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Atmosoherlc neutrinos

--~Honda et ol.

(Burr et al. (<3GeV)
Volkova (>10GeV) )

18 maggio 2010 v Lucio Ludovici 2



vu/Ve Ratio (of Ratios)

Kamioka mines (3000t) §

a gt 5 @

: IMB-3({sub-GeV) 3

Morton salt mines (8000t) 5 9
IMB-3(multi-Ge\V) RIJ =]

Frejus (900t) EEEEE g g

Mont Blanc (150t) JEE=N L
Soudan mines(960t) SLIGENRE |

Super-K(sub-GeV)

Kamioka mines (50,000t)

Super-K(multi-GeV)

Prima indicazione del deficit di vu dal rapporto vu/ve (Kamiokande)
Indicazioni contrastanti negli anni '80

18 maggio 2010 Lucio Ludovici



ngle dependence
(1998)

Sub-GeV p-like
P .<400 MeV/c

Sub-GeV e-like Sub-GeV p-like

P :>400 MeV/c P :>400 MeV/c

“The data are consistent with two-flavor
Vu -Vt oscillations with sin26 > 0.82 and
5:10%* < Am? < 6107 eV~ at the 90%
confidence level.”

Phys.Rev.Lett. 81 (1998) 1562
(3500+ citations)

18 maggio 2010 Lucio Ludovici



Neutrino Physics and oscillation

1930 v existence postulated Pauli

1934 v interaction theory and name Fermi

1938 Solar v flux calculation Bethe

1946 Idea of v chlorine detector Pontecorvo

1956 v interactions observed Reines & Cowan
1957 ldea of v oscillation Pontecorvo

1958 Left-handed v Goldhaber

1962 2 V's, V, .V, Lederman, Schwartz & Steinberger
1968 Solar neutrino deficit DEWE

1973 v NC interactions observed Gargamelle

1975 1 and the third v Perl

1986 Solar deficit again, atmospheric(?) Kamiokande

1987 v from SN1987A Kamiokande, IMB
1989 3 light neutrino families LEP Collaborations
1991 Solar deficit again Gallex, SAGE
1998 Atmospheric v oscillation Super-Kamiokande
2002 Solar v oscillation confirmed SNO, KamLand

2005 Atmospheric v oscillation confirmed K2K

18 maggio 2010 Lucio Ludovici



CHARM

(1976-1983)

12/05/2011 Lucio Ludovici



CHARM?2

(1983-93)

12/05/2011 Lucio Ludovici



CHORUS

(1991-1998)

12/05/2011 Lucio Ludovici



K2K

(1999-2004)

12/05/2011 Lucio Ludovici
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OPERA

(2007)

Lucio Ludovici
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12/05/2011

T2K

(2010)

Lucio Ludovici
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Flavour Eigenstates

Ve Vi W

Mass Eigenstates

Vi V2 Vs

| V'i> — Za:e,u,'r UO@ ‘ VOé>

12/05/2011 Lucio Ludovici



Sorgente prgpagazigne rivelatore

di neutrini
\/ = <
0 B .

autostato a sovrapposizione di autostati di massa autostato 5
di sapore definito —fasi differenti —interferenza di sapore definito
- @ 2RO,

B lF |~
Amp JJB Wﬁ IBW’ _

o ke CHE
=> i Amp JAEY" prop(v:) w /P

12/05/2011 Lucio Ludovici



Probabilita di oscillazione
Am?2.

. kj
) a (*) -
Poo (LB =30 [Uar*[Upi* +2R 3, WiT e 28

VB

— Uz UpUo U,

Am?.L
Z|Uak| U g | +223?{W }Cos 223 )

Am%jL

11 maggio 2010 Lucio Ludovici



Probabilita per due famiglie

(Ve) U (vl) U— ( cos 0 8111(9) Am? = m2 — m?
Vy, Vo —sinf cosé

Am?L
Puo—vy = sin® 26 sin? ( e )

41K

Importante storicamente e nella pratica degli esperimenti di oscillazione
Approssimazione delle formule generali valida in molti casi

12/05/2011 Lucio Ludovici
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Formule approssimate

Esperimenti a distanze terrestri, con Ami,L/E<<1, sono descritti solo da

3 parametri: 053, Ami2, 813 € da formule simili a quelle per 2 famiglie

P(ve — vy) [0SiN2023 SiN22613 SiN2 A2z = SiN%20p. SiN2 Azs

P(v. - vi) 0C0S%0135iN?20,:3SIN% Az3 = SiN220y: SiN2 Azs
P(ve - Vi) [0C0S20235IN22013SIN2 A23 = SiN?20e1 SiN? Az3
P(vu - vu) O 1-(sin?20ur +Sin?26y.) sin? Ay
P(Ve —» Ve) 0 1-5iN?20:35iN2Az;
Angoli di mixing efficaci:
SiN226p. = SiN2023SiN%20:3 [ 0.5 Sin%2613
SiN?206yr = C0S*013 SIN22023 [1SIN%20;3

sin226eT C0S20,3SIN%226:3 0.5 sin2206;3

11 maggio 2010 Lucio Ludovici



(

Parametrizzazione della matrice di mixing
U = R23R$R 12D (g2, ¢93)

C13 0 6_26313 C12 s12 0\/1 O 0
0 1 0 —s12 ci2 O[O0 €% 0
—e?s13 0 GE! 0 0 1/\0 0 e

1 0 0
0 c23  So23
0 —s23 c23

atmosferici
A

SK, K2K, MINOS

“terra incognita”

Still unmeasured:
CHOOZ limit:

sin?(2643)<0.15 (90%CL)

Sin2(2623)>0.92 (QOOA)CL)

Am223=2.43i0. 13

11 maggio 2010

x107° eV?

Lucio Ludovici

solari AL=2
A

KAMLAND, SNO
Sin?(264,)=0.87+0.03

Am 12=75giOZO X'IO-5 eV2

|

17



Parametrizzazione della matrice di mixing
U =R23R%GR 12D (o, ¢3)

1 0 0 C13 0 6_7;5813 C19 s1o 0O 1 0 0
0 C23 523 0 1 0 —S192 c12 0 0 e!P2 O
0 —s23 ca3/ \—e¥sy3 0 C13 0 o 1/\0 0 €3

atmosferici “terra incognita” solari AL=2

3 neutrini:

912 623 613 6
(+ 2Am? indipendenti)

Matrice PMNS
Pontecorvo-Maki-Nakagawa-Sakata

Lucio Ludovici 18



Violazione di CP leptonica
ACP _ Pva—n/g I 7)17@—>175
b Pl/a—>vﬁ _|_7Dﬂ — U3

2 Zk>3@®3m ( QEJ )
ACP e

af Am2 . L
a . k
dap —4) k>j§R ka}smz( 4EJ )

Invariante di Jarskolg  Jugk; = S{UL UpkUqUp; } = £J
Analogo all'area dei triangoli unitari in CKM:  J¢¥M ~3.107°

|
J = 1 sin 2015 sin 2653 cos? f13 sin #13 sin 6 &~ 0.23 sin O3 sin &

La possibilita di misurare QP/L e legata al valore di 05

11 maggio 2010 Lucio Ludovici
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Conferma agli acceleratori delle
oscillazioni degli atmosferici

Am? L/E

Long Baseline

11 maggio 2010 Lucio Ludovici
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Experimental Strategy

T+ some K

Long Baseline - Large Far detector

. .

Event rate Event rate

G(E)x¢vnear(E) s O'(E)xq)vfar(E)

Lipari, Lsignolliand Sanogo PRL74(196C) 4354

Beam mOF\ITOI"Ing - 4 CCFRR [15],
) 0 BNL ¥-feet [16]
» ANL 12-feet [17]

Beam SlmUIaTlon ":"7- . ‘”. | O 4NL 12-feet [18]
Hadroproduction experiments

£3 I T

Total CC

12/05/2011 Lucio Ludovici
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Far/Near Ratio

V source
———

Near vs Far solid angle

Extended neutrino source RN/E(Ey) # (Lnear/Ls )2~1 06

I _+,_ HARP Measuremeant

Near Detector - [ pion monitor

b ——- Cho-CERHN Compilation

& MO [ Jem® /0.1 GaV/ 10°" POT]

12/05/2011



Analysis Strategy

Measure

ction MC ®Pyp(EV), V interact.

or simulation ]
properties

Experimental Data

Measure Oscill
2
4 B sin“2

Lucio Ludovici 23



K2K Conceptual Layout

. ~1 event/2days
12GeV K monitor ~10'1v,/2.2sec ~109v,/2.2sec

protons (/10mx10m) V, (/40mx40m

-»>

i b

Ttmonitor decay pipe

Sighature of neutrino oscillation
1. Reduction of v, events
2. Distortion of v, energy spectrum

12/05/2011 Lucio Ludovici
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K2K Layout and Strategy

~10tv,/2.2sec (/10mx10m)

~100v,/2.2sec
(/40mx*40m)

+Horn <

deca

- Vy Flux (no oscillations)
K2K Fine-Grained Detector (Top View) B

[ g
o

: _— Current K2K Prediction

ll%l\ lulA[]nn

Run 4999 Spill 19016 TRGID 1
10310 7144440 0
Nvtx 0

=
£
3
Z
[
=

=
™=
[

+ Measurement
] Beam MC

Far/Near Flux Ratio {l{l““}

By “F(F/IN)kox =0.8264x10
integrated H i [FIN}HARP|=U.324EK1 [II'E' (-0.2%)

| 2 3
- Far detector flux

Ml ndumn an iy F‘nerg}, {GE‘\;}
12/05/2011 Lucio Ludovici




/&\

¥ _K2K Result e

Am? = (2.55 £ 0.40)x10-3eV?
(in physical region)

sin?220=1.0

Am? = (2.76 £ 0.36)x10-3eV?

ToF=0.83ms
+500Us

Decay electron cut
\ bosited Energy

=

-500-400 -300 -20¢

18
16
14
12
10

1
sin%(20)

No Activity in Outer Detector
Event Vertex in Fiducial Volume
More than 30MeV Deposited Energy

-
@

-
-]

E, rec_(mN )Ep'mp2/2+mNV'V2/2

-
F Y

events/0.25MGeVN

(my-V)-E,+p,cos 6,
+11.5 (7.4%
mﬁmﬁaﬂ 103 (6.0
- 1-Ring | 67 ] 99.0 |
mm | 4 B 1.5:2'.%33’3.5 :H‘ﬁge\'n;s
“Ing mm .00

12/05/2011 Lucio Ludovici




Disappearance & Shape

Allowed regions from v, disappearance and
distortion of E A spectrum are consistents

12/05/2011 Lucio Ludovici




12/05/2011

Minos (Fermilab—Soudan)

1.5

1.0

L MINOS best oscillation fit

— MINOS 90% ——— e SLIDEF-K 909 *

fO
-~

— — MINOS 68% Super-K L/E 90%

MINOS 2006 90% ----- K2K 90%

0.7 0.8 0.9
sin®(20)

Lucio Ludovici
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OPERA: v, -V appearance

N, x Mp / o, (E)P,, .. (E,Am?)o, (E)e(E)dE
Small interaction probability: large detector mass =1kT

Small signal/background: high resolution =1um

Cross-section threshold: large energy =20GeV
The OPERA way: L mo

ECC’ brick I_F. Posc” Tree

~
IJJ 11,_,]‘ |

{achitrary units)
electronic

trackers l-

emulsion layers

interface
films (CS)

*Emulsion Cloud Chamber

Tau lepton
Impact Parameter ct ~87um
12/05/2011 Lucio Ludovici Track Iength CTy~1 mm 29



The CNGS beam

<En> 17.7 GeV
L 730 km
(Nve+Nve)/Nv, 0.87%
Nv,/Nv, 2.1%
Prompt v, Negligible

Nominal moas’ % Expected Performance (Proposal)

(OFERA
4. 50E+19 -

4.5E19 pot/yr , . -
Total expected: 22.5E19 pot (5 yrs) Assumptions: Maximal mixing, 22.5x10'%p.o.t. (5years @ 4.5x10"%p.o.t./year)
Today (2008-2010): 9.5E19 pot t Decay B.R. (%) Signal Background
Analyzed: 1.85E19 pot 2010 Channel

{Z1Bdays):

4.00E+19 4

3.50E+19 4

protons on targ

4.04E19 po e 7.7 29 0.17

3.00E+19 4

2009 (120 days) : T e 17.8 35 0.17
3.52E19 pot T—>h 495 3.1 0.24

T—3h 15.0 0.8 017

2.50E+19 1

2.00E+19 1

1 50E+10 | 2008 (133days) &

- Expected Events: S

~ 23600 v, CC+NC interactions e hll mixing and

~ 520 1.,,— interactions / AMZ = 2.5 x 103 e\2

0-00E+00 i} 10 20 30 40 S0 &0 70 &0 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 i 2']5 \' + 1"' Interadluni/ [5ca|E5 WIth {‘ﬁmzj }'
~ 115 v_CCinteractions

12/05/2011 Lucio Ludovici

1.00E+19 4
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OPERA Hyb

L |..||“h

1”1“.[...!.......“. w0

brld Detector

Extract and validate the ECC brick.
Develop and send emulsions to
M labs.

o |
| j ' 'III-II-I-II!! l a| wif

i <l -~

'! g R 1 | ey | S - 7 | P

TARGETS

Target tracker (scintillators)
Lead/Emulsion Bricks (75,000x2)
Target mass~1.25 kt

MUON SPECTROMETERS
Iron + RPCs

Precision Tracker: 6 drift tubes planes

12/05/2011

Lucio Ludovici
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Selection

®  VARIABLE Measured S
criteria

Kink

o p B 4112 >20
LT D {mrad)
Event nhumber 9234119599, T Deaylengh . within
e {(um) = 2 plates

22 August 2009, 19:27 (UTC) (el
J__ | 8 - (G n:‘-..n ) S PE
ljt[ :,::,E ,-!T;.EF L Iy a:ta:ai: ed)

Missing Pt
\IVIEV,/C] )

g (deg) 173+ 2 >90

TS Probability of backg. fluctuation
(only 1prong)
NG 4.5%

i/ (1.8%)

L, sl & B Statistical significance
=== / 2010
B e NG (2.36 0)

jovici



T2K (Tokai to Kamioka) experimen

-\.f:'

U]
{Fukushlma‘

“\‘_l;-e l\grﬂ“_ -' f(b {I J‘PAE{:. "-":'“-:::J " : e
Fukushlma‘\ (HEHJAEA} e &

ﬂfﬁ \\ B

v, from 30 GeV proton beam
=mse Of 750 KW design power

SK MEC - Terms of Ust

Goals
1. v_appearance (6 , “discovery”)
2. v, disappearance (623,Am223 precise measurement)

12/05/2011 Lucio Ludovici



Off-Axis neutrino Beams
BNL proposal E889 http://minos.phy.bnl.gov/nwg/papers/E889
forget Hm%

ng - mpz (D _ 1 mnz
2 (Ex- prcosB) " amL? (Ex- prcos6)’

T

E.=

mZ-m? [ 1 [Ex]2 1 -
m2 (1 + y,20?) " mLzlmo) (1 + V:202)2 3 00 | Oscillation Prob.

(Am?=2.5x10%)

Much higher flux than old-style NBB. 0o v eneray spectru
Strong cut-of f of HE tail: reduced NCte bckg. L e

Reduced v. contamination.

Tune energy to maximise sensitivity:
A=127 -Am?(eV?)-L(Km) / E(GeV)

Beam energy almost fixed by geometry
12/05/2011

Lucio Ludovici



T2K Near Detector: ND280

ND280

12/05/2011

Off-Axis (ND280)
suite of fine grain detectors/tracker in
0.2 T magnetic field (UA1/NOMAD magnet)

measurements of
= OC ¥, events (normalization, E.-spectrum)
" NC A% CC v, EVENLS (backgrounds to v, appearance)

= general neutrino interaction properties

On-axis (INGRID)
scintillator-iron detectors

measurement of beam direction

and profile

Lucio Ludovici
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12/05/2011

ND280 events

POD TPC1. TPC2 TPC3

|t Fd

( & ==

S Rl {_h_':T_‘.'.". H

‘ I, 1T | IR
FGD1 FGDZ ECAL

sand muon + DIS candidate

Iln'. . IL
." J 1% 'l_'.

single pion candidate —— 5 | cardidate——ro

Lucio Ludovici
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T2K 08:3 sensitivity
P(v, 2V, =sin’B,;sin’20 ;sin*(1.27 Am?,,L/E)

90% CL 6., Sensitivit eqs s
il it il b T2K 90%CL sensitivity

G A O T sin’20,, = 1.0 is assumed.

Systemate Error racton NS 0’ POT ~ 5 years@ full intensity

5% BYS Brror

~A\
Q 1

— 0% SYS eTTOC
— W% BYSE BITOF

Normal Hierarchy

Am’13 (eVz)

107

=k
=1
)

P
-
E
=
0
c
@
w
o
o
L]
=
w

Protons on Target

1
.2
sin 29]3

Stat. error
+ Syst. error for BG subtraction (10%)

12/05/2011 Lucio LuGovic



T2K v, disappearance
P(v,2 v )~ 1-sin°20,,sin*(1.27 Am?,,L/F)

Sensitivity: 3(sin226,,)~0.01, 3(Am?2,) <1x10* [eV?]

K2K final result

'
-

-y
o

Am?2 [eV2]

K2K Statistics %50 T2K 5x102' POT (Stat. only)
——— ~ Syears @ full Intensity

-
o
N
T

--68%CL |-
--90%CL

K2K 68% _ . ] !
K2K 90% ] TN I AR RN

K2K 99% ] 0.98 0.99 1 1.01 1.02
SK L/E 90% f sinz 20

12/05/2011 Lucio Ludovici



T2K Preliminary Results

Jan-June 2010 (2010a): 3.23E19 pot
(w.r.t. 1.45E20 already on tape)

Consistent with oscillation

parameters measured by
SK, K2K,MINOS

# observed v, candidates surviving all cuts: 1
# expected background events (813=0): 0.30£0.07

12/05/2011 Lucio Ludovici
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Neutrino from the Sun

The Standard Solar Model (SSM)
predicts the power radiated by the Su
from fusion reactions in its core

98.5% of the Sun power comes from the pp reaction: 4 p— 4He+2e™+2v+26.7 MeV
= 26 Jg-1
Lo =3.910% s ., =2L,/Q -« (1/41D2) = 6.5 1010 cm-2 -
D=15101"m
Q=26.7 MeV = 4.310-12J

12/05/2011 Lucio Ludovici 40



Spettro dei neutrini solari

Chlorine
Gallium

Ve + 37C| —)37Ar + e-

Ve + "1Ga - 71Ge + e-

A
>
=
A
g
(P]
N’
>
=
ey

Vx + e - U+ e (ES)

Vx + e - U+ e (ES)
Ve+d - p+p+e (CC)
Vw+d - n+p+v (NC)

12/05/2011 Lucio Ludovici



Misure del flusso dei neutrini solari

+1.3 19 +0.20
77SNU 17 129SNU 2y +0.20 1.0
i B 10,016 016
1.03+0.12
Kamokande
sAGE NO
75 7, +7 0. 54+o 08

0.47+0.02
GaI Iex , S“pgs
Homestake ) 0.35:0.03
2.58+0.23 SNO|
(CC)

1 SNU = 10-36 captures per target atom

[ ] ]
B ‘Be PP, PeEP @\\[0] experimaents

12/05/2011 Lucio Ludovici 42



Sudbury Neutrino
Observatory (SNO)

1000 tonnes D,O

12 m Diameter Acrylic Vessel

1700 tonnes Inner Buffer H,O

9500 PMTs, 60% coverage

5300 tonnes Outer Shield H,0O

Urylon Liner and Radon Seal

12/05/2011 Lucio Ludovici



Neutrino interactions in SNO

T W vite - vote

* In SNO (D50) as in SK (H,0)
* Mainly ve but also v;,vr (1:6)
* Strong ©,, sensitivity

- Vetd - p+tpte

* Good energy measurement
* Vg ONly
* Weak directionality: [11-1/3cos(©,)

* Equally sensitive to all v

* Measure the total °B flux

12/05/2011 Lucio Ludovici



SNO: total flux as expected
from SSM

* NC rate as expected from SSM (all neutrinos)
e CC rate (only v,) is 0.31 SSM
» ES rate is consistent with Super-Kamiokande and oscillation into Vi,V

4

cm ™

Poc = 1.59701) - 107 %em 257!

e =
=
—d
s
=,
<

Ppg =2.211032 - 10 Cem 2571

Pre=521+0.47-10 %m 25!

Phys Bev.Lett.59:011301.2002

Neutrino differents from v, coming from the Sun ! (002)

12/05/2011 Lucio Ludovici



Oscillation data overview

‘‘‘‘‘ *
3> _cHorus =k
, T NOMAD
100 S N \ : 0 '
e g
107 S
c\]|_|
>
2,
I
1076
<
10~
r All limits are at 90%CL
unless otherwise noted
10—12 !
107 1072 10° 10?

tan20

http://hitoshi.berkeley.edu/neutrino

Decades of experimental and theoretical efforts !



That's all folks ?!

“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

Kelvin, c. 1900

12/05/2011 Lucio Ludovici
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