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Enter — the neutrino
The neutrino was first proposed by Woltgang Pauli

Physikaliasches Inatitut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
farich Oloriastrasse

ILiebe Radiocaktive Damen und Herren,

Wie der Uebarbringer dieser Zeilen, den ich mldvollst
ansuhbren bitte, Ihnen des niheren auseinsnderselsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-56 Kerme, sowis
des kontimuierlichen beta-Spektrums suf oinen verswelfelten jumieg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
su retten. MNhmlich die M3glichkeit, es kbnnten elekirisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘deh von lichtquanten musserdem noch dadurch unterscheiden; dass sias

mit lichtgeschwindigkeit lsufen. Die Masae der Neutronem

von derselben Orossenordmng wie die Elesictronecmasse sain und

s nioht grosser als 0,01 Protonenmasse.- Das kontimuiierliche
:ﬂn wire dann verstindlich unter der Amahme, dass beim
bobe-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wizd, derart, dass dlie Summe der Energien von Neutron und kdektron

'mmt ist.

He postulates a neutral, very light, spin 1/2 particle
inside the nucleus.
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Beta decay 101

Fermi1 would take this 1dea and develop a first theory
of beta decay (1934):

n—-p+e +v

or 1n a nuclear bound state
(Z,A) - (Z+1,A)+e +v

Fermi’s Golden Rule (invented for this problem) reads
as, with O being the operator for weak interactions

dP

2
o (WO p(B)  dE

matrix element H ¢; phase space density
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Beta decay 101 — cont’d

Pe DPuv

assuming |H r;|” is independent of momentum transfer
this becomes for m, = 0 and My — o0

‘ 2

dl' = |H i|*peE.(Ey — E.)*dE.

The electron wave function 1s not a plane wave, but an
unbound solution of the hydrogen atom, yielding a
correction term

Ye(r =0)|* = F(Z,E.)

so called Fermi function.
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Beta decay 101 — cont’d

Cleaning up our notation (and make it compatible
with modern literature)

‘vudP

‘Hfi‘QZF(ZaE) ‘M ‘

Fermi used the solution to the relat1v1stlc, point-like,
infinitely heavy hydrogen atom to compute F'(Z, E.).

| M 1;]? incorporates all the nuclear bound state
physics and the assumption that it 1s independent of
momentum transfer implies that we approximate the
nucleus as a point. Transitions for which this
approximation 1s valid are called “allowed”.
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Beta decay 101 — cont’d

Now the lifetime 1s given by

L |Vw|2\/\/lf'!2

T 273

/ dE.F(Z,E)p.E.(Ey — E,)?

—/—/
::f(ZaEO)

0)§
27% log 2
G%’ ‘ Vi ‘ .

The ft-value of more often log ft-value is a measure
of the nuclear matrix element.

ft:=log2fr = M|~
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Inverse beta decay

Now that we can describe

n—-p+e +v
what about the inverse beta decay
vi+p—ontet?

Bethe and Peirls in 1934 estimate the cross section to
be (neutron decay was not yet discovered!)

n’ 212 210—43 .. 2
0:m364T(Ey/mc) ~ F210" " cm

and conclude: “there 1s no practically possible way of
observing the neutrino.”
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Avogadro’s number

Using a cross section of around 10~ *cm?. ..

We can get a factor 10?4 from Avogadro’s number but
that still leaves us with 10'® neutrinos to see anything.

Where do we get 10'® neutrinos?

— digression on nuclear fission
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Neutrinos from fission

235 U

239 Pu

stablen

fission yield

M.
0.004 0.008




How many?

290 +n — X1+ Xo+2n

with average masses of X; of about A=94 and X5 of
about A=140. X; and X5 have together 142 neutrons.

The stable nuclei with A=94 and A=140 are |;Zr and

130Ce, which together have only 136 neutrons.

Thus 6 5-decays will occur, yielding 6 v,.

Fissioning 1kg of 235U gives 10** neutrinos, or at

distance of 50 m about 10 cm—2.
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Reines & Cowan’s day
job was to instrument
nuclear weapons tests.

Bethe and Fermi thought
this was a good 1dea
and thus, not surpris-
ingly their A-bomb pro-
posal was approved.
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What really happened

In the fall of 1952 Reines & Cowan revisited the idea
of using a reactor:

number of fissions per second = thermal reactor power
/ energy per fission

300 MW
200 MeV

so 10° seconds yields the same fluence, 10%* as a 20 kt
explosion.

~ 107 ¢!
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Delayed coincidence

Incident
antineutrino

/ Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay
annihilation

Liquid scintillator
and cadmium

This 1s the basis for all reactor neutrino experiments
since then.
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Savannah River

P-reactor became operational in Feb 1954, initially
rated for less than S00MW, heavy water cooled,
plutonium production reactor.

Note, positron energy 1s NOT observed.
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They report a cross section (!) of 6 x 107 cm 2.
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Long list of SBL experiments

Experiment 535 I538 J539 Ja41 R :.KL].FH oo [%] oo [%]
Bugey-4 0.538  0.078  0.328 (.932 1.4 }1 A
Rovno9l 0.606 0.074 0.277 (.930 2.8 '

Rovnoss-11 0.607 0.074 0277 : 0.907 )

Rovno8s-21 0.603 0.076 0.276 045 0938

Rovno88-1S 0.606  0.074 0277 048 (0.962

Rovno88-25 0.557 0.076 0.313 0.0 (.949

Rovno88-28 0.606  0.074 0.274 D46 0.928

Bugey-3-15 0.538 0.078 (.328 056 0.936

Bugey-3-40 0.538 0.078 (L.328 056 0.942

Bugey-3-95 0.538  0.078 (.328 056 0.867
Gosgen-38 0.619 0.067 0272 (. (.955
Gosgen-46 0.584  0.068 (.298 A (0.981
Gosgen-65 0.543  0.070  (.329 A (.915

ILL 1 0 () 0.792
Krasnovarsk&87-33 ( 0.925
Krasnoyvarsk®7-92 ( (0.942

)
)
Krasnovarsk94-57 0 (.936
J
)

R

3.8

Krasnovarskb9-34 ( 0.946 :
SRP-18 ( (0.941 1%8.2
=RP-24 | §] 1.006 2.8 23.8
Nucifer 0.926 0.061 0.008 0.005 1.014 T 7.2
Chooz 0.496  0.087 0.351 0066 (.99 3. 1000

Palo Verde 0.600  0.070 0270 0.060  0.997 800
Daya Bay 0.561 0.076 0307 0.066 0.946 550
RENO 0.569 0.073 0301 0.056 0.946 410
Double Chooz 0.511  0.087  0.340  0.062  (1.935 D

Giunt1 2016

nanuant

1=
[




SBL reactors summary

Technological achievements:

large liquid scintillator detectors

target and detector are one, c¢f. original Reines/Cowan
detector

single volume and segmented detectors

many different neutron tagging concepts

Gd-doped scintillators

Science results as of 2011: In the baseline range from
7 — 93 m all results are consistent with NO oscillation.
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Palo Verde & CHOOZ
Late 1990’s inspired by KamiokaNDE

Muon Veto Central Detector
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S00m from a commercial 1100 m from a commercial
reactor reactor

Null result in both.
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KamLAND - 2002

1000t of liquid organic
scintillator, undoped, deep
underground.
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KamLAND - results

KamLAND  confirmed
the OSCillation interpreta_ e Data-BG-GeoV,
tion of the solar neutrino e ermined by Ko AND

results and “‘picked” the
so-called LMA solution.
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Daya Bay - 2011

In a 1 reactor, 2 detector setup all flux related errors
cancel completely in the near-to-far ratio.

L3

T A careful choice of detec-

AD3 Ling Ao-II NPP

EH2 ) i tor locations mitigates the
EH3 * 1 complexity of the Daya Bay

AD6 Ling Ao NPP

AD4
-
ADS

layout.

AD3 sees the same ratio of
. DI Ling AoIto Ling Ao Il events

®* D2

Daya Bay NPP as do the far detectors.
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Daya Bay - results

" More than 2.5 million

Y EH2

. EH3 IBD events.

Best fit

$
Most precise measure-
0.2 0.4 0.6

L,/ (E,) [km/MeV] | ment of (913

Precise measurement of
Am,

RENO and Double
Chooz are very similar
in concept and results
T between agree very well.
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JUNO - under construction
JUNO — Jiangmen Underground Neutrino

Observatory

e e e e

Steel truss

20,000 ton undoped lig-
uid scintillator

53km from two pow-
erful reactor complexes,

18 GW each

Start of data taking ~
2024.

P. Huber — n. 24/45



JUNO - physics goals

—— No oscillations

o)}
o

—— Normal Hierarchy
—— Inverted Hierarchy

Events per 1 keV
N A
o o

walk
o
o

Solar mode:
in2 2
sin?@ ,, Am?
Atmospheric mode:

% T 2
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2 3 4 5 6 7 8 9
Neutrino energy (MeV)

Measurement of mass hierarchy w/o matter effects
1% level measurement of solar mixing parameters




The reactor anomaly

Daya Bay
R=0.947 + 0.022

—e— Previous data
—s=— Daya Bay
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—— World Average

Previous average [C] 1-6 Exp. Unc.
R = 0.943 +- 0.008 (exp.) [ZZ] 1-oFlux Unc.

10°
Distance (m)

Daya Bay, 2014

Mueller et al., 2011, 2012 — where have all the
neutrinos gone?
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Where we are

1.5

1.4
Daya Bay

Ab Initio
HKSS

1.3

GLoBESfit v1.0

Ab Initio
HKSS

- 1.1

4 1.0 \
’\‘/1

40 5.0
E, [MeV]

1.5

1.4
Daya Bay

13 Ab Initio ‘{>

Ab Initio
HKSS

3 different flux mod-
els, data from 2 differ-
ent experiments

Except for U2335:
+ the models agree

within error bars
+ the models agree with

neutrino data

U235 has smallest error
bars, not surprising that

discrepancies show up
first.

Berryman, PH, 2020
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Fuel evolution

GLoBESfit v1.0

Rate Evolution

=2 : model uncertainty

Nucifer — 1.014 +0.108

7.2m

ILL : 0.792 +0.072

B8m

SRP-I 0.941 +0.026

182m

All Rates

SRP-II : _ 1.006 *+0.029

238m
Krasnoyarsk-87
33.0m

0.925 +0.046

Krasnoyarsk-99 - .
340m : 0.946 +0.028

Krasnoyarsk-94 B 0.936 +0.039

£w

2/.3mM
Krasnoyarsk-87
92.3m

STEREO : 0.948 +0.024

L JHEP 06 (2017) 135 ——

0.942 +0.192

94-11.2m
0.950 +0.013

e only experimental uncertainties

0.923 £0.015

09 1 11 12 1.3
RObseNed / RPredicled

STEREOQO, 2020
Berryman, PH, 2020

U235 seems to “own’ all of the deficit.
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The SMeV bump

RENO 2016 (Nbdiﬁed AverageR = 1)
NEOS 2016 (Nbdified AverageR = 1)
: Daya Bay 2016 :

: Double Chooz IV - ND
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Double Chooz 2019
Contains only 0.5% of all neutrino events — not
important for sterile neutrinos

Yet, statistically more significant than the RAA!
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Latest data vs bump
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Daya Bay 2019, 2021

PROSPECT223(§18 Requires a bump
Disfavors “°°U as in 23U at4do

sole culprit at 2.1 o
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umpology

+0.026
—0.026

Daya Bay,
RENO and
PROSPECT

as of 2019

Only 19235 7é 0
with any sig-
nificance

1+0.122
Thump = U"'L"L"lfl_l.l(ll

1.2 (.00 .25

Berryman, PH,
2020
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Why is this so complicated?

fission yield

s
0.004 0.008




p-branches
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Two ways to predict

Summation calculations Conversion calculations
Fission yields Cumulative beta spectra
Beta yields Zog Irom databases

Problem: single set of
cumulative beta spectra &
forbidden corrections have
to rely on databases

Problem: databases are in-
sufficient & difficulty of
assigning an error budget

In both approaches, one has to deal with:
Forbidden decays

Weak magnetism corrections
Non-equilibrium corrections

Structural materials in the reactor
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Conversion method

239U foil inside the High
Flux Reactor at ILL
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Electron  spectroscopy
with a magnetic spec-
trometer

Same method used for
239Py and %Py

For 2°%U recent measure-
ment by Haag et al., 2013

- 7 8 9 10
KINETIC ENERGY OF BETAS INM

Schreckenbach, ef al. 1985.
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Extraction of v-spectrum

We can measure the total F-spectrum

Ns(E.) Z/dEoNﬁ(Ee,Eo;Z)n(Eo)- (1)

with Z effective nuclear charge and try to “fit” the
underlying distribution of endpoints, n( Ey).

This 1s a so called Fredholm integral equation of the
first kind — mathematically ill-posed, i.e. solutions
tend to oscillate, needs regulator (typically energy
average), however that will introduce a bias.

This approach 1s know as “virtual branches™
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Virtual branches

Ex=8.09VeV, n=0.204 Ex=7.82MeV, n=0.122

c £ c
8 8 2
— — —
@ T} @
a a a
8 8 8
c c c
S =1 3
[} o} o
o o o

10

10 10 10
70 72 74 76 718 80 82 70 72 74 76 78 80 82 70 72 74 76 78 80 82

Ec [MeV] Eec [MeV] Ec [MeV]

1 — fit an allowed (-spectrum with free normalization 7 and
endpoint energy F the last s data points

2 — delete the last s data points

3 — subtract the fitted spectrum from the data

4 — goto 1
Invert each virtual branch using energy conservation into a
neutrino spectrum and add them all.
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Kill BILL?

moderator

(0,0)

-

U Ic:yer‘ (3:6&“‘!2)
contained between Ni foils

=

of m 7 r~r-|g,ft.:|'n2

I

gy

80 cm to the
| center of

| reacter core

| (Electron detector in focal plane: multi chamber proportional
SCHEMATIC VIEw OF THE TARGET SITE _ counter in transmission, rear mounted scintillator in coincidence)

Neutron flux calibration standards different for U235 and Pu239:
207Pb and 197Au respectively.

Combined with potential differences in neutron spectrum — room
for a 5% shift of U235 normalization?

A. Letourneau, A. Onillon, AAP 2018
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2021 beta measurement

Relative measurement of
U235 and Pu239 tar-
gets under 1dentical con-
ditions.

Beta detection with stil-
bene.

This slide and the following are based on V. Kopeikin, M.
Skorokhvatov, O. Titov (2021) and V. Kopeikin , Yu. Panin, A.
Sabelnikov (2020)
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2021 beta results

.5, O N
(pa/Pp)xr> (Pa/PRIILL
2.6

At relevant energies
the new measurement
1s about 5% below the
previous one

Systematics 1s diffi-
cult in these measure-
ments, but no obvious
1SSues.

6 7 8

Kinetic energy £g, MeV
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2021 beta impact

1. Experiment:
Daya Bay [24] 5.94+0.09 | 6.10+0.15 4.32 +0.25
RENO [23] - 6.15+0.19 | 4.18+0.26
2. Calculation:
10]

28]

[1 '-1] (3)

3. Conversion:
Huber—Mueller
Mueller
ILL—Vogel

4. Conversion with correction:
Huber—Mueller
Mueller

ILL—Vogel

Now the predicted and measured U235/Pu235 IBD
ratio agree well. I confirmed, no RAA!
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Summation method

S TR Take fission yields from
¢
— DBAM2018 database.

DB/SM-2017
DBH.M

Take beta decay informa-

~ SM2018HM < tion from database.
SM2017H.M

S
©
=
T
m
()
=
=
=
-
9
&

For the most crucial
isotopes use [-feeding
functions from total
absorption v spectroscopy.

Estienne et al., 2019
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Forbidden decays

e,/ final state can form
a singlet or triplet spin
state J=0 or J=1

Allowed:
s-wave emission ([ = 0)

Forbidden:
p-wave emission ([ = 1)
or/ > 1

Significant nuclear structure dependence in forbidden
decays— sizable uncertainties?
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Forbidden decays — shell model

Daya Bay
Microscopic  shell model

calculation of 36 forbidden
1sotopes.

Parameterization of  the
resulting shape factors for all

other branches.

o
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w0

Increases the IBD rate
anomaly by 40%, but the
uncertainty increases by only
13% relative to HM

Prompt energy [MeV]

Hayen, et al. 2019
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END of PART 1
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