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Feature of Reactor Neutrino Source



Reactor Neutrino Source

. . N>
* Nuclear Chain Reaction o g »%ﬁjjﬁ;
e Commercial reactors & @é N
.. . o»@ ’::C;’ ™ e > e
— Four fission isotopes: U-235, Pu- %<5 -5 » B g e
239, U-238, Pu-241 o, W @E‘;
— 3.7 m height, 3 m diameter (Daya g@ ;@
Bay) N

e Research reactors:
— ex. U-235 rich, some are smaller

* Beta decay of fission isotopes
and fragments emits electron-
antineutrinos
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Reactor Neutrino Source

* A popular style:

Reactor core

[==BEES E Y

— French Pressurized mep of fuel
elements
Water Reactor (PWR) I with
. 10 different
* Running cycle: g burn-up
' status
_ Replace 1/3 (1/4) fuel N RPNMLIKIJ HGFEDT CTBA 0
every 18 (12) months g Sap
* Fuel evolutionina  :%: |
cycle
~U-235andPu-239  “w T
dominant 0 By

burn-up (MWD/TU)
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Reactor Neutrino Source

([ ReaCtor power Containment Structure
measurement
* Reactor simulation ||dibx € 1| B8=

— APPOLO2
— DRAGON

* Typical ave. fission
fractions at Daya Bay T
— U-235: 0.564,
— U-238:0.076

— Pu-239: 0.304 L T

— Pu-241: 0.056 0 £
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[
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burn-up (MWD/TU)
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Fission Spectra Predictions

-

Method 1. B-conversion ILL Measurement
EIT Z Py +,0f B spectrum
S (E)= z‘@EI) Parameterized g . ot
i - »~o e . .
=130 / \ 2] e i
S'(E,ED) = E,p,(E. — E,) F(E, zﬁ)(l+  rectony)) 0L gt
Then replace Eg with E — E|, _ . f
E, (MeV)

Method 2. Summation

Use database (ENDF, JEFF) information for fission yield and
Beta-feeding R;, Decay rate of fission
1 iIsotope /
- ; K; FZU*}(USU(EE) f;» Beta-decay branch
fraction of iso-i of level-j
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Reactor Neutrino Flux and Spectrum

* Reactor neutrino flux - | ,
F; Fission rate of isotope i

— 2x1029 neutrinos/s/GW W,,, thermal power

— Daya Bay: 6x2.9 GW f;, fission fraction of i
* Flux and spectrum I':'k, EnergY rglea§e/f|55|on
i, k: four fission isotopes
A Win [ 1o | 4 isotopes’ spec.

slightly different

_Zkkak ;% B

0.1 -
—U-235
S(E)=) F.Si(E) =
— . . =}
- o ——Pu-239
t t Z  0.001 -
1

—Pu-241

0.0001
2 3 4 5 6 7 8
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Reactor Neutrino Detection



Reactor Neutrino Detection with Liquid Scintillator

e |nverse Beta Decay 3'55_ 44, (@isotope T spectra (1/fission/McV) —El:4f-

+ t+®MMNm%%mm®m%m”)

W|th free prOtOn (H) 83'02_ ©)+ +(c) expected VcinnearsitcADs(IUSKMcvg1'2%

V.+p—e +n o A 3!

* |IBD cross-section
— Threshold 1.8 MeV

antineutrino energy/MeV

* Neutrino energy

reconstruction
Eprompt = Eeoq + Ey’s

EE-E — Eprmnpl + En + 0.78 MeV EnN 10 kel
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Reactor Neutrino Detection with Liquid Scintillator

* Neutron capture and delayed coincidence
—E vs E

V,+p—>e +n

prompt delayed

— +p —=»D+y22MeV) (200 us)

— +Gd = Gd* — Gd + y’s (8 MeV) (30 ps)

* The requirement for ;j; AU )
low background is not 2 .
critical s
Technique used by 2 45 cl g
KamLAND, Daya Bay, RENO, - - SRR Ll
Double Chooz, etc. el

6
Prompt Energy [MeV]
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Three-generation Oscillation Study



Three-Generation Neutrino Oscillation
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Three Neutrino Oscillation Measurement

Nobs/Nexp
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Fine structure: mass hierarchy (JUNO)
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Relative measurement for 0,

* Principle: Extract 0,5 from

Far/Near IBD events ratio and IBD spectrum distortion of the

Far and Near sites

.L'T\rf o Jr\rp!f ( h ) 2 (
N, N\

* Fit the detected prompt energy
spectra at near and far sites
simultaneously with large reactor
flux and spectrum uncertainties
as common floating parameters

This makes the 05 result largely
independent of the absolute
reactor flux and spectrum
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Far/MNear(Weigthed)

Fit to the Prompt Energy Spectra
(DYB, RENO, Double Chooz)
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2
0,5 and Am?_,
N N W R E:’
Y / EN
\ / EN
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N /
o O?eﬁnfgl(ze ) e
Daya Bay tafk @ Neutrino 2018
. OF | — Rate+Spectrum E
23 ‘21'; ‘\“ - Rate-only E

+ Rate-only

799.7%C.L.
I 95.5% C.L.
B 68.3% C.L.

| am’, | (107 eV?)
8‘ T \""J\ T 1T

) .
\‘I\\\\I

e Rate+Spectrum

-

L& RENO talk @ Neutrino 2018
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Measurement

Daya Bay

1958 days nGd oscillation analysis

sin226,5 = 0.0856 + 0.0029
|IAm2,| = (2.52 + 0.07) X 10~

621 days nH oscillation analysis
sin?260,5 = 0.071 + 0.011

RENO
nGd oscillation analysis

sin226,5 = 0.0896 + 0.0068
|Am2,| = (2.68 + 0.14) x 10~

nH oscillation analysis
sin?26;; = 0.094 + 0.015

3 evZ

3 ev2

|Am2,| = (2.531035) x 1073 eV?

Double Chooz

nGd-+nH oscillation analysis
sin?260,5 = 0.105 + 0.014
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L/E Oscillation Feature

1.00 i :
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Although the nice chi2/ndf from DYB, RENO and DC
give the clear evidence of L/E dependent oscillation
feature, the Prob vs L/E plots are striking.
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Impact of 0., value on CP and Mass Hierarchy

0,5 value has a strong impact on Mass Hierarchy and
CP phase determination
Vv, appearance probability:

Am2 L
P(v, —»v,)=sin20,-sin220,,sin% —==
( " ) 23 13 AE
SiIl 2912 Sin 2923 Am%lL Am2 L
. . 2 . 2 31 .
— : sin ——=—sin-260;sin sin o
2 sin 913 4F 13 cr
ICRR U fT ky
adaias + (CPeven term, solarterm, matter effectterm), (1)
i PSRN I@%Hﬁhmmaw -
- & Best fit —Eﬁ 90CL
- £ T2K-only PDG 2016 - Inveried - 65CL.
““NOVA'Far Detector. ey g 0;_ _;
S I E
2F 3
. g reic —3:— Lovnlon T L L L éxll:l‘3
NOvA Near Detector 10 15 20 25 30 35, 40 45 50
V. 5 sin’(8,5) |
Both T2K and NOvVA favor Normal
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Reactor Mass Hierarchy Measurement - JUNO

25 — T T 1

L Normal true MH

ey
o
I

= = True MH (5, = x)

5L = = False MH (g}, = w)
True MH (G, = 1.0%)
False MH (o, = 1.0%)

0. " 1 I 1 L 1 s L
234 236 238 240 242 244 246 248 250

|AmMZee| (X107 eV?)

* MH sensitivity: A—)(Z > 9
(Ay? > 16 with 1% constraint
on Amﬁu, strong synergy with
long-baseline program)

e Data taking will startin 2021
Bjoérn Wonsak, Neutrino 2018
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Sterile Neutrino Search



Sterile Neutrino

* 3+1 model Uer
. y [ Um

* No coupling to =\ v,
Z boson Usy

Uep Up3
Upz  Uys
UTZ UT3
Us, Uss

Uea
1
Uzs
Usa

1 eV sterile neutrino?
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Hint of Sterile Neutrino
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Data/prediction
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Reactor Antineutrino Anomaly
Reactor flux and spectrum prediction

* ab initio method - Summation of all beta decay branches in
database
— Uncertainty 10-20% (Mueller 2011)
* [3-conversion

> 4@ Latest prediction from
— ILL measurement of 3 spectra of Huber-Mueller

U-235, Pu-239, and Pu-241 @ which is 5-6% higher than

(Thermal neutron)
reactor measurement
— Effective charge Z is fit to the ILL

measurement, and predict
neutrino spectra

& Reactor Antineutrino
Anomaly

— ab initio approach for U-238 (fast
neutrons)

— Uncertainty < 5% (Huber-Mueller)

09/10/2018 24



New Reactor Neutrino Flux Measurements

New flux measurement from Daya Bay

* A through detector calibration

— Many locations: green points

— Neutrons sources from AmC and AmBe ground and excited states

 Good agreement between calibration and simulation

calibration pipe

ACU-B

ACU-A

o

Q

ACU-C

Q

-]
Gd-loaded liquid
scintillator 1

—r-—9—-—0———0—09-—
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Data/prediction

Flux measurement/Prediction
Daya Bay and RENO

]-2 LR | ! L L ! ! TTT] g T ! LN
2 | _
Daya Bay arXjv:1808.10836 t " RENO Preliminary _
L f @ Neutrino 20118 |
] / ﬁ/ Z / L % i
| ] ’m/ { /r = I l
X [ | T A I
T - [ | 1yl ] | -
i * Previous data ’ - T . ‘ I ! , .
08 « Daya Bay - i —+ Other experiments i
: — World average - 08 ~-RENO _
1-6 Exp. Unc. : — Global average
i 772 1-0 Flux Unc. [ Experiments Unc. il
Distance [m] Distance (m)
Ratio to H-M prediction: Ratio to H-M prediction:
0.952+0.01430.023 0.918 +- 0.018
(Exp.)  (The.) (Exp.)

RAA is likely from theoretical side.
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Short Baseline Reactor Neutrino Experiments

Sensitive to the Am?~1 eV? sterile neutrino region for LSND,
MiniBooNE, Gallex/SAGE, Reactor anomaly

EXxp: DANSS NEOS STEREO, PROSPECT..

[ IIIIII‘

I |II||II’ I I|IIII|| [ LT L1 LI

el
10° 10° 10’ 10° 10°

Reagtor To Detector Distance (m)

: EEIEEEE
10 10° 10’
more:..

S

Yoomin Oh’s slide from Neutrino 2018
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The best
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Daya Bay + Bugey + MINOS and IceCube
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Reactor Antineutrino Spectrum
Problem - 5 MeV Bump



Reactor Neutrino Spectrum 5 MeV Bump

* All recent reactor neutrino experiments found a bump
at 4-6 MeV comparing to Huber-Mueller Model

Fast neutron
B Accidental
B Li''He
L i

40000

=
L]
w

" %2/ dof: 12.1/ 20 (prob: 91.2%)

g

=
=
n
I

]

o (0.959+0.01) - B (0.017+0.003 MeV") xE |

2 i 4 5 6 7 3
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e
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Data (ND®FD) to MC Prediction Ratio
|_I
o
I

34 5 6 7
Prompt Energy (MeV)

20000 : Prompt Energy 1.1 ]
Near
¢ Data — 17

10000 - MC

M l R(pull deficit) = 0.845 + 0.008

0.9 e N
T ——
—
0 - 8 TUUUUN=(Zi0)% / \ T N=(7.8
~~ T
1=(4.82£0.14)MeV // \& \  H=(6.8i1.4)MeV
0 7 o=(0.49+ 0.11)—I‘ﬂe}‘ / ~ V:-(_Ozgj 0.13)MeV |

© 1 2 3 4 5 6 7 8
Visible Energy (MeV)

* |Important for experiments using
reactor spectrum information, e.g.

Ratio to Prediction
{(Huber + Mueller)

u"c:o'o:*.:o:t:&:o:t:c:l J U N O’ N EOS’ etc .
50 .t.t'o.o’o:rl
ey ® Understand reactor related nuclear
RS physics
“
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Possible reason for the bump

T T T T T T T T E e T [
£12+ Schreckenbach Uncertainty B “U Thermal i
g | — ENDF/B-VIL1 E -
= = i I
St R =y o 1]
g | E o b
: Lk il | S t""m__#:;-"'
e H ™ il 'E e > i
§ L g S
g I g - :'u:lc: e i
L 1 | 1 1 1 1 E [y T T T ¥ T I
2 3 4 5T & T B z a ' ] a T B
Eﬂ {(MeV) Elactran Ensrgy (May)
Dwyer and Langford (2014) pointed out ® Songzoni (2016) updated in the
that the ENDF database predicts an database for fission yields and ENDF no
analogous bump longer predicts a bump.

Many thoughts on this:

1.
2.
3.

4.

Forbidden decay contribute to 5 MeV region: Y96, Rb92, Cs142 ...
Fast neutron component in PWR

Arise from U-238, harden neutron spectrum in light-water power
reactor See the theoretical papers by Hayes,

Error in ILL B-spectra measurement  Bryce, Dan, Huber, Sonzogni, and

their colleagues
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Reactor Flux and Spectrum Evolution

Hard to categorize this study into previous slides.
May contribute to several of studies.



Reactor Evolution Analysis

0.36

>
%32 f A‘ Py ;;* Daya Bay F-239
JonfEs 4 A Af history data
0.24 { 0 i
0.20 o EH1 A EH2
2012 2013 2014 2015

Year

e Reactor flux and spectrum changes along with reactor burn-up
* Offer a second dimension to study reactor oscillations

e Deficit (RAA) should be a constant with burn-up for sterile
neutrino assumption

* Otherwise it indicates other physics problems
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Reactor Evolution Results from Daya Bay and RENO

FE.‘L")

0.63 0.60 0.57 0.54 0.51 Foss
- : : - : 0.35 0.3 0.25
.g 605‘_ _ :| * ]'Z)atal T T T T T
= 6.00 = L Model (scaled by -7.7%)
8 g5 2 5.9 — Bestfit
: ' E -= [dentical spectra
~ 5.90 =
5 s5.85 SRR T o S
7 5.80 3t
S —— Best fit = = - Model (Rescaled) Ss = i
— >-75H__. Average $ DayaBay _.HS,'I—
© 570 I I I I I = :}“1-“‘

0.24 0.26 0.28 0.30 0.32 0.34 0.36 . - L |

. 0.5 055 06 0.65
239
F235
* The flux measurements of Daya Bay and RENO follows the
prediction of reactor simulation
 Minor discrepancy observed.
c% = E Fo; v = (6;—Fo6)'V!(6,— Fo)
/ i 91 X Of Of
i
(see the next page)
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U-235
prediction

of f s

c
S 5.0
Pu-239 £
prediction—=¢
close 740
=3
Equal /@j o Goaso g At %97%
deficit 52 5.6 6.0 64 6.8 7.2

o935 [1074 cm? / fission]

Hard to distinguish model prediction issue or sterile neutrino
assumption with the current uncertainty
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Summary

0,5 and Am?_, are measured with good
precisions

Sterile neutrinos (1 eV) are not favored by
reactor neutrino experiments and others and
RAA is more likely from theoretical side

Questions on the 5 MeV Bump for reactor
related nuclear physics remains

Many discussions are going on.



Thank you.
Questions and comments are welcome.



BACKUP

« v_and v disappearance experiments measure different effective
atmospheric mass-squared differences

Am?,,=cos2(0;) Am?s+sin?(0;,) Am,

Am?3,,=sin?(0,,)-Am>5+cos?(0,)-Am>;,+sin(26,,)sin(8,;) tan(8,;) cos (d)- Am2,,

« With precision measurements of Amzee and Am* |, the difference

LLLL

|Am?=, +Am?y-(cos(20,,)—sin(20,,)sin(0,;)tan(0,; ) cos(d))

——PSTHZ

uul_

(+: NH, -: IH) allows to determine the MH and possibly even cosd
at high precision of Am® _and Am®

L
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