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Weak Nuclear Force

Much about this aspect of nature remains mysterious. Consequently, it is the subject
of frontier research in elementary particle physics, nuclear physics, and astrophysics.

Despite its well deserved moniker, “weak”, this force is the origin of all of
humanity’s energy sources (fossil fuels, solar, nuclear fission & fusion), save one (tidal).

An insidious conspiracy of this weak nuclear force and an even weaker force, gravitation,
sets the conditions in the early universe,

murders massive stars by causing their collapse and explosion,

but brings about the creation of the elements in both of these venues!



Astrophysical Neutrino “Laboratories”

Early Universe, Stellar Collapse, supernovae,
Weak Decoupling/BBN binary compact object mergers
Gravitation dictates a slow expansion, allowing Weak interaction dictates all aspects of evolution.

very weakly interacting particles to affect the physics.  Very large electron lepton number, so evolution is
Large entropy-per-baryon, S/kj, ~ 1019, simplifying exquisitely sensitive to lepton number violation.
the nuclear physics. Low lepton numbers,

implying very small v — U asymmetry. Low-to-high entropy, S/ky, ~ 1 to ~ 100;

n/p, deuterium (D), helium, N.g sensitive to primary site for intermediate and heavy nucleus
any BSM physics that alters the nucleosynthesis; many aspects can be sensitive to
time /temperature /scale factor relationship. neutrino flavor transformation and BSM physics.
very tightly constrained Manufactures neutron stars and black holes.

by CMB (soon Stage-4) observables

and 30m-class telescope-determined D/H. Not well constrained
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Gravitation is really, really feeble compared to the
strong, electromagnetic, and even the weak interaction

I' = (nv) - o

scattering rate (s7!) = flux (em™2s™1) - cross section (cm?)

Ostrong = geometric area of particle
Toloc & 0T &~ 6.65246 x 1072° cm? ~ 10724 ¢cm? = 1 barn
Oweak ~ G2 B2 =~ 107* cm? = 107?" barn

Ogray ™ G2 m?mc ~ 1078 barn

Dimensionless comparison of the forces

Ctrons = 1 Qweak = Gy mg ~ 3.045 x 107"

1 e2 N 1
ey He  137.036

2
Qlelec = ~ 7.297 x 1073 Qgray = GM3 = ( ) ~ 1.751 x 1074



The Periodic Table of Elementary Particles and Forces

The elementary particles: Three Generations
of Matter (Fermions)

These particles are | Il Il

the building blocks mass= 2.4 MeV 1.27 GeV 1712Gev ||(O
h
of the Standard Model. charge— 8 u o C 7 t 0 Y
spin— | 15 s Y2 1
hame-— up charm tOP photon
(truth) {electromagnetic)
Neutrinos, like the charged Ry el e 0
leptons and quarks, v |96 d S S Vs b 0 g
are spin-1/2 but, unlike those = Y2 Y2 1
. . o
particles, neutrinos have S S (R noeh e | Siuen
no electric charge. <22ev <017MeV ||<155Mev ||[91.2GeV ()
0 0 0 0
A Ve Y, Vp Yy VT 1 Z e
. . . electron muon tau weak n
Each particle has an antiparticle, neutrino || neutrino || neutrino force | U
. . e
Ve, Ve,V ,V;, Vs, UV “c’-le-l -1 SINAJ | 0
N &) ej’\ Ko l,l}J\ L T} O % Yo u Y2 T i) CC)
M v v Q. weak U
electron  muon tau o |Rascian) men tau force | ©
flavor flavor flavor 125Gev |
Fermions: half-integral spin people.rit.edu
Bosons: integral spin




much remains mysterious about neutrinos and the weak interaction
origin of neutrino mass (another Higgs? See-Saw? Heavy sterile states?)
Majorana or Dirac?
baryon/lepton numbers (related to neutrino mass physics, e.g., VMSM ?)
Dark Matter/Dark Sector (Non-standard v interactions? v dark sector?)
v & other BSM physics may affect relic neutrinos/cosmology

as well as compact object physics and nucleosynthesis

We have: mass-squared differences/mixing angles.

We need: absolute masses; mass-hierarchy (normal?); Majorana/Dirac; CP-
violating phase(s); unknown unknowns!



Why Are Neutrinos so light? — See-Saw?

Dirac Neutrinos V # V v+ V=4 states
Majorana Neutrinos =3y 1V + V =2 states

NM 2 states (“sterile” Majorana)

7 VeV,
/7
/7
D
4 states z <
Vi Vg AN
V.V N\
R>VL A VW 2 states (active Majorana)
Vi Vg

See-Saw Relation for the Product of Neutrino Masses: ( my)(m,) ~ (Really Big Ma*ss Scale)?

Unification Scale?

Gell-Mann, Ramond, Slansky; Yanagida; Mohapatra & Senjanovic

(after a slide by Boris Kayser)



Neutrino Properties

we know the mass-squared differences:

(5mé ~ 7.6 x 107°eV?

2 _ . 2
e.g., 0ms, = m,

5 om2,  ~ 2.4 x 1073 eV?

we do not know the absolute masses,

but likely we so

on will know the mass hierarchy:

normal mass hierarchy inverted mass hierarchy
A Vs V3
S measured hierarchy? y
NEA atm  Jong baseline osc. expts 1
V3
2
omg,
1 V3




A key development that will increase the discovery potential
of the CMB-Neutrino connection and
and compact object/nucleosynthesis/neutrino signal physics:

DUNE/long baseline experiments:

Will pin down the neutrino mass hierarchy at 5o within 6 years
Good hints within a few years(?)



Ve) V1)
V) = Upn V2)
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0 —sin (923 COS (923
cos 013 0 e
U13 — | 0 1
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cosfio  sinfqo
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Pontecorvo-Maki-Nakagawa-Sakata matrix
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If Neutrinos are Majorana . . .
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Hints in OV33 or supernovae?
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neutrino “spin”

- U > Left-Handed Neutrino

spin direction Propagation to the right

s  Right-Handed
Antineutrino

—

neutrino spin flip, ¢.e., converting a left-handed neutrino to a
right-handed antineutrino is always o< m, /F,

The surprise is that it can be done coherently and possibly collectively in envi-
ronments with anisotropic neutrino distributions



Nuclear Mass

neutrinoless double beta decay (0vp[3)

an observation of Ov3[3 implies that neutrinos are Majorana and lepton number is violated

5-!—
136 (g Discovery of Lepton Number Violation (LNV)
n >3 would have profound implications
0 for particle physics and astrophysics
136X +
e
54 0
Two neutrons decay to two protons. 15366Ba
Example: 136Xe —136 Ba
¢ 2 . < Neutrino mass-mediated spin flip
5 OvB B decay rate:
- M -
™ A=GE,Z) [mgg|* - [Mnuc|?
w L with half-life 715 = In 2/
imgs| =
A(Z.N) A(Z-2N+2) A(Z.N) A(Z-2.,N +2) : ‘ml 2, 2+ ma 52y 2y €20 4 g 52, €2

In addition to the conventional neutrino mass-mediated spin flip channel, many BSM physics possibilities could also enable Ovfp.
The alternative BSM scenarios include right-handed currents, heavy neutrino states, R-parity-violating incarnations of supersymmetry, etc.

But even if facilitated by these BSM channels, an observation of OvB[ implies that neutrinos are Majorana and lepton number is violated.
Observing OV in different nuclei could help ferret out what standard or BSM channel is involved, and this is why the US DOE is backing several different detector ideas.




The Early Universe



Relic neutrinos from the epoch when the universe
was at a temperature T~ 1 MeV ( ~ 101° K)

~ 300 per cubic centimeter

= ~ 10%" neutrinos in universe

e

tiny fraction =

of a second e e . photon decoupling T~ 0. 2 eV
neutrino decoupling T~ 1 MeV @i 8 5% ) Relic photons. We measure

410 per cubic centimeter

380,000
years

13.7\¢:
billion

years i~
vacuum-+matter dominated

at current epoch




Gravitation is weak

Gravitation drives the expansion
of the universe

Consequently, the expansion rate is SLOW,
and this allows

very weakly interacting particles

to affect the physics of the early universe



The infinite raisin bread model of the universe.. ..

Image: Pleasant Hill Grain

... as it bakes it expands uniformly everywhere

the expansion is slow because it is driven by gravitation, which is very weak, and it is uniform everywhere
-- there is no center. This is not “an explosion into vacuum”.



Q = p/pyie= 2, + 2, + €2

Homogeneity and isotropy of the universe:
implies that total energy inside a co-moving spherical surface is constant with time.

total energy = (kinetic energy of expansion) + (gravitational potential energy)

mass-energy density = p
test mass = m

 d
7’7
/7
/
/ - -
/ PR -—- -
1r
ﬁ\ 5{ """" 5 " total energy > 0 expand forever k=-1
~ ~ AT N
\ N e o e e = -
\\ total energy = 0 for p = pit k=0
S N\
Se _ total energy <0 re-collapse k=+1

+ Q2

N
~ 0.27

dark matter + g2vacuum =~ 1 (k=0)

J

baryon




Depending on temperature, particles
could be in thermal equilibrium
in the “soup” of the early universe.

QUICK & EASY DIRECTIONS

JUST ADD DARK MATTER

Nutrition Amountserving %ov Amount/serving %0V
Facts Protein o Metal sutfides %
B Fat 4 Hydrogen 100%
Serv. Size Carbohydrate D% Ammonia 0%
1 Hubble Volume  Fiber 4 Methane 0%
Calories 0.0 Vitaming a Carbon moncdde 0%
. L-amino acids % Formaldshyde %
Fat Calories 0.0 D-amino acids % High MW PAks 2]
Nuclee acid A NP-40 0%

Questions or comments? email bullock@uci.aedu
Allow up to 1033 years for refund.

510007012517

Primordial

Always recycle

NETWT.

e ale e soup 10?3‘0%

your atoms

| A QUICK MEAL IN 13.8 BILLION YEARS!

PRIMORDIAL SOUP FOR THE PURIST

“EVERYTHING YOU NEED TO GET
LIFE STARTED IN YOUR SU(3) x SU(2)
x U(1) UNIVERSE.

“GRAVITY, PRIMORDIAL
FLUCTUATIONS, AND DARK MATTER
SOLD SEPARATELY.

*‘ﬁf INGREDIENTS: HYDROGEN AND HELIUM.

MAY CONTAIN TRACE AMOUNTS OF
LITHIUM

Scienceblogs http://www.mbio.ncsu.edu/jwb/soup.html cartoon by James Bullock



http://www.mbio.ncsu.edu/jwb/soup.html
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in the ultra relativistic limit, p; ; — 0 and m; ; /T — 0, we have p =g % T4

With expansion, temperature 7' falls below rest mass m; ;, and particle 7, 7 will
no longer contribute significantly to the statistical weight g.



Equation of state and entropy for particles with relativistic kinematics

2

_ e o (T\" 7 (T
energy density P = % where g = Zgi T -+ 3 Z g; -
¢ J

7
(20 + 20+ 24242 ) = 10.75

example : T'=1MeV = g:27+8

6 neutrinos

4 72
entro er unit proper volume S = — - —qg. T3 =~ . T
Py P proper v 3 30 gs A5 Js

T,\*> 7 T\’
where g =3k (1) 4§ ok ()

S
entropy — per — baryon s = —
N

n
baryon — to — photon ratio n = b 611 x 10710

Ty
relation between entropy-per-baryon, 4 1 1
a co-moving invariant at low T, and the s = il * s © —~ [5.89 x 10” k;, per baryon] (&) (M)
' 45¢ (3) no- 2 n

baryon-to-photon ratio (not invariant)



The temperature in the
weak decoupling/BBN epoch is

T ~ 1MeV

The time-temperature relationship there is roughly

1 second

(T /MeV)?

MN\Y




baryon number of universe > 77 —
From CMB acoustic peaks, and/or n’Y
observationally-inferred primordial D/H:
10 4 nNy, — Ny,
n=6.11 x 10 L, =
Tory
Ny, — nﬁu
three lepton numbers > < LVu —
P n7
L o Ny, — Ny,
UV —
N\ Ty

From observationally-inferred “He and large scale structure
and using collective (synchronized) active-active neutrino oscillations

(Abazajian, Beacom, Bell 03; Dolgov et al. 03):
L, .|~L, <0.15

Vi,r



Conditions in the universe when it is ~ 1s in age

Temperature T' ~ 1 MeV, a thousand times the temperature at the center of
the sun.

We will discuss a temperature range 10 MeV > T > 10keV, a range which sub-
sumes the weak decoupling/BBN epoch.

Baryon rest mass density p, ~ 1072 gcm ™3, roughly the density of air.

But, effective inertia of the intense radiation field at this epoch
= Prad ™~ 104gcm_3

Dynamic viscosity of this fluid ranges from ~ 102! MeV?, roughly the same as
the earth’s mantle rock (!!!), to near zero later as neutrinos decouple.

Why does this time in the early history of the universe
hold promise to be a laboratory
for probing Beyond-Standard-Model (BSM) physics?



L : 3
Mass-energy inside horizon: My = 37 (%H) 0

QO H~

radiation-dominated case: My = %71' (%) {g g—; Tﬂ;

1
with ¢ &~ £ (325)* g~ 2 78, implying
45 \3 1 md 4 107512 [ Mev 12

N
=

1
radiation-dominated horizon length: dy ~ ( 20 )2 g~

8 73

Mpl 10 10.75 | 2 [MeV 12
7~ 4431010 m [ 1073 | 7 [MeV]



some significant events/epochs in the early universe

Horizon Mass-Energy [ Baryon Mass
Epoch T e
Length (solar masses) | (solar masses)
Electroweak ~ 10-6
phase 100 GeV | ~100 ~1cm ~ 10-18
o (~ earth mass)

transition

QCD 100 MeV |51 -62 20 km ~ 1 ~10°
weak 2MeV [10.75 | ~10"cm ~ 104 ~ 103
decoupling

k
wea 0.7MeV [10.75 | ~10"cm ~ 105 ~ 1022
freeze out

~ 1013
BBN 100 keV |10.75 em ~ 106 ~1
(~1A.U.)

e’e* 14 8

e o ~ 20 keV 3.36 ~10"“ cm ~10 ~100
annihilation

~ 18

photon 0.2eV i ~ 350 kpc 10 ~ 1017
decoupling dark matter

1 solar mass =2x10” g =10% MeV




Symmetry is (nearly) everything in General Relativity

homogeneity and isotropy of this FLRW spacetime
dictates that there be no spacelike heat flow or
non-uniform heat sources: evolution is adiabatic

entropy in a co-moving volume is conserved”

“Symmetry does not preclude timelike heat flows, e.g., from decaying particles
or from non-equilibrium processes like decoupling Vv’s scattering on e’/e*



Temperature (MeV)

0.7

0.6 - entropy S oc gT% AS ei pairs annihilate, their entropy is transferred
0.5 to the photons and plasma, not to the decoupled neutrinos.
' Product of scale factor and temperature is /ncreased for photons,
0.4~ constant for decoupled neutrinos:
0.3 neutrinos : a7, = constant
photons : gi/ 5aT -, = constant
0.2 current epoch
TV ~ 2.725K
- 1/3 2
[2+§(2+2)] aT, =[2]"*d' T/ T ~ 1.945K| ?
4713
0.1 Cij7 = [ﬁ] CL, T;
| T.
/ / {
al, =a T,
ﬁ T [41Y° Ty
v [_} ~ 0.714 ¥
T, (11
muhul'lmluuhlulu|||||||I|||||||||I|||||| [ I T T T A T 1 1 1 | 1 1
.7 .6 .5 4 .3 .2 |
< T, Neutrino "Temperature" (MeV)

scale factor g x 1 / T,




Is Co-Moving Entropy always constant?

What happens when particles have dropped out of equilibrium,
and then decay into particles that are coupled, that do interact?

This results in entropy generation.

If these decoupled particles are distributed homogeneously
and isotropically, then the decay-generated entropy
represents a timelike heat flow. This is allowed by symmetry!



There could be (timelike) sources of entropy:

These must be uniform, homogeneous and isotropic

Example-1: out-of-equilibrium processes

e.g., neutrino decoupling

Example-2: particle decay where the particles are (reasonably)
homogenously distributed on a spacelike hypersurface t=constant

e.g., inflaton decay



Weak Decoupling, where neutrinos cease to scatter
frequently enough to maintain thermal equilibrium with

the electron/positron/photon plasma, and Weak Freeze Out,
where weak interactions with nucleons are not fast enough to
maintain chemical equilibrium,

occur concurrently over a protracted time duration,

~ 100 Hubble times!

This is in stark contrast with photon (CMB) decoupling
which occurs abruptly, in a small fraction of a Hubble time,
Driven by the (exponential) process of the formation of
atomic bound states for the electrons at temperature scale
T~0.2eV



HIGH ENTROPY

Radiation Dominated!

The entropy is high, s ~ 10!° units of Boltzmann’s constant per baryon, and
that means ~ 10'° photons per baryon, and ~ 10" neutrinos per baryon!

Even down to temperatures ~ 10keV there will be plenty of photons on the
tail of the Planck distribution with enough energy to make e*-pairs. We have

a pair-dominated plasma all the way through weak decoupling/freeze-out and
BBN!

... and lots of neutrinos per baryon, so even when the neutrinos have decoupled thermally,
they still “have purchase” on neutron-to-proton inter-conversion!



neutral- and (and for electron flavor) charged-current
neutrino scattering on electrons and positrons couples the neutrinos
to the electron/positron/photon plasma

€ Ve,u,7 Ve €

€ VG,,U,,T € VG

+ neutral current neutrino-neutrino scattering



100000 LLILELEL L L [rerrrreTe [Frrrrr 11 [rrrrrr 1 1

)\ndecay

—h
LI B N I B B B

l"‘.'f‘lllllllll

‘0
ngmn L
.

IN gy na .

2
N, ’

1 6-05 pe— Ije S»%}

weak rate (3'1)

" . -
1e-10 = ‘\‘ ~
A . i
- =\ ) -
_ z " “‘Ae—I_n i
1e-15 S ]
o :— - ‘ =
L = - L) .
. EE E
I VeD: % “, ]
1e-20 : &) -
I R 3 ]
- :_ L ) -
L - " | | i
I : 2 . i
1e_25 i1 11 1 ||||||| 1 1 |||||?|| ;- 1 ‘||||||| 1 1

10 1 0.1 0.01 0.001
Temperature(MeV)



Follow the Boltzmann evolution of
the (binned) energy distribution functions f of the

of the active neutrinos

Tol=cuee) mmp (5-#r2) fn0=00)

f (p,t) = occupation probabilities for a neutrino with momentum p at FLRW
time coordinate t.

If all neutrino/antineutrino scattering rates fast compared to the expansion rate
of the universe H, then we attain thermal, chemical equilibrium

= f(p,t) = ep/Tl—n_|_1

A. Dolgov, S. Hansen, D. V. Semikoz, NP B 503, 426 (1997) arXiv:9712199
S. Esposito et al. NP 590, 539 (2000), arXiv:0005973

“Neutrino energy transport in weak decoupling and big bang nucleosynthesis”
E. Grohs, G. M. Fuller, C. T. Kishimoto, M. W. Paris, A. Vlasenko arXiv:1512.02205

D. Dicus, E. W. Kolb et al, PRD 26, 2649 (1982)
S. Dodelson & M. S. Turner PRD 46, 3372 (1992)
R. Lopez & M. S. Turner, PRD 59, 103502 (1999)

Plasma/QED corrections critical:
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out-of-equilibrium neutrino scattering leads to neutrino spectral distortions
and timelike entropy flow/generation

v — v/eT scattering

2.0 — T o505 — T Plasma ]
o  5.94} |
v X
1.5F a <
N 2593 T |
~
%"‘é) 107 5py€ — 092% — ? 5.71 L B T T LI e T T T T T T T T T
~_ 6ﬂyl = 038% o B |
1 To/T = 0.7148 = o1 Neutrino
x 0.5 en/T' = 0. | X 5.69F .
2, % 5.685
_______________________ > 11.6357
00 S 11.6356| -
. 11.6355) |
_ w g ‘ - 11.6354] o |
%2 5 10 15 20 & 11.635300——— T“l ‘
EZEV/TCIH 10 10
Tem (MeV)

“Neutrino energy transport in weak decoupling and big bang nucleosynthesis”. E.Grohs, G. M. Fuller,
C. T. Kishimoto, M. W. Paris, A. Vlasenko Phys. Rev. D 93, 083522 (2016)

—

integrated history of

the rates of these N

_ R + | charged current processes eft
Ve TP—NTe€ and entropy flow determine n/p

n=p+e +U which is key to nucleosynthesis 4
“Jd ZpiNn=AZN)+~ D, "He

Ve tNn=p+e




