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    - DAQ & Data Analysis Tools



3

1930: Pauli postulated neutrino to explain β decay problem (3body kin. 2body)

1933: Fermi baptized the neutrino in his weak-interaction theory

1956: first discovery of neutrino (νe) by Reines & Cowan from reactor

1957: neutrinos are left-handed by Goldhaber et al.

1962: discovery of νµ by Lederman et al. (Brookhaven Lab)

1974: discovery of neutral currents due to neutrinos

1977: tau lepton discovery by Perl et al. (SLAC)

1998: atmospheric neutrino oscillation observed by Super-K

2000: ντ discovery by DONUT (Fermilab)

2002: solar neutrino oscillation observed by SNO (confirmed by KamLAND)

          What  NEXT…?

Brief History of Neutrinos

(confirmed by 
K2K & MINOS)
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 3 flavors:  νe, νµ, ντ   
    in Standard Model

 Neutrinos are 
    massless in SM.

Standard Model

** But neutrinos have 
   very tiny masses!
  

      mtot < 0.28 eV  
       (2008, SDSS)
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   Flavor eigen-state    ≠   mass eigen-state 
      creation/detection                travel (oscillation)

Neutrino 
mixing matrix

Solar,
Reactor exp

Atmospheric,
Long baseline

Reactor,
Long baseline

Neutrino Oscillation
(νe, νµ, ντ) (ν1, ν2, ν3)
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 RENO is aiming for a precise measurement of θ13.

    (competing exp.:  Double-Chooz,  Daya Bay)

 

  Δm12
2  ~ +7.6 ×10-5 eV2 ,      θ12 ~ 34o

  Δm23
2  ~ ±2.5 ×10-3 eV2 ,      θ23 ~ [38o ~ 52o]   

                                                θ13 <  10o Global fit
arXiv:1003.5800

based on
Chooz exp. (2003)

Neutrino Oscillation Parameters
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1.0

1200 to 1800 meters

Observed flux before oscillation

Oscillations observed as a
deficit of anti-neutrinos

sin22θ13

Experimental Method of θ13 Measurement

 Find disappearance of νe fluxes due to neutrino oscillation as a function of energy
using multiple, identical detectors to reduce the systematic errors in 1% level.
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Inverse beta decay: 

Detection of Reactor Neutrinos

νe + p ---> e+ + n

νe

prompt signal

delayed signal
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(1) 0.7< Eprompot <9MeV (2) 5< Edelayed <11MeV
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prompt signal delayed signal

data from Chooz 
hep-ex/0301017v1
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RENO Location: 
YongGwang

38o

YongGwang (靈光) :

Glorious light
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2.73 GWthermal/reactor

World 2nd largest nuclear thermal power generation

6 Nuclear Reactors in YongGwang
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• 2.73 GWth per reactor ⅹ 6 reactors
• 1.21x1030 free protons per target (16 tons) ⅹ 2 targets

• Near :  1,280/day,   468,000/year
• Far :       114/day,     41,600/year

 3 years of data taking with 70% efficiency

 Near :  9.83x105  ≈ 106   (0.1% error)
 Far :    8.74x104  ≈ 105   (0.3% error)

Expected Number of Neutrino Events at RENO
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Expected Number of BG Events at RENO

1.0 / day3.0 / daycorrelated
n

Fast n from
cosmic µ

~2 / day
~6 / day
(< 0.5%)

Total

0.7 / day2.8 / daycorrelated
n

Isotopes induced
by cosmic µ

(8He, 9Li)

~30 Hz~30 HzSingle γ
Radioactive
Environment

(40K, 60Co, 232Th, 238U)

Far Det.Near Det.
Detected

assource

easily
removable

No problem

Removable 
down to << 0.5%

mimic signal
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< 0.5

0.05

0.0

0.1

0.0

0.1

< 0.1

0.0

0.1

< 0.1

0.2

< 0.1

0.2

< 0.1

RENO (%)

2.7combined

0.5Neutron multiplicity

0.3Positron-neutron distance

0.4Neutron delay

0.1Neutron geode distance

0.4Capture energy containment

1.0Neutron capture (H/Gd ratio)

0.1Positron geode distance

0.8Positron energy

Detector Efficiency

0.3Target mass

0.8H/C ratioNumber of protons
in target

0.6Energy released per fission

0.7Reactor power

1.9Reactor antineutrino flux and

cross sectionReactor related
absolute normalization

CHOOZ (%)Systematic Source

Expected Systematic Uncertainty
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6 Reactor Neutrino Flux Uncertainty

Uncorrelated error:
-- from individual reactor 
   thermal power output error

-- reduced by ratio,
    # ν (FD) / # ν (ND)

Correlated error:
-- from normalization of
    total neutrino flux

-- Using data from one reactor
   OFF (every 3 month) for 1 month,
   the flux difference can be 
 measured in the ratio and reduced.

Uncorrelated error

(** This sys. error is already included in the previous table.)

Power uncertainty:    1.6%  -->  3.2%
            Sys. Error:  < 0.1%  -->  0.3%

(Nominal)       (x2)
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90% CL Limits Discovery Potential” (3σ)

• 10 times better
sensitivity than
the current limit

RENO Expected Sensitivity
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?

~10M

?

Cost

(US $)

40×2/80

16/16

10/10

Target

Mass

(tons)

> 230

40

> 160

# of

people

260/910360(500)/1985(1613)11.6China
Daya Bay

120/450290/138017.3Korea
RENO

115/300410/10508.7France
Double-Chooz

Depth

Near/Far

(mwe)

Distances

Near/Far

(m)

Thermal
Power

(GW)
LocationExperiments

Comparison of Reactor Neutrino Experiments

 Double-Chooz is expected to complete construction in 2012.   sin2(2θ13) > 0.03 

 RENO will finish its construction by Mar. 2011.                          sin2(2θ13) > 0.02

 Daya Bay: expected completion is at the end of 2012.              sin2(2θ13) > 0.01
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RENO Collaboration
          (13 institutions and 40 physicists)
 Chonbuk National University (전북대학교)
 Chonnam National University (전남대학교)
 Chung-Ang University (중앙대학교)
 Dongshin University (동신대학교)
 Gyeongsang National University (경상대학교)
 Kyungpook National University (경북대학교)
 Pusan National University (부산대학교)
 Sejong University (세종대학교)
 Seokang Information University (서강정보대학교)
 Seokyeong University (서경대학교)
 Seoul National University (서울대학교)
 Sungkyunkwan University (성균관대학교)
 California State University Domingez Hills, USA
+++  http://neutrino.snu.ac.kr/RENO
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RENO Experimental Setup
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Google Satellite View of Experimental Site

Near Detector

Far Detector

~1.4 km

~300 m
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100m 300m

70m high

200m high

1,380m290m Far Detector

Near Detector
Reactors

Schematic View of Underground Facility



22

RENO Detector

 Total  354 10” Inner PMTs:

      14% surface coverage

 Total  67 10” Outer PMTs

(per detector)
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352.6Waterconcrete880840Veto tank

64.4Mineral oil
Stainless

steel
580540Buffer tank

30.0LSAcryl440400
Gamma
catcher

16.5
Gd (0.1%)

+ LS
Acryl320280

Target
vessel

Mass
(ton)

Filled with
Container
Material

Inner
Height
(cm)

Inner
Diameter

(cm)

RENO Detector (cont’d)

RENO consists of 4 different purpose/size 
symmetric & coaxial cylinders.
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 Tunnel facility, detector structure & buffer steel tanks are completed.

 June 2010 : Acrylic containers are installed.

 Aug. 2010 : PMT test (completed).

 Aug. ~ Dec. 2010 : Installation of PMTs and veto tyvek (done).

 Jan. 2011 : Installation of DAQ & HV (70%) and detector closing (done).

 Feb. 2011 : Installation of liquid handling system (done), making liquids (on-going)

 Mar. 2011 : Start data taking, filling liquids

Excavation &
Underground Facility
Construction
Detector
Commissioning &
Data Taking

Detector
Construction

Geological Survey
& Tunnel Design

Activities

Detector Design
& Specification

2006 2007 2008 2009

3 6 9 12 3 6 9 12 3 6 9 12 3 6 9 12

2010

3 6 9 12
Activities

2011
3

Schedule
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• Near detector site:
- tunnel length : 110m

- overburden

             height : 46.1m

• Far detector site:
- tunnel length : 272m
- overburden
            height  : 168.1m

(2007.3~2007.8)
Rock Quality Map

Rock quality was good
to make tunnels.
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Design of Tunnels

Experimental hall

Experimental

hall

W
ing tunnel(L)

Wing tunnel(R)

Detector

W
ing tunnel(R

)

Access tunnel

Access tunnel

Detector
vertical h

all

(2007.9~2007.11)

Design of Tunnel
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  Approval from government regulation (‘08. 01/05)

  Cleared local government regulations (‘08. 01∼’08. 06)

  Preparation for tunnel excavation (‘08. 07)

Tunnel Construction for Underground Facility
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Tunnel Construction
(2008.6~2008.12) by Daewoo Eng. Co. Korea
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Near & far tunnels are completed
by Daewoo Eng. Co. Korea(2008.6~2009.3)

Near site

Far site
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by NIVAK Co. Korea

Vertical detector halls & steel structure are ready (2008. 12~2009. 06)
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 Internet cable and mobile telephone network

Underground Peripheral Facility (2009. 7~12)

 Electric power and ground system
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Experimental Hall
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by NIVAK Co. Korea

Buffer steel tanks are installed
(2009.6~2009.11)
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by KOATECH Co. Korea

Acrylic vessels are made and installed
(2009.7~2010.6)
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Installation of Acrylic Vessels (2010. 6)
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PMT Holder (2009. 10~12) and Mounting (2010. 8)
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PMT Assembling (2010. 8~10)
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1st & Bottom PMT Mounting (2010. 8. 17) 
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PMT Mounting (2010. 8 ~ 2011. 1) 
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Near Detector: Mounted PMTs (2010. 8)



43

Far Detector: Mounting PMTs (2011. 1)
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Installation of
laser injector

Veto Tyvek and PMTs (2010. 10)
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Leak Test of Acrylic Vessels (2010. 10~11)
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PMT Signal Check (2010. 10~12)
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Tyvek Installation (2011. 1.) 
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ND/FD: Chimney, Tybek, Buffer Lids (2011. 1)

ND

ND
ND

FD
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Near Detector: Installing Tubes (2011. 1)
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Near Detector: Installing Tubes (2011. 1)
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Near Detector: Closing Veto Lid (2011. 1)
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Closing Near Detector (2011. 1)

 Near Detector is finished (Jan. 21, 2011).
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Closing Far Detector (2011. 1)

 Far Detector is finished (Jan. 24, 2011).
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Liquid Handling System (2010. 10 ~2011. 2)

Fill the liquids with the same level
to avoid stresses in acrylic vessels. 
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 Recipe of Liquid Scintillator

0.1%  Gd+TMHA

(trimethylhexanoic acid)

PPO +

Bis-MSB

LAB

Gd-compoundWLSAromatic Solvent &
Flour

 0.1% Gd compounds with CBX (Carboxylic acids; R-COOH)

    - CBX :  TMHA (trimethylhexanoic acid)

CnH2n+1-C6H5 (n=10~14)

• High Light Yield : unlike Mineral oil(MO)
• replace MO and even Pseudocume(PC)
• Good transparency  (better than PC)
• High Flash point : 147oC  (PC : 48oC)
• Environmentally friendly  (PC : toxic)
• Components well known (MO : not well known)
• Domestically available: Isu Chemical Ltd.

Gd Loaded Liquid Scintillator

Liquid Alkyl Benzene (LAB)
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Trailer Research Facility & Guest Room (2009. 11~2010. 2)
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Design of Electronics Hut & Control Room (2010. 11)
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Installing Electronics Hut & Control Room (2011. 1)

Electricity power
was installed as well.
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HV Supply System (2010. 9)
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DAQ Electronics System (2010. 9)
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Detector Monitoring System (2010. 12 ~ 2011. 1) 
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RRENO  AAnalysisnalysis  CControlontrol

Raw/MCRaw/MC
DataData

ProductionProduction
ModulesModules

ReconstructionReconstruction
ModulesModules

UserUser
AnalysisAnalysis
ModulesModules

UserUser
ntuplesntuples

RACFrameWork

RENO Analysis Code



64

RENO Event Display
Cosmic muon (BG)

Inverse β decay (signal)
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 Mockup detector: 
     -- Nov. 2008
     -- size:   1/15   (no veto)
     -- mechanical study, 
        DAQ test, mini data taking 

Overview of RENO Preparation

 Prototype detector:   Oct. 2006
    -- size:     1/75   (no buffer, no veto)
    -- PMT study, liquid scintillator study
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Overview of Preparation (cont’d)

 Real detector: almost ready!

 Simulation software: modified KamLAND software (ready!)

 Reconstruction software: under way
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Data Vs. Simulation

Cs-137
Ge-68

Co-60
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Position 
Reconstruction

Position resolution:

  38 cm @ 1 MeV
  better @ higer E
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Energy 
Reconstruction

Gd capture

H capture

well separated
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 Jan. 14 ~ 24 : Detector closing <100%>

 Jan. 24 ~ 28: Installation of electronics huts&control rooms <100%>

Jan. 24 ~ Feb. 15 : Installation of HV and DAQ <70%>

Jan. 24 ~ Feb. 18 : Installation of liquid scintillation handling system

                          <100%>

 Feb. 16 ~ 28 : Start data taking as dry run (w/o liquids)

                           < started on Feb. 19, currently on-going >

*** Feb. 19 ~ Apr. 15 : Make & fill liquid scintillator (2 x 16 ton)

To-do List (2011. 1 ~ 2)

Apr. 15, 2011:  aiming for the first physics data taking!
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 RENO Completion Ceremony

 When: Apr. 15, 2011

 Where: YongGwang nuclear power plant, S. Korea

 Who: many science related people

 What: 
     -- push the button for data taking!
     -- announce to mass-media,
     -- press conference, 
     -- make/distributes booklets, 
     -- etc…
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한겨레신문 (2011.1.5)KBS 9시 News (2010.11.8)

RENO in Mass Media (2010. 9~2011.1 )
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조선일보 (2010.9.7) S&T Focus (2010.9)

물리학과 첨단기술 11월호 (2010.11)

RENO in Mass Media (2010. 9~2011.1 )
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Application of RENO θ13 Result

(Of course, the θ13 measurement itself is very meaningful!)

 Accelerator-based neutrino CP violation experiments
                                       (θ13  !=  0)

 Neutrino mass hierarchy measurement
                                  (not too small θ13)

 precise measurement of atm. neutrino oscillation parameters

        in IceCube DeepCore   
        in Super-K PRD 81, 113008 (2010)

PRD 82, 093011 (2010)

arXiv:1003.5800
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Other Physics Topics in RENO

 Supernova neutrinos:  galactic supernova

 Sterile neutrinos ?

 Mass varying neutrinos

 Geo-neutrinos

 Precise measurement of θ12 :
     -- with a longer baseline (20 - 30 km, or 50 - 70 km)

 Reactor physics
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1930: Pauli postulated neutrino to explain β decay problem (3body kin. 2body)

1933: Fermi baptized the neutrino in his weak-interaction theory

1956: first discovery of neutrino (νe) by Reines & Cowan from reactor

1957: neutrinos are left-handed by Goldhaber et al.

1962: discovery of νµ by Lederman et al. (Brookhaven Lab)

1974: discovery of neutral currents due to neutrinos

1977: tau lepton discovery by Perl et al. (SLAC)

1998: atmospheric neutrino oscillation observed by Super-K

2000: ντ discovery by DONUT (Fermilab)

2002: solar neutrino oscillation observed by Kamland (confirmed by KamLAND)

Brief History of Neutrinos

2014 ?: reactor neutrino oscillation ???   Hopefully….!!!

(confirmed by 
K2K & MINOS)
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Summary
 RENO’s sensitivity for measuring θ13 is sin2(2θ13) > 0.02

 RENO is near completion.

 International collaborators are still being invited.

 Data –taking is expected to start in April 2011.

Thank you!
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1. Radioactive sources:  Cs, Co, Ge, Na, Cf
    -- 1D (z) position, SPE resolution (using source driving system)
    -- 3D vertex resolution  (using robot arm driving system)
    -- Gd capture reaction (Cf)

2. LEDs:  UV and blue LEDs
    -- SPE resolution

3. Laser light:
    -- 5 injectors (via multiplex from semi-conductor laser) 
       connected to 5 optical fibers (top: 1, bottom: 1, barrel: 3)
    -- PMT uniformity check 

Calibration

** RENO Invites international collaborators who will be responsible for 
    the RENO calibration especially.
    (Calibration facilities are ready!)
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Glove Box and Source Driving System (2010. 10~12) 

For calibration
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보조 수직 팔

수평 팔

3D Calibration System (2010. 8 ~2011. 2)
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Proposal:
Korea-Sweden

  Neutrino Research Center
(KSNRC)

Note:

This proposal is an outcome of the discussion
with Prof. Soo-Bong Kim (RENO spokesman, &
director of Korea Neutrino Research Center)
while I was visiting Seoul National University
for the RENO collaboration meeting where
I was invited as an observer member of RENO. 
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Why Korea-Sweden
“Neutrino” Research Center?

1. Both sides have active neutrino communities. 
   -- Sweden: IceCube (Stockholm U, Uppsala U. )
                      neutrino phenomenology (KTH)
   -- Korea: RENO (13 university group)
                  T2K, Super-Kamiokande
    

2. Strong interest in international collaboration for RENO.
(RENO is an exciting reactor neutrino experiment to measure the last  
 undetected neutrino mixing angle of theta_13 from 2011.)

3. Desire for longer-term collaboration 
    in future neutrino program.

** Korean government is very interested in exchange 
    program with Sweden.
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1. Prepare for a common research plan & proposal.
    -- obtain a list of interests from both sides.
    -- build an organization of participating institutions.
    -- prepare for MOU.

2.  Establish international collaboration for RENO.

3. Submit a proposal to establish the center.
      (Ex: apply grant for 500 M won (~3 M Kr) per year for 9 years)
 
   (* There is KNRC (Korean Neutrino Research Center)
                                  in Korean side.)

How to establish
the neutrino research center?

http://www.knrc.kr/v1/main/index.php
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Submit a proposal to a Korean funding agency. 

* Example: 500 M won (~3 M Kr) per year for 9 years.
   -- 200 M won: salary for about 3-5 (?) researchers 
   -- 150 M won: travel expenses for exchanging scholars 
   --   50 M won: workshops and seminars
   -- 100 M won: overhead (20%)

Action Items
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RENO Technical Design Report
hep-ex/1003.1391  (Mar., 2010)

     "RENO welcomes foreign collaborators,
      and wishes to obtain exciting results soon together!”

                                           --- Special message from the RENO spokesman

If you are interested in joining RENO & KSNRC,
the RENO spokesman is willing to visit Sweden

and invite you formally,
before you do anything else.

(so, please let me know your interest!)


