Latest Reactor Neutrino Oscillation
Results from the Daya Bay Experiment

L3

Bedrich Roskovec*

University of California, Irvine
*on behalf of the Daya Bay Collaboration

ICHEP 2020 | Pl

LI i .
T ‘Nui
‘ll“ \1 lllll

nﬂﬂl““ﬂu“"”"|||“WL |||




Primarily designed to precisely measure the 613 mixing angle
Jsing reactor antineutrino oscillation at the ~2 km baseline
= Discovered non-zero value of 813in 2012
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l& 6 reactors with 2.9 GWi, each = 17.4 GW total

& One of the most powerful reactor complexes in the world

& Nuclear reactors - strong source of pure electron
antineutrinos

b Each Daya Bay reactor emits ~6 X 10%" v,/s isotropically

| |

ahm‘u

B. Roskovec - UCI Daya Bay Oscillation Results



Ly

l

il

. inner water shield
RPCs S~ — outer water shield

PMTs
Tyvek

- i
1l 1 | k

_;v\

AD

AD support stand x concréte /
@ 8 functionally identical antineutrino detectors (ADs)

@ Placed in 3 underground experimental halls at the optimal
distance from the reactors
@ Submerged in the instrumented ultra pure water pools
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@ 8 functionally identical antineutrino detectors (ADs)

@ Placed in 3 underground experimental halls at the optimal
distance from the reactors

@ Submerged in the instrumented ultra pure water pools

@ Each AD consists of 3 nested volumes: Gd-doped scintillator

.4 (main target), pure scintillator (y-catcher), mineral oil (buffer)
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-+ Primary interaction - inverse beta decay (IBD): U, + p — e* +n

-«. Prompt signal energy related to incident antineutrino energy
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0.78 MeV

-e> Spatial and time correlation of prompt and delayed signals greatly
suppresses the background (background/signal <2% in Daya Bay)
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Reactor Antineutrino Detection

Prompt signal R
-+ Primary interaction - inverse beta decay (IBD): U, +p — e* +n

-«. Prompt signal energy related to incident antineutrino energy

E; ~ Ep 0.78 MeV

-e> Spatial and time correlation of prompt and delayed signals greatly
suppresses the background (background/signal <2% in Daya Bay)
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Prompt signal R Delayed signal
-+, Primary interaction - inverse beta decay (IBD): U, + p — et + ny/

-+, Prompt signal energy related to incident antineutrino energy
E;~E,+0.75 MeV

-e> Spatial and time correlation of prompt and delayed signals greatly
suppresses the background (background/signal <2% in Daya Bay)
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Prompt signal

R

Delayed signal

-+, Primary interaction - inverse beta decay (IBD): U, + p — et + ny/

-«. Prompt signal energy related to incident antineutrino energy

E; ~ Ep + 0.78 MeV

-e> Spatial and time correlation of prompt and delayed signals greatly
suppresses the background (background/signal <2% in Daya Bay)
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Prompt signal R Delayed signal
-+, Primary interaction - inverse beta decay (IBD): U, + p — et + ny/

-«. Prompt signal energy related to incident antineutrino energy

E;~ E,+0.78 MeV

-e> Spatial and time correlation of prompt and delayed signals greatly
suppresses the background (background/signal <2% in Daya Bay)
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Three-neutrino mixing:

Atmospheric, accelerator v Solar, reactor L~60 km v
f \ |
Flavor Ze B (1) CO SO ?2 8 Zl Mass
states | | |\, O % o 1)\ | states
T 3 23 (23 DANE:
Reactor L~2 km, accelerator v Cij=C0s0
: : . Sij=SINGj;
Oscillation parameters: \ AP =meim?,
Parameter Value Open questions Normal ordering
Am2;2 7.5x105eV? — mz2 -] 1,
Ik = eee | 2.5%103eV2 | Ordering? & Amsi2s0 .
M2atm
012 33° —
023 45°7? Maximal?4023245° | n | T
013 9° — my2 --_:-IAm N
J Ve ve vi b
Ocp s Value? 1 e

\,

*Last to known angles - discovered by Daya Bay in 2012
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Oscillation Measurement Principle

WW Looking at the flux of , as a function of distance and energy

WW Some r,’s disappear due to neutrino oscillation

Medium baseline Short baseline
Amz L Am? L Am2 L
P, . (L,E)=1—|sin?20,,cos* 8,5 sin> ——=— |—sin? 20,5 [ cos?8,,sin> ——— + sin2 6, , sin® ——=
e e 4E 4E 4E
2T JUNO “
N B P
0.6/~
0.4 :—
0.2 :—
| | 1 O: 1ol ! Lol ! Lo ||||KamL|Am?
" :f P P -
i‘ |{”m. H,.I[‘ | 10 10 1 10 E[MeV]
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WW Looking at the number of U, as a function of distance and energy

WW Some r,’s disappear due to neutrino oscillation

Medium baseline Short baseline
, Amj|L Am? L Am2 L
L, E)=1—sin228,, cos* 0, sin? ——=— — sin220,~ [ cos?8,, sin2? ———— + sin? @, , sin? ——=
Py 5 (L, E) = [ 12 13 4E] [ 13 12 AE 12 iE
¥ 1E A
2 099 Oscillation amplitude
0.98 . .
- given by sin22013
0.97F
0.96F-
0.95F-
0.94F
093 Oescillation frequency
0-92~ driven by Am232=Am2s;
0.91%€

0 02 04 06 08 1 12 14 16 1.8
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WW Looking at the number of U, as a function of distance and energy

WW Some r,’s disappear due to neutrino oscillation
Medium baseline Short baseline

, Amj|L Am? L Am2 L
__(L,E) =1 —sin%20,, cos* 0, , sin? —=—|—sin? 20, | cos?@,, sin> ——— + sin> G, , sin® ——=
Py 5 (L, E) = [ 12 13 AR ] [ 13 12 AE 12 AE

I — 1. Near&Far defector]; 2. Baseline |
T relative measurement | optlmlzaﬂon |
°0.99 S ]
goset
0.98F
0.97F : -
PE—— E— —  Near Detector Far Detector
3. Powerful source, | 4 . o9 -
ﬂ large detector(s) | ° 0958
| —  0.93F
= 0.92F
+4 Lowbackeround N T T T S R vl
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Absolute energy scale uncertainty <0.5%

e Special calibration campaign with various
radioactive source encapsulations

e FADC readout in one AD to determine
electronics non-linearity

Reduction of the uncertainty of the
9Li/8He background

 Dominant background uncertainty

 Prompt energy cut to enhance the
9LI/IBD - feasible due to large statistics

Spent nuclear fuel uncertainty 100%->30%

o Utilize precise spent nuclear fuel history
provided by power plant
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Reconstructed
True prompt energy

Fraction per 0.25 MeV
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Latest Measurement with

% Based on 1958 days data set A0°
- : : 140
% More than 3.9 million antineutrino .
interactions (with 0.5 million in far 120
site) > 1000
. . g 80:—
* The largest rector antineutrino £ ¢
. o . ite data
data Set In the World Lﬁ 60: S:;i;tez near site best fit
. . . 40__ i 201 1 13
% Consistent with 3-v hypothesis : e
: : : : : : . . 20 - as’? ;1neutrons
1.00 - X2/D0F=1 48.0/154 a
—— Best-Fit —_ R T R N
0.98! —— W/O oscillations 8 B
R b EH1 = . |
Foss, I Ene § ; ; 1
= 0.94] § 0.95— t + |
s | ty
} L 99— & 8 10 12
090100 200 300 400 500 600 700 800 900 E rompttMeV]

[} Less / Ey (M/MeV)

PRL 121, 241805 (2018)
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sin?26,; = 0.0856 + 0.0029

—0.070

Am2, = (2.47229%8) % 10~3 eV* (Normal ordering)

kAmgz = — (2.575+09%8) % 1073 eV” (Inverted ordering) )

| Am2,| = (2.522+0:98) x 1073 eV?

&, Measurement of sin220613 with world-

leading 3.4% precision

i Measurement of |Am2gel with 2.8%
precision, comparable to accelerator

experiments

#, Statistics still contributes by ~60%
(~50%) to the sin22013 (IAm2cel)
b

uncertainty \
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0.02

Experiment Value = 3
0.018 :_ 68.3% C.L. _:
Daya Bay nGd o 0.0856 =+ 0.0029 ook e toton E
- Rate+Spectra -1
RENO nGd 1 0.0892 = 0.0063 0'014; o Eﬁtfgzlaynwos (2012) E
on - .
Daya Bay nH — 0.071 +0.011 < ootz O crowamiany
)l 001 © PRL115, 111802 (2015)  —]|
Double CHOOZ . = 0.102 +£0.012 ~ . : PRD 95072006 (2017)
c 0.008— PRL 121241805 (2018)  —|
12K : C0002gms G :
-0 0.006— =
RENO nH = . 0.0860 £ 0.0161 © 0.0045— ,,,,,,,,,,, =
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Sin2 26 v b by by by by by by by
13 o142 12712 12713 12/14 01716 12/16 12/17 12/18 01/20 12/20
Month/Year
sin22013 uncertainty 3.4% > 2.7%

Experiment Normal ordering Value 0.25
Daya Bay nGd —— 2 Al O - eesm el :
0.2— ate+ ra ]
NOvA —— 2.41 + 0.07 - = Sutsics oy .
K — 249908 : S pummems
7 —0.08 C\l% 0-15__ @ PRD 95072006 (2017) ]
MINOS+ | | | 2.40418:88 S - d  PRL 121 241805 (2018) .
Super-Kamiokande = . 2.407515 b< 0.1 :_ —:
RENO nGd | : 2.69 = 0.12 F -
IceCube = . 2317013 0'05:_ ]
RENO nH : ¢ 2-48418:%2 q:...|...|...|...|...|...|...|...|...:|

951 29 93 924 25 26 27 921 01/12 12/12 1213 12/14 01/16 12/16 12/17 12/18M2'11ﬁ(,)YJa2r/20

Ayl 1077 eV? Am?2.c uncertainty 2.8% = 2.1%

[
‘h’IIIH | End of Daya Bay data takingz-—ﬁ‘
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# NH - essentially independent analysis from nGd
« Different statistical sample
 Mostly decoupled systematics ¢

#. Challenges
» Large background (bg/signalupto 1) X

Delayed Energy [MeV]

ckground |

5 6 7 38

» Larger systematic uncertainties X A
E - Daya Bay: 621 days
an ‘Latest’ rate-only analysis with only 621 days : o
data set 5 o6 +
§ B —4— nH data . \\\ +
i Update under intense preparation ® goaf [, et R
» Expected to be one of the most precise 40 Jitsmca e
measurements of 813 in the world -
09 L L L L | ! ! ! ! | ! ! ! ! | ! ! ! !
0 0.5 1 1.5 2

Weighted baseline [km)]

[ il
—— | sin“20,;, = 0.071 £0.011 |
1 See pOSter by W K Assuming in%%zz (2.44 £0.06) x 1073 eV* (NO)j

Jinjing Li 42—
PRD 93, 072011 (2016)

kam

B. Roskovec - UCI Daya Bay Oscillation Results



arXiv:2002.00301, accepted by PRL

10— T e
i ‘Sterile’ neutrino signature in Daya Bay ooy oy Sty 509 .1 : :
- an additional oscillation mode on top [ o s, i
of the known one Dot :
#= No significant signal observed using N% (oL i
1230-day data set CE; : = @ .
i Placed the most stringent limits on & = 107 = Excluded =
in2 2 2 ; < ]
sin22014 for Am241<0.2 eV Additional _
i Further extended at larger Am?244 Am2  10°F N E
by combination with Bugey-3 i ]
107 1
See poster by P (L E) N l_sin2 2913 Sin2 AM31L Additional MIXiNg
. U, =D N ~
Zhuojun Hu &— 4L
Amz L
I —sin?26),, sin? —= ‘\)
4E

Additional oscillation mode

kam

B. Roskovec - UCI Daya Bay Oscillation Results



arXiv:2002.00301, accepted by PRL

103: TTTT T T T TTI T T TTTT T T TTT
i Combined v, search with Bugey-3 and ook C.L Mlowed |
LSND
M'NOS,M|NOS+ 10° EMiniBooNE (2018) =
E [_]Dentler et al. (2018) ¢
i Excluded LSND and MiniBooNE 10;—5‘33”32“‘3" CO) == =
99% C.L. allowed regions at 99% CLs < |
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Conclusions

=/ The latest Daya Bay reactor antineutrino oscillation measurement using
nGd data sample with >5 years of data yielded:

sin” 26,; = 0.0856 % 0.0029

| Am2,| = (2.522+0:98) x 1073 eV?

AmZ, = (2.472+09%8) » 10~3 eV (Normal ordering)

kAmgz = — (2.575720%8) x 10~3 eV (Inverted ordering)j

¢ Independent analysis using neutron capture on hydrogen with ~2 years
of data provides consistent value of 013

* New result under intense preparation
vz Search for light sterile neutrino has not found any
« Daya Bay, Bugey-3 and MINOS+ placed strong limits on v, mixing

vz| Data taking will finish in Dec 2020 - final Daya Bay result on 813 will be
the standard for the foreseeable future
JMPH I
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Conclusions

=/ The latest Daya Bay reactor antineutrino oscillation measurement using
nGd data sample with >5 years of data yielded:

sin” 26,; = 0.0856 % 0.0029

| Am2,| = (2.522+0:98) x 1073 eV?

AmZ, = (2.472+09%8) » 10~3 eV (Normal ordering)

kAmgz = — (2.575720%8) x 10~3 eV (Inverted ordering)j

¢ Independent analysis using neutron capture on hydrogen with ~2 years
of data provides consistent value of 013

* New result under intense preparation

¢=| Search for light sterile neutrino has not found any
« Daya Bay, Bugey-3 and MINOS+ placed strong limits on v, mixing
vz| Data taking will finish in Dec 2020 - final Daya Bay result on 813 will be

the standard for the foreseeable future
Mn Stay tuned ¥
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Electronics nonlineari

Normal electronics

FADC readout

y lines measurement -} 12Belectron

<4-» Comparison = Direct measurement

of the electronics non-linearity

>1.08
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1.02

+ Gamma data
FADC data

— Best fit model
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e+ energy response model
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Best fit + 68% C.L.
Previous model -
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True prompt energy [MeV]

NIM A 940 230-242 (2019)
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sin22013 uncertainty dominated by the 0.13% Am?2. uncertainty dominated by the <0.2%

relative detection efficiency uncertainty

(which is dominated by Gd capture fraction of 0.1%)
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relative energy scale uncertainty

(E-<E>)/<E> (107)

*  Neutron from IBD o Neutron from muon spallation
v Alpha from natural radioactivity =  Gamma from natural radioactivity
i Neutron from IBD (alternate method)
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