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—1 A Spectral Problem?

BERKELEY LAB

Hints of deviation between data and models in Summer 2012

e w W Fastneutroon Not obvious in Daya Bay figure, since
w0 - o comparison with model not shown.
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1 Major Question

BERKELEY LAB

Could deviation be due to experiment systematic effects?

Particle ]
Energy E, . Two major sources
Energy Losses in Acrylic of non-linearity.
Acrylic vessels non-scintillating Difficult to decouple !
B [nduce shape distortion Energy Deposited l
® Correction from MC [ in Scintillator Egy, ]

1: Scintillator Response

B Quenching effects

Energy Converted B Cherenkov radiation
[to Visible Light Evis]

Energy Resolution 2: Readout Electronics
B Light production B Charge collection efficiency
B Light collection Reconstructed decreases with visible light
B PMT /electronics response [ Energy E, .. ]

Example of detector response modeling (from Daya Bay)
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gzl Scintillator Nonlinearity

BERKELEY LAB

Dedicated studies of nonlinear light emission by scintillators

Measurements in progress at LBNL
Measurement of High-Purity

Double CHOOZ scintillators —
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: zw : i Other examples:
e 00 Bir i 0. Perevozchikov Ph.D. Thesis (2009)

~ | G Aberie et al wan | 3 H.W.C Tseung et al. NIM A654 318 (2011)

[ JINST6, P11006(2011) | F.H. Zhang et al. arXiv:1403.3257

ey WS, Choong et al. IEEE Trans. Nucl. Sci. 55 1073 (2008)
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BERKELEY LAB

Detector Nonlinearity

Challenging to precisely constrain nonlinear detector response

Gamma Sources

g 1.04(— ¢ Special Calibration Source
. Q [ (a‘) ¢ Regular Calibration Source
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Phys. Rev. Lett. 112, 061801 (2014)
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cecerf Detector Nonlinearity

BERKELEY LAB

Model uncertainties initially leave room to account for deviation.

Positron Energy Response Model

» [ (¢
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- B Example of predicted nonlinearity (from Daya Bay)

\0.95_—

é - —— Nominal Model + 68% C.L.
_lllllllllllllllllllIllll|llll|lllllllll|lllllllll

0'90 1 2 3 4 5 6 7 8 9 10

True Positron Energy [MeV]

By Summer 2014, precision in models improved.
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il V. Spectrum Disagreement

BERKELEY LAB
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—l B- Conversion

BERKELEY LAB

Standard: Use cumulative - spectrum to predict v, spectrum
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Method:

Expose fission parents to thermal neutrons
Measure total outgoing B- energy spectra

Predict corresponding Vv, spectra

Phys. Lett. B160, 325 (1985), Phys. Lett. B118, 162 (1982)

Phys. Lett. B218, 365 (1989), Phys. Rev. Lett. 112, 122501 (2014)
Phys. Rev. C83, 054615 (2011)

Phys. Rev. C84, 024617 (2011) 1
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BETAS PER FISSION PER MEV
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Results:
More precise than ab initio predictions 10 E
Standard approach for ~30 years 1
Predicts 6% higher flux than reactor msmts. U LI .

Reactor Anomaly, Sterile Neutrinos?
Phys. Rev. D83, 073006 (2011)

L

1 ] ] | | ] | ] L3
1 2 3 4 5 6 7 8 9 10

KINETIC ENERGY OF BETAS IN MEV
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1 Bugey Measurement

BERKELEY LAB

Bugey spectral measurement agreed with B~ conversion model.

1.1
1.075 (a)
1.08 [ ro energy scale modilication Comparison of Bugey 3 spectrum
102 4+ 4 4 relative to conversion model.
1 ‘ . a
0e7s B B s S *;+ +r """" 1 Phys. Lett. B 374, 243 (1996)
0.85 E* e
- E e No evidence of significant deviation.
’ ‘ ’ * > F Measured from 1 to 6 MeV.
Ho7s E 3 ) | Measured spectrum has slightly
1.05 energy scale multiplied by 1.004 .
1.025 F steeper slope with energy.
i S R I S + ------- Jr ...............
| T + T
DOQZZ 3 - ir ! A minor (0.4%) shift in detector
0.925 E energy scale improves agreement.
09 Ew e v o Lo vy v By g by u o by o Uy N I
g 1 2 3 & 5 € 7

Positron eneray {MeV)
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’\| nﬁ‘ Guidance

BERKELEY LAB

Do ab initio models suggest an origin for the 5-7 MeV deviation?

Approach:

Examine tabulated nuclear data to
determine antineutrino spectrum
composition from 5 to 7 MeV.

Cumulative fission daughter isotope
yields for a nominal reactor

—10.06

70

65

Method: »
Cumulative fission yields for >1300
fission daughters provided by
ENDF/B.VII.1 database.

Isotope Z

—10.05

50
—10.04
45

—0.03

40

IIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIIII

Decay endpoints and branching 3 |
fractions provided by ENSDF o -
(kindly tabulated by A. Hayes). T

Assume allowed beta decay shapes
(including coulomb, radiative, weak magnetism corrections).
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1 Here Be Dragons...

BERKELEY LAB

Significant uncertainty when directly calculating energy spectrum.

Missing Details:
Are tabulated fission and decay data comprehensive?

- Fission: What about possible very short-lived unstable daughters?

- Decay: 6% of yield has no corresponding ENDF decay information
. eg. Phys. Rev. C24, 1543 (1981)
Biased Data:

Are there systematic biases in the yield or beta decay data?
- Uncertainty from assumption of reactor equilibrium, parent fission rates.

- Pandemonium Effect: Tabulated branches biased toward high-endpoints.
eg. Phys. Rev. Lett. 109, 202504 (2012)

Beta Decay Shape Corrections:
How do forbidden decay corrections impact spectrum?

- Mismatch of decay initial-final spin and parity can distort spectrum
eg. Phys. Rev. Lett. 112, 202501 (2014)

Approach: Choose simplest assumption at each step (all allowed shapes, etc.)
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il B Spectrum Disagreement

BERKELEY LAB

Direct calculation of 23U B~ spectrum disagrees with BILL msmt.

1

Note:
Uncertainty band for
calc. is a lower bound.

Only includes tabulated
o NG it yjeld+branch uncertainties.

FTTH
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Electron Kinetic Energy [MeV]  pR[ 114, 012502 (2015)
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— ' Reactor Vv, Spectrum

BERKELEY LAB

Direct calculation unexpectedly agrees with preliminary msmts.
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”ﬁ nﬁ‘ Dominant Branches

BERKELEY LAB

Eight decay branches dominate 5-7 MeV shape in the calculation.

Isotope Q[MeV] t/5[s] log(ft) Decay Type N[%] on|[%]
Wy 7103 534 559 0 — 07 13.6 0.8
2Rb 8.095 4.48 575 0 —0" 74 29
1420 7308 1.68 559 0 —0F 50 0.7

My 6.689 3.75 5.70 1/27 —1/2t 38 1.1
»Rb 7466 584 6.14 5/27 —5/2%Y 37 0.5
100N 6.381 1.5 51 1T =0~ 3.0 0.8
140Cs 6.220 63.7 7.05 17 —0" 2.7 0.2
PG 6.090 239 6.16 1/2t —-1/2= 26 0.3

Calculation predicts ~42% of rate in 5-7 MeV caused by these 8 beta decay branches.

Are the fission yields and branching fractions accurate for these dominant branches?

Jan. 16, 2015 Spectral Structure of Reactor Antineutrinos - D. Dwyer 14



N

’\ a‘ Dominant Branches

BERKELEY LAB

Eight decay branches dominate 5-7 MeV shape in the calculation.

g 004 Energy Spectra:
o : : : Allowed shape
% 0.03— B8 G .............................. ............................. "':1::1;,-.,,. .......................... ............................. + IBD cross-section
OS | | A f
L o, | | Uncertainties:
0.02 =5 Mo f Yy N o Fission Yield
Branch fraction
001 RN O —— 92Rb most significant
If nuclear data accurate,
0y —— calculated 5-7 MeV

Antineutrino Energy [MeV]  excess seems robust.

Recent plans for direct measurements of these decays:
N.D. Scielzo, private communication [G.Li et al., PRL 110, 092502 (2013), R.M. Yee et al., PRL 110, 092501 (2013)]
A.-A. Zakari-Issoufou et al., EPJ Web of Conferences 66, 10019 (2014)

M. Heffner et al. (NIFFTE Collaboration), arXiv:1403.6771
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il Detailed V, Spectrum Shape

BERKELEY LAB

Structure clearer when compared with smooth approximation F(E)

F(Ep) =exp() osE; ") a={0.4739,0.3877,-0.3619, 0.04972, -0.002991}
()
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0.9 e AEEEELLLLEEETEEEEEELY. sosfh e COﬂVGfSiOﬂ,MUe"er .............. ......................... ......................... ....... \\_l
BEEEEEEEREE . Nuclear Calculation, Fallot : : : <N
- . Nuclear Calculation, Dwyer-Langford : E
0 8 B 1 1 :1 1 l F:relllrnlnlarleaya 18ay| MelaSLllrerpen:t 1 1 1 l 1 1 1 1 l 1 1 1

2 3 4 5 5 7 8
Structure predictions similar at low energy, Antineutrino Energy [MeV]
but differ above 4.5 MeV
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il Detailed V, Spectrum Shape

BERKELEY LAB

Calculation predicts significant discontinuities in spectrum.

Coulomb correction:
Nuclear charge enhances production of:
Low energy B- High-energy v,

| ] ! ! 1 i 1 ] | l | 30.04
=
b4Cu 8- ] @
@
X 0.03
-1 8
] v
3
z 0.02
] 0.01 ; : |-
0 l | I
0 0.1 0.2 0.3 0.4 0.5 A0.6 0.7 0
0

Te (MeV) (Te)max
Pronounced example from
R. D. Evans, The Atomic Nucleus

Antineutrino Energy [MeV]
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il Detailed V, Spectrum Shape

BERKELEY LAB Solid: Nominal calc.  Dashed: Varying uncertainties

Calculation predicts significant
discontinuities in spectrum.

Reactor Spectroscopy?
Each edge identifies one significant
decay branch.

Current detectors (6-8% resolution)
unlikely to see details.

Could pose systematic issue for -
future high-resolution measurements. ®°t

............................................................................................................................................
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—1 Prospects and Questions

BERKELEY LAB

Some discussion topics for this workshop.

Prospects:
- Antineutrino measurements now more precise than models
- Ab initio calculations may help explain spectrum structure, although
normalization and large-scale systematic biases difficult to constrain.
- Direct measurement of prominent isotope beta-decays may constrain

Questions:
- How to make ¥, spectral measurements more useful for model testing?
- Impact of a precision measurement of HEU reactor spectrum?
- Any hope for ‘spectroscopic’ decomposition of reactor spectrum?
- How to quantify impact of spectral structure on future measurements?
- Systematic approach for accounting for forbidden spectral shapes?
- Origin of deviation of B~ conversion spectrum models from measurements?



