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Motivation

* Nuclear reactors are the brightest available
neutrino source=- a large number of past and
present experiments

» Recently, reactor neutrino fluxes have been
re-evaluated and a 3% upward shift was found
Muelleret al., Phys.Rev(C83(2011) 054615.

« Which in turn implies a reactor neutrino anomaly
Phys.Rev. D83 (2011) 073006.

* Double Chooz initially is a single detector
experiment
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Fission
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Fission yields of5 emitters

fission yield
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Neutrinos from fission

250 +m — X1+ X9+ 2n

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

The stable nuclei with A=94 and A=140 a}g/r and
130Ce, which together have only 136 neutrons.

Thus 63-decays will occur, yielding @.. About 2
will be above inversel-decay threshold.

How does one compute the number and spectrum of
neutrinos above inverse&decay threshold?
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Neutrinos from fission

For a single branch energy conservation implies a
one-to-one correspondence betw@geandy
spectrum.

However, here there are about 500 nuclei and 10 000
Individual S-branches involved; many are far away
from stability.

Direct 5 spectroscopy of single nuclei never will be
complete, and even then one has to untangle the
various branches

~ spectroscopy yields energy levels and branching
fractions, but with limitations¢f. pandemonium effect
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#-decay — Fermi theory

Neg(W) = K p*(W — Wy)* F(Z,W),
N e’
phase space
whereW = E/(m.c?) + 1 andWW, is the value ofiV/

at the endpointk Is a normalization constant.
F(Z,W) is the so called Fermi function and given by

- [(y +iaZW/p)|*
(7 W) — 2y 4 1)(9 R)20-D graZW/p|
(Z, W) (v+ 1)(2pR) e i+ 1)

¥ =+/1-(aZ)?
The Fermi function is the modulus square of the
electron wave function at the origin.
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Corrections to Fermi theory

Ng(W) = K p*(W — Wo)* F(Z,W) Lo(Z,W)C(Z,W)S(Z,W)

T
re

Al

ne neutrino spectrum is obtained by the
olacement$l” — Wy, — W andGs — G,,.

these correction have been studied 15-30 years

ago.
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Weak magnetism & -spectra

gy 1S call weak magnetism and the question is how it
manifests itself in nucleas-decay. Nuclear structure
effects can be summarized by the use of appropriate

form factorsFy'.

The weak magnetic nucledr;; form factor by virtue
of CVC Is given In terms of the analog EM form
factor as

Fi1(0) = v2u(0)
The effect on the decay spectrum is given by

4 Fy(0)

W
3M FY(0)
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Impulse approximation

In the impulse approximation nucleardecay is
described as the decay of a free nucleon inside the
nucleus. The sole effect of the nucleus is to modify
the Initial and final state densities.

In Impulse approximation
Fy(0) = py—p, ~ 47 and F{(0) =0y ~1.27,

and thus
6WM ~ 05% MeV_l

This value, In Impulse approximation, Is universal for
all 5-decays since it relies only on free nucleon
parameters.
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Isospin analogv-decays

B. Holstein, Rev. Mod. Physl6, 789, 1974.
Gamow-Teller matrix elemernat

i [

and thanks to CVQtrermi ~ 3080 s is universal. vcw-p 1




What Is the value of oy, ?

Three ways to determingy ,,
e Impulse approximation — universal value
0.5% MeV !

« using CVC -I; from analog M1y-decay width,
F4 from ft value

 direct measurement if-spectrum — only very
few, light nuclel have been studied. In those cases
the CVC predictions are confirmed within
(sizable) errors.

In the following, we will compare the results from
CVC with the ones from the impulse approximation.
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CVC at work

Collect all nuclei for which we
 can identify the isospin analog energy level
« and knowl ;¢

then, compute the resulting; ;. This exercise has
been done ircalaprice, Holstein, Nucl. PhyAs273(1976)

301.and they find for nuclei withft < 10°

S = 0.82 4+ 0.4% MeV !

which iIs in reasonable agreement with the impulse
approximated value ofyy; = 0.5%MeV 1. Our
result for ft < 100 is dyar = (0.67 £ 0.26) % MeV .
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CVC at work

Decay Ji — J¢ E, a1 b ft c by/Ac  |dN/dE|

(keV) (eV) (s) (% MeV-1)

6He —6 Li 0Ot —1t 3563 82 71.8 805.2 2.76 4.33 0.646
e e © 1T—0t 15110 43.6  37.9 11640. 0.726 4.35 0.62
12N 512 C 1T—0t 15110 43.6  37.9 13120. 0.684 4.62 0.6
18Ne 518 F 0t =1t 1042 0.258  242. 1233. 2.23 6.02 0.8
20F 520 Ne 2+ 27 8640 4.26  45.7 93260. 0.257 8.9 1.23
22Mg —22 Na 0t—17t 74 0.0000233  148. 4365. 1.19 5.67 0.757
29Al 524 Mg 4t —4T 1077 0.046  129. 8511. 0.85 6.35 0.85
265j 26 A 0t —17F 829 0.018  130. 3548. 1.32 3.79 0.503
28Al 528 5j 3t 2t 7537 0.3 20.8 73280. 0.29 2.57 0.362
28p 28 Gj 3t =27t 7537 0.3 20.8 70790. 0.295 2.53 0.331
lc 514N 0t —17t 2313 0.0067 9.16 1.096 x 10°  0.00237 276. 37.6
140 514 N 0t —1+t 2313 0.0067 9.16 1.901 x 107 0.018 36.4 4.92
32p 432 5 1T =0t 7002 0.3 26.6 7.943 x 10"  0.00879 94.4 12.9
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What happens for large f¢?

Decay Ji—J;  Ey Vel b- ft c by/Ac  |dN/dE|
(keV) (eV) (s) (% MeV-1)
l4c 51N 0ot—1t 2313 0.0067 9.16 1.096 x 10°  0.00237 276. 37.6
140 514N 0f—1t 2313 0.0067 9.16 1.901 x 107 0.018 36.4 4.92
32p 4325 1t—0t 7002 0.3 26.6 7.943 x 107  0.00879 94.4 12.9

Including these largét nuclel, we have

Swar = (4.78 £10.5) % MeV ™!

which Is about 10 times the impulse approximated
value and this are about 3 nuclei out of 10-20...

NB, a shift of &5, by 1%MeV ! shifts the total
neutrino flux above inversé-decay threshold by

~ 2%.
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Large ft?
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E. Christensen, PH, P. Jaffke, in preparation

Shown is the distribution dbg ft and() 3 throughout

the ENSDF data base. Indeed, this confirms that there
should be very few allowed decays withy ft > 6.
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Large ft!
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E. Christensen, PH, P. Jaffke, in preparation

Here we weight eachi-emitter by its fission yield,
which emphasizes both large valued®f ft as well
as forbidden decays. For forbidden decays the
previous dicussions do generally not apply!
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Large ft and forbiddness!!
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E. Christensen, PH, P. Jaffke, in preparation

Conversion to neutrinos and the IBD cross section
enhance the contributions from larlpg ft and
forbidden decays even more — room for significant
theory uncertainties
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Computation of Neutrino
Spectrum



Extraction of v-spectrum

We can measure the totaispectrum

Ng(Ee) Z/dEoNﬁ(Ee,Eo;Z)n(Eo)- (1)

with Z effective nuclear charge and try to “fit” the
underlying distribution of endpointsg{ E).

This is a so called Fredholm integral equation of the
first kind — mathematically ill-posed.e. solutions

tend to oscillate, needs regulator (typically energy
average), however that will introduce a bias.

This approach is know as “virtual branches”
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Virtual branches
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1 — fit an allowed3-spectrum with free normalizationpand
endpoint energy, the lasts data points

2 — delete the last 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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3 spectrum from fission

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

- 7 8 9 10
KINETIC ENERGY OF BETAS INM

Schreckenbaclet al. PLB 160, 325 (1985).
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Effective nuclear charge

In order to compute all the QED corrections we need
to know the nuclear charge of the decaying nucleus.

Using virtual branches, the fit itself cannot determine
Z since many choices far will produce an excellent
fit of the 5-spectrum

= use nuclear database to find how the average
nuclear charge changes as a functio/gfthis is

what is called effective nuclear chargéE)).

Weigh each nucleus by its fission yield and bin the
resulting distribution int, and fit a second order
polynomial to it.
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Effective nuclear charge

The nuclear databases have two fundamental
shortcomings

 they are incomplete — for the most neutron-rich
nuclel we only know thé&),,_, s, 1.€. the mass
differences

 they are incorrect — for many of the neutron-rich

nuclel,y-spectroscopy tends to overlook faint
iInes and thus too much weight is given to
oranches with large values éf,, aka
pandemonium effect

Simulation using our synthetic data set: by removing
a fraction of the most neutron-rich nuclei and/or by
randomly distributing the decays of a given branch
onto several branches With< Ey < Q gs—gs+ » umvrow-s »




Effective nuclear charge

Spread between lines — effect of incompleteness and
Incorrectness of nuclear database (ENSDF). Only
place in this analysis, where database enters directly.
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From first principles?

In Mueller et al., Phys.Rev.C83

(2011) 054615 an attempt was

made to compute the neutrino

spectrum from fission yields

and information on Indivi-

Gl ab o '- dual 5 decay branches from
- databases.

prediction / ILL ref

The resulting cumulatives

7 18
Kinetic energy (MeV) spectrum should match the
ILL measurement.

About 10-15% of electrons are missing, Muelkal.
use virtual branches for that small remainder.
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Bias

Use synthetic data sets derived from cumulative
fission yields and ENSDF, which represent the real
data within 10-20% and compute bias

Approximately 500 nuclel and 8008-branches.
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Statistical Error

Use synthetic data sets and fluctuétspectrum
within the variance of the actual data.

Amplification of stat. errors of input data by factor 7.
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Result for 23°U

our result
1101.2663

ILL inversion
simple S—shape

-
=
<
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Shift with respect to ILL results, due to

a) different effective nuclear charge distribution
b) branch-by-branch application of shape corrections
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Summary

 Independent, complimentary analysis of ILL data
« Confirms overall, energy averaged upward shift

Differences with respect toluelleret al., Phys.Rev.
C83(2011) 054615.

* More accuratel-shape
« Small electron residuals
» Quantified errors

« Significant shape differences — origin is
understood

« Weak magnetism — important open theory issues
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Backup Slides



Finite size corrections — |

Finite size of charge distribution affects outgoing
electron wave function

(aZ)? 41 — 26~y
Lo(Z, W) =1+ 13 — WRaZ
(2, W) =1+ 1375, 152y — 1)
17 — 2v
_aZR
TR0 (2y — 1)

Parametrization of numerical solutions, only small
associated error. This expression is effectively very
close to the Muelleet al. one.
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Finite size corrections — ||

Convolution of electron wave function with nucleon
wave function over the volume of the nucleus

C(Z, W) = 1+Co+ CiW +CoW?  with

233 (WoR)2 2
= ——(aZ)? - — 7

Co 630.2%) 5 T35 VeftaZ,
21 4

C, = ——RaZ+ -WyR?

1 35 (07 _|_9 0 .
4

02 — —§R2

Small associated theory error. This expression Is not
taken into account by Muellest al., quantitatively
largests-shape difference.
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Screening correction

All of the atomic bound state electrons screen the
charge of the nucleus — correction to Fermi function

VA4 VAL
a J= el Z=F—1.
p p

WZW_VO) ﬁ: W2_17 Y =

Vo Is the so called screening potential
Vo = a?ZY3N(2),

and N (Z) is taken from numerics.

W\ D(y + )|
S(ZW)=— [ £ m(F-y) for W >V
(W)= <p> ) I['(2y + 1) -

Small associated theory error. This expression Is not
taken into account by Muellest al..
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Radiative correction - |

Ordera QED correction to electron spectrum,
by Sirlin, 1967

B 3 tanh~! 3 Wo—W 3 4 28
g3 = 3log M _Z+4< 5 )( — —§—|—log[2(W0—W)]>—I—EL(m>

0 — 7 — 4tanh ! B)

62

—I—% tanh~1 3 (2(1 + 82%) +

whereL(x) is the Spence function, The complete
correction is then given by

8%
/ =14+ —qgg.
Gs(Z,W) =1+ 595

Small associated theory error.
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Radiative correction - |l

Ordera QED correction to neutrino spectrum, recent
calculation bysirlin, Phys. RevD84, 014021 (2011)

A _1’\
hyzslnMN+§—§L <i>+8<tw}i 5—1> ln(2WB)
4 1+ 3 B

tanh ! B (7 + 332

+4

3 3 — 2tanh™! B)

G, (Z, W) =1+ —h, .
2T

Very small correction.
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Weak currents

In the following we assume® < My and hence
charged current weak interactions can be described b

a current-current interaction.

Gp

Jh Jl
V2

where

— ZEU/Y,LL(l + 75)¢d — vuh T AZ
However, we are not dealing with free quarks ...
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Induced currents

Describe protons and neutrons as spinors which are
solutions to the free Dirac equation, but which zre
point-like, we obtain for the hadronic current

2
— sz {gv(QQ)W | gj\gj(\j )Uuuqy - igS(qz)QN:| ("

2
- gr\q :
= b, {9%1(@2)%% | 85\4)UWQV75 T ZgP(QQ)q“%} ¥

In the limit ¢*> — 0 the form factorsyx(¢*) — gx, i.€.
new induced couplings, which are not present in the
SM Lagrangian, but are induced by the bound state

QCD dynamics.
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Isospin

Proton and neutron can be regarded as a two state
system in the same way a spin 1/2 system has two
states=- isospin.

In complete analogy we chose the Pauli matrices as
basis, but call them to avoid confusion with regular

spinT = (7, 7, 73), we define the new 8-component

spinor
_(
v=(1)

and we define the isospin ladder operators as
7% = 7T = 71 & imy, With 77 corresponding to
B~ -decay and-— to S"-decay.
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Weak Isovector current

Using isospin notation we can write the Lorentz
vector part of the weak charged current as

ha ) gm (q°) SN I
V) =iV | gv(q¢°) v, i 0wy +195(q°)qy STV

and see that it transform as a vector in iIsospin space,
therefore this together with the corresponding Lorentz

axial vectorA! part, which has the same isospin
structure, I1s also called the weak isovector current.

P. Huber — VT CNP —p. 41



EM Isovector current
The fundamental EM current is given by

A = 1 -
VMEM = Zgw’ﬂuwu — 1 gwwwd

which transforms as Lorentz vector. How does it
transform under isospin?

VMEM =iQ. V7, ¥, 1+ iQ_\I!q%\Iqug
S A

Isoscalar Isovector

I %)

(

2
3

DO | —
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A triplet of Isovector currents
Next, we can dress up the isovector partpfV, v

]
to account for nucleon structure
Fy (¢%)
2M

v =00 {Flv(qQ)w |

Oy +iFy (qz)qu} Q_T3V
Compare with the Lorentz vector part of the weak
Isovector current

h -7 2 QM(CIZ) : 2 1,
V! =iV gv (q”)y, - Vi 0wy +195(97)q, 57 \

These three currents form a triplet of isovector
currents and this observation was made by Feynman
and Gell-Mann in 1958.
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Conserved vector currents

We know thati’*" is a conserved quantity which is a
direct consequence 6f(1) gauge invariance in the
SM.

This implies that all components of the triplet are
conserved.

This is termed the Conserved Vector Current (CVC),
which in the SM iIs a result not an input.

-

%

av(q®) = F(¢*) —1
gu(q®) = Fy (¢°)
9s(¢°) = F5(¢°) =0

N}
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