vsics with

Al
Sy
- i n
R .
,‘;,‘ \ \\’ / ™y
\ o s R
e e N T ~=

\ ;
4 " 4 \ m)/‘-/
\ 526 7 v e
i 2 G

‘\ !

J. Pedro Ochoa Ricoux
Pontificia Universidad Catolica de Chile

)

PANIC 2017, Beijing



Why Neutrinos?
Basic Principles
Ongoing Experiments
The Future

Summary & Conclusions

Copyright University of California, Lawrence
Berkeley National Lab



Why Neutrinos?



Neutrinos

Matter!

e e e e

We need to understand neutrinos if we want to understand our

universe!

They are invaluable
astronomical (and
terrestrial)
messengers

They are the second
most abundant
particle in the
universe
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Neutrinos are everywhere!
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They can guide the way to new theories



Neutrlnos have mass'

* The observation that neutrinos
oscillate implies that they are
massive:

Howthey/v‘v> E

\ How they
interact propagate

where U is parameterized in
terms of three mixing angles

(B12,013,023) and one phase 0

frequenc
* amplitude ql 7
imati _ Am:, L
For example, as a rough appr0x1mz.1t10n P(, =7 )=1-sin 2 0, si 12 AT
at short baselines: ¢ AFE

(where Am2j = m%-m2;is the so-called “mass splitting”) 5



Open Questions

* Despite the great progress over the past two decades, many
questions still don’t have an answer:
Which is the right mass

hierarchy?
m? m2
A /  — Ve \ A
/ -V,
Normal -V Inverted
my> m,>
3 T — -+
solar~7x10™¢V?2 } Am.,
; __mlz
atmospheric \
~2x103eV? —
atmospheric A2
- > m
m,2| ~2x1073eV? \\ 23
) B . solar~7x10™eV? T~ Is 653 exactly w/4?
=T m; _ My~
What is the rest
mass of neutrinos ?
(and what is their 0 Y 0
origin)?

( Do neutrinos obey CP & CPT symmetries?

Are neutrinos their own antiparticles?

Are there more than 3 neutrinos (sterile, heavier than Z)?
| Others...

And also: -




Basic Principles of Reactor
Neutrino Experiments



Reactor Antineutri

NOS

—_— ————— e —————

* Nuclear power plants are an abundant and well-understood

source of electron antineutrinos:

fission process in a nuclear reactor
INd

O—» Neutron 4pr

o, Electron . e 1@0\;
. Anti-neutrino La /gq;
Gamma m% /@O\;
7 S (some loss)

1 ‘Ba O”
‘U 2.!6U Go/' / 2 .'-i-U ZJbU GO"

.
o»+ »@—» og—o—>o_.+®_,®_) 0\?—’
ag \9 lCha-n React:on|_> &
r

160

140

100

80

fission isotopes | &

fission products

Iyr
Z=N 1W's

. e Ve-producing v
K @ o, 1 v 60 & beta decays 100
x’ \ - s
239
*Rb & @ ! 40 10 s
O-» .
\' i) \ 239N 10 s
”S @ 20 >
r 0 O\. \ 0%
; s 0 .
L 4 o source: nobelprize org x. ‘ Pu source: Wikipedia 105
@ N & no data
— — Y 0 r 4 2 a0 &0 S0 100
Ve Ve
n—p+e¢€

— Knowing the fractions of isotopes that are fissioning at a given time and
the total power it is possible to predict the expected antineutrino flux



Detectlon Essentlals

* The primary detectlon channel Ig these experlments IS the inverse
beta decay (IBD) reaction:

Ve+p — €'+ n

Incident e Emitted spectrum
antineutrino
: / ----- Cross-section
AN Gamma rays
—— Detected spectrum

Gamma rays

Neutron capture

(arbitrary units)

Inverse
beta
decay

Positron
annihilation

— (Coincidence between positron and neutron signals allows for
powerful background rejection

— Product of flux times IBD cross-section gives spectrum that peaks
around 3-4 MeV

— Energy of positron preserves information about energy of incoming ve .



Electron Antineutrino Disa

ppearance

——— e —

* The disappearance of electron antineutrinos is given by:

P.

Vo=V,

This channel gives

access to most

neutrino oscillation
parameters (012, 613,
Am?21 and Am?s2), in a X
way that is independent ~
of 823 and CP effects.

Physics goals drive
choice of baseline

~1—{sin” 26, sin

1.0 T

~ o~
' Near X N\ . |
0sl Detector(s): Ear -\ S

Detector(s)
I (Experiments that N\ A
N measure B13).....i N\ N\ _
Y S RLITIIIIITI INTTIEIT TSP ERITTPTERL TSEPIIRPLISE | SRCREPLEY | SRTRPIRY NPRPRS
e R\ KamLAND
I ~Amgy | -\ N

— NAm21 JUNO_———'
01 10 ~100
L, km

2 AmgzL
4FE

5 Am;L
4E

4 . .
cos” 0,,s1n206,, sin

v, survival probability

(disclaimer: only including a subset of reactor experiments in this graph)
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Survival Probability

Reactor antineutrino experiments
have a very rich history:

0.8

0.6

0.4

0.2

Discovery of the neutrino (1953-1956,
“Project Poltergeist”)

KamLAND experiment: first very clear ~ HE Wlﬂ
demostration of L/E dependence (2002) NN e

e Data-BG-GeoV,
— EXpectation based on osci. parameters

+ determined by KamLAND

L AN

+

lllllllllllllllllllll

- Phys. Rev. Lett. 100, 221803 (2008)
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Neutron scope



Ongoing Experiments

12



Current Generatlon Of Experlments

* Current experlments (Daya Bay, RENO and Double CHOOZ) were
designed to make a precision measurement of the 613 mixing angle:

— Last unknown mixing angle in
the PMNS matrix

— 0O13is inextricably linked to the
possibility of observing CP
violation in the leptonic sector

possible
4_ _important
™ conseguences

in cosmology!

— 013 - driven oscillations provide a way to measure the mass
hierarchy

« Strategy: look for disappearance at short (~1-2 km) baselines:

.‘
- — Need “small” (hundreds of

>

A\ —p

4 S >
reactor Near Detector Far Detector tons) deteotors
-t R — Looking for a small effect,
>><< (at optimal energy) |sin2(2613) SO key iS keemg_
T Oscillated systematics under control

~1.5km L 13



Experlmental Layouts

Double Chooz

@ Reactor
O Detector

RENO ""i ‘8

(image from arXiv:1003.5800)

nGd target mass | Overburden
- Ein [OWI et site [tons] (near/far) [mwe]

Double Chooz
RENO
Daya Bay

80/300
16.4 15.4 90/440
17.4 80 270/950

Daya Bay

Start-End
data-taking
2011-2017

2011-2021(?)
2011-2020

LA 2
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Detector Technology

e —— e — - I

Three-zone detectors
* Similar detection technologies: <

L ™\ surrounded by instrumented water
Calibration units deploy :
sources and LEDs shields that also serve to veto muons

< L

inner water shield
outer water shield

1
3 1 | . x
P - ey | =
s B! 4= E e ___—d SRl
N | L B [T i === i =
E el - == .= _ __ _  |N ]
192 | [ == 3 Ton
- N- . - )
| 1 b el b |
W : e .
l g ‘

| Gd-dope\:‘ '
liquid scintillatc

(using Daya Bay as an illustration) 15



Far / Near

Determinatinof613

* Timeline for the discovery of a non-zero 61a:
2003 2011 2012
T2K, MINOS and Double Daya Bay obtains unambiquous (> 5
Chooz and Palo Verde: g . i / : 7 J ( )
- ' Chooz see indications of |  evidence of non-zero 613, RENO
sin?(2013) < 0.17 @ 90 C.L. g ,
non-zero 013 (s30) | experiment confirms shortly after.
* Now this angle is the best known in the PMNS matrix:
Daya Ba
Double Chooz RENO ya bay
T — T TR -
1.4 No oscillation 40001— ; RENO 1500 days
ND Best fit: sin ?26,, = 0.123 > B N

1.3 _- Systematic uncertainty g 3000f— -
“*'Note: uses nGd+nH s [ N T
1.15— é 3 ~ | EH3
1. 0? ............................................... @ 1000 ¢  FarData — : ::sc:sf;illations )
0.9f -|  mm Prediction (no oscilation : | st rtrons
0.8} 5 ' ' ' a | sy
0,7; Double Chooz Preliminary g — :I;l/izzlstal
0. 6— Far + Near (362.974 and 257.959 days) §
0.5k | | | | | | g 0.8- . : . , ,

1 2 3 4 > 6 7 - l ? ’ Promp‘: Encrgys(McV) ° ’ i

Visible Energy (MeV)

— All experiments see a very clear disappearance

signature consistent with three-flavor oscillations

Prompt energy (MeV)



_Global Landscape

——— —_———— e

* The most precise measurements of 813 come from reactor experiments:

Experiment Value . .
Daya Bay nGd e 0.084140.0033 Some ten_Slc_)n (~220) Wlth
RENO L Lo 0.0360.007 latest preliminary results by
Daya Bay nl ——i 00710011 Double Chooz.
D-CHOOZ nGd+nH — 1’*'10.
HERO fH | . g'gjgjtfjg Daya Bay, RENO and Double

ayesslan = . d 09975017 . . .
_ - | . | 0 105021 CHQOZ are Cc_)n3|der|ng makl_ng

IH : . 01161003 a joint analysis of cosmogenic
D-CHOOZ nH = . = 0.005+0.038 backgrounds.

0.06 0.08 0.1 0.12 0.14
SiIl2 2013

* Can also measure Am?s2 through the spectral distortion:

Experiment Value (1073 eV?) o o _
— Similar precision to that in

Daya Bay —— (NFH) ( 245+0.08 .

e accelerator experiments
T2K ———— 2.54010 055
MINOS = ° = 2.42+0.09
NOvA = ° = 2.67£0.11
Super-K | . , 2.50+013 (figures courtesy of M.
RENO = . = 2.56717 Gonchar)
IceCube = ¢ ! 2.50%05)

23 24 25 26 27 28
|Am2,| (NH, 1073eV?)
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Sterlle Neutrlnos

* Reactor experiments are also an ideal ground 2 | 2
to search for sterile neutrinos: Z5| ALEPH
e - DELPHI
| L3
v Well-motivated from the theoretical standpoint | 2l OPAL

(e.g. dark matten)
v Could explain some of the anomalies seen in !

error bars increased
by factor 10

v Could explain some of the puzzles in astrophysics ! + average measurements,

neutrino physms/
\ | =

88 90 92 94

L/E, (meters/MeV)

E_, [GeV]

@ > 1
8 175} o Boam Excess LSND anomaly: 2 : :
lg 15k BE8 pf,~v,e)n «3 80 excess of V Ve in % 12 3 Antineutrino E
© > - ]
8 125| L ket a Vv, beam (2001) “ 'O + :
[ P | omer 0.8 ]
MiniBooNE N i

antineutrino > . e e
anomaly: 2.80 ‘ :
excess of Ve in a 'V, o ;
: L . beam (2013) 002 0.4 0.6 0.8 1.0 1.2 14 15 3.0
04 06 08 1 12 14 EVS (GeV)
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(Measured) / (Expected from EH1)

The existence of sterile neutrinos could be detected via their modification
to the 3 active neutrinos’ oscillatory behavior if they mix with them

Accelerator (MINOS) and reactor (Daya Bay + Bugey-3) results have been
recently combined to yield stringent exclusion limits:

In Daya Bay, sighal would appear as an
additional spectral distortion with a
frequency different from standard 3-
neutrino oscillations

LSND + MiniBooNE’s allowed
parameter space excluded < 0.8 eV2 @
90% C.L.

102 I |||||||| I IIIIII| LI III| T T TTTIH

1.1

0.9

------ Am}, = 4x10° eV? - AmZ, = 4x10? eV?
sin°20,, = 0.05 assumed

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

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

#Il.

10

Am

PRL 117,
151801
(2016)

| 99% C.L. Allowec
= CJLSND

MINOS
Daya Bay
Bugey-3

o s e 0 B

1 2 3 4 5 6 7
Prompt Energy (MeV)

F — MiniBooNE (v mode)
~ 38 Kopp et al. (2013)
{112 Gariazzo et al. (2016)

-3
10 E 99% c.L. (CL,) Excluded
- — MiniBooNE
- — MINOS and Daya Bay/Bugey-3

-4
107

10 10° 107 10"
sinf20 = 4lU_FIU P
ue e4 u4

—h
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NOBSI(NEXP) pred,new

-y
o
o

0.75

Ongoing reactor experiments can also measure the spectral shape
of reactor antineutrinos with unprecedented precision

This allows to investigate yet another anomaly:

— The reactor antineutrino anomaly: data from short baseline reactor

experiments show a consistent deficit with respect to the most recent
estimates of the expected flux

3+1(sterile) neutrinos

(2012)

5 = I I_ 1 S

T Y LB B l. 1'. 1 | T _ '%'!I

3 neutrinos T Sgs 55 I P
‘ ' §§ HIHE 1 B

Mention etal, | 1,12

[ i PR T R N S i |

- - e e . - o e wm owm e e

}——o—l:xr'l ABVRbed-2s
|

I

10

0

Distance to Reactor (m)

— With all < 100 m baseline experiments combined, it is a ~5.5%

deficit at ~2.50 [phys.Rev. D83 073006 (2011)]
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Reactor Antlneutrlno Fqu

Results from RENO and 5
Daya Bay are consistent 3
with those of previous short 5 |
baseline experiments a
0.8
Causes of the anomaly?
Experimental systematics?
Extremely unlikely...
New Physics (oscillations to c
a 4th ~eV sterile neutrino )? B
©
Mavybe.... 2 1o
Unaccounted systematics £
in the prediction? Likely... - 0.8
0.6

Reeno= 0. 946 £0.021

1.2

-

J

- Prehmmary RENO -

- ] .
a [

i H he L

5 —e— Other experiments 7

— —e— RENO ]

~ —— Global average -

(] Experiments Unc.

|

| Short baseline mea;gement (<100 m) [_] Model Unc.
0.6—————1 il ' e oottt
10 10 10°
Distance (m)
RDYB— 0 946 +0 020
1.2 r r—r——r
i l Daya Bay
i *% H T

i |
l —e— Previous data
—=— Daya Bay

—— World Average
[C] 1-0 Exp. Unc.
Chinese Phys. C41, 13002 (2017) 22 1-o Fiux Une.
10 103

Dista1nce (m)
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Reactor Antlneutrlno Spectral Shape

DATA/MC ratio comparison

o OngOIng reactor :::lelrr;:n::::tfol:l:us:::ctra different in DC (Haag) and DB/Reno (Huber)
experiments can also do £ ~ o Double Chooz snapeont) | DIC P II |
I ............................. - e ..................... re lmlnary_
an absolute shape ~ 1.2 = Dayabay
com ] - g C s RENO (modiieafor shape oy ¢ (from . G Botella s talk at EPS 2017)
parison wit A | arxivi161004326 ; | -
unprecedented ol 154 NEOS e on Jf o
statistics et I -
1 1 __ IO S OO OOt SO .................... _ ............ _—
— All see a clear “bump” - ]
from 4-6 MeV 1.05 ....... ‘ ............ ]
« Observations so far: - 1 e
1 :" n ........%........._.:
— Events are power correlated C ; L
and time independent 0.95- TE T 4% .. W — |_—
8
— Events have all IBD characteristics Visible energy (MeV)”

* can slightly differ from one experiment to another due to detector effects

— Bump not seen in other spectra (e.g. °B), ruling out electronics and/or energy
model

* |mplications are clear: if cannot predict shape as accurately as expected,
maybe the same is true for the flux

22



Hints from Study of Fuel

= — —

Evolution

Daya Bay has recently released a study of how flux and shape changes with
fuel evolution (measured with 23°Pu effective fission fraction, F239)

(>100 and >50 respectively)

extract individual 23U and 23°Pu yields

Fo3s
0.63 0.60 0.57 0.54 0.51
IEI 6-05 N T T I 1 I
S 6.00 F—®-_ PRL 118, 251801 (2017)
wn
= 5.95 -
o 5.90 pommemmeaa T o =
€ o
o 5.85 F 0
7 5.80 | =
= —— Best fit - =+ Model (Rescaled) D “gé
- 5.75 1 .. Average ¢ DayaBay O
@) 5.70 | I I I I ?
0.24 0.26 0.28 0.30 0.32 0.34 0.36 S
Fa3g H%
é\l

Equal deficit of all isotopes (as required by
sterile neutrino interpretation of anomaly)

As shown in Giunti et al.’s arXiv:1708.01133, significance diminishes if considering global data 23

disfavored at 2.80.

See clear changes in flux and shape with reactor fuel evolution, as expected

Evolution is inconsistent with prediction from Huber + Mueller model at ~30
Using some conservative constraints on 24'Pu and 238U, can use these data to

- - - - - - -
= = == = = = o = S

o
U

ok
o

B
&)

&
o

w
w

3.0

0938 = (10.1+£1.0) x 10~
oon = (6.04 £ 0.60) x 1074

A Daya Bay
—e— Huber model w/ 68% C.L.

-

. 68%
95%
99.7%

5.2

56 6.0 64 6.8
o35 [107% cm? / fission]

7.2



The Future
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What’s next for running

—— e ———————.

* Running experiments still have much to give:

Double Chooz

— End data-taking in 2017 and
recount protons (main systematic
uncertainty)

RENO

to 2021)

Run until 2018 (possible extension

experiments?

DC Sensitivity Double Chooz Preliminary
‘1'_’ 0.020 T T T | T T T T T T
" DC-IV @ CERN Configuration
a§ This 3 years ’
® running: s Improved Proton# Uncertainty
- Dec. 2017

0.014

0.012

0.010

0.008

0.006

—  Aim for 6% precision in 813 and Am?

Daya Bay
—  Run until 2020

(see Zeyuan Yu’s talk at today’s parallel

Expect < 3% precision in 6813 and Am?

session on “Recent Results from Daya Bay”)

IIIIIIIIIIIIIIIIIIII

i | number uncertainty

: Driven by proton

s é ' '

;151

lllllllllllllll[lllll

Time since MD data-taking start (years)

+ expect other physics results from
these experiments (improved sterile
neutrino search, improved absolute
flux and shape measurement,
searches for new physics, ... etc).

* And there are new reactor experiments being constructed (next slides)...

25



Short Baseline Experiments

* An aggressive program of
several very short baseline
experiments is underway to
address some of the open
questions

Example: PROSPECT
. -“ ‘ .

 Main goals:

— Search for oscillations to a
~eV scale sterile neutrino

+ shed light on reactor antineutrino
anomaly by constraining 23°U vyield
(in some cases)

* |n this conference we will hear about DANSS in Russia, STEREO in France

and PROSPECT in the US. The former two are already collecting data.

—  Other experiments include NEOS (South Korea), nuLAT (USA), Neutrino4
(Russia), SoLid (Belgium) and Chandler (France)

Moveable detector very near a highly

+ reactor monitoring and enriched uranium (HEU) reactor
nonproliferation (in some cases)

26



The JUNO Experlment

There is also a major multipurpose reactor neutrino experiment being
constructed in China: the Jiangmen Underground Neutrino Observatory (JUNO)

- Baseline of 53km from two major power plants (10 reactors)

:~,‘.’ " O /_ .‘ o AN ‘1‘1 han ALl
. ¢ @ Zhu' Hai O;\ |
& "‘f ong Kong

Yangjiang NPP

*@

" Shen Zhen - \l

Macau

Daya Bay
! {OngeK« rNPP

1.0

0.9

v, survival probability

Given the larger baseline, the detector will have to be MUCH larger than the

Daya Bay ones (roughly a factor of 100).

(Note: a similar proposal in Korea, RENO-50, has now been abandoned)

| DayaBay T """"""""""""""""""""""""""""""""""""
i oo N
---->-400-collaborators--\\ - /AN~
_____________7.$399_m_'!_'_-9n_9$ ________________________________________________
| — total | \ /) Y
| — ~Amgp| 0 \/ KamLAND
—  ~Amy JUNO —
L, km
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through a measurement of the fine structure in the oscillated spectrum
140000 ! ! ! ! ! ! T 400007 T
5 ; 5 5 | - [— NH |
| — H 35000}
F20000F e L NoOSCILL | |
§ | ; ' ' 30000(
100000} - ff e\ SR (these..p.l.o.ts..assume.- |
) perfect resolutlon) 220000
S 80000 /- ' : 5 , , , .
) E
2 .
%;q'§ """"""

JUNO Spectrum

JUNO'’s primary purpose is the determination of the neutrino mass ordering

- JUNO will be the first experiment to make a combined observation of solar

and atmospheric oscillations.
- For 6 years of running can achieve a sensitivity to the mass hierarchy of ~30

(or >40 if <1.5% external constraints on |[Am?2,,| become available) o



* Need an UNPRECEDENTEDLY LARGE & PRECISE detector:

DETECTOR
TARGET MASS RESOLUTION
KamLAND 1000t 6%/E
Double Chooz 81
RENO 161 8%/+/E
Daya Bay 20t
~ Borexino 300 t 5%/+/ E
\ i' 20000t 3%/WE

- — ——— .m T —_—— — — o ‘I

Acrylic sphere S S Steel truss

Compleentary to the large PMTs!

- Will also need highly transparent LS (> 22m attenuation length @ 430nm),
photocathode coverage of > 75%, and a PMT quantum efficiency >35%.

29



Other Physics Top

JUNO also has a very rich program in other topics:

——

Precision measurements of oscillation parameters: sin?2612, Am>Z21

and |Am?2ee| will be measured to better than 1%.

Geoneutrinos: about 300-500 per year (current sample is < 150 events)

Supernova neutrinos: could measure the time evolution, energy

spectra and flavor contents of SN neutrinos

Solar and atmospheric neutrinos

Expected events for SN at 10kpc

Events for different (E,) values

Channel Type 12 MeV 14 MeV 16 MecV
Ue+p—et+n CC 4.3 x 103 5.0 x 10° 5.7 x 103
v+p—v+p NC 0.6 x 10° 1.2 x 103 2.0 x 103
v+e—vte ES 3.6 x 102 3.6 x 102 3.6 x 102
v+ 12C > v+ B2Cx NC 1.7 x 102 3.2 x 102 5.2 x 102
ve+ 12C > e~ + 12N CC 0.5 x 102 0.9 x 102 1.6 x 102
Ue+ 12C et + 2B CC 0.6 x 102 1.1 x 102 1.6 x 102

Events / 225 keV

Expected geoneutrino spectrum

450

400

350

300

250

200

150

100

50 K

| year simulated data

Signal
Reactor
9Li 8He

Accidentals
Fast Neutrons

9

+ others (sterile neutrinos, proton decay, neutrinos from dark matter... etc)

10
Visible energy [MeV]
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JUNO Schedule

Complete civil

Complete construction., Complete detector
conceptual design. Start detector assembly,
Complete civil PMT production construction and  installation and LS
design and bidding  line manufacturing assembly filling
I 1 _____EE__J— 1 .
2013 » 2014 » 2015 » 2016 » 2017 » 2018 » 2019 » 2020
1 o ""'T'E—_'T .

Start civil construction. Start PMT Start LS production
Complete prototyping production.
(PMT & detector). Start detector

International collaboration production or
established bidding

data takmg |

expect to run for over
two decades




Summary &
Conclusions
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Summary & Conclusions

—— ——

Reactor Antineutrino Experiments have a long and rich history of
contributions to neutrino physics:

— From the discovery of the neutrino to the determination of the
last mixing angle 613

A bright future is also on the horizon:

— Ongoing experiments still have much to give (e.g. exquisite
precision in determination of oscillation parameters).

— Next generation experiments are in the front line to tackle some of
the unanswered questions of our day (e.g. what is the neutrino mass
hierarchy? are there more than 3 neutrinos?)

Stay tuned, and be prepared for more possible surprises!
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Thank you for
your attention!




