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Some slides/ideas taken from wonderful
lectures of prof. Tadeusz Lesiak

and T. Potter, D. Kietczewska, M.A. Thomson,
A. Obigkowska-Mucha, F.Zarnecki, R. Kass




Content of the course

The Particle Physics for non-specialists course consists of 6 lectures (2x45’)
I. Concepts and history, basic ferms
IT. Accelerators
ITI. Detectors
IV. Symmetries, the quark model, Feynman diagrams, QED
V. e-p scattering, QCD, Weak and Electroweak Interactions
VI. Higgs Boson, Beyond Standard Model, Neutrino Physics

Slides will be available on indico

* https://indico.if j.edu.pl/event/285/

Literature

« Perkins Introduction to High Enerqgy Physics

« Griffits Introduction to Elementary Particles

* Martin, Shaw Particle Physics

* Halzen & Martin: Quarks & Leptons: an Introductory Course in Modern Particle
Physics

* Particle Data Group: "Review of Particle Physics” [http://pdg.Ibl.gov]

The (mini-)exam ~
« written form, short answers to questions (from the list - to be provided earlier)
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Problems with the mass

* Ingauge field theories, the gauge bosons should be massless

(mass term not gauge invariant!)
« OK for QED and QCD, but not for W and Z!

* So the question started to be asked: could the symmetry
breaking that gives rise to vector boson masses be spontaneous
symmetry breaking?

Yoi;:hiroNambu
The Nobel Prize
in Physics 2008

« Such an effect was known in superconductivity
* Yoichiro Nambu (1960) suggested a similar mechanism could give
masses to elementary particles

 But.. spontaneous breaking of a continuous symmetry implies
the existence of massless spin-0 so called Nambu-
Goldstone bosons - none of which had ever been seen!

« Weinberg & Salam & Goldstone (1962): “In a manifestly
Lorentz-invariant quantum field theory, if there is a continuous
symmetry under which the Lagrangian is invariant, then either the
vacuum state is also invariant or there must exist spinless particles
of zero mass.”

« How this can be avoided ?
« Weinberg: Nothing will come of nothing; speak again!’(King Lear)

Jeffrey Golds’r;)ne
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Symmetry-breaking without breaking the symmetry

« Spontaneous breaking of symmetry occurs
when the ground state or vacuum state does

The rotational symmetry of the pencil
around its axis implies that the pencil is

not share the symmetry of the underlying \equally likely to fall in any direction.
A

theory
.+ It is ubiquitous in condensed matter physics

« Often there is a high-temperature symmetric
phase, and a critical femperature below which
the symmetry is spontaneously broken

« crystallization of a liquid breaks
rotational symmetry
 Curie-point transition in a ferromagnet

Wewnqgtrz domeny jeden
kierunek namagnesowania

ferromagnetyk:

Izotropia uktadu Wyrdzniony kierunek

!
4

i
|

! « However, perform the experiment once,
and the pencil must fall in some
| direction.

The resulting state of the pencil breaks
the rotational symmetry, although the
rotational symmetry of the laws that
govern the falling pencil remain intact.

Anna Kaczmarska, IFJ PAN
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The Englert-Brout-Higgs-6Guralnik-Hagen-Kibble Mechanism

 Solution was found by three groups
« Englert & Brout (1964), Higgs (1964), Guralnik, Hagen & Kibble (1964)
« gauge theories are not like other field theories: masslessness of Nambu-Goldstone
bosons and gauge bosons ‘cancels out’, combining to create massive gauge bosons

* Postulate the existence of a spinless quantum field
with 'sombrero’ potential -> the Higgs field

« The physical laws which govern the Higgs field
respect the symmetry that require massless W+, W-
and Z bosons

« The symmetric point of the Higgs field is of higher
energy than the vacuum state => in the vacuum, the
Higgs field breaks the symmetry like the fallen pencil

« InEW theory we need doublet of complex scalar
Higgs fields (== 4 components of Higgs field)

« 3 massless Goldstone bosons are generated from 3
components of Higgs field and are "eaten” to give
masses to the W* and Z gauge bosons

« The remaining component of the complex Higgs
doublet becomes the Higgs boson - a new
fundamental scalar particle

« The mechanism also gives mass to the Higgs particle
and fermions that couple to the Higgs field

ANNa KAczmarska, LrJ FAN MSD lectures 2019




Idea

the Higgs Field
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The Higgs boson

« The Higgs field fills all of space and has no external source
« The Higgs boson is an elementary excitation of the field. It
must be a scalar particle.
« Some particles - including the Higgs boson itself - interact
more frequently than the others; it means they are more
. _massive.
'+ Photons, gluons, neutrinos do not interact at all; they are
massless.
'+ Masses are controlled by free parameters called Yukawa
Couplings (the strength of the coupling to the Higgs field)

« The Higgs Boson has a mass, but the mass is not predicted
by the theory - we had to find it experimentally!

* Inearly 80s it started to assume a key importance as the only |
missing piece of the SM jigsaw :
« SM worked so well that the boson had to be present

 But it required collider energetic enough to produce it. Time
to design a higher energy collider and continue the search
 Finding the Higgs was one of the main objectives of the LHC

\A:“" -
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“T think we have it"

The Discovery of the Higgs boson by the ATLAS and CMS
experiments announced on July 4, 2012

SR Fhysics Letters B
g‘:’*‘ A
b ~!*% Volume 716, Issue 1, 17 September 2012, Pages 1-29

Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC *

z’ Physics Letters B
;;-k ,v‘\‘:;u‘ 21
: ? \~1{"% Volume 716, Issue 1, 17 September 2012, Pages 3061
For use in case 0‘ i
30 Higgs dlsco'le
Observation of a new boson at a mass § ith the CMS

e
Uy bwvist cork 90
“ e fua. (Aum away

experiment at the LHC =

2013 NOBEL PRIZE IN PHYSICS
Francois Englert ‘
Peter W. Higgs R
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But is this SM Higgs boson?

2019 -> we can see also « So far the observations are consistent
decays : H ->W*W-, with the observed particle being the
H->bb-bar, H->1*1- Standard Model Higgs boson
: ‘ * The particle decays into at least some of
ATLAS —o(obs) Total uncertainty| the pr'edic‘red channels
| M= 120306V | —expy  Eloonp |+ Also production rates, BRs, spin-parity (0*)
|77 bt ~ etc. for the observed channels match the
o e L=+ | predictions by the Standard Model within
B N R & the experimental uncertainties
MWW 116 T
:L:::mygf; A 5 | e e ——

H-bb p =06375

+0.41
uexp =1.00 0.38

+0.42 . :
H—- 1t uobs = 1.447037 : —_—

+0.36 !
n,,, = 10005 . ——

H - uu w, =077%7

o ; | The discovery of the Higgs boson finally
ST o completes the Standard Model of particle physics.

+4.2
pexp =1.07,5

Is this the end of particle physics?

Combined uobs=1'18tg:1i 1, o
b, = 1002 . Defum’rely No!
N I S B
Crtvasernr -1 0 1 2 3 There are many outstanding questions still fo be
\s=8TeV,203 b Signal strength (u) Gnswered.
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The Standrad Model is the combination of the Gauge groups
5U(3)C X 5U(2)L X U(l)y
including the Higgs Mechansism

Leptons Quarks
e, M, T N u.C 1
1/;_, Uy, Ur d, s: b
7
Photon WHw- 20 Gluons

Higgs Boson

Gravity is described separately by General Relativity

Anna Kaczmarska, IFJ PAN MSD lectures 2019



Problems of the Standard Model

« The Standard Model successfully describes all existing particle physics data
(though question marks over the neutrino sector)

+ But: many (too many? At least 19...) input
parameters:
* Quark and lepton masses
* Quark charge
« Couplings
* Quark (+ neutrino) generation mixing -
VCKM etc.
* And: many unanswered questions:
* Why so many free parameters?
« Why only 3 generations of quarks and
leptons?
« Why is the neutrino mass so small and the
top quark mass so large?
* Why are the charges of the pand e
identical?
* What is responsible for the observed
matter-antimatter asymmetry?
* How can we include gravity?
-« Etc.

Is there anything beyond the Standard Model?

Anna Kaczmarska, IFJ PAN MSD lectures 2019



Why Supersymmetry is Super? - Fine Tuning

« Scalar quantum fields (like Higgs boson) get
corrections terms to their masses which are 3 § 2
sensitive to physics at arbitrarily high energies | sl -
* Quadratically divergent loop contributions to /d TEe
the Higgs mass drive the Higgs mass to
unacceptably large values unless the tree level c o= 9 2 2
mass parameter is finely tfuned to cancel the | "'phys = MMbare +!g > S .<.<~_A

large quantum corrections.

« Attractive solution: infroduce a new symmetry, “supersymmetry” which links fermions
and bosons

« Each fermion has a boson partner, and vice versa, with the same couplings. Boson and
fermion loops contribute with opposite sign, giving a natural cancellation in their

effect on the Higgs mass f 7
I o S S
f f
* Must be a broken symmetry, because we clearly don't see bosons and fermions of the
same mass

« However, this doubles the particle content of the model, and introduces lots of new
unknown parameters

Anna Kaczmarska, IFJ PAN MSD lectures 2019



The Standard Model Supersymmetry

Sfermions

Force carriers

)
c
o)
L
Q
Q
7))

Mass generation

SM: W%, w°, g2 = 7

~ ~ —~ ~ v ~0 ~0 ~0 ~0 .
SUSY : A, HY, WO B* =5 1, X2, X3, Xa neutralinos

YRy Y ¥ _ mixing ~+ o+ :

Ar Hy, W, w— 25 %1, G charginos
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Why Supersymmetry is Super? - Dark Matter

25% Dark Matter

* Astronomy says:

* Ordinary matter (~5%)
- the only thing we knew until recently = §>

* Dark matter (~25%)
- does not emit light, but seen with gravity "

* Dark energy (~70%) 70% Dark Energ)
- do not know what it is; explain accelerated
expansion

« New quantum number => R-parity
R, = (_1)3(B—L)+2S S: Spin

* SM particles R=+1
« SUSY particles R=-1
* Multiplicative number .
«  Two important consequences if R-parity is preserved: Dark Matter particle
 Superpartners are pair-produced * neu.‘rmlln‘o (mix of
 Lightest superpartner is stable (LSP) f?’“m?, zino and
« Proton is stable (in general SUSY allows for non higgsino)
conservation of L and B) » Very hard to detect!

« LSP is good candidate for

Anna Kaczmarska, IFJ PAN MSD lectures 2019



Why Supersymmetry is Super? - Unification of Interactions

Resolution [m) Resolution [m]

7 21 25 29 33 17 21 25 29 3
1 1:0 ' 1:0 ' 1:0 + 1:0 ' 19 1:(I ' 1:(I : 1:0 : 1:0 ' 1:(I e In the Standard Model, the
: With Super-Symrmetry

e . :
trength | interaction strengths are not

quite unified at very high
energy

100t 1004

« Add SUSY, the running of
~ the couplings is modified,
{ because sparticle loops
Unitietion | contribute as well as particle
"’/  loops

2 M M M -0. .4. .ao -2- -‘ l. l.‘l '. : .
e A R L Enﬁgvm;g] '+ Details depend on the

_ e | VEPsion of SUSY, but in
general unification much

improved

1CD

| / - song
|  f

éUT ‘\__ electroweak

\ LEIECTOWeaK electro-
I ' magmebc
TOE %/

| weak
y H‘(

Sy S

e e —
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iy =T ats PN
energy (GeV)
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Anna

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

October 2019 Vs =13 TeV
Model Signature  [£dr ™ Mass limit Reference
4, G—qt) Oe,p 26jets EMS 139 | [10x Degen] 1.9 m(¥})<400 GeV ATLAS-CONF-2019-040
© mono-jet  1-3jets EM*  36.1 0.71 m(G)-m(¥})=5GeV 1711.03301
2 a0 Ocp 26jets  EF™ 139 g 2.35 m(E)=0GeV ATLAS-CONF-2019-040
% z Forbidden 1.15-1.95 m(¥})=1000 GeV ATLAS-CONF-2019-040
B 77 g 3e.p 4jets %1 |z 1.85 m(E?)<800 GeV 1706.03731
o ee, up 2jets  EP™ 361 z 1.2 m(z)-m(¥1)=50 GeV 1805.11381
70 Oeu  7-A1jets EF™ 361 | 1.8 m(¥}) <400 GeV 1708.02794
S SSe,u 6 jets 139 |2 1.15 m(g).m(,\'/,?)=2oo GeV 1909.08457
S )
T 0-1e,p 3b EP™ 798 |2 2.25 m(7%)<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |2 1.25 m(z)-m(¥1)=300 GeV ATLAS-CONF-2019-015
biby, by —>b)?‘f e Multiple 36.1 by Forbidden 0.9 m(¥})=300GeV, BR(bT})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥))=300 GeV, BR(bT))=BR(:¥})=0.5 1708.09266
Multiple 139 by Forbidden 0.74 m(¥})=200 GeV, m(¥)=300 GeV, BR(ti})=1 ATLAS-CONF-2019-015
o bibi b —bXs — bht) Oe,u 6b EPS 139 | b Forbidden 0.23-1.35 Am(¥3,79)=130 GeV, m(¥})=100 GeV 1908.03122
£ 3 b 0.23-0.48 Am(T2.79)=130 GeV, m(¥})=0 GeV 1908.03122
< i ~ ~
§ _§ fii1, L= WbEY or 1t} 02ep 02jets/1-2b EF™ 361 |4 1.0 m(¥)=1GeV 1506.08616, 1709.04183, 1711.11520
e S AR HowE Tep 3Bjetsib EMS 139 |7 0.44-0.59 m()=400 GeV ATLAS-CONF-2019-017
gg- fify, i >1by, 71576 1r+leut 2jets/th EMS 361 |7 1.16 m(#1)=800 GeV 1803.10178
2 2 i, [t 186 il Oe,p 2¢ EMS 361 |@ 0.85 m))=0 GeV 1805.01649
6 ' i 0.46 m(# ,&)-m(¥})=50 GeV 1805.01649
Oe,u  monoet EMS 361 |7 0.43 m(7 ,&)-m(¥})=5 GeV 1711.03301
fafy, faof) +h 1-2e,pu 4b EFs 361 |7 0.32-0.88 m(¥)=0GeV, m(7)-m(¥})= 180 GeV 1706.03986
b, hof +Z Bepu 1b EPs 139 | h Forbidden 0.86 m(t})=360 GeV, m(f,)-m(¥})= 40 GeV ATLAS-CONF-2019-016
BHS via Wz 23e,u EMs 361 | g /)?z 0.6 m()=0 14035294, 1806.02293
ee, jijt >1 EPS 139 ,\'% 1%, 0.205 m(¥s)-m(t))=5 GeV ATLAS-CONF-2019-014
XX viaww 2e,u EMs 139 | & 0.42 mE))=0 1908.08215
XS via Wh 0-leu  2b2y EPS 139 | ¥ /% Forbidden 0.74 m(¥})=70 GeV ATLAS-CONF-2019-019, 1909.09226
o ) ~ _ . i
= Q XX vial/v 2e,u EMs 139 | 1.0 m(Z,7)=0.5(m(¥F)+m(E))) ATLAS-CONF-2019-008
WS 27 7000} 27 EMs 19 |7 L 7R INOH650/3] 0.12-0.39 m(E)=0 ATLAS-CONF-2019-018
TirlLr, I-0F) 2e,pu Ojets  EM® 139 |7 0.7 m(E))=0 ATLAS-CONF-2019-008
2epu >1 EPS 139 |7 0.256 m(@)-m(¥})=10 GeV ATLAS-CONF-2019-014
AH, H—hG [ZG Oe,u >3b  EPMS 3641 )i 0.13-0.23 0.29-0.88 BR(Y) — hG)=1 1806.04030
4e,p Ojets  EP™ 361 |& 0.3 BR(Y} — 2G)=1 1804.03602
B o Direct ¥i¥7 prod., long-lived ¥} Disapp. trk  1jet  EMS 361 |if 0.46 Pure Wino 1712.02118
2 % v 015 Pure Higgsino ATL-PHYS-PUB-2017-019
g’s Stable g R-hadron Multiple 36.1 g 1902.01636,1808.04095
S 2 \etastable  R-hadron, 3—qgt" Multiple 36.1 m(¥})=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, Ve—ep/et/ut e, eTUT 3.2 41,=0.11, A132/133233=0.07 1607.08079
TEXT I > ww)zeettvy dep Ojets  EFs 361 m(EY)=100 GeV 1804.03602
22, 2-99%), ¥ - qqq 4-5 large-R jets 36.1 Large A7, 1804.03568
i Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
O 7, ik, ) s Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
iy, f1—bs 2jets+2b 36.7 1710.07171
iy, i1—qt 2e.pu 2b 36.1 BR(F, —be/bu)>20% 1710.05544
1u DV 136 BR(7, —qu)=100%, cosf,=1 ATLAS-CONF-2019-006

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

107! 1

Mass scale [TeV]
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Where is antimatter?

* The Big Bang should have created equal
amounts of matter and antimatter in the
early universe.

* We exist because there is
no antimatter around us

* If matter and antimatter are created
and destroyed together, it seems the
universe should contain nothing but
leftover energy

* Nevertheless, a tiny portion of matter -
about one particle per billion - managed
to survive. This is what we see today.

* The laws of nature do not apply equally to
matter and antimatter!

* (P violation we observe in kaons and
B mesons systems seem to be not
enough...

* There has to be New Physics to
explain that asymmetry!

Anna Kaczmarska, IFJ PAN MSD lectures 2019



Extra Dimensions

« The ultimate unification of the forces should
include gravity (TOE)

 But gravity very much weaker than other forces

* Many ideas proposed to explain this

* eg. Extra Dimensions

* Most particles (and us) can only travel in the
regular 3 space + 1 time dimensions

« Gravitions - the bosons which propagate gravity -
can travel in the extra dimensions

« The real gravitational constant is larger than the
effective one we see

« They have to be small extra dimensions, otherwise
we'd have seen them already

« If the dimensions are big enough we might see
their effects at the LHC!

Speculative!

* Mini black hole production at the LHC would
be an observable consequence of extra
space-time dimensions

« Black hole will decay very quickly (~10-2¢ s)
via Hawking radiation: particles emitted
isotopically

Anna Kaczmarska, IFJ PAN MSD lectures 2019



I have done a terrible thing:
I have postulated a particle
that cannot be detected.

Wolfgang Pauli (1930)

Anna Kaczmarska, IFJ PAN MSD lectures 2019



Neutrinos - short reminder

« Neutrinos are known to us since 1930 => $-decay

- It took 26 years to detect this particle e
« Cowan and Reines put a detector close to the
reactor and observed the inverse beta decay (few

— T —— — v Y v ~ ~ - ™

events/hour) :
:

Neutrinos in the Standard Model
| * Massless, chargeless leptons => only weak interactions

* Cross section for neutrino interaction in matteris 5y ____ fuaid

incredibly small. For energy of the order of 1 MeV
average free path in matter () of the order of light
years Il
« We need very strong sources and very large detectors
to study neutrinos... Gross sacion
« Only 3 v generations: experimentally verified from Z°0 e
width measured at LEP (for v masses <45 GeV/c?)

« v, (1956), v, (1962), v, (2001)

« Neutrinos are Left-Handed I ;

Scintillator coupled to photomultipliers

from
n" capture

; Water with CdCl,

<
Scintillator coupled to photomultipliers

v+p*—e+n

| nu".ncd_.n;cd'_, ll.'cd + Y
\—» et+e—»ly

_ Two neutrinos

P Three neutrinos

Vs Four neutrinos

1 1 L | " | A 1 1 bk L
88 89 90 a1 92 a3 94 95 96
Energy (GeV)

Anna Kaczmarska, IFJ PAN Neutrino AntiNeutrino
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Neutrino sources

Natural sources:

Atmospheric neutrinos
Solar neutrinos
Supernova neutrinos
Cosmological neutrinos
* as the universe expanded and cooled,
neutrinos decoupled from matter (like
cosmic microwave background)
Geo-neutrinos
« Radioactivity at the core of the earth

Artificial sources

Accelerator neutrinos
« proton beams interacting with dense
target produce secondary pions and
kaons. Muon neutrinos are produced
In: t o out + o,
Kt — ut + 1,

« By focusing produced pions and kaons
prior to their decay, we can obtain

high energy neutrino (or anti-neutrino)

beams...

Anna Kaczmarska, IFJ PAN

10°
10}
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10f
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Cosmological v

Terrestrial anti-v

L L 1 1

Solarv

v from AGN
Active Galactic Nuclei

L 1 1 1 1

Supernova burst (1987A)

2 / Reactor anti-v

Background from old supernova

Atmosphericv

1 1 1 1 1 L 1 1 ' 1  —

GZKv

10°¢ 107
pev. meVv

Reactor neutrinos

1 103
eV keV

108
MeV

10°
GeV

1012
Tev

‘IOIS
PeV

1018
EeV

Neutrino energy

n—p+e + e
« 100% anti-v, source, high
fluxes (6x1020 v/s), ~ 200 MeV
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Solar Neutrinos

100,000
cleaning fluid (C,Cly)

v+

gallons (615 tons) of

SCI=3Ar + e

Expect about 1.5 Ar atoms/day

------------------------------------------

ffffffffffffffff

~~~~~~~

p+p — D+et+ve(E <042 MeV) (PP)
p+e  +p — D+ve(E ~1.44 MeV) (pep)

SB — %Be + e" 4+ ve  (up to 15 MeV)

 Light takes about 10-100 thousand years to
get out of the solar core
 Solar neutrinos take 2 s!
* direct, real-time probe of solar processes
« Pure v, source 4.0 x 10 solar neutrinos / cm?
/ sec at the earth

R. Davis and J. N. Bahcall in late 1960s started
developing a detector to detect the neutrinos
coming from the Sun in a deep underground mine at
Homestake (US)

Huge tank of the cleansing liquid (C,Cl,)

The flux measured by Davis was about one third of
the theoretical prediction using Standard Solar

Modell

MSD lectures 2019



How to detect neutrinos

* 6o underground to shield the detector
from other particles
« Make your detector big
* use large volumes of cheap
materials
|+ Typical detection techniques:
« water (light or heavy) - record
Cherenkov light | IR o e
» Super-Kamiokande, SNO, time 104 E " pp)
and direction, higher threshold 100}
 radiochemical (Gallium & Chlorine) ! 10° f
« Gallex/GNO and Sage
 Produced isotopes are
periodically extracted and ,
counted :
* low threshold o
- only event rates counted N '/
* no time information,no direction ]

v.+""Ga—e +"'Ge

| v, +7Cl > e+ 4r

 Chlorine | SuperK, SNO

Gallium

P

108

3
-
3
sk
10!&

4

Neutrino Flux

108 £

o ’ hep

.
101 " 1 " |

* liquid argon - record drifting o 0 I
electrons from ionization Neutrino Energy (MeV)
« ICARUS
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Missing solar neutrinos: Super Kamiokande

« Results of Davies confirmed by other

T T T T T T r - T T

5 N May 31, 1996.- July 15, 2001 . : : .
3 (496 days) ' radiochemical experiments: SAGE i GALLEX
g ?l Electron total energy: 5.0-20MeV « Deficit observed also in Super-Kamiokande -

more than half of the neutrinos missing!
| « Solar neutrinos clearly identified by their
direction (w.r.t. Sun position)

22400 + 230

R . s ; A §0|ar1 v ‘evver‘lls B 50,000 tons of ultra-pure water
-1,0 05 0.0 0.5 1.0 H 1000 m underground
€os Osun W 11,146 photomultipliers (PMT)

20” dimension
885 PMTs in outer layer

s o
e )

| .1,

B T

.....

. 1
. i Gk s i anan) g 0 ()
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Atmospheric neutrinos

primary cosmic rays

atmosphere

production height
10~30km *#

« High energy cosmic rays (up to 1020 eV) interact in the
upper part of the Earth's atmosphere

Primary cosmic rays consist mainly of high energy protons
and light nuclei, with energies reaching 102 GeV (102! eV)
They interact with O and N nuclei in the atmosphere
creating a cascade of secondary particles, most of them
are pions .

T

~—— VIR —T—— - Raadn 4 Ean -

*Neutrinos produced by:

nt— N+Vy T~ — U Vg
I_) e+v(:V“ l—) e—V(’v[J
~lem 2sr s
As the primary "Flux
cosmic radiation is | 1YPical energy : Ey ~1GeV
iIsotropic, we -Expect N(Vu _}_V”)
expect that ' N A SV
atmospheric _ (‘,"f T \_’e)

o

' heutrino flux will

also be isotropic |

Up-Down Symmetric Flux
(for Ey > few GeV)
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Super Kamiokande - Atmospheric Results

« Typical energy ~1 GeV: (much ) v from
greater than solar neutrinos) £ 140 £330 ¢
 Neutrinos coming from above Z120 =300
travel ~20 km =100 + -+— 250
' * Neutrinos coming from below 2 8 ‘ 2200 m
. (i.e. other side of the Earth) E 60 2150 © -
travel ~12800 km “ 40 v “ 100
'+ Identify v, and v, interactions 20 = s0
from nature of Cherenkov rings [ NI FETN P R ) TN T P
—————— B | -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
e— ——
y
* Similar number of v, going down and going up i |
* in agreement with predictions | | ]
* Clear deficit of v/ [ ; o ]
« Can muon neutrino “disappear" in Earth ?! f / Y
* No! We can only explain it assuming neutrinos oscillate to A S WO 3
tau neutrinos! B ‘“‘{“‘",, S E———
* Predictions of oscillation model indicated by green —

histogram |V, Tt N—> u+X

« We cannot detect tau neutrinos

« CC cross section for interaction (with 1) too small Ve +- \ - T +X
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Neutrino Oscillations (1)

 Neutrino oscillations were first proposed by
Pontecorvo in 1967 who suggested that neutrinos
change their flavour as they travel from the Sun |
to the Earth |
« Today, the proposed mechanism of neutrino
~ oscillation extends the SM by assuming that
neutrinos do have mass e ———

—— r——— T~ TN T Y T

'+ We distinguish between two different neutrino state definitions
* flavor eigenstates - neutrinos with defined lepton flavor as produced in weak
interactions: v, and v,
* mass eigenstates - free neutrinos with well defined mass, as propagating in
vacuum: vy, v,
 Flavor eigenstates can be described as a mixture of mass eigenstates (like for

Mass states Weak states

quarks): - Secons i Socond

( Ve ) B ( cosfio  sinf1o ) ( 1 ) v, - !

Uy —sinf1p cosb1o 1)

« Which means that, for example, a particle which is created as v, has a certain
probability of being observed subsequently as v, or v..
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Neutrino Oscillations (2)

* The masses of the different neutrinomass |  —% -
states are not the same thus they travel at /\ /\ /\ /‘\ //\ /"\
different speeds

« Thus the ratio v;/v, changes during propagation ‘ v \/ M \/ \/ \A

' The two-flavour oscillation probability is:

E

S L j L -distance between neutrino source and detector

2,(L) =sin*(26) sin2(1.267Am T S
 Z

' Definition of osc’illq‘r_igpyl.erg’rh&: - i Y20 N\ /\ I
B ZAVAVBYAY.
= Z. 5 . BRVANNZAVS .

m Distance between neutrino source and detector
E, < E, and/or Am?;> Am?,
* PMNS - Pontecorvo-Maki-Nakagawa-Sakata matrix for 3 neutrino flavors (like CKM
matrix for quarks)
« Experiment SNO (2001): the first clear evidence that solar neutrinos oscillations
« total flux of all neutrino flavours measured and in agreement with prediction
« Experiment KamLAND - first direct observation of neutrino “regeneration”
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Instead Summary

from M. Witek
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