NuFact 20|21

The 22nd International Workshop ol

Reactor antineutrino anomaly in
light of recent flux model refinements

Z.. Xin (IHEP, Beijing)
Sept. 2021

On the basis of the work with C. Giunti, Y.F. Li, C.A. Ternes
NuFact 2021: The 22" International Workshop on Neutrinos from Accelerators

Online Event




Outline

* Motivation

* New calculation of IBD yield

* Method of analysis

* Fit of reactor rates

* Fit of reactor fuel evolution data
* Best-fit model

* Summary




Part 1:
Motivation

Zhao Xin (IHEP) RAA-NuFact 2021 3



Motivation

* Reactor antineutrino anomaly
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: | * Fuel evolution data (8+8)
* Recent Kurchatov Institute measurements a-xiv:27 03.01684

* Daya Bay
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Part 2:
New calculation of IBD yield
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Reactor flux models
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0?-How-to-convert 1L Lunto-neutrino spectra
. . . : Ep=9.16MeV, n=0.115 Ey=8. 09M V 0.204
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e Conversion method < T e, | s " .
Measured [ spectra — neutrino spectra g .4 2 \\
« Summation method 3 : e | T
Sum all the decay branches database 10°5 108
* Huber-Mueller model
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Reactor flux models

» Kurchatov Institute model: _,vi,->703 07654

e 235J HM model + KI measurement
« 2381 conversion spectrum + KI measurement
* Pu spectra: same with HM model
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« HKSS-KI model:
e 235J HKSS model + KI measurement
 2381J and Pu: same with HKSS model

With the assumption of the uncﬁanged
239Pu comparing with ILL
KI measurement: Reduction of 23U !
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The Kurchatov Institute measurement
(open circles) directly measured the
ratio of 233U beta spectrum and 23°Pu
beta spectrum, which is lower than HM
model (closed circles) in most region.




Reactor flux models

Phys. Rev. Lett. 123, no. 2, 022502 (2019)

* Estienne-Fallot summation model S 14 Phys. Rev. Lett. 123, no. 2,022502 (2019)
« Summation method = el
* Nuclear database + Pandemonium-free data % 08 - %DB/SM_ZNS
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Model considered in this work
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RAA Forbidden Partially explain “5 MeV bump”.
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transition i o
(measured [ spectra) The event rate is only 1.9%
KI measurement: deviation from Daya Bay.
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Updated I1BD vyields

* IBD yield o5 070 =Y" fooi,
i = 235,238,239,and 241 for 25U, 238U 2Py and 2#!Pu.
* The individual IBD yield g;

Emax
o; = / dE‘I)z(E) O'IBD(E),
Exnin

1. IBD cross section: pys. Rev. D60, 053003 (1999)

iveutron lifetime (s)

Ist-order Vogel-Beacom IBD cross section w/ PDG 2020
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Updated I1BD vyields

* The individual IBD yield g; : -
1. IBD cross section . .. ns) 053003 (1999) — 10"
2. Integral energy regions (1.8—10.0 MeV) s
 Low energy region (1.8 = 8.0 MeV) 810"
extrapolate and interpolate with the original spectra. % 10°°
* High energy region approximation (8.0 = 10.0 MeV) =
EF summation model spectra with a very conservative 100% uncertainty.« =3 I
107° —
; [Huber, PRC 84 (2011) 024617, arXiy:1106.0687]
original IBD yie]ds our selected IBD yields input 10° - | | | l ] l |
Model| o235 OHER T oA Model o235 0238 0239 0241
HM [6.69 4 0.14 10.10 + 0.82 4.40 4+ 0.11 6.03 £ 0.13 HM  ]6.62£0.16 10.09 £0.82 4.34 £0.13 6.02+0.16 | Qm4]] contribution above 8 MeV:
EF [6.28+0.31 10.14 +1.01 4.42+0.22 6.23 £ 0.31 BE 6252031 1007=100 4572022 6172031}y 304 £1 2357J, (0.9% for 238U,
HKSS 16.74 017 1033 £ 0.85 443 £ 0.13 6.07 £ 016 | HKSS [6.70+0.17 10.19 +0.84 4.39 +0.13 6.09 +0.16 0.2% for 29Pu. 0.3% for 24Py,
KL 1627 2013 9342047 4332011 60LL013 KI  [6.20+0.13 9.44+0.48 4.34+0.13 6.0240.16 4
HKSS-KI [6.36 + 0.13 10.19 + 0.84 4.39 +0.13 6.09 + 0.16
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Part 3:
Method of analysis
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L.SM with Wilks’ theorem

How to treat the systematic theoretical uncertainties in the least-squares function.

Phys. Rev. D83, 073006 (2011)

Method A. JHEP 1706, 135 (2017)
A covariance matrix with experimental and

theoretical uncertainties added in quadrature.

2 exp th tot —1 exp b th
=3 (0FF - Riwo) (V') (078 — Rheof
a,b
VI = Ve L VI ol =3 faamed.

i
A strongly-correlated theoretical
matrix derived from the covariance
matrix Virj’wd among 233U, 238, 239Py,
and #*!Pu

The method A will suffer the PPP!

)

Journal ofNu,clear Science and Technology 31, 770 (1994).
Peelle’s Pertinent Puzzle

strongly correlated data

the best-fit average can be lower than

most of the data
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L.SM with Wilks’ theorem

Method B Phys. Rev. D87, 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 h Xp\ — X b h
x> =Y (o5 = Ripoll,) (Vo) (077 — Rhpo'hs)
a,b

. . 5 Phys.Rev.Lett. 120, 022503 (2018),
h work! Y
Method C Method C is adopted in this work! Phys.Rev. D99, 073005 (2019)

Consider the theoretical uncertainties with appropriate pull terms
ex a ex —1 ex
X = Z (Uf,f — RNPU}},la) (V) b (Uf,zf) - RI%PU}},Ib)

a,b
~ = PPP 1s avoided by decoupling the
+Z(ri—1)(vm°d) (r; — 1), e 7 prne
ij , ] minimization of physical parameters from
h a__mo Y7 e e . .
”},a=ZT iffoped. Viped = ymed [(gmedgmed) | e minimization of pull coefficients!
© VMo covariance matrix for these four isotopes
ij
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Part 4;
Fit of reactor rates
& evolution data
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Fit of reactor rates

2017 JHEP 1706, 135 (2017) HM model

] e Dt i o Ll o S
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Fit of reactor rates
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Fit of reactor fuel evolution data

To compare the fuel evolution data with the different model predictions, we first fit the
evolution data with a linear function describing the IBD yield as a function of f539

lin _ = d()’f a r
T =9 F T I (f239 —f239)-,
— ( tzag
— ———— —— ——— — — e e ———— —— —— —— —— —— e rr—— ——
Daya Bay Fit —_——— 5.89+0.12 Daya Bay Fit —_— -1.88+0.18
HM Model —— 6.17+£0.15 HM Model e -2.46+0.06
EF Model . 5.97+0.20 EF Model —— -1.82+0.08
HKSS Model —e——  6.24%+0.16 HKSS Mode| +—e— -249+0.06 |
KI Model — e 5.93+0.13 KI Model e -1.99+0.05
HKSS-KI Model ——— 6.05+0.14 HKSS-KI Model e -2.00+0.05
OB UM O W VS 0 I T W | BB S i B P | P Lo oo a a0y | A A A Lo oo 1034 Lo o] Liaassiag | IERERENER Loiaasiiag I FERERENER Loaaasiias IFERERRNET | TERERENER Loiaasiiag boiisasiis Loiaasiiag
54 5.6 5.8 6.0 6.2 6.4 6.6 -28 -26 -24 -22 20 -18 -16 -14 -12

S, [107* cm?/fission]
(a)

do;/dfazg [107* cm?/fission]

Fitting with evolution data of Daya Béb})l

When using RENO data, we have the similar results.
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The HM and HKSS models are
disfavored by the evolution data

Fig(b) fit of slope

e 3.1 ¢ for HM model
e 3.2 0 for HKSS model

* EF, KI and HKSS-KI models give
values of 65 and doy/d f,39 that

agree with the fit of the evolution
data within the uncertainties.
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Part 5:
Best-fit model
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Fa(x)

Statistic test

* x* test: only shows the size of deviation not show the sign
rejects none of the five models

zpod = Y7 (ytor) =12 (‘7;),(5 —G}I,‘,‘;’d) Shapiro-Wilk test l
——)  S12N t€St positive or negative

only size of deviation

)( test

g~

2 = e ° : deviations
| — HM iy _ ;
f| --- EF : | --- EF ;

0 [ 1 00 Ff ]

S HKSS 4 = F ... HKSS ] .

S -k 190 --x 1Kolmogorov-Smirnov test
| —— HKSS-KI - | —— HKSS—KI ; ]
: : iCramer-von Mises test

{Anderson-Darling test

Journal ofthe Royal Statistical

Society Series B 64, 281 (2002).
ZK: ZC? ZA test
more powerful, based
on likelihood ratio

Nl |

Ml

Evolution Data 1
caa v b by b
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Fn(X)

1.0

0.8

Statistic test

p-value=0.05 — confidence level 95%

|~ HKSS—KI

Rates + Evolution_g
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SR e
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rates + evolution data

Test HM EF HKSS KI HKSS-KI

x?® 021 046 0.14 0.78  0.60
SW 037 028 0.38 069  0.58
sign | 0.03 _:0.38 1 0.01 '0.38  0.38
KS 008 081,004 1082  0.56
CVM 0.06 0.78 | 0.03 :0.76 0.47
AD 007 0.7210.03 10.76 047
Zx | 0.001 ,0.22 10.0002 10.15 '0.03 |
Zc 0117060, 0.04 '086  0.62

Zan 014 044 0.06 0.77 0.40

EF model 1s the best summation model;
KI model 1s the best conversion model.
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Part 6:
Summary
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Summary

HM model
RAA: 2.80 —» 1.90

* Updated IBD yields including high energy regions.

\ 4

* Comparison of different fitting method

With improved fitting method (Method C), the RAA seems smaller for all
models (for HM, 2.5¢ — 1.90 ) avoiding the PPP successfully.

e As for the best-fit model, EF model 1s the best summation model, and KI
model 1s the best conversion model.

* The KI measurement can pull down the rate deficit, which implies the
reactor antineutrino anomaly might be caused by mis-normalization in
ILL measurements. (need other experiments to confirm)

* Shape anomaly (“5 MeV Bump”) 1s still not solved.
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Oscillation
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