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Top discoveries with reactor
experiments

- Discovery of anti-nevtrino (1956) Reines & Cowan

&

Q
Discovery of neutrino oscillation due to Am2, } §
K

PDiscovery of geo-neutrino

- Discovery of neutrino oscillation due to Am:, and

measurement of 9,, Paya Bay



Preparing for next
breakthrough

o Neutrino mass ordering JUNO

o Lepton mixing parameters with
precision of quark sector JUNO & Paya Bay

o Precision coherent scattering %%'éﬂsrfﬁgﬁg 0



Key facts

Energies of reactor o, span in ~ (1.8,8) MeV for inverse
beta decay (I1BP) reaction

Sterile,
Reactor flux
2
Amj3 10,3
Amy,, Am3 | Ams3,, 03,0,

v

20 000 tons
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o Building up so huge detector is anyway expensive

o Therefore, the detector will be unique with a great
performance
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Nuclear Reactor.
Basics

* Reter to A.Hayes lecture for more details
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SourceWnklpedla

o Nuclear plant gets its energv via ﬁsslons of U and Py

isotopes
o About 117 of world energy is produced in reactors

o 437 nuclear power plants operating in 31 countries
o 200 MeV/fission, 3 decays and six 7,




CONTAINMENT
STRUCTURE

Control Rods

Source: Wikipedia Source: wano.info ‘Source: Wikipedia

o Nuclear plant gets its energy via fissions of U and Pu
isotopes

o About 117 of world energy is produced in reactors
o 437 wnuclear power plants operating in 21 countries

o 200 MeV/fission, 3 decays and six 7,

o 3 GW reactor ewmits about 6 - 10%° o/s
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Stability and instability
0f nuclei

Unstable



Isotopes off the stabhility valley are unstable

stable
10 yr

1012 yr

1010 yr

108 yr

100 yr

10% yr

100 yr

I yr

1074 s

10°¢s

Source: Wikipedia 1078 s

no data




o Chain reaction with 2°U Amos A=

-0
o -~
L=
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A=118

233J Fission
Fragments

O—» Neutron
O\ Electron
.o Anti-neutrino

Gamma

a0 110 130 150 170
Mass number A of
fission fragment

Fissions are
asymwedric

Source: Wikipedia



o (hain reaction with 239y AN

(Number of Neutrons)

o Neutron-rich isotopes s-decay

O—» Neutron :
O\ Electron ) ‘0 Type of
» Anti-neutrino o Decay
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o (hain reaction with 239y

o Neutron-rich isotopes /-decay pm

235U
6 £t ﬁ s = 90 239p
. .S —
% 5 I/e per SSion S 80 :
q;: - 38U
.5 70 —— 241py
=3 60 Others
50
O—» Neutron 40
O\ Electron 20
.o Anti-neutrino
20
Gamma
10 . R
0 - T ? ? ? T T T T T i i i i i ! i i i i ! 1
0 5000 10000 15000 20000
Burn-up MWD/TU)

235 238y @o/v
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>59Pu production




O—» Neutron

.
0 b L o (Chain reac’rlon wu’rh 253\)

« Anti-neutrino

o -k
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238U

\ 239

A=118

235 Fission
Fragments
90 110 130 150 170

Mass number A of
fission fragment

o ~ 61, per fission
>%Pu production
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Can we understand
~ 6 antineutrinos per fission?

my = myN +m,Z — Lp <— Mass of a nucleus

Sewi-empirical mass formula (Bethe-Weizcacker)

volume surface . - pairing

t Coulomb | | asymmetry

Z — 0 assuming a, =0

Eg increases if .



Can we understand
~ 6 antineutrinos per fission?

0 7 AN D7) Al2
0Z |« wale A L A28
5 % 4CZA

Coulomb asymmetry

o Z(A) corresponds to
most stable nucleus

o Fissions produce nuclei
with (A,Z) following a
«line»




Can we understand
~ 6 am‘meufrmos per ﬁsslon"

o Z(A) — Fission line =
number of S decays to
reach the valley of
stability

Source: K.l.ei’mer_



Can we understand
i~ 6 anfmeufrmos per fission?

o Nuwmber of 5 decays
~42F 5383 =23

Source: R.Leitner 19
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Why Gd?
Can we understand
28,1s @Paya Bay” e

0, 0’(n +2,6d - A“Gd) [b] Abundance 7
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Can we understand 28, s @Paya Bay?

a8 2.2 km/ b= 1
v, = 2.2 Km/s = e
my, vn<0>NGd
N, =0.103% AL
= U. 0> Pt e
Gd P (A)

= 0.00103 - 0.86g/cm” - 6.022 - 10%°/157.25g/cm”
=3.39-10%g/cm’
(6) = (0.148 - 60900 + 0.1565 - 254000) - 10~**cm?

Good agreement with
observations



Neutron capture time @Paya Bay

Entries / 4us

N
o
w

Tapt = 28.70 £ 0.15 us
Tapy = 28.60 £ 0.15 us

Asymmetry

200
Neutron capture time (us)




IBD spectrum



Antineutrino spectrum (a.u.)
IBD cross-section

Detected spectrum (a.u.)

0
_

8 Me thre

4
shold

ek




Short History
0f Reactor Nevtrinos



Reactor Neutrinos - Decades of Measurewments
& BE] ¥ o FReines & C.Cowan. 1956
2. 0 JIN Discovery of 7,

1 o The proposed detection
method is now standard

29



o FkReines & C.Cowan.
1956 Discovery of 7,

o The proposed detection
method is now
standard

o FReines lead the group which discovered atmospheric
nevtrinosin 1969

o FReines with IMB observed SN1987A in 1987

o NP to FReinesin 1995

30



Reactor Neutrinos - Decades of Measurewments

o BUGEY ILL ROVNO,..flux o Good agreement with
measurewments no oscillation model at

short distances
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Nevtrino Oscillation

Am;,  driven

32



Reactor Neutrinos
KamLAND: first evidence for Am;, driven oscillation

Y

" Chia West Asia
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More ’rhan 5 0 reactorsaround at (L) 180 km




Reactor Neutrinos

KamLAND: first evidence for Am;, driven oscillation
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Reactor Neutrinos
KamLAND: first evidence for Am;, driven oscillation
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Reactor Neutrinos
KamLAND: first evidence for Am;, driven oscillation

previous
reactor experiments
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Neutrino Oscillation
Race for 0,;

A Work Harder... V.

"

One of the Funders of the
SM, Glashow, called for
the measurement of 013

Photo by Kam-Biu Luk




Two modes of oscillations
Is there 3rd mode? o
| gt (ML) ShOR

— Sin22013=0
— SIin22013=0.084
L1 | ] ] ] L1 1 11 |

' L[km]
RSt Sovrce: Roskovee | =

KamLAND
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Why 6,, was not measured
earlier?

o Upper limit by CHO0Z  sin“26,; < 0.15

o Main limitations:
o Uncertainty in the 7, flux

o Uncertainty in the detection efficiency

39






A receipt for 0,

o The flux:
o near and far detectors for rela’rlve measurements
o (Correlated systematics largely reduced
o Proposal by Mikaelyan & Sinev

41
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A receipt for 0,

(F) 1 OE)-o-

I/ZBCII" L2
near

near OSC( near )

|
]\Gfar(E) x = (E) <6 ]Vfar o osc(Lfar/E)

Lj%r

Ratio cancels correlated uncertainties

Noeal B) O N
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A receipt for 0, ,

o The baseline optimization

Far Detector




A receipt for 0,

o The statistics:
o Powerfull source
o large detector

o The background:
o Aslow as possible

o Petector efficiency:
o (alibrations

45



The big three




The Big Three
Daya Bay Double Chooz

*
Far Far
4%20 t 81
Near 4/ 8.5 6Wi Near
2x2x20t f’ 16t ’
Near ’ Far
\MoWs BT F /! 161
4 Iso-flux configuration! k
Power GdLS mass Distance Overburden  Running
[GWin] Near/Far [t]  Near/Far [m] [mwe] until

365, 490 250
Double 8 400 Dec 2017
Chooz 1050 (Finished)
290

Source: BRoskovee




30 Map of Daya
Pay experiment




Petector design
Daya Bay & RENO Double Chooz

inner water shield
outer water shield

glove box (GB)

outer veto (OV)
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49 Source: B.dekoVec



Daya Bay & RENO Double Chooz

inner water shield
outer water shield
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Daya Bay & RENO Double Chooz

inner water shield
outer water shield

glove box (GB)

outer veto (OV)
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Daya Bay & RENO Double Chooz

inner water shield
outer water shield

i —— ‘ outer veto (OV)
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Daya Bay Double Chooz

glove box (GB)
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53 Source: B.Ko“skoVe_c



Importance of Relative Measurement

Reactor flux IBD detection

Correlated Uncorrelated Correlated Uncorrelated

Chooz

o Essentially only uncorrelated uncertainties matter for the
relative far/near measurement

o Correlated uncertainties play role in absolute measurement of
reactor neutrino flux and spectrum (see later)

54 Source: BRoskovee
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~ DayaBay 2017
Phys.Rev. 095 (2017) no, 072006

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

--------------------------------------------------------------------------------------------------------------------

— Best fit | EH1 ! EH2 ¢ EH3

1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

0.0 0.1 02 03 04 05 06 07 08 09
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Oscillation Results

Experiment

Sin22013

o Daya Bay precision 347 -
best known mixing angle

Daya Bay
RENO

Daya Bay

D-CHOOZ
RENO

o 10 tension between Paya
Bay and Double Chooz

T2K

nGd

nGd

nH
nGd+nH
nH
bayessian
NH

IH

Value

0.0856+0.0029
0.0896£0.0068

0.071+0.011
0.105+0.014

0.09410-613
0.09915-0%7
0.10570027

0.1167005

0.06 0.08 0.1

Sin2 2013

0.12  0.14

Amz Experiment Value (1072 eV*?)
32 T2K 2.4631+0.065
o Daya Bay’s result is consistent [EEEERY 2471
and of comparable precision t0 IR 2D
NOvA 2.511012
that of accelerator o ot
experiments RENO (nGd) 263

2.50%0:50

Super-K
RENO (nH) 2.4870%
21 22 23 24 25 26 27 28
|Am2,| (10~3eV?)* *normal hierarchy

o Further improvement by JUNO
(see later)
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Absolute measurewments
BSouT
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and conlinued a delebimni ned
ammélment. loﬁcpmdm/ rf
perfection dince 1579,

I
mnmm%)mll
FRICOUID AND -l!s,wntl

T Y.

99



L4 Reactor Anomaly

1.2
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Savannah River
Bugey

Rovno

Goesgen
Krasnoyarsk

Palo Verde
Chooz

KamLAND
| | | |

10° 10° 10* 10°
Distance to Reactor (m)

* Refer to A.Hayes lecture for more details
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Fid data
~ Huber*Muller
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data

" wodel
o Flux deficit observed w.rt. Huber+Muller (new) wmodel
o Paya Bay R=0.95250.014
o Double Chooz R=0.945+0.008
o RENO R=0.91850.013

@Mux deficit w.rt old wmodel
Paya Bay R=1.001 £ 0.01% = 0.027
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If new (Huber-Muller) model is 1

s Sterile? o Back to nuclear physics

o Ifyes, Am>~ 1eV’ sin>20~ 0.1
o New phenowmena?

g
o
=
Q
o =
o)
O
—
=
av]
i
<
-

* Previous data
- Daya Bay
— World average
I-o Exp. Unc.

2 1-0 Flux Unc.

10’
Distance [m]




Sterile Neutrino

¥ Kefler to lectures of A.Hayes, C.Givnti, Yu.Shitov for more
details
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Vaya Bay and Bugey-3 da’ra

% RAA Best fit

T T TTTTI
L1 1T

90% C.L. é

v

L IIIIII|
L1 IIIIII|’

------ Bugey-3 original RS
..... Bugey-3 reproduced
- —— Daya Bay/Bugey -3 (reproduced

i AR
107 107"
sin“20, ,




Spectrum measurewment
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Reactor Neutrino Spectrum Shape Anomaly

o Obvious discrepancy with model
o Not a detector effect
o Not due to sterile neutrinos
o Could be prediction issues

RENO Preliminary

—— Unfolded data
—— True E,, from MC
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Too many?
Are you tired?

G GIFES cam

You do not know what means to be tired



This is Kirill.
Kirill did not reach ...
He is tired a bit...




Measurewment of nevtrino
spectrum from individual isotopes

70



Nipp & Oppp Z Ji Si = Z i %P,

i=isotopes i=isotopes

Spectrum of i-th isoope

<
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e
o
=
O
o
4=
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o
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N
N
o
e

Fission fractions
evolve with time

15000 20000
Burn-up MWD/TU)



o Time evolution —> F,., evolution

0.20
2012 2013 2014 2015

o Observed N,;,* F,;, evolutions —> individval isotopes
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o Fuel evolution measured by Daya Bay with unprecedented
precision in 2017 PRL 118 251801 (2017)

Fas5
0.63 0.60 0.57 0.54 0.51

~+~

]

O
=
o

— Best fit - =+ Model (Rescaled)
- =« Average ¢ Daya Bay
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o U239 is off the HM model PRL 118 251801 (2017)
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o Conclusions:
o Wrong model for 227U is behind most of the reactor flux anomaly
o Explanation of flux anomaly purely by sterile neutrinos < equal deficit

disfavored at 2.80
Reactor Flux Anomaly Suggests Ay2/NDF Confidence
Cause level
235 only Prediction issues Very probable
239Pu only Prediction issues D'Sf%\/gfd al
All isotopes Sterile Disfavored at
w/ equal deficit neutrinos 2.80

Nevertheless, Daya Bay did not rule out sterile neutrinos completely!
Composite model still possible



Coherent Scattering

* Refer to lectures of HWong, YSobezyk for more details
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v GEN @JINR

o JINR low threshold high purity Ge detectors Tk

77



v GEN @JINR

o Energy resolution (FWHM) =78 eV

Measurements with pulse generator

1.4
Energy, keV

78 Source:A.Lubashevski



v GEN @JINR

o Efficiency vs energy

Efficiency measured with pulse generator

—

>
O
c
Q2
O
=
L

s Trigger efficiency

« Efficiency after cut

160 180 220 240 260 280 300
Energy, eV

Source:A.Lubashevski



v GEN @JINR

Expected spectrum in 30 days of data taking

Expected spectrum (ON-OFF) after 30 days of data taking

| | | | | | |
0.55 0.6
Visible energy, keV

Source:A.Lubashevski



Mass Ordering



Neutrino Mass Ordering

Normal :/-b Inverted
Ms>m2 (M1) puthad M3<m1 (M2)

Normal hierarchy Inverted hierarchy




Expected signal

X
—i
1O

v, spectrum at JUNO, L =52.5 km_f
—No osc.

---1-P,, osc.

Events / 1 MeV

— P, for NO
— P, for IO

llllllllllllllllllllllllll

lllllllllllllllllllllllIll




he

x10

v, spectrum at JUNO, L = 52.5 km
—No osc.

=5
D

20 ktons mass for
detector

Events / 1 MeV
o

---1-P,, osc.
—P,. for NO
3 % /‘\/E e"ergy ' — P for 1O
resolution |
Powerfull reactors [RSAN
(36 GW)

JUNO is the first experiment to see both Am?



JUNO Ioca’rion

I
13

Guangzhou

» Powerful source: 10 nuclear
reactors

(26.6 TWinin 2021, later 35.¢
GWin)

» ldeal baseline: $2.9 km
* Shielding: 700 m underground
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JUNO central detector

.- e ‘\
| e e =
- o - - _—
SE |
— .
— ,
; .? -

/4
N

o About 40 diameter.
o 20 ktons ": | :
o 18k20”PMTs  HiBSCRSEEE )/ 7
o <RV B

S

25k 3” PMTs ’
700 wm shielding (TR
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JUNO Physics Program

Current Improvement

marameter porecision (10) by JUNO

SiN22012 5% <0.7%

Amo12 2.3% <0.6%

<0.5%
sign
determination

2.5%
sign unknown

Am3z42
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Current
Parameter w
precision (10)
Sin22812
Amo12
Amia:2 2.5%

sign unknown

JUNO Physics Program

Improvement
by JUNO

<0.7%

<0.6%

<0.5%
sign
determination

Other physics:
Supernova (SN) neutrinos
* 104 events from SN @ 10 kpc

* Testing SN models

* Possibility of independent
determination of MH )

Diffused SN neutrinos

* 1-4 events per year
* Discovery if measured

Geoneutrinos
* From U/Th decays
Solar neutrinos

 'Be neutrinos detected ia elastic
scattering

Proton decay
* P->Kt+v
...and more




Very short baseline
experiments



Reactor power Distance Target

Experiment [MWir] Im] Mass [t] Target type

LS=Liquid Scintillator PS=Plastic Scintillator

Hunt for sterile neutrinos at "1 eV scale < explanation of flux

anomaly

Precise measurement of reactor nevtrino flux and energy spectrum
for different fuel composition

o GCommercial reactors with mixture of 233U, 238|) 239py, 241py
e Research reactors with mainly 229U
Challenge prediction models - measurement of 29\ yieldéspectrum
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Bonus
Jobs Qffer @Pubna

https:/inspirehep.net/record/1791642  Baikal 6V
https:/inspirehep.net/record/1751641  Baikal 6V
https:/inspirehep.net/record/1751640  PBaikal & JUNO

JER \
N
-

* Why Baikal? Refer to lecture of N. Whitehorn



