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Reactor antineutrino anomaly

- Reactor antineutrino anomaly
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« Reactor data to test RAA for different models Data-driven Flux model ?

C. Giunti, Y. F. Li, C. A. Ternes, ZX,
Models mm) Best one ? phys et 829 (2022) 137054 Reactor data

E « Huber-Mueller model
t + Hayen-Kostensalo-Severijns-Suhonen model
. * Recent Kurchatov Institute measurements
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« Reactor rates data (27) I
« 80s-90s, 2000s, 2010s |
« Recent Prospect & STEREO i

* HM - Kl model + HKSS —» HKSS-KI| model

- Estienne-Fallot summation model - Daya Bay

Zhao Xin (IHEP) ICHEP-2022 2



Reactor flux models: Huber-Mueller model Sl
How to convert ILL into neutrlno spectra

* How to predict reactor antineutrino spectra o e i ] ERARESARRAA
. 107 ** S 105,
» Conversion method . Tl L
Measured  spectra ====) neutrino spectra fét’ 107 ;;f 107 \
« Summation method - - '
Sum of all the decay branches 4= database
1000 72 74 76 78 80 82 70 72 74 76 78 80 82
E, [MeV] E, [MeV]
* Huber-Mueller model S s B
g 16! _ A '\\" — v—,':
ILL measurement — neutrino spectra Summation method 2F 1L
Phys. Rev. C 85, 029901 (2012) Phys. Rev. C 83, 054615 (2011) 16’%- 7 .07
10"-;— ‘ 3 i [Huber, PRC 84 (2011) 024617] ]
Only allowed transitions are considered in HM model. 235, . O a0 40 5o so 70 80
b 4 13 E, [MeV]
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Corrections to HM model

* HKSS model

HM model + Forbidden transitions (some branches)

ILL measurement — neutrino spectra Summation method

Shape correction

Phys. Rev. C 100, no.5, 054323 (2019)

Difference (%)

Daya Bay (%)

ertainty. -+ §-

“Hubér-Mueller unc
—§— Double Chooz ¢
-%- RENO [}

Daya Bay

Forbidden correction ENOJF

Forbidden correction ENSPF
\

]

ENDF [

Partially explain the ‘5 MeV Bump’ -

» Kurchatov Institute measurement | Rate correction

+ Ratio of beta spectra: (S3/Sg), > (S5/55) .,
e HM model === Kl model phrys. Rev. D 104 (2021) L071301
« HKSS mode| === HKSS-KI model

Kl measurement Garching measurement ILL measurement

HKSS-KI Kl measurement Summation method ILL measurement
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Reactor flux models: summation model

e Estienne-Fallot summation model Prys Rev. Lett. 123, no. 2, 022502 (2019)
- Summation method X104

5 ol
* Nuclear data g%
» Pandemonium-free data i hadd
-« ENSDF nuclear database S o6 Including more
- JEFF and ENDF database o6 randemonium-iree
 Reduction in 22°U versus HM 059
« Bump anomaly still exists 058
024 026 028 03 032 034 0.36
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Reactor flux models: a brief summary

Models considered in this Work ruys.cetts 829 (2022) 137054

Conversion model Summation model
RAA Forbidden Fartially explain “5 MeV bump”
ILL measurement === HM mode| m==== HKSS model EF model

(Beta spectra)
only 1.9% deviation

from Daya Bay

r——f—-——————=—— - ——=

KI measurement === K| model HKSS-KI model '

(Beta spectra) e e oo
Kl measurement: Reduction of 23°U

( ILL measurement Summation method ILL measurement
Conversion models < HKSS ILL measurement Summation method ILL measurement
Kl Kl measurement Garching measurement ILL measurement
. HKSS-KI Kl measurement Summation method ILL measurement
Summation models | == EF Summation method Summation method Summation method
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IBD yields

1 | | Tmy | IBD yield — Reactor event rates
—— Polynomial {
----- Linear I
— 10_1 E | EF g Ernax
| : X :
g i ] oO; = / qu%(E) UIBD(E),
K7 -2 L s s — Ernin
@ 107 ¢ :
ha - : More details can be found in
'> 10° L i 1. 1BD C'_'OSS section ] C. Giunti, Y. F. Li, C. A. Ternes, ZX,
C ; | |===== 2. The high energy region Phys.Lett.B 829 (2022) 137054
. 107 ¢ 3
10_5 — “ 6.74 +0.17 10.19+0.83 4.40+0.13 6.10+ 0.16 Shape Correc’uon
§ [Huber, PRC 84 (2011) 024617, arXiv:1106.06 HKSS 6.824+0.18 10.28+0.84 4.42+0.13 6.17 +0.16 "S I
10—6 | | | | | | — 0;
2 3 4 5 6 7 8 9 10 Kl 6.41+0.14 9.53+048 440+0.13 6.10+0.16
Ey [MeV] HKSS-KI 6.48 +0.14 1028+ 0.84 4.42+013 617+016 | 9235 l
Small contribution above 8 MeV: EF 629+ 031 10.16+1.02 442+022 623+031 Rate correction

0.3% for 235U, 0.9% for 238U,
0.2% for 239Pu, 0.3% for 24'Pu.
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F it Of reaCtO r rates C. Giunti, Y. F. Li, C. A. Ternes, ZX,

Phys. Rev. D83, 073006 (2011 ) Phys.Lett.B 829 (2022) 137054
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| —= EEmodel 1'_,'7'_ ____________ $9.73% |
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[ = KI model / 7]
8 —— HKSS-KI model K — 0.024
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- 1 — H
1o 1! ] ncrease in og; S
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o - \ \‘ ! I ' e
Se B vy I / . +0.022 1.10
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Reduction in 0,35 helps to decrease RAA
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F|t of reactor fuel evolutlon data

......... o iE
Daya Bay Fit e 5.89+0.12
HM Model . 6.27+0.15
EF Model . . : 6.02+0.20
HKSS Model . 6.34+0.16
Kl Model e 6.03+0.13
HKSS-KI Model —————— 6.15+0.14
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S [107* cm?/fission]

ARl LA LA AL ALY AR RAALALEL RALALALEL RARRARARL LALALAARL RARRRRRRL T
Daya Bay Fit ———— -1.88+0.18
HM Model :_ e —2.54+0.06
! :
EF Model : ! —— ~1.83+0.08
|
! :
HKSS Model 1 —e— | —2.57+0.07
_____ |
KI Model —.— —2.07+0.06
HKSS—KI Model e ~2.08+0.06
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30 -28 -26 -24 -22 20 -18 -16 -1.4
do;/dfagg [107* cm?/fission]

I EF, Kl and HKSS-KI agree with evolution data

(f239 f7239)

A linear function o/} =5 + —— df
239

C. Giunti, Y. F. Li, C. A. Ternes, ZX,
Phys.Lett.B 829 (2022) 137054
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HM and HKSS

-'350 for HM model :
. are disfavored.

. 13.6.0 for HKSS model !

RENO evolution data === similar results
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Fa(x)

C. Giunti, Y. F. Li, C. A. Ternes, ZX, StatiSti C tESt

Phys.Lett.B 829 (2022) 137054

C Statistic test x? test

which model provides the best fit of reactor rates and the evolution data. size of deviation
A normalized deviation of data and model

Shapiro-Wilk test -
xmod Z (Vtot) 1/2 ( exp O_}ngd) “ S|gn test

a ab fb

. l '+’ or -’ deviation
S '””""""""""'"""""""""‘""W"‘“‘"]"'E S 111|111||]”1 ]
- ] | — M [0 1 Kolmogorov-Smirnov test
© g o [| — FF : .
S HZ ™ | S || tkss # 1 Cramer-von Mises test
o || — HKsski ‘ | — HKSS-KI 1Y 1 Anderson-Darling test
g ] © ]
S ~ o | ]
1% 3 ;
< _LLC < f }- ] l
o ] o f ]
3 - I/f/ ] ZK’ Zc, ZA test
o Y E
o CD F o |'|JJ [ CD F Jou.rnal of the Royal Statistical Society
o S JReactor Rates 1 o _ H,(/r =4 Evolutlon Data Series B 64, 261 (2002).
c T c — T more powerful, based on
30 -20 -10 00 10 20 3 30 20 -10 00 10 20 P

" likelihood ratio
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Statistic test

C. Giunti, Y. F. Li, C. A. Ternes, ZX,

Phys.Lett.B 829 (2022) 137054 Rates + Evolution data

T T T | BRI B UL AL B L B 5 = e st [
| — HM ] Test HM EF HKSS KI HKSS-KI
| — EF : o L
F[ — HKSS . 22 0.13 ' 0.22 E 0.08 ' 0.68 E 0.44
1 IIfIIKSS " E SW 032 1013 1035 | 059 | 041
- : sign 0.03 i 0.38  10.006 i 0.38 ! 0.1
: ] KS 0.04 1084 1002 1 039 | 020
- ] CVM 0.02 1067 0006 1 0.38 | 0.4
2 E AD 0.02 1 0.57 10.006 1 0.40 L 0.13
: : Zx <107* 1005 10771 0.05 | 0.008
3 E Zc 0.02 '0.11 10005 ! 055 i 0.15
: o CDF | A Za 0.03 | 020 1001 | 041 1 0.2
] 3 weighted | l : l
- Rates+Evolution : average o '_?'_3?__: - '__0_'4:2__: 010

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 EF model is the best summation model

N K| model is the best conversion model
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C. Giunti, Y. F. Li, C. A. Ternes, ZX,
Phys.Lett.B 829 (2022) 137054

Amj, L
P.. ~ 1 —sin®280,, sin* ( 1 )

4E

EF and Kl models ™%

No short-baseline oscillations

Reactor data upper limits

« sin?20,, < 0.14~0.25 at 20
« disfavor Gallium anomaly allowed region

Gallium anomaly allowed region is also
In tension with solar upper bound.
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What more can reactor data provide ?

®]
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* Flux models still have a (small) deviation compared with reactor data.

« Can reactor data offer a data-driven flux model?
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Opu
[10~%3cm?/fission]
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w
¥

»
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Model independent fluxes

SRR U [ Y. F. Li, ZX, Phys.Rev.D 105 (2022) 7, 073003 HEU rates
' I r Reactor rates <
—— HEU rates
/ —— Fvolution data Reactor data < \ LEU rates
Evolution
‘‘‘‘‘‘ N/ olution data
i E
. i _ Combined
i fr | —— « Combined Pu component (LEU data)
|} IL -' ~
+ < > f2a1 = K f239
| 1° Opy = 0239 + K * 0241
SN N ! |
- 1o+ The HEU rates constrain ;35
| | 17 | | |
g ' {.« * Theevolution data constrain the linear
: ,,xj_,ff_ji__.--é-' I = combination of O'i’S
S I’
60 62 64 66 3 6 9 12 45 5.5 6.5
0235 0238 Opy
[10~*3cm?/fission] [10~*3cm?/fission] [10~*3cm?/fission]
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0238
[10~43cm?/fission]

Opy
[10~43cm?/fission]

4.5

Model independent fluxes

Y. F. Li, ZX, Phys.Rev.D 105 (2022) 7, 073003

Evolution data + HEU rates
— 10
== 2-0

...................

17  Evolution data + rates
1 o m 1-0
15 F 2-0
3-0

6.5

55

19
17
15 X
13

11

0235 0238 Opy
[10~43cm?/fission] [10~43cm?/fission] [10~%3cm?/fission]
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r Reactor rates <

HEY rates
Reactor data < Q

Evolution data

HEU rates

LEU rates

« Combined Pu component (LEU data)

f241 =k- f239
Opy = O39 + Kk - 0241

 The LEU rates constrain o,35 an

* Model independent fluxes

07235 — (637 + 008) x 107 cm?

d op, further

/fission,

0738 — (663 + 130) X 10_43 sz

/fission,

op, = (5.64 4 0.20) x 10~* cm? /fission,
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Prediction of a future experiment
f241 = k- f230 (LEU data)

EEEEEEEEEEEEEE eSS

" Model independent HM mode! « How to predict the IBD vyield for a certain experiment:
HH EF model HH  HKSS model

HH Kl model

_ (A A A A _HM
04 = 3350235 + f3380238 + f2390py + Af “0247

6.35£0.16 A LEU reactor with typical fission fractions

6.28£0.16 4= (0.577: 0.076: 0.295:0.052)
oP'® = 584 + (004)MI + (OOOO4)HM (07%)

6.04+0.13
L
6.03+0.21 : « Another European reactors with mixed oxide technology
with typical fission fractions
5.84+0.04
s (0.000:0.080:0.708:0.212)
cen b bevvr b b b b Powna by
57 58 59 6.0 6.1 6.2 6.3 64 6.5 6.6 oPre = 505 + (007)MI + (001)HM (14%)

Of [10~43cm?/fission]
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Conclusion

Short-baseline oscillation >

Short-baseline oscillation
T N

I
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HH  Model Tndep
HH  EF model
Kl model

HH  HKSS model

6.35+0.16
6.28+0.16
6.04+0.13

6.03+0.21
L

5.84+0.04
i

e b b b b b bevea bevna b

57 58 59 6.0 6.1 6.2 63 6.4 6.5 6.6

Or

[10~*3cm?/fission]

ICHEP-2022

10
= HKSS model ]
| = KI model i
[~ = HKSS-KI moc!el
\ 10 | 3
\ E ]
1 \ ]
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(I 1! / 2,

[ 1! ! 1 E
vy 1] ! ~3 E
‘-. ] E
v !
Vo 1) / ]
/ / ates+Evolution -
(R r ] h
v \\ ,II A 10-! 2c
| \\ \\ \ III y — HM
vl I/,’ — EF ]
v / 68.27 — HKSS |1
N _ﬁlesm’
\|||||\\\L\s)\}4 | [ [ 2 " o rSrE————
0.85 0.90 0.95 10 -2 —1
= 10 10 1
R L2
SiN“20ee
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RAA === recent flux model

refinements

Best-fit models: EF and KI
« No RAA
*  No short-baseline oscillations

Global fits of reactor data
+  Model independent isotopic fluxes
» High precision IBD yields

The bump anomaly needs more
Investigation.

Thanks for your attention/
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Updated IBD yields

 The individual IBD yield g;

1. IBD cross section

original IBD yields

our updated results

1 I I i 235U‘ :
—— Polynomial {
- — _1 R A e S E S IR
2. Integral energy regions (1.8—10.0 MeV) 10
- Low energy region (1.8 — 8.0 MeV) @ 102 | .
extrapolate and interpolate with the original spectra. - .
. . . . > 10" F 3
« High energy region approximation (8.0 —» 10.0 MeV) 2
EF summation model spectra with a very conservative 100% uncertainty. -« H H= .
Model 0735 0238 0239 0241 10° ¢ =
HM 6.69+0.14 10.10+0.82 4.40+0.11 6.03+013 o6 L “ PRI
EF 6.28 +0.31 10.14 £ 1.01 4.42 +0.22 6.07 £ 0.31
HKSS 6.74+0.17 10.33 £0.85 443 +0.13 6.07 +£0.16
KI 6.27 £0.13 9.34 +0.47 4.33+4+0.11 6.01 £0.13 Small contribution above 8 MeV:
0.3% for 235U, 0.9% for 238U,
Model o2 o238 0239 o2 0.2% for 239Pu, 0.3% for 241Pu.
HM 6.744+0.17 10.194+0.83 440+0.13 6.10+0.16
EF 6.294+0.31 10.16+1.02 4424022 6.23+0.31
HKSS 6.824+0.18 1028+0.84 4.42+0.13 6.17+0.16
KI 6.414+0.14 9.53+0.48 4404+0.13 6.10+0.16
HKSS-KI 6.48+0.14 10.28+0.84 4.454+0.13 6.17+0.16
[CHEP-2022 19
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Experiment S35 Jass  Jaze  [om ‘7.{".‘.:’ 05 [%J

Data Sets: reactor rates

1 0 0 0 530 9.1
Krasnoyarsk87-33 1 0 0 0 620 5.2

Krasnoyarsk87-92 1 0 0 0 630 205

. . HEU rates| Krasnoyarsk94-57 1 0 0 0 626 4.2

* The data sets in our work are separated into Krasnoyarsk99-34 1 0 0 0 639 30
. . SRP-18 1 0 0 0 629 28

three Categorles SRP-24 1 0 0 0 6.73 29
STEREO 1 0 0 0 634 25

 High-enriched uranium (HEU) reactor rates (8 rates)
« As known as the research reactors, where 235U is the Experiment  fiss Jfiss fiso Jia 0p. 05 W)

)
Bugey-3-15 0.538 0.078 0.328 0.056 5.77 4.
Bugey-3-40 0.538 0.078 0.328 0.056 5 |
Bugey-3-95  0.538 0.078 0.328 0.056 5.3!

Y. F. Li, ZX, Phys.Rev.D 105 (2022) 7, 073003 Gosgen-38  0.619 0.067 0.272 0.042 5.¢ {
Gosgen-46 0.584 0.068 0.298 0.050 6.09 54
{

. Gosgen-65 0.543 0.070 0.329 0.058 5.62 6.
Zhao Xin (IHEP) ICHEP-2022 == : ‘ ew

. - . Chooz 0.496 0.087 0.351 0.066 6.12 3.2
main contributor to the neutrino specitra. 96 51 0.066 6
Palo Verde 0.600 0.070 0.270 0.060 6.25 54
Daya Bay 0.564 0.076 0.304 0.056 5.94 1.5
° Low-enriched uranium (LEU) reactor rates (18 rates) RENO 0.571 0.073 0.300 0.056 5.85 2.1
) . . Double Chooz  0.520 0.087 0.333 0.060 5.71 1.1
* As known as the commercial reactors, where the fission Biieia S G p 130
. 235 . _ ) S 1D 14 . .t < U [P M B .
fraction of 2°°U is only 0.5 ~ 0.6 Rovnodl 0.614 0.074 0.274 0.038 5.85 2.8
Rovno88-11  0.607 0.074 0.277 0.042 5.70 6.4
. . . Rovno88-21 0.603 0.076 0.276 0.045 5.89 6.4
[ ] -
Fuel evolution data  LEU-like evolution data LEU t RovnoS88-1S  0.606 0.074 0.277 0.043 6.04 7.3
« Daya Bay (8 data points) ratesS| ;ovioss2s  0.557 0.076 0.313 0.054 5.96 7.3
° RENO (8 data points) Rovno88-3S 0.606 0.074 0.274 0.046 5.83 6.8
2
>

C. Giunti, Y. F. Li, C. A. Ternes, ZX, Phys.Lett.B 829 (2022) 137054




6.05
6.00
5.95
5.90
5.85
5.80
5.75
' 5.70

¢ [107% cm? / fission]

g

Fs an
0.63 0.60 0.57 0.54 0.51 0.35 0.3 0.25
- T T T T T — 6—I () Data' l | I I o
X 29N 5 5 g [ e g{odefl (scaled by -6.0%) RENQ .
ava ba R7 - =——Bestfit
B y y 8= 5 9'_ ---Identical spectra | ¥
_________________________ L= I N .
- [arXiv:1704.01082] @ -
i 5 5.8_— »
—— Best fit - =+ Model (Rescaled) Seo ‘:‘\ [ = [arXiv:1806.00574]
|- - Average ¢ Daya Bay I~ T
I | I | 57— L | L | | | |
024 0.26 0.28 0.30 0.32 0.34 0.36 0.5 055 _ 06 0.65
F. Fyss
239
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Data Sets: evolution data
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LSM with Wilks’ theorem

How to treat the systematic theoretical uncertainties in the least-squares function.
Journal of Nuclear Science and Technology 31, 770 (1994).
Method A 5 5 5 (aoiry - Peelle’s Pertinent Puzzle
A covariance matrix with experimental and
theoretical uncertainties added in quadrature.

strongly correlated data

2 _ exp a th > Vtot < exp R th) .
X Z( 7 = Beoflu) (V') (770 = Beol the best-fit average can be lower

a,b
than most of the data
VtOt — VeXp _'_ Vth O-fa Z a, mOd :l ] T 1T ] | [ T 1T T I T l.] .l T T ] T T T I T 177 [ I:

o 20% normalization error
- 10% individual error

A strongly-correlated theoretlcal - 1+ improper combination
matrix derived from the i X1 ] of experimental and
covariance matrix V;J°¢ among - 1 theoretical matrices
235, 238, 239Py, and 24'Pu E X L _:
1* truncation of data
! N A space.
The method A will suffer the PPP! : non-intuitive |

Co oo b b b b b b g 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
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LSM with Wilks’ theorem

Method B rhys. rev. Ds7, 073018 (2013)
Calculate the fit results considering only the experimental uncertainties
and add by hand a global theoretical uncertainty to the final result.

hard to calculate

2 X a X 1 X b h
X = Z (va,p RNPUf a) (V) b ( ;5 RNPU},b)

a,b

Phys.Rev.Lett. 120, 022503 (2018),

Method C Method C is adopted in this work!  shys rev. pes, 073005 (2019)
Consider the theoretical uncertainties with appropriate pull terms

X X —1 X
X2 - Z (O';,I) Rla\lIPO'}},la) (Ve p)ab < ;g) RNPUf b)

a,b
~ ~1
+ Z (ri — 1) (VmOd) - (r;—1), PPP is avoided by decoupling the minimization of
i,7€Q tJ physical parameters from the minimization of
~ i S
Gf, Zrz fagmed. V;-m"d _ VZ-mOd (o'szdg;.nOd pull coefficients!

V"wdcovariance matrix for these four isotopes
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Pu’s linearity
Af = fou1 — k - f539 fOr LEU-like data sets

IIIG:D;gLn[_gSIIIIIIIIlIIIJIIII]III]]IIIII_OI.(;213I lIIIIII|IIII[IIIIIILIIIIIIIIIIIIEIIII|_0I.2|9I91
Gosgen-46 ° -0.275 ® -0.197
Gosgen-38 L4 -0.614 ® 0.056
Bugey-3-95 ® -0.206 DayaBay L4 0.194
Bugey-3-40 L -0.206 L4 0.21
Bugey-3-15 [ -0.206 . 0.292 The Iinearity
Rovno88-3S ® -0.25 ® 0.403 between Pu’s is well
Rovno8g-2s ° 0.14 ° 0.652 | described, for most
Rovno88-1S L4 “0.603 | e ] data points Af < 1%
Rovno88-2| ® -0.385
Rovno88-1I ® -0.703 o 0.662
Rovno91l o -1.05 o 0.436
Bugey-4 o -0.206 ® 0.335
DoubleChooz ° 0.106 RENO b 0.222
RENO ° 0.29 ® 0.097
DayaBay L 0.219 ® 0.108
PaloVerde ® 1.221 L 0.066
pofehgory [y b b b e b1 P38 N IO AN N N o VN NN A A
-2.0 -1.5 -1.0 -0.5 0.0 05 1.0 15 20 -20 -15 -1.0 -05 0.0 05 1.0 1.5 2.0
AF[%] AF[%]
(a) LEU reactor data (b) Reactor evolution data
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x> function in model-independent fit

* The y? fuction 2 =37 (o5 —oft,) (Vo) (o5 — ofhy)

a.,b

The direct extraction o}, =[5 - 055 + fi3s - Ohss + fo0 - Ohsg 0235 = 6.37 £ 0.08

all data | 0,38 = 8.97 + 2.62
+ four - (7241

0239 = 2.98 'I_' 1.54
0-24_1 == 11.62 i 5.33

\ Used in this work

fit a fit
. . g - (< O- = + ol 0 1 _
The improved extraction 7 f23 255 fm 2"8HM all datal g,35 = 6.37 £ 0.08
Gpy = 5.64 + 0.20
Model 0235 0238 0239 0241 0239 + 0.1770241

HM 6.74 £0.17 10.19 £0.83 440+ 0.13 6.10 £0.16 548 £0.13
EF 6.29 £0.31 10.16 =1.02 4.42 £0.22 6.23 £ 0.31  5.521+0.23
HKSS |6.821+0.18 10.28+0.84 4.45+£0.13 6.17+0.16  5.54+0.13
KI 6.41 £0.14 9.53+048 440+£0.13 6.10+0.16 5.481+0.13
HKSS-KI|6.484+0.14 10.28 = 0.84 445+ 0.13 6.17+0.16  5.54+0.13

Reactor neutrino spectra models can offer
referenced Pu’s IBD vyields

The improved extraction can obtain more precise
IBD yields
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Pandemonium effect

parent PANDEMONIUM — Ge detector

DETECTED REAL

high-energy gamma l

4

high-energy beta decay branch]

Pandemonium effect will enlarge the RAA

energy energy

Pandemonium
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