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Standard Model of Electroweak and Strong Interactions

The Standard Model of

Particle Interactions
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2. Electroweak fits

(Verzocchi ICHEPOS8)

my<154 GeV

Measurement Fit  |OMe_Qjg™meas

1 2 3
m, [GeV] 91.1875£0.0021 91.1875
['; [GeV] 2.4952 = 0.0023 2.4958
o) [nb]  41.540+0.037  41.478
R, 20.767 £ 0.025 20.743
A 0.01714 £ 0.00095 0.01644
A(P) 0.1465+0.0032  0.1481
R, 0.21629 = 0.00066 0.21582
R. 0.1721 = 0.0030 0.1722
AC 0.0992 +0.0016  0.1038
AL 0.0707 £0.0035  0.0742
Ay 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 = 0.0021 0.1481
sin®07'(Q,) 0.2324 +0.0012  0.2314
m,, [GeV] 80.399 = 0.025 80.376
Iy [GeV] 2.098 = 0.048 2.092
m, [GeV] 1724 1.2 172.5

July 2008 1 2 3

SM. Neutrino oscillations 4



Log,,m/eV —
] I b
(  —— T
8 S ee—
=
6 O mm—
4
2
0 Upper limit on mv ¥ WMAP
(AmZ, )12
-2 (A mzsol)‘/z o
*\ KamLAND
G. Altarelli

SM. Neutrino oscillations

Neutrino masses
are really special!

@ my/(Am?Z,,)"/2~10'2

Massless v's?
® No vy

* | conserved

Small v masses?
* vy very heavy
* | not conserved
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The Standard Model (Electroweak+QCD)

Precision EW measurements + Tests of SM at LEP, FNAL, SLAC,
HERA failed to find discrepancies : the SM is well off.

QCD is the established theory of Strong Interactions.
The only missing basic ingredient in the SM is the Higgs.
LHC may answer the following questions:

Is there a Higgs? What is its mass?
Is the Higgs a weak doublet? Is it elementary or composite?

Physics beyond the SM

-There are many th reasons to search for physics beyond the SM
(Infinities, SUSY, Dark Matter, Extra Dimensions, ....)

-Are v oscillations hints of new physics?

SM. Neutrino oscillations 7



CERN Accelerators

3 . LHC (not tq_?nale}

+CERN accelerators

LHC: Large Hadron Collider
SPS: Super Protoa Synchrotron
ADx Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice Gran Sasa (T}

P5B: Proton Synchrotron Booster T llom

P5: Proton Synchrotron

LINAC: LiNear ACcelerator

LE]R.LwEmmImRm Emlol LIV, PS5 Divvisins, CHMN, 020955
CNGS: Cern Neutrinos to Gran Sasso e it B D B D

Te Slangluhi, 5 T OFcM 200 &4
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The CMS detector at the LHC

CMS
A Compact Solenoidal Detector for LHC
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4. Neutrinos.

Reactor v~

Neutrino sources

+ geo-antineutrinos

Accelerator v

SM. Neutrino oscillations
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v Oscillations (in vacuum)

Weak flavor eigenstates Ver Vi Vs

Mass eigenstates Vi, Vo, V3

Decays, Interactions Tty v n—up
Propagation vy(T) = VI{O) e &t

M|X|n9 Vf = 23 -1 Ufm Vm

Flavor v propagate as a superposition of mass eigenstates

If only 2 flavors (v,,v.), (v, v3):
Oscillation probability (appearance) over a distance L:
P(VM — VT) - Sinz 2623 Sinz (127 Am223 L/EV)
Disappearance over a distance L:
Pv,2>v)=1-P(v, > v,)

Simple formulae modified by : Additional flavor oscillations
Matter effects

In case of oscillations: m, 20 , Am <0.1eV
L. L, L, violation , L=L +L +L. conserved?
Neutrino decays ? Lorentz invariance ?

SM. Neutrino oscillations 12



3 neutrino mixing (RZK-v08)

Ve, Vr (flavor eigenstates) +# 14,19,v3 (Mass eigenstates)

Ve . : :
v, | = Vo U =V diag(1,e!°2/2 gl(@3+29)/2)
Uy /3 Majorana CP violating Phases
—1h
C12C13 | $12C13 ~ Sqz€
V =| —S12C23 — C125235138"" C12C23 — S125823513€"  S23Cq3

S12523 — C12C235138" —C12523 — S12C235138" C23Cq3
':ij = COs Hij Sij = sin Qij If]ij = [D,TF;IZ] = [ﬂ. 2?-‘] Crj &= [D.Eﬂ']
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Mass scales and hierarchies

Current experimental results imply:

Am3, =AmZ <<Ami, =|Am3,| ~ |[Am3;,|

atm

Two possible hierarchies:

1|:- I"I_I.I 1'1'-

£ 5N ., e _I 5 By ke | s |

E ' — ‘. e

siin“ Ay J|||'|
s, | NORMAL

- T

z :-ln'H:_- 1) | .
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Mixing matrix

Do a more sofisticated evaluation [Gonzalez-Garcia and Maltonl, Phys. Rep. 460, 1 (2008)]

022 -0.56 044-0.73 0.57-0.80
0.21 -0.55 040-0.71 0.59-0.82

0.77 —0.86 0.50 —0.63 0.00 —0.22
| Viso =
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5. Atmospheric neutrinos o H

N\
\
\
\ A
\ 2 %V
\ Do u
\ L 4
o vy
) ) E:  016ev—1006eV
/ L: 20 km — 13000 km
Pt L/E.: 1km/GeV — 105 km/GeV

Downgoing v,: "near” neutrino source

Upgoing v,:  “far" neutrino source
SM. Neutrino oscillations 16




MACRO (12mx9mx76m) S5
J CIThroughgoing
25} [1{p stop.
\~'~J.. M % ) _ Tinternal Up
Up thrgughgoing \ In up :
| 3 —
E | . Absorber H 2
g e B Streamer g 1_
% A Sci tillatorg 05 |
S I A W : °
Detector HI | ~ [P
mass~ BL_—1 v  F DATA SAMPLES (measured)
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s \ Internal UP(2) 157
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1) 4) 3) 2) 375
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MC Effects of v, oscillations on
upthroughgoing events

Flux reduction depending on zenith
angle for the high energy events

E, ~ 50 GeV
L, ~ 10 - 10* km

Upgoing Muons E>1 GeV
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P =1-sin"20-sm°|1.27 ——=
VuVu E
v

~ 5

o, [ — Bortol 1996 flux

' Bartol, Am*=0.0025 eV*

w 4| T Fluxa 2003 flux
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MACRO : Final Combined Analysis

Zenith distribution R;= N(cos ® <-0.7)/N(cos® > -0.4)
E, estimate R,=N(low E,) / N(high E,)

LE. IU,ID and UGS u R,=N(ID+UGS) / N(IU)

NO OSCILLATION HYPOTHESIS Best fit parameters for v, 2> v,
RULED OUTBY ~5¢ Am,.2=2.3 107 eV? ; sin?20,; =1

Predictions of the new FLUKA and Honda Monte Carlos
H.E. 25% low ; L.E. 12% low

Bartol96 may give additional evidence for oscillations:
Absolute values referred to Bartol96 MC:

R,=(Data/MC)z . Rs=(Data/MC),_ ¢

With these informations, the no oscillation hypothesis ruled out by ~6 o

SM. Neutrino oscillations 20



Super-Kamiokande

= ..11 S0kt total volume
- 22.5kt fiducial volume

gt e 20'PMT photocathode
~ coverage
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3 , . 00 -
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.OITl sM. Neutrino oscillations 21



—’

Super-Kamiokande

Run 4234 Event 367257
97-06-16:23:32:58

Donexr: 1904 hits, 51739 pE
outer: 5 hits, 6 pE {in—time)
Trigger ID: 0x07

D wall: 885.0 cm

FC mu—like, p = 766.0 MeV/c
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[ S
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¥
¥
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Ty

L

) 500

Times (ns)

- up-like

2000
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Zenith Angle Distributions (SK-I + SK-II)

— v,—Vv, oscillation (best fit)

SK-I + SK-lI —— null oscillation <l
400 F  SubGeVelie 400 Sub-GeV p-like 200 multi-ring e-like 300 F multiring p-like
] P<400MeV/c P<400MeV/c C
300 W 300 150 200 F
200 F 200 100 - r
: 100 |
100 100 50
:IIIIIIIIIIIIIII
LLL1 0 O 0
0-1 05 0 05 1 -1 05 0 05 1 -1 -05 O 0.5 1
» N o 600 F N T
2 400F SubGeVelke 5 eEle 300 PC through
0 P>400MeV/c [ P>400MeV/c
0 300 F 400 40
S ol | == P i J— like
5 200 E ~ M 2 - 1 é — M
o F 200 |- 100
£ 100 - [ S '
5 - i e-like
Z O-IIIIIIIIIIIIIIIIIII O-IIIIIIIIIIIIIIIIIII o IIIIIIIIIIIIIIIIIII o
-1 05 0 05 1 -1 05 0 05 1 -1 -05 O 0.5 1 -1 -05 O 0.5 1
Multi-GeV e-like Multi-GeV p-like Upward stopping p 600 L Upward through-going 150 Upward through-going
200 150 . non-showering p showering
400 - 100
=2 100 -
100 50 200 50
50 2 B
0 :l L1 L I LAL L L I LAL L L I LAL L L O 0 0
-1 05 0 05 1 -1 -08-06-04-02 0 -1 -08-06-04-02 0 -1 -08-06-04-02 0
cos® cos® cos® cos®
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6. Long base line experiments

K2K (KEK to Kamioka) (250 km)
Near Detector and Far Detector (SuperK) ]
Ratio=measured/expected <1 > Amas®=2.7 1077 eV

NuMI from Fermilab to Soudan mine (735 km)
Experiment Minos
Near Detector (1000 t) , Far Detector (5500 1)

Ratio=measured/expected <1 > Am,;2=2.41103 eV?
Peanut test experiment

CNGS beam from CERN to Gran Sasso (732 km)
Experimep‘rs: Operq: Appearance Vi Ve experiment
LVD monitor, Borexino, Icarus

Neutrino Beam size at 6S : o about 1 km

SM. Neutrino oscillations
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Time Selection of Beam Events

Emilia-Romagna
Monte-Maggiorasca
Monte-Giovo

Alessandria

(o]
D
D
©
»n
=
©
L
O]
G
e

GPS Time Stamp resolution ~ 100 ns
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CNGS: the main components

Helium bags Decay tube Hadron stop Muon detectors

Reflector \ zzzznsy K - dec?;i’??‘* D

p + C — interactions — 1t*, K*, (U*) — decay in flight — M"’+\/M

SM. Neutrino oscillations 26



NuMI - MINOS

Far Detector:
Soudan, Minnesota, 735 km from target
5.4 kton mass
484 steel/scintillator planes, 8x8x30 m3

Near Detector:

Fermilab, 1km from target

1 kton mass

282 steel planes

Near detector 153 scintillator planes, 3.8x4.8x15 m3

SM. Neutrino oscillations 27




Structure of the OPERA Experiment

31 target planes / supermodule (in total: 150000 bricks, 1350 tons)

SM1 SM2
A A i} .
V A o, y - e e ¢ e 1
1 1= —— I P ———

AN P — - e -
b=t I\ AN D N 0 N - NS D B - R

v / _ WO B | IR -
lllll> :

. s JHE :

%ﬁ:ﬁ!;:a.zl_.m_ ""*'}l - L T A

Magnetic Spectrometers
Targets
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OPERA Hybrid concept

Target is an assemblage of autonomous cells ("bricks")

e based on "Emulsion Cloud Chamber"” technique

e provides large mass and micron and mrad precisions

e quasi on-line analysis: bricks in which events have occurred are removed
and analysed on daily base.

Brick
- 56 lead plates interleaved with 57

sheets of nuclear emulsion
« 4"x5"x7.5 cm, 8.3 kg. Tracks : series of aligned

10 X, segments in emulsion layers

SM. Neutrino oscillations 29



A muon 1n the electronic detectors

-120

The same muon 1n emulsions

TOP VIEW (Horizontal projection) [Event Number 4379516 | X (micron)
e

a a0} 1
o -
- 10} y
,'_\:J "ll'U 310 #U * b‘l‘J L
- - : Z (cm) -200 -100 0 100 200 Z (micron)

SIDE VIEW (Vertical projection) Y (micron)l T —
[ aof !
L -
L -
: '0 b -
'; -
- = = = Z (cm) -200 -100 0 100 200 Z (micron)
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Computer with:
» frame grabber

= motors and lamp
controller

trasparent slide
with vacuum syst

motorized stage
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7. Conclusions. Outlook

Atmospheric neutrino and long baseline favor 2-flavor oscillations

(" Maximal mixing T T
1071 -
y " Soudan2 5.2 10-3eV? SUANZ .
MACRO 2 . 3 “ (\; 102} MACIT’(?’_,__i
kAr‘¢\232: < SK 2.5 “ J:l.‘o-s_ e gi
K2K 2.7 " -
\. Minos 2.43 " 1074 7
10-5 | | | |
No v,>v, oscillations (WACRO, SK) R
0

Oscillation pattern in L/E, (SK, MINOS)

More exotic scenarios:

- Lorentz invariance violation : mixing between flavor and velocity
eigenstates (MACRO, SK,...)
- neutrino radiative decay, others

Appearance experiments v, > v, (OPERA, SK, ICARUS,...)
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Solar neutrinos

Experiments : Homestake, Kamiokande, Sage, Gallex,
Superkamiokande, SNO, Kamland, Borexino
Am;,2=7.5 10-5 eV?
t9%0,,=0.47

SM. Neutrino oscillations
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... and next

« T2K and Nova
— “Off-Axis” Trick

SM. Neutrino oscillations 35



