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Motivation

Colloquium Prague v19

Towards CP Violation in neutrino Physics

24-25 October 2019
20 19 J. Heyrovsky Institute of Physical Chemistry

Europe/Prague timezone

Size of CP violation dictated by: J = ¢{,51,€»35,5€%135135iN®

cosf, sinf, 0 cosd, 0 e“sinf, 1 0 0
Ups =| —sinb, cos6, 0 0 1 0 0 cosf,, sin6,
0 0 1 e sin 0, 0 cos, 0 -sinf,, cosf,
>

Need to know ©,; in order to determine &
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Dongguan Univ. Tech., ECUST, THEP,
Nankai Univ., NCEPU, NCTU, Nanjing Univ.,
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Xi‘an Jiaotong Univ., Zhongshan Univ.,

Chin. Univ. of Hong Kong, Univ. of Hong Kong,

Nat. Taiwan Univ., Nat. Chiao Tung Univ.,
National United Univ.

Europe (2)

JINR, Dubna, Russia
Charles University, Czech Republic

The Daya Bay Collaboration
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North America (16)

BNL, Illinois Inst. Tech.,
Iowa State Univ., LBNL, Princeton,
RPI, Siena, Temple, UC-Berkeley,

UC-Irvine, Univ. of Cincinnati,
Univ. of Wisconsin-Madison,
Univ. of Illinois-Urbana-Champaign,
Virginia Tech., William & Mary, Yale

South America (1)
Cath. Univ. of Chile
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+ A pure, intense source of
low-energy v,:
- release ~200 MeV/fission

- 16W,, generates 2 x 10207y,
per sec

e

/MeV/fission

Ve

o 1 2 3 4 5 6 7 8 9 10
Energy (MeV)

Inverse B-decay reaction
(IBD) in liquid scintillator:

V. +p—=>¢e" +n

n captured on H or Gd
Energy of v,

E,~ T, +18 MeV

\

\

\\
/ ;

[ I*- ‘.J",l,,',.'f',"l,,', N | I.',,',,'V |;L17~vﬂ.¢“ i Lt 1 l“|—~l\r‘l"-l—l.4Ll .

2 3 4 5 6 7 8 9 10

Vv, spectrum

"\(no oscillation)

From Bemporad, Gratta and Vogel
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[%%=/  Determining 0,3 With Reactor v,

* Look for disappearance of electron antineutrinos from
reactors:

_ . o[ Am L . o[ Am; L
P(V, =V )=1-sin’20,sin*| —<«— [+cos" 0 ,sin” 20 sin* | —2—
4E 4E
Large-amplitude Small-amplitude oscillation
oscillation due Y0 01, e 14 g, integrated over E
1 L ]
L \ ] .
N N | - Perform relative measurement,
2 05| N\ . foragivenE:
Z_ 07} ] 2
Z§ 0.6 - sin?26,3 = 0.1 RFar =( NFar )( gFar )(LNear) PFar
05 RNear N Near 8Near LFar PNear
0.4; % far — nur:)\?er' detection /2 y!'eld
03 ; 1‘ detectar e protons efficiency sin220
o1 1 10 100

near . Correlated errors are cancelled &
deftector Baseline (km) .
enable precise measurement.



”’ Layout of The Experiment

Overburden R, FE, D12 L12 L34

e Maximum power:6x2.9 GW‘rh EHI 250 127 57 364 857 1307
EH2 265 095 58 1348 480 528

S 500 EH3 860  0.056 137 1912 1540 1548

- TABLE I. Overburden (m.w.e), muon rate I, (Hz/m?), and average
400 — muon energy E, (GeV) of the three EHs, and the distances (m) to
2 the reactor pairs.

300—:

200

~300 m

100 -

~100m L3  Ling Ao-II
\ - ing Ao

249900 g L2 L4 NPP
) " 2000
om L1 Ling Ao
NPP :

Tla0n 2000 2200 2400

Daya Bay ) 160

800
o 200 400 600 NPP



Daya Bay Detectors

Automatic Calibration Units
(LED, %8Ge, Am!3C, ¢9Co)

inner water shield
./ outer water shield

AD support stand

concrete

gl | 172 PMTs > 2.5-m water:
I r - attenuates gamma rays &
N neutrons
- Double muon tag: RPCs and
Cherenkov counters

37-1 mineral 20-t liquid scint.
oil shield (gamma catcher)



,.,..,, Operation of Daya Bay

Date
24 December 2011

28 July - 19 October 2012

19 October 2012
20 Dec 2016 - 26 Jan 2017

26 January 2017

Operation

Data taking with 6 ADs
EH1: 2 ADs

EH2: 1 AD

EH3: 3 ADs

Special calibration runs
Installation of last 2 ADs

Data taking with 8 ADs

Special calibration runs
EH1 AD1 used for LS studies

Data taking with 7 ADs
EH1: 1 ADs

EH2: 2 AD

EH3: 4 ADs
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a’ Recent Improvements To Analyses

1.04}

- Reduced uncertainty in absolute
energy scale
- dedicated calibration using ¢°Co,

and n-sources with different
encapsulating materials

- deployed FADC readout in one AD

1.02f

—k
TT TT

o

©

(<]
1T

Reconstructed
True prompt energy
o
[{e]

(o]

o
©
&

I )5; .................................................... & Previous model .................

- Uncertainty changed from 1% to - B Current model
0.5% L T T T T T TR
. _ . o 2 _4 6 8 10 12
*  Smaller uncertainty in °Li/8He Trueipromptieneray eVl
bClegr‘OLmd 7100
- Cut hard on prompt energy to S = Eprompt > 8 MeV
enhance °Li/8He events in the 5 SO LBDLI/fHe
time-since-last-muon distribution z .
- decreased from 4.3 /o ’r<.) 27 % S . F prL 121 (2018) 241805
* Reduced uncertainty inspent E EH1
fuel from 100% to 30% g 20:_ 1<E[*<1.8 GeV
- detailed study of spent-fuel L ol al ol

102 107" 1
Time since previous muon [s]

history provided by power plant



Prompt-energy Spectrum in 2018

1958 days of data

3.5 millions inverse beta

decay candidates (IBDs) 20
were detected in the near 120
halls, and 0.5 million IBDs in > ...
the far hall. % w
B/S < 2% in all halls 2 e
EH1 EH2 EH3 40
Accidental/IBD 1.3% 1.0% 1.3% 20
Li-8He/IBD 0.4% 0.3% 0.3% E
Fast n/IBD 0.1% 0.1% 007% B |
Am-C/IBD 0.03% 0.02% 0.07% %,
13¢(a,n)0/IBD  0.01% 0.01% 0.04% % 0.95
Background contributes £ oo

<0.15% to the uncertainty in
the IBD rate

-
o
w

PRL 121 (2018) 241805

1
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Accidental
:] 2“Am'“c
°Li/ *He

‘.L‘ "C(a,n)“o

—}— Far site data
——— Weighted near site best fit

Fast neutrons

p

" é " f

8
€ promptiMeV]
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Most Precise sin?20,; & Am?,,

— — ) ) AmezeL 4 ) ) Am;L
P(v,—v,)=1-s1n"20,;s1n +c0s” 6,;81n” 20, sin
4F 4F
PRL 121 (2018) 241805 ) ) )
- . 9 Am” L b . 9 Am31L . 9 . 9 Am32L
2.8 i ' ' sin “—|<>cos” 0, sin" [ ——— [+8In" O, sin” | —==2—
o | 4E 4E AE
i T Amey, = +(2.47173:889) x 103 eV2 (NH)
> 0 .
Baspr Tl Amzg, = -(2.575:3.868) x 103 eV2 (IH)
o [ |
‘; 2.5~ Experiment Value (1072 eV?)
;_gl E T2K —— 2.463+0.065
£ 24 - Daya Bay —— 2.471+0.968
< N MINOS —_— 2.42+0.09 ,
2.8 [y NOvA —— 2515058 Nor'%nrcrn\l 3&2\0 <s
ol 1908 days. of data.. . .|  leowe T I pierarchy
' :I 1 i | | 1 1 i | 1 1 | i 1 1 | | i 1 1 RENO (nGd) 2631_014
0.07 0.08 0.09 0.1 Super-K i ? 2.50 1536
sin2(291 2) RENO (nH) 2.48%038
21 22 23 24 25 26 2.7 28
sin220,; = 0.0856 + 0.0029 ] (107261

> +0.068 3 2 |Am25,|'sobtained with v, & v, agree,
Am?, = (2.522-0070) x 107 eV supporting 3-flavor pamdigmM
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a’ Sterile-active Neutrino Oscillation

« Assume mixing of 3 flavours of active neutrinos with 1
sterile neutrino.
« Survival probability of reactor an‘rmeu’rrmo is modified:

...................................... .
P(V, = V,)=1-sin" 26,,sin’ Ay, L ~cos” 6, sin” 20,, sin” > | Am L
AE, AE,

—a— EH1

—%— EH2 I
—e— EHS3

~ - -
- - -

0 0-2 L E* kmmevp©
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Limit on A Light Sterile Neutrino

« Doubled the data sample by ~2 from the 2016 search
Daya Bay Only
1230 days of data Daya Bay + Updated Bugey-3
T T IIIIII T I‘:I = =] T T LI LB 105 1 1 1 |||||| 1 1 1 |||||| .; 1 1 1 |||||E
- - - ——Daya Bay Excluded FC 90% C.L. -
= ‘ B ----Daya.Bay Sensitivity FC 90% C.L. 7]
10k 3 [ e -
- A . 1E~----Bugey-3 Excluded 90% C.L. =
- — [ ——Daya Bay+Bugey-3 -
R - - Excluded 90% CL ]
q B 1 o B -
D 102l & .. 2 0TF E
10 Preliminary 7 < ¢ :
- 1 o< L -
€ K 1 € [ e
< N - . < 10_2 _ P Io ° \."*-;_
! - 5 reliminary -
107 - —Daya Bay Excluded FC 90% C.L. : = i — i
[~ =-Daya Bay Sensitivity FC 90% C.L. .
| (median, 1o and 20) i 10'3 — S =
- —Daya Bay Excluded 90% CL - =T 3
- --Bugey-3 Excluded 90% (I:.L. | R - E ............. E
1 1 L L1111l 1 1 L L1111l L L - 1 1 L1 1 IIII 1 1 L1 1 IIII 1 = =
107 102 10" 1 3 2 1

Sin?20),, 10 10 i, 10 1



Sterile Neutrinos: MINOS+Daya Bay+Bugey-3

103 EIIIIIIIl | IIIIIII| | IIIIIII| T TTTT | IIIIIII| | IIIIIII| | IIIIII:_t
C 90% C.L. Allowed ]
,| [JLSND B
10°F  — MiniBooNE (2018) E
—  [_]Dentler et al. (2018) ]
B DGariazzo 1
10 et al. (2019) =

Al
> 1 =
[0)) S E
N : ]
NEE T .
107 &
< S =
1072 = 3
- 90% C.L. (CL,) Excluded ]
5| —NOMAD ]
10 E --- KARMEN2 3
- — MINOS/MINOS+ and Daya Bay/Bugey-3 .
10—4 IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L1 111Vl

10° 10° 10* 10° 102 10" 1
) 2 2 .2 .2
sin 20Me=4‘UM4‘ ‘Ue4‘ =sin”“ 6, sin” 260 ,
Excluded all the allowed region of LSND and MiniBooNE for Am?,, < 10
eV2(90% C.L.) and the best fits of Dentler et al. and Gariazzo et al.
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éaw Reactor v, : Absolute Flux
13

- Improved neutron

detection efficiency Daya Bay (1230 days) :

- special calibration run using R=0.952 + 0.014 + 0.023
241 Am-13C and 2 Am-Be 5
heutron sources in all ACUs el
of one AD

- refined simulation to match

I—

)
E
. . . % // A ;///////////// 22 W
the special calibration data 5§ (47740 (77777
better el A ]
. E B I ¢ Previous data
Previous Now S 08 ¢ Daya Bay -
£, (81.83:1.69)% (81.48:0.74)% & | — World average 4
° o I - '1-0 Exp. Unc.
Total 2.1% 15% » | PRD100(2019)052004 77 1-GFluxUnc. _
T —
-+ 1.80 disagreement between 10 10? 10’
Daya Bay and prediction Distance [m]
* Reactor Ve.anomaly due fo Daya Bay agrees with the average of
- new physics ? the previous measurements:
- incomplete theoretical R =0.942 + 0.009 (exp) + 0.025 (model)

understanding ?
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”’ Reactor v, : Energy Spectrum

+ Improved measurement PRL 123 (2019) 111801

1200X10°
of the spectral shape | . 1958 days
disagrees with the tooor e L
Huber-Mueller prediction 3 sop = I Fulluncerainy
[ | -_ = 1 Prediction uncertain
- between 0.7 MeV and 8 2 600f = Flonuneerany
MeV by 5.30 E b g
S 400f = =
- in the range of 4-6 MeV by S lved
6 30 200F ~ spec'rr.‘a nhormalize e
. | in area -
O
+ Excess eventsin4-6 MeV £ '
are correlated with §
reactor power. g 09f-
- 6F
: g 5
* The spectral anomaly is g0 3|
not consistent with -4

sterile-active neutrino
m | X | n 9 Prompt Energy / MeV



18

(%7 Flux Evolution with Fuel Composition

13
* Reactor v, primarily come from 23°U, 23°Pu, 238U, and 24!Pu.
~1.0
Ll\\o 8 -® " Fis =@ Fog
< . - . - . . .
S . ° fw ¢ Pufl e 7 8% overestimation of

0.6 - log - : _
g . Rl TE PR predicted v, flux from 235U
+— 0.
§,,| ei--er-e-e-e-e-ee « 235U could be the key source
Bl Eizsiaca-e0-e-e of the reactor v, anomaly.

0.24 0.26 0.28 0.30 0.32 0.34 0.36
Fyz s s 1230 days, near detectors
F235 . ' A Daya Bay

_ 6.05 ~ 0,163 0_I60 0,I57 0_ls4 0.I51 § 5.0 = Huber model w/ 68% C.L.
S 6.00~"4. PRL 118 (2017) 251801 = .
2 5.95| E &
L 590k =mmmmmmme et e ?‘U 4.0
O 5.85f = CiL
¥ 5.80} | — 235 - gg;
— - Best fit = == Model (Rescaled) Seo oy B 10— °
=2 1OM-- Average & DayaBay 20 oo (Bo1s0 6010w 997%

5.70 I I I I :

0.24 0.26 028 0.30 0.32 0.34 0.36 5.2 5.6 60 64 638 7.2

_43 2 . .
Fosg o935 [107% cm? / fission]
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-"’ v, Spectra of 23°U and 23°Pu

» Extract the individual
spectra of v, 's from 235U -
and 23%Pu together from :
the temporal evolution of
the measured prompt
spectrum as a function of
the 23°Pu fission fraction.

+ Excess events relative to
Huber-Muller predictions
are seen in 4-6 MeV region

- 40 significance for 235U
- ~l1o only for 23°Pu

- First measurements of

such spectra for LEU
reactors.

PRL 123 (2019) 111801

-2 DYB
—o—2py DYB
=25 Huber x 0.92
~—2py  Huber x 0.99

10™ em?/ fission / MeV

DYB/Huber

Local dev.

1 2 3 E 5 6 7 8
Prompt Energy / MeV



M
Daya Bay;
1 - Summar'y

* Daya Bay
* has acquired the largest sample of reactor
antineutrinos
* provides the most precise measurement of
- sin?20,5 = 0.0856 + 0.0029
Am2,_ = (2.522:8:0%) x 10-3 eV?
- absolute reactor antineutrino rates and spectra
« does not find any evidence of sterile-active neutrino
mixing

« Daya Bay will stop data taking by December of 2020
 Precision in sin?26,5 # 0.0025
- Remains the most precise in the foreseeable future
* Precision in Am?,, # 0.06 x 10-3 eV?

20
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