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20 July 1956, Volume 124, Number 3212 SCI I ',NC I i,

Detection of the Free
Neutrino: a Confirmation

C. L. Cowan, Jr.,, F. Reines, F. B. Harrison,
H. W. Kruse, A. D. McGuire

A tentative ident
neutrine was mads
performed at Hanfi
that work the reacti

v. b pt

Clyde Cowan Jr.

both triads. The detector was completely
enclosed by a paraffin and lead shield
and was located in an underground room
of the reactor building which provides
excellent shielding from both the reactor
neutrons and gamma rays and from
cosmic rays.

The signals from a bank of preampli-
fiers connected to the scintillation tanks
were transmitted via coaxial lines to an
electronic analyzing system in a trailer
van parked outside the reactor building.
Two independent sets of equipment were
used to analyze and record the operation
aof the twa triad detectare Tingar ampli-
ight selec-
uits. When
s and co-
yed) were
riple-beam

and the
vent were
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In June of 1956, they sent a telegram to Pauli:
We are happy to inform you that we have definitely detected neutrinos from
fission fragments by observing inverse beta decay of protons. Observed cross
section agrees well with expected six times ten to minus forty-four square
centimeters.”?

7K +Cd <
k

-

/
I . Ve //
w /
1z IV/
I1




TDRODRBRE FL—IFFER

Kam LAND Borexino Daya Bay

* 1000t
* 1000 m U.G. @]
* DC+PC+PPO

278 t « 20x8t
1350 m U.G. @Italy 250~850 m U.G. @ P [FH
PC+PPO (1.5 g/l) LAB+PPO (3 g/I)+bis-MSB

20024 #3:RIBALA 20074 #R:BIBALA (15 mg/I)+Gd (0.1wt%)
20045 [RFIPvIRED 20084E 7BeX[5v 201145 #R;RIBAE
20075 HhEBkv 20124 PEPAK[Sv 20124 013 (50) HIE

B oFL—EFRR) 12— LEET H=a—h/EERTEELTLS,
—ADEETFLU—FFREAENDELCHEBEYE, —EA-SHIRERTEE,




TN

Y -

AT

L —30) R

18 s

16



M TFL—2D5EE

B UTFL—RILEREBENDD, /

1. Nal(Tl). CaF2(Eu). LaBra(Ce)t;EOD Eﬂr‘.fl’;iﬁﬁ‘pma’
TILH)INSAF G &R,

2. BGO, GAGGHEDEEEMFE R,

3. Xe, ArlFEDF T A,

CDR—ITlE_EZ DD EEESELE
SFL—BZDINTEELET,

;F‘* Bul’;
o Cel'y :
| BGO e e
 PbWO: | B

= M' matee ey  BaF fronﬂ

2 .

o AU LA INHI 0 L LR A L O A Ay . fas
mlws‘ 'r,.‘ it 4& 'lt!l '} | '1: lu al 1sl 16l ‘ H'l" §r‘ 2\' .g?l @ a 35‘ Saint-Gobain

Pictures are from Prof. Mark Chen’s slide. Crystals



M FL—2OFRIBIE

E7O -0 _

—

&+ Rbia

SRl QT (BmEARSYTEN.
Band f SN BEATHD)
Gap

UFL—au

| ! (YHeRsL) III:IIEH%'fg%fﬁﬁ
B HEFH DFEHLDIE !

. HEHTAMEEET LOMEFICTRLF—EHEL. BETEEEHK

[ZHL LT3,
c IEEARDEFE. MEFFNDEFITILZ <. HHICEIZMR S,
« BFELEAMNEEHE EFIIEEEXISMEBEFFITEL T, RE|ITR

L —ZRELTHRET S,
- BIER: RYMBEHARGDQEXREIEL, 18



MR TFL—IORKIBIE
’EE - S Y \/

a5 Activator At
Band excited states Nal(TI)
Gap OUFL—Iavit ,
(TR AR Activator “hoZé
ground state
T~ Or--—=—=—=—=—===- i & F T

IEFL = BT

« HATH M CGEEER) ZEE C—EERBEZELSE. BTN
BIZFH-HIRIIL X —EELEEYET,

« RO RIRIRILE—MIEA/NSOD T, HET BIITAHRIL,

o FFAIIFHYDOEEIRE. EFIIAHAMOEIREICHHEEIN T,
MEHIZOVOFL—aviB SN,

X Nal(Tl) DB E . Gap ~20eV7ED TLMeV THI5 FE D EFIEAIMHESB,
— RRHI7ZENal(TI) D A Z 542000 A F/MeV7ED T, 90% LI_E DZHFE THRHL TLYD,



BREgG®RY T b—@d)ﬁ%

O RAJHKREL TRLF—FRAENRL,
O BEAKEZVARTFESHKEL,
DFEVH L TROBILREATELY,
© IRILF—IEEDRBIELNRL,
LUEDLSBHHEFF D180, Hw

FROXIBDINO,OX—ZEL TES
DIZET B,

Vo

® FAHRICLEEATEL,
® LIELITFRIEL H YT,

20



|G FL— 90317{:%15']

FIPREEE

3N BEETARIEIZRE



counts/keV/day/kg

X/ UBHB/BLEETHEEINTEY.
o IR)ILFX—RR{E2keVEEM ., LY TIFT-

T RAFE %ﬁ‘CO)FE%ﬁU

BRENE : 127 DDAMASEER,

250kgDNal(Tl) > FL—2Z{E>T.
BEEPEDFEHEEZRERELI-ETHR

ERIC[Z R TWOH M EA B,

ﬁg*ﬁ'—t‘:é v %@J%EJ:a t L/—Cll\é o Bernabei et al. NIMA 592 (2008) 297.

1.4 T T T
s Target : °F | 2-6 keV
oxp = 0.1 pb = «————  DAMAN | 100 kg > DAMA/LIBRA =250 kg ——
1+ Pp = 0.3 GeV/ict/em?| % ' R ; (07 4w
051 v, =220km/s | =
vE =247 km/s (Jun.) §- } ; ; NN AN
0.6} 217 km/s (Dec.) | - z et iR D s Sk
04 Vese = 650 km/s :::
. 3 DAMADEFEE)
. December Time (day)

0 10 20 30 40 S0 60 70 80 ) o %26
keV [1] R.Bernabeiet.al Advances in High Energy Phys., Volume 2014, ArticlelD605659
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Single crystal growth and scintillation properties of Ca(Cl, Br, 1),
single crystal

= ’ﬁ Q>
¢ EXL N Ca | 2 (3 |'7 1tjj ) l/ / I'j -L\) Kei Kamada 2 P 2 &, Takashi lida ¢ 9, Takaki Ohata ¢, Masao Yoshino P: €, Shoki Hayasaka P, Yasuhiro Shoji . €,

o HEREPHRLGTHERELRLY,

« “ER—FHREZKTHH48CxEL,
FEIE10HILF/MeV (NalD2.713) & ZERL
EBGIE P XE{EDR&DH,

Iy Nai - -
10° 4 \‘m\\ 107000hoton/MeV Summary table of scintillator performance
] AE/E=3.2%@662keV - -
ey Nal(TI) Cal2
10° 3 Light yield 39,000 ph/MeV 107,000 ph/MeV
AEE<6 A @OBoHeV E resolution 6.4% @662keV 3.2% @662keV
10" Emission WL 420 nm 410 nm
| Time constant 230 ns 834 ns
o (1 Density 3.67 g/lcm3 3.97 g/lcm3
0 2(I)0 4(I)0 660 B(IJO 10I00 12I00 14|00 16I00 1800 2000 24

MCA Channel
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Parameter: p MP X M dE/dx Al Tdecay Amax nf Rolati\f;ﬁ Hygro- d(LY)/dT from Particle Data
Units: g‘,"'cm3 °C em em MeV/em cm ns nim output? scopic: ‘)’(,/':'Ct GrOUp, Review of
Particle Detectors

Nal(Tl) 3.67 651 259 4.13 4.8 429 230 410 1.85] 100 yes ~0

BGO 7.13 1050 1.12 223 9.0 228 300 480 2.15 9 no ~1.6

BaFsg 480 1280 2.03 3.10 6.6  30.7 630 300° 1.50| 21° no —2*
0ol 2207 2.7f ~of

CsI(T1) 4.51 621 1.86 3.57 56 393 1300 560 1.79 145 slight 0.3

Csl(pure) 4.51 621 1.86 357 56 393 35° 420° 195 5.6° | slight —0.6
6/ 310f 2.3f

PbWO4 8.3 1123 0.80 200 10.2 20.7 50° 560° 220 0.1° no -1.9
10f  420f 0.6

LSO(Ce) 7.40 2070 1.14 207 96 209 40 420 1.82 75 no ~0

GSO(Ce) 6.71 1950 1.38 223 89 222 600° 430 1.85 3¢ no —0.1
567 30f

* Numerical values calculated using formulae in this review.

¢ Refractive index at the wavelength of the emission maxinum.
t Relative light vield measured with a bi-alkali cathode PMT.
! Variation of light vield with temperature evaluated at room terpperature.
f = fast component, s = slow component

CaF,(Eu) 3.18 940 435 147| 50 no
Cdwo, 7.9 14000 475 23 | 40 no from Saint-Gobain Crystals
LaBry(Ce) 5.08 16 380 19 | 165 yes

Cal2 3.96 840 410 270 |yes 26
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xR2-1 BEaFL— g AERRIE CeH.CH, CH, CcH,
Cren o
(NI A2 0-% L L CH,
m-% L i
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FULY | UAFARVEY | —20 | ~266 | ~289 | ~288 | 1.09 ‘ P N
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Primary Scintillators

Emission
Scintillator Structure Wavelength
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Wyl PEL BSAGT Vi ™ %63
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Typical energy levels
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scintillator | light peak A decay attenuation | index of density
output constant | length refraction | [g/cm?]

BC-400 65% 423 nm 24ns 250 cm 1.58 1.032

BC-404 68% 408 nm 1.8ns 160 cm 1.58 1.032

BC-416 38% 434 nm 3.3ns 400 cm 1.58 1.032

BC-428 36% 480 nm 125ns 150 cm 1.58 1.032

PC-based | 80% 425 nm 25ns 1.505 0.877

liquid

30% PC 60% 425 nm 3ns >500 cm 148 0.86

diluted in

mineral oil

LAB- 75% 425 nm 35ns 147 0.87

based

HRAEEIXITUSEFE100ELT=FEXTLE, 17,400 ph/MeV
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Counts
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10t

10%

102

10!

IGSE I

i PC + PPO (1.5 g/1)

alpha

W MMW; m I

Al“lﬂ“i ;

Ll

500 500 1900 1200
Time (ns)

G. Ranucci et al., NIM A 412 (1998) 374-386

1600

PC + PPQ (1.5 g/}

/ pe range = 160 — 180
integration time = 500 ns

start of the tail = 20 ns.

D=3.70 % Q07

o] 0.1

0.2 0.3 Q.4 0.5 0.6 0.7 0.8 0.9 1
Ratio Toil/Tatal

Mumbpers of photoelactrons
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HETEFR=2—rJ/(SRN)

P e e
e HEEE=1—FJ/(SRN) &l . EVI N LERISE-ETHRBHE \/
BHEFERETHAFEE==—2—r)/

dN,(E!) " C: Speed of light
dE!,

dFy
dEy

d
(1+ z)d—dz Z: Red shift parameter
i Fv: Flux of SRN
Ev: Energy of SRN

*Zmax
= C/o Rsn(2)———

Constant SN (Totanl et al., 1996)
".’: 10 7 Hartmann Woosley, 1997
£ > 6 Reactorv
- 210 p o, aplinghat ef al., 2000
. =_.. 5%
= ol10 gn Ando et al., 2005
= 2104 gs°'a' B Lunardini, 2006 (dash)
3 ~ H Fukugita, Kawasaki, 2003
g10
] | S10 2| '._1So|ar hep
> :
- - 2 b 2= 3 310
OpticsIZ&HEM R EHAER £ :
1 ; o 14 Predicted SRN flux
0 0.2 0.4 0.6 0.8 So
log(1+z) = -2
- J0 B T B A S il e
Medium-energy neutrinos in the universe 30 4
G. S. Bisnovatyl-Kogan and Z. F. Seidov 10 5 ¢
Inm'tu.tewapa.ceReseamh. USSR Academy of Scie M 10 Py SRN&*%&
(Submitted April 13, 1981) ) 10 Er
Astron. Zh. 59, 213-223 (March-April 1982) . 0 10 20 30 40 50 60 70 80

Neutrino Energy (MeV)

The number density and energy spectrum of 3-30 MeV neutrinos and their influence on a solar neutrino
detector are calculated on the basis of recent theoretical estimates for supernova neutrino emission, supernova
rate data, and the heavy-element abundance of galactic matter. The evolution of galaxies ic taken into

account. At present the mass density of su(.:h neutrinos in the Elni.vetse should .be (2-10) x 10~* g/cnf, greater S R N / 13 7 E E‘ZII- / : % E én T(l ) 7,';- ! !

than the equivalent density of the cosmic background radiation. But unlike matter and the microwave




7.5 MeV<Eprpmp=30 MeV and 1.8 MeV<Egelayeq=2.0 MeV
Rirompt& R gelayed =000 cm.
dR-pmmpt-dEla}red‘f‘l 60cm

Target LS Volume : 1 kton, 13m diame\ZT’

80% Dodecane(C,,H,¢). 20% Pseudocumene(C;H,) . PPO 1.36g/I

— +
V.+p—e +n

B ED T, SKTIREE
EZ: B, Invisible-Muon 7%
IEEIZ 50y ! !

Delayed

y—2.2MeV

E delayed

AT ot cetyes <1000psec 10 events in 6.0m volume 44




NLD

FCOEHEFTT=2—M)/

7.5-15MeV Comments 15-30MeV Comments
Candidates
- + 1 multiple n- 1 multiple n-
Ve T p —e tn 6 capture, 1 p-decay 2 capture, 1 p-decay

Charged Current Atmospheric Neutrinos Background

Vu+12C — U+ n+''N 0.046 0.154
;.“+12C‘ —>u + n+"B + 4 0.03 0.136
V,+2C - y” +n+'Li+a|  0.066 0.105

vu+2C > 1" +2n+"B 0.007 0.006

;gg+12C‘ —> i+ n+''B 0.073 0.246

Vit p oyt +n 0.344 0.626
0.008 0.022

Vet p—e +n

Neutral Current Atmospheric Neutrinos Background

v+PC s v+nt!'C 3.882 2.619
Neutrino int. in the rock 0.1 0.05
Others
9Li 2.7
Reactor anti neutrinos 1.5
Accidental background 0.02
TOTAL Background
| 8776 | | 3.964

BGHATF{E
8.78 + 2.16 events

Oleg Perevozchikov Ph.D thesis, Sep. 2009

Ve

Nlimit : 95% CLIlimit by F-C
O : Averaged cross section
€ : Detection efficiency

T: Livetime (1430d)

N,
O'><8><T><N

protons

imit

120 /cm2 /sec (7.5-15MeV)
- 16/cm?2 /sec /MeV

4
A A 1
210 I Solar hep
§ .'"" h’“t
;10 ;
E i
£10 : SNO (ve)

., Kamiokande

SK 90% CL limit

-l

..Atmasphericv

b L T TTTNE

Neutrino Flux
o

{~]

lllﬁ{ sl gl gl llllm‘l Ll LLll

10 _ Predicted SRN™_ ]
10 TR T N TR BT a [ | .(LMAmOdel)l !
0 10 20 30
Neutrlno Energy (MoV)



j( \J R("&"—RA—_F'-P;F-?’JI \V 2\ %

—E Depth, Feet of Standard Rock E
1| o 2000 4000 6000 8000 10000 | E S
3 ] | | [ | ] J B
l WIPP -
10° 5 -
E Soudan :
11C rE =—>\ . Kamioka -
~ N; 10‘ = =
100 ; ] E
0 ] Boulby Gran & N
11 o -1 ran >asso -
c 2 - ern - late
3 "3 3 11MeV
= . Baksan Frejus g
! Deeper than ‘ -
107 = Sudbury B
- ~ -
E 4000mwe :
1 is preferable -
10° T | T I T
If we 0 2000 4000 6000 8000 ired!!

Depth, meters water equivalent

46



SNO+EER@AHF+4 SNOLab

= 1000 t of D O replaced

by liquid scintillator
* Neodymium-loaded at 0.1%
* 780 kg of natural Nd

= 9000 PMTs

e 3.5 % resolutionat  Nd
endpoint (3.37 MeV)
= Water shield
e 1700+ 5300 tons UPW
= New rope system to hold &
down the 6 m radius |
acrylic vessel




-\ WIPP/LSBB
Kamioka

SNO+ advantage

Muon flux [em? s7]
o
{

s HASFDOKRBRIRBR VIRHER

* 11C, ILiZE , Sa—FVBIRDBGH A TES
« RFF=—a—F)/IXMED1/4IEE

- H%{ATE(XBorexinoD4~5% : SNOLAB W

- & 500~600 pe/MeVIFfhDRERERMELLLE bt s

5 6 7
Depth [km w. e.]

=]
S0
|

107

Heorfaddne | KamLAND SNO+

Volume 300t 1000t 780t
Depth 1350m 1000m 2000m
Muon rate 10,000 u/day 30,000 u/day 70 p/day

Photo-

30% 34% 54%
coverage



BG estimation

KamLAND analysis

‘ 7.5-15MeV ‘ Comments 15-30MeV Comments
Candidates
- + 1 multiple n- 1 multiple n-
Vet p —e tn 6 capture, 1 p-decay 2 capture, 1 p-decay
Charged Current Atmospheric Neutrinos Background

Vu+120 —> U+ n+''N 0.046 0.154
;.“—I—IEC' —> i+ n+"B+ 4 0.03 0.136
;;;—FIEC —u +n+'Li+a 0.066 0.105
Vat2C > 1 +2n+"B 0.007 0.006
;;4+12C‘ —> i+ n+'""B 0.073 0.246

Vitp o +n 0.344 0.626
0.008 0.022

Vet p—e +n

Neutral Cu

rrent Atmospheric Neutrinos Background

v+2C sv+nt''C 3.882 2.619
Neutrino int. in the rock 0.1 0.05
Others

oLi 2.7
Reactor anti neutrinos 1.5
Accidental background 0.02

TOTAL Background
| 8776 | | 3964 |

Main BG source : V+ 12C 2> v+ n + 11C

Assuming... /

Reactor flux 2 1/4

9Li =2 negligible

Atm v = same rate
(tag 11C)

Total expected BG

1.07 BGs
(1430d, 7.5-15MeV)

20min life time

Tagging 11C can reduce the atmospheric v BGs dramatically.

SNO+ BG rate is less than 1/8 of KamLAND!!



SNO+EETAHSRNLR

b = Nlimit 104.lll
Yo OXEXTXN 0. 3 Solar B
210 Solar hep‘ :
Nlimit : number of limit @90% CL by F-C. 8 '.-" “;
O : Averaged cross section 2410 5—;’ .' -
¢ : Detection efficiency (assume 90%) % ]
T : Livetime (5y) :9'10 3 _ SNO {ve) -
Nprotons : Number of protons in SNO+ % : .\
(=7*10731 protons) E : ~.,.~Kamiokande -
o 4 AN | . ;
S0 L ;N(.QO% CL limit
] - E
= = o : : e ]
%0 . P _ o Atmosg_llerlcv
26 /cm2 /sec (7.5-15MeV) R
> 3.5/cm2 /sec /Mev 10 = Predicted SRN
4 : : . (Ando model)
For 1.07 BG 10 0' '10' = '201 30 20 50
Neutrino Energy (MoV)

SRNERIZIZFYVAINEE, X H 2 FELR ! 50



LAGUNA LENA Hano-hano Organic scintillators Summary
DETECTOR LAYOUT
Cavern

height: 115 m, diameter: 50 m
shielding from cesmic rays: ~4.000 mw

Low Energy Neutrino Astronomy

Muon Veto
plastic scintillator panels (on top)
Waler Cherenkov Detector
1,500 phototubes

100 Kt of water

reduction of fast

neutron background

@ Size: 100m length x 30m @
@ 50kt of organic scintillator
@ ~15000 photosensors

Steel Cylinder
hedght: 100 m, diameter. 30 m
70kt of crganic liqued

13,500 phototubes

Buffer

(including water veto)

Relic supernovae

thickness: 2m
nonscintillating organic liquid
shielding extermal radicactivity

neutrino detection / Search for

Proton Decay

Galactic supernova
neutrino detection

Nylon Vessel

parting buffer liquid
from liquid scintilator

Target Volume

height: 100 m, diameter: 26 m
50 kt of liquid scintillator

vertical design is favoureble in terms of rock pressure and buoyancy foross

Neutrino Champagne 2009

Teresa Marrodan Undagoitia



LAGUNA LENA Hano-hano

Organic scintillators Summary

Diffuse Background of Supernova Neutrinos

In LENA detector: (44 kt f.v.)
Eventrate in 10 y:

@ LL: ~ 110 events
@ BP: ~ 60 events

100

KRJ

o
o

LL

event number, 10-14MeV
a @
o o
- B
! 3.. )

n
o

l]0 20 40 60 80 100
event number, 15-25MeV

M. Wurm et al., Phys. Rev. D75 023007 (2007)

Information about Star Formation Rate for (0 <z < 1)

4
10 ——————
> ' iSolar®B ' !
& 10 3 Solar hep
8 .."’" ""~,§ Mont Blanc E
® $ ’~ :
;10 E; Ps 2
E KamLNAD ]
£10 ¢ : SNO (ve) 4
X f ; \ :
é 1¢ ; ..... K amickande 3
o - -
g.o ; K 90% CL limit
] ; A NN
=10 12
,~-"€'"s
10 i Predicted SRN
10 : Iy (Ando model)
20 30 50
Neutrlno Energy (MoV)
Neutrino Champagne 2009

Teresa Marrodan Undagoitia




Possible locations for LENA ?

0 5 130 tm
150 mi
N rwegian Seo

Barcnts Jca

<} CENTRE FOR UNDERGROUND
PHYSICS IN PYHASALMI MINE

Russ| a

Underground mine

~ 1450 m depth, low
radioactivity, low
reactor v—
background !

7 \
) 'U\ #HETzinki - 5‘%, J
5" f,U\l and (\Pelersburq
@ite 107 Estorla
Ses E’f’}"l\“ 1/
LN

=

(A

Access via trucks

BSOS FEDTAUP2017@4F X Tl DIFHEE L



JUNO detector challenges

T langmen Undergrounc
Snl | -1 Neutrino Observatory
P N R | (JUNO)

/I'
/F
s _ 7 = Ay
( - / ,
X a5k Z
1\‘ ",‘“ w

New physics tests in low-energy
N 4 pio oscillation phenomena:
():q{u,* - IR - * Light sterile neutrinos 1405.6540
“'J. " = : * Non-standard neutrino
angmen 7% interactions 1310.5917, 1408.6301
2} ; * Lorentz and CPT violation

1409.6970
20, Il §*+ Other Neutrino s: Geo, Super Nova,..

3

Experiment Daya Bay BOREXINO KamLAND JUNO

| LS mass 20 ton ~300 ton -1 kton 20 kton

| Coverage o % e B0 L s D,
! Energy resolution ~7.5%/,\|E %‘% ~-3%/,JE

‘ Light yield ~-160p.e./MeV | — 500 p.e./MeV | - 250 p.e./MeV |- 1200 p.e./ #MeV




Going 720 m underground

LSNP T A AR AR R TN TR S

v/ Experimental Hall overburden: 720 m (1900 mwe)
v/ Two access to experimental Hall

v' Jan 10, 2015, Civil construction kick-off

v" May 26, 2015, Vertical shaft digging started

-~ v June 22, 2017, Slope tunnel digging accomplished
v July 1st, 2017, Vertical shaft accomplished

Sandstone | ‘ | Hornstone | o

Granite S




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
e h 8 1 1 o~
2013 2014 2015 2016 2017 2018 2019 2020
T » T e
Start civil construction. Start PMT Start LS production  Start data taking
Complete prototyping production.
(PMT & detector). Start detector

International collaboration production or
established bidding
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The Future

- NEXT EXIT N —
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BT F LU OZIZRZAN?

o —= S —
e XKD =a2—F)/ZEER(R[E @JInplhgtb\)O)T’M:s
SUFHEFILATHER TBRETA4HITHhNTINVS,

- EBHE. KB%Z:L—HJ/%%ﬁ’élijiﬁ’éﬁf:b\o
» BFRRIETELI DRI,

Separation of Scintillation and Cherenkov Lights in Linear Alkyl Benzene

Mohan Li,! Ziyi Guo,! Minfang Yeh,? Zhe Wang,! and Shaomin Chen'

' Department of Engineering Physics, Tsinghua University, Beijing 100084, China
“Brookhaven National Laboratory, Upton, New York 11973, USA
(Dated: November 30, 2015)

Slow Liquid Scintillator Candidates for MeV-scale Neutrino Experiments

Ziyi Guo*®, Minfang Yeh®, Rui Zhang?, De-Wen Cao¥, Ming Qi¢, Zhe Wang®®*, Shaomin Chen®"

2 Department of Engineering Physics, Tsinghua University, Beijing 100084, China
Key Laboratory rJ_f Farticle & Radiation fm:rﬂr.rrg (Tsinghua I[J-aru_rl.ml, Minisiry of Education, China
“ Brookhaven National Laboratory, Upton, New York 11973, USA o8




EERycT7vD

¢« LABVUFL—A2DH (BILE. KELTHR
FIEL) T S2a—F U EREZRLHEER,

e Ta—AUIFTRZTIZESLDT, FL O
JHIETREIZTS,

e —AHLUUFL—IarRIiFEARIZHS,

EPMT: SUFL—3avithH
TPMT: FxL>a7 + FL—23>

c 4ADMIIFL—ahOAT. . aA
OTUORERHST, E-ES TREIC
E-O-2a—F > DHEHR,

« BFEHMABIRIZZDOELV-Antiaq
VT UORTUNY T —EREFHR,

Coincidence
Seintillator 1/4 _.E

Coincidence
Scintillator 2/4 E

Container

Cosmic ray Muon

LAB

Coincidence
Seintillator 3/4 —-,:

St

Coincidence _-'J—

Scintillator 4/4 | ==

Top PMT

]
N Tron shell
I l.——f—]T ron she

37cm

Bottom PMT

Anti-coincidence
Scintillators

99

130 cm




Voltage [V]

RS

HDLANU DR

0
-0.1
-0.2
-03
-04
-0.5
-0.6

IIIIIIIIIII'IIIIIIIIIIIIIIIIIII 1l

F Four comncidence channels

0

|

-0.1
-0.2
-03
-04
-0.5
-0.6

Two anti-comcidence channels

0

TTTET IIIIIIllllllllllllllllllllll

-0.05
-0.1
-0.15

Top PMT

-0.05
-0.1

-0.15

IIIIIIIIIIIIIIII T [||||||[|||||

Bottom PMT

1550

1600 1650 _ 1700 1750 1800
Time [ns]

-0.02

Voltage [V]

004F . -
: )R RS
006~
- Top
0081 Bottom
01
012

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
1580 1600 1620 1640 1660 1680 1700 1720
Time [ns]

. BONRETR
Top PMT Bottom PMT
Cherenkov 0.334+0.33 10.74+04
Scintillation 17.6 4+ 0.6 17.7T+ 0.6

E> % E: ~1,000 ph./MeV

SEELIE= ! !
TEREAEHS NS .



Voltage [V

HIEFERET THRNLEE?

« FE¥ROLYRT YT T, PPOXObis-MSBEEDNZEEZAMNLEES.
BRORILENEILEINFRART-,

o VUFL—1a N REEZHL. KDOYIZEERMELLST
LEL, FLoaoRfeD M LS,

o B ETOREN/NTUAMNRLTExcellentibLLY,

LAB + PPO (70mg/L) + bis-MSB (13mg/L) PPO  bis-MSB 1L1ght yield Decay time
(g/L) (mg/L) (10° photons/MeV)  constant (ns)

poof T T T T T L 0 0 1.54 £ 0.25 3542+ 1.18
a ] 0.02 0 2.36 +0.39 34.31 +0.42

0.02 _ _ 0.04 0.13 2.88 +0.47 30.55 £ 0.30
I - 0.07 0 3.14 +0.52 26.72 +0.20
i — Botiom PMT ] 0.07 13 3.39 +0.56 26.76 £ 0.19

—0.04 —  Top PMT B 0.1 0 3.87 £ 0.64 24.85+0.14
[ ] 0.1 129 475+ 0.78 20,94 £ 0.10

006 F - 0.5 0 6.32+1.04 14.96 + 0.04
2 0 8.70+ 1.44 8.88 £0.02

Y41 AN IS EEIF S B I 3 0 90.40 = 1.55 772 £0.02

=

0 25 50 75 100 125 150 175 200 3 10.67 £ 1.76 71.63 £ 0.01

Time [ns] 61



IKA—RADBRELFL—2
IKR—ZR %< > (Water Based Liquid Scintillator : WbLS)
KEeBEEL, HAFIEETNZT BN T -HOOFREMEEFINGES,
HAEFEHLEVDTIO/Z—&IOAY—&tE—TT 1,
KFAEEERMAE,

A new water-based liquid scintillator and potential applications

M. Yeh®* S. Hans? W. Beriguete?, R. Rosero?, L. Hu?, R.L. Hahn? M.V. Diwan®, D.E. Jaffe®,
S.H. Kettell®, L. Littenberg ®

# Chemistry Department, Brookhaven National Laboratory’, Upton, NY 11973, USA
" Physics Department, Brookhaven National Laboratory’, Upton, NY 11973, USA

F BN CTREIZR IFT-
A TADTHNTILNS,

WbLS b2




IKAR—ADEEXRLF |/f’5'

CHy(CH,), CH(CH_),CH3 CH,y(CHy), CH(CHg),CHy CH,(CH,), CH(CHy),CH;

¢ Eﬁﬁ?)b #)l/ &y Sulfonation N H,0 S
B R ILRU RS S RSY,

SO H SO4H

( LAS ) Linear Alkylbenzene Linear Alkylbenzene Sulfonic Acid |l.|zo

* JKIZLASZ10% . PPO%3g/Lix A
LIz A2 R |

<%  LAB-PPO ™

200001 7 - R

* 120 p.e./MeV @15%HE X, o Sy, WHLS-PPO I g
¢ Ei@ﬁ‘iﬁbj E<7:;L\O)—Gs $® E o igﬂ_[_ E.;000 §
t:ékﬂ'ft'i;ﬁ L/%jo cf: '00005 ) 8 “i‘?},_:\a.. v. ;3000 ;

« EoTHBI5EIFRER2T-, o M B L

0 0

d w 'i 250 300 350 400 450 500
S K-G < L Wavelength (nm)

SK-WbLS D B4t ? 2500m DL —HF—T
BEL/=EEDFRK 63
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HhiAS P'C@L%J?E—:L—F')/

\

KamLAND TOHERFA N> M @ 10 kpc SN

neutrino detection #event
UVet+p—et+n ~ 300
CC ve +12C 312 N+ e ~ 30
v, +12C 2 B+et ~ 10

proton -recoil (NC)

ES v(v)+e —v(v)+e”

~ 20

( )'ﬂHv( )+p

(
v()+2 C—uv@)+C* | ~60
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Liquid Scintillator Detector (LSD) in Mont-Blanc Laboratory

H=5200 m.w.e.

General view of LSD



Result in LSD

* Energy spectrum.
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Fig. 6. Integral energy spectrum of the trigger events with

E <30 MeV recorded in the 8 tanks core during the whole

period of measurement considered in this analysis: {(a) all

events, (b) events with the double signaturc of the (v, +p)

interaction; only one event was detected in the range 12 < E
< 30 MeV.

* One event betwee

12-25MeV. Q/' T

- Nlimit = 3.8 @90% C.L.
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