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1 Cosmic Neutrino Background
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — 7~ annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
9
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v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
actually, the decoupling T is momentum dependent! equilibrium £ !




B The oldest picture of the Universe

The Cosmic Microwave Background, generated at t ~ 4 x 10° years
COBE (1992) WMAP (2003) Planck (2013)




The oldest picture of the Universe

The Cosmic Neutrino Background, generated at t ~ 1 s

...— 2019 — ...

S. Gariazzo “Neutrino thermalization in the early universe: precision calculations" NeuTel 2021, 22/02/2021 3/15



B Relic neutrinos in cosmology: N.g

‘ Radiation energy density p, in the early Universe:]

Pr= 8 \ 11

p~ photon energy density, 7/8 is for fermions, (4/11)

7 (4\*3
147 () Nee | py = [1 4 0.2271Neg] p-

4/3 due to photon reheating after neutrino decoupling

Neg — all the radiation contribution not given by photons

Nogt ~ 1 correspond to a single family of active neutrino, in
equilibrium in the early Universe

Active neutrinos:
[Bennett, SG et al., 2020] [Froustey et al., 2020]: Neog = 3.044
due to not instantaneous decoupling for the neutrinos

4+ Non Standard Interactions: 3.040 < Neg < 3.059 [de Salas et al., 2016]

Observations: Ngg ~ 3.0 £ 0.2 [Planck 2018]
Indirect probe of cosmic neutrino background! ~ e




Cosmic Neutrino Background

How to compute N.g

Physical uncertainties

Numerical uncertainties

Summary and conclusions
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. . . . B G )
B v oscillations in the early universe [Bennett, SG+ 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = fue Oep Oer
density matrix: o(x,y) = Ope Opp = o, Opr

Ore Q‘ru Orr =
do(y,x) _ [3mi, _,-LZ Mp _ 2v2Gry (Eo+ Py + AR, ol + _meGE Z(0)
dx 8Py md | 2y x®/m8 m, 3m% )’ (27)3x4y?
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator



. . . . B G )
B v oscillations in the early universe [Bennett, SG+ 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 [M 2V/2G E,+P 4E, m3G?
oy ): - ) J_{F;y Z2£+ > |0+ e3%4?21(9)
dx 8mpr m | 2y x6/m3 my, 3m3 (27)3x%y
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
Mp = UMUT

M = diag(m3,...,m%)

cosfiz 0 sinfis
U = RBRIZRI2 eg RY = 0 1 0

—sinf13 0 cosbis



. . . . B G ]
B v oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = fy,
do(y, x 3m? X2 [M 2V2G E,+P, 4E, m3G?
oyx) _ [3mey | o | Me 2v26Gey (B AR L meGE g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
My = UMUT
[, = diag(pe, pu, 0) E, =S, (/ dyy3g> Sa  with S, = diag(1,1,1)
lepton densities neutrino densities (only for active neutrinos)

take into account matter effects in oscillations



. . . . B G ]
B v oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Qee = Ty, Qep Qer
density matrix: o(x,y) = Ope Oun =, Our

Ore Oru Orr = fy,
do(y, x 3m? X2 [Mr 2V26G E,+P, 4E, m3G?
oyox) _ [J3mey [ M | 2V2Gey (T Pe | AR ) meGE g
dx 8mpr md | 2y x6/m@ my, 3m3 (2m)3x*y
mp) Planck mass — p total energy density — myy 7 mass of the W, Z bosons — G Fermi constant — [., .] commutator

Myp = UMUY 2, = diag(pe, pu, 0) E, =S, (/ dyy3g> S,

Z(0) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino—neutrino interactions

2D integrals over the momentum, take most of the computation time



. . . . B G ]
B v oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 [Mp 226G E,+P, 4E, m3G?
oox) _ J3my [ (M 2V26Gey (T Fo | BN ) meGe g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Mp = UMU' &, — disg(perps0) o =S, ( / dyfg) 3

Z(o) collision integrals

r2 1 [  do
L i _ 3 o
from continuity . Z {rJ(re)} + Gi(r) —27r223/0 dyy Z e
equation d_z = =en . a2:e
. X ™
l=e,p
r = x/z, rp = mg/mer J(r), Y(r) from non-relativistic transition of e*, u*

Gi(r) and Gy(r) from electromagnetic corrections



B » oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y,x)  [3m} _iﬁ Me  2V2Gry (i + P n 4E, n m2G} (o)
dx '\ 8mpp md | 2y x®/m8 m, 3m% 1@ (27)3x4y? @
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Myp = UMUT 2, = diag(pe, py,0) E, =5, (/ dyy39> Sa

Z(o) collision integrals

2 R "~ doaa
from continuity Z {%J(re)} + Gi(r) - m/ dyﬁz ﬁx
equation j_z = e ° - oce

. X
p = —3H(p+ P) > [ + Y ()] + Galr) + %

l=e,p

neutrino temperature w: same equation as z, but electrons always relativistic



. . . . B G )
B v oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 [Mp 226G E,+P, 4E, m3G?
oox) _ J3my [ (M 2V26Gey (T Fo | BN ) meGe g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Myp = UMUT 2, = diag(pe, pu,0) E, =S, (/ dyy3g> S,

Z(o) collision integrals

I 1 < - doaa
from continuity Z {%J(re)} + Gi(r) — m/ dyﬁz I
equation j_z = e ° - oce
. X
p = —3H(p+ P) > [ + Y ()] + Galr) + %

l=e,p

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1
S @aitbrze | “Waiiie diemmeliEien i e caiy omveas: medden elaiieng” 0 N 2l 2enaml 0 Bjis



B » oscillations in the early universe [Bennett, SG-+, 2012.02726]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a
Oee = fue Oep Oer )

density matrix: o(x,y) = < Que Oun = fu, Our
Ore Orp Orr = f,

do(y,x)  [3m}, _ix: Mr  2V2Gry Bt Pe | 4B, n m2G} (o)
dx '\ 8mpp m3 2y x®/m8 m, 3m22 e 2r )34 2\

DL L fal o

tor

FORTran- Evolved PrlmordIAl Neutrino Osc111at10ns
(FortEPiaNO)
https://bitbucket.org/ahep_
cosmo/fortepiano_public

R R A\ "— N | T UUa o
from continuity . Lwi“ be public soon}) 27r223/ dyy Z
z

equation 9z
dx 272

> [ + Y ()] + Gor) + T

t=e,p

p = —3H(p+ P)

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1
S Gaitbrze | “Waniie diammeliEien i e caiy smveas: medden elaiieng” 0 N 2l 2n/enaml BjiE


https://bitbucket.org/ahep_cosmo/fortepiano_public
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B Energy, entropy, number temperatures
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B Energy, entropy, number temperatures

T 6
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electrons annihilate

[energy goes mostly to photons]




M Neutrino momentum distribution and N gt S¢+ 2012.02720]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N gEemnett 56+ 2012.02726]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBemmett S¢-+ 2012.02720)

L 8 1IN\Y3p, 8 /11N\*3 1 d3p
i = () = L) L [ e
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M Neutrino momentum distribution and N gt 56+ 2012.02720]

G e e

T [MeV]
101 100 10_1
—— no oscillations 3.0440
3.04F — nNO
3.03
=
GJ
=< 3.02
3.01f
3.00 . L
10—2 10_1 100



3 Physical uncertainties
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B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T = 1 MeV

\—{finite temperature effects!}—‘

altered equation of corrections to weak rates
state of QED plasma

mZ® 4123 :7%@+% %%7é§:§+%{:?+...

v el e v e

v e v e




B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T 2 1 MeV

\—{finite temperature effects!}—‘

altered equation of corrections to weak rates
state of QED plasma

oy 187018008 T

v el e v e

nZ® 4 z®

ol

v e v e

Leading contribution O(e?)
gives ONeg ~ 0.01!
[Fornengo+, 1997] ;




B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T = 1 MeV

\—{finite temperature effects!}—‘

‘ | N3 (no osc) [ N3t (NO) |

Finite-temperature QED corrections
(2)1h 3.04361 3.04458
(2)1h+ (2) In 3.04358 3.04452
(2)lh + (3) 3.04264 3.04361
(2)1h + (2)In +(3) 3.04263 3.04360

[Bennett, SG+, 2020]

[(9(62) ~ 0.01 and O(e®) ~ —0.001 are important!]

Logarithmic term and following orders affect less
than numerical parameters for configuring the y; grid




. . . . B , SG+, 2012.02726
B Neutrino-neutrino interactions [Bennett, G-+, 2012.02720]

Contribution to collision terms:

Toulo(y)] x GE / dy> dys Muu(y, y2, 3 x) Fuu(o(y), o(y2), o(ys), o(va))

M, (v, y2,y3:x): integrals of some combination of neutrino momenta

Critical function: F,,!

it contains combinations such as o(1) (3 (2 p(*) and permutations

[it increases complexity of the code!]

—

couples modes non-linearly numerically more expensive
(stronger dependence on

y;i grid than ve terms)




. . . . B G )
B Neutrino-neutrino interactions [Bennett, SG+, 2012.02726]

Contribution to collision terms:

Tolo(y)] o G? / dy> dys Muu(y, y2, 3 x) Fuu(o(y), o(y2), o(ys), o(ya))

‘ ‘ N (no osc) ‘ N1 (NO) ‘
Benchmark A A{Iuy[g]}aa =0 I

Assuming;:
e (2)la + (2)In+(3)+ type (a) weak rates I 3.01205 3 04360|
e Damping for {Z,.[0]},5 : .
® N, =60, ymax = 20, NC linearly spaced y;

[IW[Q(y)] is important! (4= 8) x 10~ [ Zurlell o £0
J

ADDUJIIIIIB.
e (2)lh + (2)In+(3)+ type (a) weak rates

« Full Z,.[o] and T, [o] | 3.04341 3.04398|
® Ny =80, Ymax = 30, NC linearly spaced y;

Neutrino—neutrino collision integral - yyax = 20

Diagonal p 3.04333 3.04416
Full g, interpolate o/FD only in diagonal 3.04334 3.04389
Full g, interpolate o/FD also in off-diagonal 3.04334 3.04389

approximations may work



B Effect of neutrino oscillations

[Bennett, SG+, 2012.02726]
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B Effect of neutrino oscillations

[Bennett, SG+, 2012.02726]

..... no vv —— sin26;,

— Am3;
=== w,GL  —— sin%613 —— AmM3;
—-= vy, NC sin20,3
3.0445 3.0445 - -
3.0440 4 3.0440 Lt T ot S e
= | e R AU
= 3.0435 1 s 3.0435-“,_4-" r
3.0430 1 F 3.0430 F

within 30 ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Neg, at most by 0N\~

~ _
1074
PE— o
3.0440 1 g i 3.0440 FE=s s
.’/
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4 Numerical uncertainties

40 T
20.0 225 250 275 30.0 325 350 37.5 40.0

Ymax

O(107%)



[Bennett, SG+, 2012.02726]

M Initial time

assume neutrinos are in equilibrium until
some initial temperature Ty, — x, = me/Tin

Do the final results depend on x;,,?

T [MeV]
10! 10° 107!
—— no oscillations

3.03r

eff

=< 3.02f

3.01f

3.00
102 1071 10°




[Bennett, SG+, 2012.02726]

M Initial time

assume neutrinos are in equilibrium until
some initial temperature Ty, — x, = me/Tin

Do the final results depend on x;,,?

0.20 T T ——————

0.15F — wv, GL [no, if xin < 0.05] .

0.10

0.05

0.00

10%6N st

-0.05F E

-0.10 i

-0.15 E

-0.20 - s




. Samphng the y momenta [Bennett, SG+, 2012.02726]

Discretize neutrino momenta to compute integrals and evolution

two sampling methods for y;, with i = 1,..., N, :
linear spacing, Gauss-Laguerre (GL)
Newton-Cotes (NC) integration optimized for computing [ dy F(y)e ™"

e GL 4 NC ® N,=40 ® N,=60 ® N,=80

000000000000000000000000000000000000000000000000000000000000000000000000000004
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

DOOGGOORRRA000000000000000000000000000000000000000000 00000

ROOOIIPtt Pttt ttttttttttttttttttttereey

0000000000000 00000 00 06 0 0 0 0 0 o o o o o o o o o o *
2.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
y

Need to define range (Ymin < ¥ < Ymax) and number of nodes /V,



. Samphng the y momenta [Bennett, SG+, 2012.02726]

Discretize neutrino momenta to compute integrals and evolution

two sampling methods for y;, with i = 1,..., N, :
linear spacing, Gauss-Laguerre (GL)
Newton-Cotes (NC) integration optimized for computing [ dy F(y)e ™"
e« GL & NC e N,=40 @ N,=60 ® N,=80
‘ X unM
’ * O 000N H———
‘ ‘ O 0NN ——
102 10 100 10t
y

Need to define range (Ymin < ¥ < Ymax) and number of nodes /V,



. Sampllng the y momenta [Bennett, SG+, 2012.02726]
Discretize neutrino momenta to compute integrals and evolution

Results may depend on yinin, Ymax, N

100
10.0 10.0
5.0 5.0
2.0 2.0
1.0 5 1.0 5
s 8 S £
2 2
05 05
-0.5 -0.5
-1.0 -1.0
40 + -2.0 -=2.0
20.0 225 25.0 27.5 30.0 32,5 350 37.5 40.0 200 22,5 25.0 27.5 30.0 325 35.0 37.5 40.0
Ymax Ymax
100 2.50
at same N,
1.00 '
GL results are more stable!

0.50 l

‘ GL is more efficient‘

100 £5Neﬂc ~ 10~* from varying N,, ymaX}

Ymin




B Energy & number density conservation ~ [Bennett G+, 2012.02726]

Depending on the considered interactions, there can be conservations:

(=). . . .
= pv interactions conserve neutrino energy and number density

(=) . . .
= Ye™ scattering conserves neutrino number density only;

(=) T . .
= e’ annihilations break number and energy density conservation
--- GL —— neutrino--neutrino only —— No e *e ~-annihilation
----- NC —— Neutrino-electron elastic only

107t

,_.

2
o

u

10-2 4

1073 4

1074 4

number density loss [%]
energy density loss [%]

30 40 50 60 70 80 9 100 30 40 50 60 70 80 9% 100
Ny Ny
number density energy density
'S. Gariazzo  “Neutrino thermalization in the early universe: precision calculations”  NeuTel 2021, 22/02/2021  13/15



B Energy & number density conservation ~ [Bennett G+, 2012.02726]

Depending on the considered interactions, there can be conservations:

(=). . . .
= pv interactions conserve neutrino energy and number density

(=) . . .
= Ye™ scattering conserves neutrino number density only;

(=) T . .
= e’ annihilations break number and energy density conservation
--- GL —— neutrino--neutrino only —— No e *e ~-annihilation
----- NC —— Neutrino-electron elastic only
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. Summary and conclusions

[ NG (no osc) [ NG (NO) [ Neg” (10)

{Zowlel}ao #0

m
o (2)lA+ (2) In+(3)+ type (a) weak rates

o Full Z,.[o] and Z,,,[0]

o Ny = 80, Yax = 30. NC lincarly spaced y;

3.04341 3.04398 | 3.04399

Alternative estimates

Momentum grid

=730, GL spacing of y;
0, NC linearly spaced ;
. Yiax = 20, GL spacing of y;

Off-diagonal collision terms

Damping terms, NC quadrature
Damping terms, GL quadrature

Diagonal o
Full g, interpolate o/FD only in diagonal
Full g, interpolate o/FD also in off-diagonal

Neutrino-neutrino collision integral - Y = 20
3,013

3.01331 301392 | 3.04392
3.04334 04389 3.04391
3.04334 04386 | 3.04393
3.04312 3.04408
3.04335 3.04399

133 3.04416
3.04334 3.04389
3.04331 3.04380

Neff -
3.0440 £ 0.0002



B Recommended N.g value

[Bennett, SG+, 2012.02726]

Benchmark A: no vv collisions

‘ILV:M no osc ||IN5M NO)”IJ_V;y (10) ]

Benchmark A — {7,,[0]},, =0

Assuming;:

* @8+ (2) @)+ type (a) weak rates 3.04263 ||| 3.04360 ||| 3.04361

o Damping for {Z,c[0]},5

v = 60, Ymax = 20, NC linearly spaced y;
‘ Alternative estimates ‘
Momentum grid

Ny = 40, Ymax = 20, GL spacing of y; nodes || 3.04261 ||| 3.04355 ”l 3.04360 |
Integrals for off-diagonal {Z,c[o]},s

Ny = 60, Ymax = 20, NC linearly spaced y; 3.04261 3.04357 3.04362

N, = 40, Ymax = 20, GL spacing of y; 3.04261 3.04357 3.04364
Finite-temperature QED corrections

(2)1h 3.04361 3.04458

(2)1A + (2)In 3.04358 3.04452

(2)1h + (3) 3.04264 3.04361

(2)1h + (2)In +(3) 3.04263 3.04360




. Recommended N " Value [Bennett, SG+, 2012.02726]
e

Benchmark B: full collision terms
‘ILVe:é\A (no osc)[ |V (NO)]] IJ_VeZEM (10) ]
Benchmark B — {Z,,[d]},, #0

Assuming;:
o (2)lA + (2)In +(3)+ type (a) weak rates
« Full 7,, o] and T, [o] | 3.04341 ||| 3.04398]|| 3.04399|
® Ny = 80, Ymax = 30, NC linearly spaced y; v terms add ~ (4 - 8) . 104}:‘
‘ Alternative es
Momentum grid
Ny = 80, Ymax = 30, GL spacing of y; 3.04334 3.04392 3.04392
Ny = 80, Ymax = 20, NC linearly spaced y; 3.04334 3.04389 3.04391
Ny = 80, ymax = 20, GL spacing of y; 3.04334 3.04386 3.04393
Off-diagonal collision terms
Damping terms, NC quadrature 3.04342 3.04408
Damping terms, GL quadrature 3.04335 3.04399
Neutrino-neutrino collision integral - ymax = 20
Diagonal ¢ 3.04333 3.04416
Full g, interpolate o/FD only in diagonal 3.04334 3.04389
Full ¢, interpolate o/FD also in off-diagonal 3.04334 3.04389




B Recommended N.g value

Benchmark B: full collision terms

[Bennett, SG+, 2012.02726]

[ e (o osolf [[ Ve (NO)[I[Neg” (I0) |

Benchmark B — {I,,,,[g]}mY #0
Assuming;:
o (2)lA + (2)In +(3)+ type (a) weak rates
3.04341 3.04398 3.04399
o Full 7, [o] and Z,, 9] I I I I I I
v = 80, Ymax = 30, NC linearly spaced Yi
\— Our recommended value (normal ordering): |
Ny = 80, Ymax 3.04392
N Neg 3.0440 + 0.0002 e
Ny = 80, Ymax (numerical+physical uncertainty) 3.04393
Off-diagonal collision terms
Damping t Full agreement with other results in literature
Damping { ¢ o [Froustey+, JCAP 2020] & [Akita+, JCAP 2020]
- max —
Diagonal ¢ 3.04333 3.04416
Full g, interpolate o/FD only in diagonal 3.04334 3.04389
Full ¢, interpolate o/FD also in off-diagonal 3.04334 3.04389




B What do we learn on N.g?

J  Precision calculation — Neg = 3.0440 = recommendation

=== Ve — nooscilations 10t T 101 NS o one) [ V' (NO) [ N (10
175 vy = NO Benchmark A | 0
v — o oscilations
1150 04— wo 2)1n-+(3) - type (s) weak rates
304265 | 5.04360 | 304301
1125 o {Zulelh s
303 60, s = 20, NC linarly spaced
£ 1100 Alvermtlvo cslmator
£ 5 Momentun grid
1075 302 5, 50155 | 501560
080 "™ 5, somT [ 30002
o5 X, 304357 | 304364
g [ Finito-temperature QED corrctions
1,000 frmmmmen @S 3 2 30061 | G015
R T I S-S T Y R P T e v 19 107 o o0 2+ (2)ln 30U | 30145

@+ (3) 0061 | 30161
214 + (2)1n-+(3) 300263 | 301360

612 Physical uncertainties — ~ 10~%

Benehmark B (L,[0]},, 70

3.0445 3.0445 A —
30840 eSS S I e g 3.0440 NGl
[ Altornative cstimates
o gl
5 5 P N, =0, o = 30, L spaciog o TOTT 30T | S0ME
= 304357 . & 3.0435 x L 20 NC ety sputed | 30804 | Sois0 | 3001
N, 20, GL spacing of 1 sowss | souse | 3o
Offlngoma cllion terms
3.0430 3.0430 Daplag termms, NC quadiatare FOT2 T0Ti05
Daunping terms, GL, quadratr sois | sowm
Joas Neutrin-poutrin oo aiagrl - joms = 20
X 3.0425 7 T
10° 107 10 102 00 02 04 06 08 10 inrpalate ¢/FD only i diae 20| B0k
Rl g inepolate o D sl i ofldgonal | 300331 _| 301380

m? [eV?] sin0

Ymax  Numerical uncertainties — O(10~%)

- - Nyg =

: *|3.04400.0002

e ___

[Thanks for the attention!
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