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Neutrino Oscillations
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http://www.nu-fit.org/?q=node/211

* |f neutrinos Dirac fermions, PMNS: 3 mixing angles + 1 phase
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* If neutrinos Majorana fermions, PMNS: 3 mixing angles + 3 phase
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e Majorana nature of neutrinos not observable at oscillation experiments
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Ve,uy produced by interaction of

cosmic rays
with Earth’s atmosphere

Eu ~ GeV Discovered by
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CNO cycle pp chain
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Reactor

DAYA,RENO and Double Chooz all use

, terrestrial
neutrinos produced at reactors
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http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
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® HOW are the masses Ordered? normal hierarchy (NH) inverted hierarchy (IH)

* What are the precise values of the
mixing angles?

e |s leptonic CP maximally violated?

* Are neutrinos Dirac or Majorana fermions?
* What is the mass of the lightest neutrino?

3
Z m; < 0.2eV cosmology, many groups see PDG
i=1

m, < 1.1eV (90%)C.L recent measurement by KATRIN
) | | 1909.06048



http://pdglive.lbl.gov/DataBlock.action?node=S066MNS
https://arxiv.org/pdf/1909.06048.pdf

* Write a Dirac mass term analogous to other SM fermions -
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Neutrino Masses from gravity
Dvali & Funcke (1602.03191)

Logic: make an analogue of gravity with QCD

u, d, s are light relative to c, b and t so approximate flavour symmetry
U(3)4 x U(3)y

At energies below Aqcp ~ 300 MeV quarks confine into hadrons

Once confinement occurs, relevant d.o.f baryons and mesons <§Q>

Ground state break symmetry

quark
9 generators confinement

spontaneously

U(S)A X U(S)V — U(S)V breaks axial

symmetry

Broken symmetry contains U(1)a and an SU(3) part which are
broken and via Goldstone’s theorem give

1(n') + 8(m,n, K)

17


https://arxiv.org/abs/1602.03191

Neutrino Masses from gravity (1602.03191)

/
Tl is heavy relative to the other mesons as its mass gets raised due to
non-perturbative QCD effects.

not to scale ;)
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https://www.sciencedirect.com/science/article/pii/0550321379900312?via%3Dihub
https://arxiv.org/abs/1602.03191

Neutrino Masses from gravity (1602.03191)

/
Tl is heavy relative to the other mesons and its mass gets raised due
to non-perturbative QCD effects.

~ 958 MeV

v

Vo
nottoscale;) ~ 135 MeV [‘.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.37.8
https://www.sciencedirect.com/science/article/pii/0550321379900312?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0550321379903328?via%3Dihub
https://arxiv.org/abs/1602.03191

Neutrino Masses from gravity (1602.03191)

/
Tl is heavy relative to the other mesons and its mass gets raised due
to non-perturbative QCD effects.

t' Hooft 1976

not to scale ;)
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Neutrino Masses from gravity (1602.03191)

/
Tl is heavy relative to the other mesons and its mass gets raised due
to non-perturbative QCD effects.

t' Hooft 1976

not to scale ;)

Veneziano 1979
Witten 1979
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.37.8
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https://arxiv.org/abs/1602.03191

Neutrino Masses from Gravity (1602.03191)

Assume gravity has a theta term: L& D 0o RR

Neutrinos have zero bare mass and condense via NP gravitational
effects and use dimensional analysis in analogue with QCD:

VU = (VD) = ve'? = Ag~v~m, ~ VD

32+32-3 = 15

small neutrino masses from this gravitational & term triggers neutrino
condensate and introduces an infrared gravitational scale.

Neutrino mass splittings from scalar potential:

V(X) =3 Sep Tr[(X X))

22 C e mEEEEEEEEEEEEEEEEEEEEEEEEEEE = .

S
|


https://arxiv.org/abs/1602.03191

Work In collaboration with
Gabriela Barenboim and Ye-Ling Zhou
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Neutrino Masses from Gravity 1909.04675

With Gabriela Barenboim (Valencia) and Ye-Ling Zhou (Southampton)
* Treat gravity as an EFT similar to Donoghue see 9405057v1 for a

24

review. Start with flat metric and perturb around it, gravity non-
Abelian gauge theory with spin-2 gauge boson.

-----------------------------------------------------------
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https://arxiv.org/abs/1909.04675
https://arxiv.org/abs/gr-qc/9405057v1

® “Gravity triggered neutrino condensates” (1009.2504) used
SDEs as a means of studying RH neutrino condensation. We
revisit this paper and calculation techniques for light neutrinos.

® Here RHN are heavy and light neutrinos get mass from type-|
ss. RHN condensate can drive inflation (0811.2998)

® SDE are an infinite tower of integral coupled equations which
relate the Green’s functions of a theory to each other.

® We have to choose some truncation skim. For us this Is one
loop improved.

® This allows us to derive a neutrino gap equation.

25


https://arxiv.org/abs/1009.2504
https://arxiv.org/abs/0811.2998

Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

E‘S%(p) T -3 a@)p- B2 M =00")/ )

------------------------------------------------------------

Assume neutrino has zero valued bare mass and Dirac fermion.

p—k

undressed graviton
propagator

graviton-fermion-fermion

i H =H = = = = = =H = = W



Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

i H =H = = = = = =H = = W


https://arxiv.org/abs/1909.04675

Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

: i ; N

o) = TS0 T awp— B e =600/t |

Assljm:-)n e- utrl-no r-was -z-e-rc-) va- | uec-JI be;re r-n-a-s-s- ar-1d [; |ra<-: fe;mlc; n -------
p—k

f B(p?) = 0 Vp

a(p?) =1 —i27G / (;i;l aQ(kQ)zgkj)ﬁ2(k2) 2(k-p)* + 4;2(1]?; j 5)72 -p(k* + p?)]


https://arxiv.org/abs/1909.04675

Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

------------------------------------------------------------

Assume neutrino has zero valued bare mass. Leading contribution from
undressed graviton propagator is vanishing. Need to dress graviton.

p—k
no mass dynamically
induced if graviton is
undressed
D k D

! 2
: B(p~) =0Vp
: 4 2 . m)2 2.2 . 2 2
: &(pQ):l_izﬂG/ d*k a(k?) 2(k - p)? + 4k*p® + 3k - p(k* + p?)]
: (2m)* a?(k?)k? — 52 (k?) p*(p — k)?


https://arxiv.org/abs/1909.04675

Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

------------------------------------------------------------

Assume neutrino has zero valued bare mass. Leading contribution from
undressed graviton propagator is vanishing. Need to dress graviton.

p—k
_%_ pkgn%
% k %
—— — ——
4 k D

G:u/pa(p —k) = Guupe(p— k) + Guvas(p — k)Haﬁ’w(p — k)G poys(p — k)

30


https://arxiv.org/abs/1909.04675

Neutrino Masses from Gravity

Apply Schwinger-Dyson equation to find non-trivial vacuum.

------------------------------------------------------------

Assume neutrino has zero valued bare mass. Leading contribution from
undressed graviton propagator is vanishing. Need to dress graviton.

Vacuum polarisations 11
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Neutrino Masses from Gravity

Rotate to Euclidean space: k% = —k%, p? = —pQE, d*k = id*kg
:' i d*k a(k2,) 2(kg - pr)® + 4kEpy, + 3ke - pe(kE + %) "
b= 126 [ G ) Vi(oe — ke)? :
) ke B(k3) s WE—KE)" | [ il ] :
B0b) = 8 | it + ) |0 P eyt |8 5

------------------------------------------------------------

: 27/2Nms + 6Nt + 12Ngp, + Nes + 267Ngr

: A=

. 288

E B_ 9Nms + 6 Ngr + 12Ng, + Neg + 186N,

e e R
Agn = 2.61

SM : 12gb 48df 4ms, 1gr
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https://arxiv.org/abs/1909.04675

Neutrino Masses from Gravity
2 k2
Rotate to Euclidean space and rescale momenta: i = A_g Yy = A_g
Use hyper-spherical coordinates for phase space:

d*kp — 2nA*ydysin® 0dd 0 € [0, 2]

:' B GA2 ! yo(y) T E
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B T s B (az—y)
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X log [x + y — 2/xy cos 0]

-------------------------------------------------------------
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Kernel structure
Rotate to Euclidean space, rescale momentum

GA? [ ya(y)
a(z) = 1 / dy— YY) gy,
(2m)2 Jo T ya?(x) + 53 (y)
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0.8
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Kernel structure

Rotate to Euclidean space, rescale momentum
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Use two methods to solve SDEs using two
well known methods

1. Solve equations iteratively and apply extrapolation

2. Make informed Ansatz of the kernel and check for
self consistency of non-trivial vacuum.
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Solving SD Equation - Extrapolation

.
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Start with two trial functions

o) =¢;, B9)=c

: (i+1) :
'tolerance = . () I
- ()

This method allows us to find the NP non-trivial vacuum.

Solution (true non-trivial vacuum) is not sensitive to trial function value
or tolerance value.
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Solving SD Equation - Extrapolation

1
i

ary of the theory.

3. Iteratively solve SDE for each bin.

bins.

¢ H H H E H = =B =H =N =B =B =B =B =B = = mw

__ p(o)
TR

B(0) = 102 for A ~ M,
GA° = A > 23

iy

1. Choose a value of GA?, A, B, tolerance and trial function values.

5. Require the tolerance to be close to 0.0. For example, for GA? =
A = 50.0 and B = 43.5 we choose a tolerance of 1079.

2. Subdivide the z-interval [zg, 1| into n bins, where xg is infrared bound-

4. For each bin calculate the tolerance and summate this measure over all

1.0,

aE E E E E E E E BN NN BN BB @

10" 1

, [ ]
"neutrino masses
live down here

Requires beyond SM particle content ,
to support the condensate even if scale /
IS high, also we are tuning around i

chiral preserving point. 1‘“; C'D -

100
(GA2)A

150

200
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the x-direction even for tiny momentum. .
Make Ansatz that [ is a step function -
of magnitude ‘a’. 041

Solving SD Equation - Ansatz

L(z,y)

1.0

Take quenched limit for simplicity i.e o ~ 1

B depends on L(x,y). This kernel is flat in

0'90—15

ALA(x y) > BLg(x,y)

Solve SDE for this Ansatz N

Checks for self-consistency of postulated form :;
of B with kernel structure. |
As before the mass can be tuned bu
this approach it is tuned via ‘a’

the deep IR
neutrino mass

10—14

x 1076

10—13

10—12

far infrared region of the kernel

10~

10—10

0.8

|
concerned with

107°

1077

107°

1073

107!
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Features and bugs

Gravity is democratic and cannot split the neutrinos masses.

To achieve the correct neutrino mass splitting, we need some
additional mechanism. We do not assume a mechanism but it must
be present.

There are composite d.o.f.s resulting from symmetry breaking. These
are pions composed of the constituent neutrinos and are pseudo-
Goldstone bosons.

Moy, ™~ \/<7fu>my > \/Amy

For high scale condensation the pions heavy > 104 GeV and should
not affect cosmology i.e. Nest/neutrino free streaming.
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Summary

 Neutrinos are unigue amongst the Standard Model (SM) fermions in the
tininess of their mass, the weakness of their interactions and their
capacity to be their own anti-particles. Such features suggest neutrinos
acquire their mass in a different way from the quarks and charged
leptons.

 Neutrino masses from gravity is an intriguing idea and we have made a
first calculational attempt at exploring this possibility.

* An interesting feature is new d.o.fs are necessary to provide finite
support to the condensate even if it occurs at a very high scale. SM +
gravity is not sufficient unless there are large ED which lowers Planck
scale.

* As gravity does not discriminate between the neutrinos, they are mass
degenerate, one needs some additional mechanism to induce a mass
splitting.

* However a high level of fine-tuning is required if the Planck scale is at
~107° GeV.
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Back up slides - the action

1
__ 4. /—
Sg—/d T/ g(4wGR+£m)
- - 1
Em — Du¢*gMVDV¢ =+ % [@WOJ@ZLDMD - (Duw)VQGZL@H o ZQMVQ'OUF,M,OFVJ

where F,, = D, A, — D,A, and D, denotes the covariant derivative with
respect to the gravitational field and gauge fields, and e¥ is the vierbein to shift
frame to the local Minkowski flat frame.

Perturb the metric, the classical gravitational field is fixed at zero.

7:7)“1/,00-
2
p

Graviton propagator : G, 50 (P) =
1

PRI = S 0™ + 0" 0™ — " nP7)
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