

Temperature effects only affect cross sections and are down by T2p3.G2.
which is much smaller than leading p%G2 we're interested in.

The poles that occur due to finite density occur regardless of the
form of the distribution function. The system is definitely out of
equilibrium anyway.

Then one can write the fermion propagator as:

1

Sr(p) = @(u.—E)]b_ni_H?—l—@(u-l—E).p_m_ie
B ﬁ—m-l—ie_(15—m+ie_z‘)—m—ie>(@(E_“)_@(ﬁ+E))

We're going to Pauli-block some of the momentum modes from the
loop integral.

* Bob McElrath, to appear



The zero-temperature distribution function l

1

0.8

0.6

O(E)

0.4+

0.2




More Calculational Details |

As long as the momentum modes that get Pauli blocked have
p < M%/T, then we don’t care which momentum modes are blocked,
and it's equivalent to consider a degenerate distribution ©(u — F).

The number of modes that are blocked is defined by the density
parameter, pr = (3m)Y/3 or Ep = u(T' =0) = \/m2 + p=.

This is almost equivalent to putting in a chemical potential. A chem-
ical potential u is a Lagrange multiplier which forces conservation of
N =ny —ng p®Pyatp. In the rest frame, u® = (p, 0).

This is only appropriate in equilibrium where particle-antiparticle pairs
are quickly annihilated.

For relic neutrinos and dark matter, we need to separately conserve
ny and ng, necessitating two ‘‘chemical potentials” p and @ (but
remember (ny, —ny)/(ny+ny) ~ 10710). What is conserved is E, N, +
E; N3, which is the same as conserving THY,



Yet More Calculational Details: Renormalization |

One might consider doing a Taylor expansion around ¢ = 0 on the
gauge boson propagator which would generate (Eﬁ)Q. Since this is
an irrelevant operator, it has a polynomial running anyway, and we
can absorb Lorentz-invariant functions like ¢2 into the definition of
Gp or g2/M2.

If we choose to renormalize at the scale q2 = p%, we can choose that
at that scale, the only operator that appears is

g% 1 T
—a —
M—%X G XX OaX
Then at one-loop we generate
4 1.2
_ﬂ/ [(1 _ ny)EaTEg‘ 4 nyATA“] .
47‘(‘2M§ Ty H H

which are clearly proportional to the renormalization scale pr (and
would disappear if we renormalize around g = 0!)

We are not at zero temperature or density, and if we renormalize
around ¢ = 0 we miss important physics. ..



Lorentz Symmetry Breaking I

The expectation value for Eﬁ has a simpler interpretation in terms of
the stress tensor for a massless fermion:

1
() = _(B5) [Sn™ + o™ + 2050

The Lorentz symmetry is actually two symmetries, spacetime and
spin:

- , ~ ~ 1

Ly = z(a:lu&/ — xvau); Sab = 5(’Ya’)’b — YVa)

the neutrino transforms as a scalar (0,0) under the first group and a
spinor (%,O) under the second group.

Note that EW IS not the original Lorentz symmetry, but the approx-

imate symmetry which emerges once indices of refraction are taken
into account:



The Weinberg Witten Theorem 1 I

Weinberg and Witten (1980) told us that for any massless spin 2
object with a conserved Lorentz covariant stress tensor, its self-
scattering matrix elements are zero.

This is generally used to “rule-out” a composite graviton, and indeed
it does rule out a meson-like composite graviton.

However the theory of neutrino zero-sound is NOT Lorentz covariant.
The fundamental theory is, but pp breaks it! This results in the
following Lorentz-breaking objects?

value today flat space (WW) limit

(E4) 0(10—3) eV 0
n=c/v 1—|—GFpF_1 1
PE O(1073) eV 0
Gn O(p%G2) 0
Mp, O(1/prGF) 00

* Alejandro Jenkins and Bob McElrath, to appear



The Weinberg Witten Theorem 1II I

Thus this theory evades the Weinberg-Witten Theorem (1980): the
emergent graviton does not propagate in flat Minkowski space. It
lives only in a curved space. As pp — 0, (E) — 0 and we return to
Minkowski space, and in that limit, Gy — O and the emergent gravi-
ton disappears from the theory. The smallness of Lorentz violation
Is directly related to the smallness of the coupling G. We can write

2 ~2
GN XX 5 == k'FGF
F
Thus there is a conserved stress tensor for the gravitational sector of
this theory, but it does not live in the same space as the gravitational

theory itself.

As stringers would prefer to word it: The WW theorem implies that
spacetime itself must be emergent. In the present context, it is
the space containing the index of refraction that is the emergent
spacetime. This graviton lives only in that emergent space. The
neutrino’s stress tensor does not.



The Weinberg Witten Theorem III I

The operator we generated was

~D
M—ngﬁaxxTEax-
In a Lorentz invariant space (p = p and n = 1), this is simply

a quadratic running for my irrelevant 4-fermion operator. 1 could
choose to absorb this correction by a choice of the finite part of my
counter-term for the low-energy effective theory:

Gr(p®) = Gp — p°G%

This is a beautiful restatement of the Weinberg-Witten theorem:

In a Lorentz Invariant theory, an emergent spin-2 operator can be
absorbed by a renormalization counterterm choice

Or,

You can’t have density waves if there is no density!



The Cutoff |

This theory has a cutoff defined by the density 2kr. A" and Eﬁ are
rearrangements of existing modes in the background. Therefore they
cannot carry energy density larger than 2kr. They are exactly stable
below 2kgr. As such, this is an implementation of Sundrum’s “soft
graviton”, and the cosmological constant is A « k%.

Above 2kr these states acquire a width. This width is proportional
to the mean free path and can be regarded as the decay of the spin-
density perturbation back into free neutrinos. This width is extremely
small. (very long lifetime)

If we ask when this width becomes large, this occurs when the CM
energy puts the Z on pole. For a probe with energy E, this occurs
when

E = MZ2/T, ~ Mp,

Therefore, in the lab frame, this low-energy effective gravitational
description of the relic neutrinos is valid throughout the range of
energies we have explored (and even above kp).



This Quasi-Particle is a Graviton l

We already know what a SO(3, 1) bi-vector is: the vierbein (tetrad):

g (x,y) = Ef (2, ) E) (@, y)Nap
This field has an internal global SO(3,1) symmetry due to the spin
Lorentz invariance.

This is different from the first-order (Palatini) formulation of gravity
(which uses a local internal Lorentz symmetry).

Thus the fermion spin dependence is not a gauge symmetry, but is a
physical observable in this theory. The spin distribution of the fermion
gives rise to Torsion.

Such a theory was explored by Hebecker and Wetterich [2003; Wet-
terich 2003, 2004]. They conclude that the addition of torsion, due
to a global, rather than local Lorentz symmetry is at present unob-
servable.

This theory differs from that of Hebecker and Wetterich due to the
presence of the SO(3,1) x SO(3,1) symmetry breaking structure, and
the associated metric n,,. (e.g. they don't have (E%)? or (E1)*)



Gravitational Action |

472 M2 cos? 0
S:/d4xdet(eZ)< Tz WR—Q/\)
4.0
g Prp

Can also be written naturally in terms of the index of refraction

S = /d4:1: det(eZ’)< A’ R(ey,) — ] 2 /_\4>

1—n —n

— 1
with the cutoff A = 2pp = (87)3T = 4.92 x 104 eV.

Some numerology:

1 gT?
8nGyn =~ — 1.4%
TN 982 cos? Oy M (+1.4%)
AL/4 ~ 4pn (—14%)



Summary I

Massive relic neutrinos are extended objects. (Axz very large)

A gas of massless relic neutrinos (no antineutrinos) has a rela-
tivistic vector density fluctuation A#*. This is the long-wavelength
goldstone boson fluctuation around the chemical potential.

(= density wave)

A CP-symmetric gas of massless relic neutrinos has a relativistic
tensor density fluctuation Ef; This is the long-wavelength gold-
stone boson fluctuation around the index of refraction.

(= spin-density wave)

The gravitational theory has a cosmological constant and New-
ton’'s constant that is the correct size.

Massive neutrinos result in the same modes, but their velocity is
vp = pp/\m? + pF




How to prove/disprove this? I

First and foremost measure the temperature of the relics. (See talk
by A. Cocco, Friday 11am)

Anomalous forces (and/or gravitation) due to density fluctuations of
relics cannot prove that the relic is a neutrino.

Beta decays prove the participation of a neutrino (or generally, lepton
number).

This theory has only ONE new free parameter: 1T,, and predicts
several others such as G and A. (Also pg if my > 0 — but that gives

a graviton with v < ¢)

(More ideas coming. . .)



Conclusions |

If the universe contains a massless fermionic relic (such as a neutrino),
then the long-wavelength fluctuations around its vacuum stress tensor
IS a goldstone graviton. If it has an asymmetry, then it is accompanied
by a gravitationally-coupled goldstone vector boson.

these are acoustic quasi-particles (‘““zero sound” or “phonons’”) in the
Cosmic Neutrino Background.

This theory is entirely natural. The highest scale in the theory is M.
The cutoff is kg, generating a natural cosmological constant of the
correct order.

This theory may also contain the keys to galactic rotation curves,
neutrino mass, and cosmic expansion, at the next order in \/p%GF.

This theory is supremely testable and falsifiable (unlike other gravity
theories). We can make W's, Z’'s, and neutrinos. It contains zero
free parameters.



Other Ideas |

The low scale could be T, Ty, pp(v),pr(v) or my.

e Photons are boring: 4-~ vertex is dimension 8, and self-interaction
cross section approximately 10~ 14p%.G2. (i.e. it may be interest-
ing, but is very sub-leading)

e T he combination TEG% IS the self-interaction cross section of neu-
trinos. This would seem to be a hydrodynamic theory. However
then one has to confront the flux. The inverse mean free path of

a neutrino is
T = (O")’L) 1 — TQGFpF ~ O(pFG )

and much larger than the horizon size, and the interaction rate is
too low to be interesting.

e If m, is a fundamental Lagrangian parameter it would only arise
in combination with pgp or Ty.

These come in at higher order in ratios of pr and G than phenomena
we can (and have) seen. effects that could be relevant for (leading

order) gravity.



Hierarchy Problems l

This theory has neither the Gauge hierarchy problem nor the cosmo-
logical constant problem.

The gravitational theory undergoes a phase transition at M». Thus,
scalar masses are pulled by radiative corrections up to Mz, not Mp.

Zero-point vacuum diagrams contribute constants to the effective
action. However constants are non-dynamical. The cosmological
constant is related to the physical mass and density of the theory
(and as such, is a “rolling” CC). Also, it could not be negative or
Zero.

Given this, I prefer to discard the notion of classical gravity (and the
two hierarchy problems along with it), and let’'s see if this theory can
fit gravitational data, before we start adding new fundamental fields.





