e+ e- Collider (DESY)




How Colour is Found Exzellenzcluster Universe J MU

Relate to "standard" cross section

. _ 4mo?
Ci(e’e” — p'p7) = 30 i
Production of quarks: e o
¢
photon couples to electric charge Z,
+ .- =\ _ 72 + .- + - a
Oa(e’e” — qiq) = Z,Cle’e — pp) :
Specialty: gluons cannot propagate freely e -
* Photon "dissociates" into uu, dd, ss.. Pair (no "open" flavour") q q

. . q

intermediate resonance - vector meson (same quantum numbers as photon) \/
« Quarks carry kinetic energy —creation of new qqg-pairs —mesons

Js =M, + M,

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 2



How Colour is Found

Exzellenzcluster Universe

Lets explore the energy regime°
Nﬂmu ZZ

R= O'u,.(e*el—j Had:'oixen) E
Oi(€7€™ — pup7)

unbekannte Elgenschaften
L

Ty

only u,d,s quarks for

\E <3GeV — J{; A AL

-
—
——
.-
——
—.—

[] ) S U— —" —" —" " . —t e
» ] ‘

N
4 1 1 ZZ AsR=2'=" N=3
R Y 7 Inner degrees of freedom of

d J Quarks: N= 3 = colours

- -

measure R(\/s)




How Colour is Found

Exzellenzcluster Universe

Lets explore the energy regime°

B O(e*e” — Hadronen) E Nﬂmu Z’-
Owi(ete™ — ptp7)
unbekannte Elgenschaften
| I o
N4 ' ’#

only u,d,s quarks for ‘ t " “3%” #
Vs <3GeV  mn . i ojHl

) é'o

'

0 ' ) U o X W n U T )

- -

N
4 1 1 ZZ AsR=2'=" N=3
R Y 7 Inner degrees of freedom of

d J Quarks: N= 3 = colours

measure R(\/s)

- e

asaal

rale

1

PREPEPPPPPN | PP
PYY N MR M W e

Vi (GeV)




Colour and New Flavour

Exzellenzcluster Universe

Search for new quarks:

+ Look for “step-like” structure Js <3.7GeV Js <10 GeV
Production of new quark flavours of charm z =2/3 and beauty/bottom z =-1/3

R =3 4+1+1 4+1
’99999

-
3.2=2

9 —
— / Js ~4GeV e*e — cc — hadrons

3.10=33 ete- =Tt~ — hadrons
_ -, y B

T Js ~10GeV e*e- — bb — hadrons
- 9 - -

» Look for appearance of new “vector meson” resonance

22.08.14 Stephan Paul | Particle Physics for Astrophysicists



R-plot and Vectormeson/Boson

Exzellenzcluster Universe

Js >55GeV

Rise of R towards maximum at 90 GeV:
Z% Boson production

10
V7 [GeV)

po § Iy

w o Y(1,239) E

LHC

CMS Preliminary
Ns=7TeV, I,M-wpb"

Akl Al

. - B |
L L -"'ﬁ.'

/ wrw- < X <= qq < hadrons

1 10

" mass (GeVv/c’)

~ e*e- — /% — gqgq — hadrons

22.08.14 Stephan Paul | Particle Physics for Astrophysicists



How Gluons are Found

Exzellenzcluster Universe

Bremsstrahlung:

Acceleration of electric charge:
bremsstrahlung: e~ — e+
cross section: o =aq,,

Acceleration of colour charge:
gluon bremsstrahlung: 4 —~4+8
cross section: O =0,

Measurement of ratio: Mzas
O(2Jet)

First observation at DESY 1978

22.08.14
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Strong InteraCtion . Cou pling Exzellenzcluster Universe
4 q
q
+
q
1
q q
q Vacuum polarization 442 Ir C;wG'w
= Apeil 2012
e T e i
04 4 DIIISI;ts]Nnu. i

as(kz)

det g2(K°)

47

1 03}

~J

" BoIn(k2/A2)’

02

0 Heavy Quarkonia (NLO)
o ¢ jets & shapes (res. NNLO)
o 7 pole fit (NLoy
& pp —> jets (NLO

=QCD a,(Mz)=0.1184£0.0007

Y QIGev)

22.08.14
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What about the QCD POtentiaI ? Exzellenzcluster Universe

What is the equivalent of the Coulomb potential in QCD ?
Atomic physics: study hydrogen atom and spectroscopy
e~ and p move non-relativistically in central potential

QCD: study hydrogen-like system

study qg-system (quarkonium) with heavy quarks (c, b) with Mg = Mguarkonium/ 2

Resonance production

o™

22.08.14
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Exzellenzcluster Universe

B. Richter
Nobelpreis 1976




D iscovery Of C harm Q ua rk I I Exzellenzcluster Universe

SLAC, SPEAR F =Y ".1—1—7—'1 T

e'e” >y — hadrons

ee v on U

P IRPT TE W I S —————
200 | '€ —e'C ks 81306

ne 3 Pl ):
e'e >y >ee L T S
b :to ' _-1:

EPR N S W R Docndaed I— -

201050 3090 300 M0 3120 33
ENERGY €y (GeV)
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—@ .
Discovery of Charm Quark Il (1974) Cuasenzdusr Unierse Ml

Br'OOkhaven BNL ! prleee’ +e + X
p+Be—e +e + X

60 |-

S. Ting

11



Compare: Charmonium - Positronium

* o

‘ —
Gebgn"SiE hier ein

e S ————— — — — — —

eForniel ein 3, ¥

2Py =="22p,

\\ _2‘80

Bx 04y

T

&

~hoy

I

~510¢ fm

—

virtual photon

- |

(2]
(2]

L

Pl




Seche 4 PEP N
o* injoctor
- Jkm -
The BaBar Detector
1.5 T solenoid
Calorimeter
(superconducting) 6580 CsI(Tl) crystals
Cherenk et (3.1 GeV)
Detector

Silicon Vertex

N : S ) ) \ ‘l’adﬂ’
w | -V g il 5 double-sided

18-19 layers

e Ingector

PEP Il —\

PEP Il Low Energy Bypass (LEB) .:;me(m \

(9 GeV]

-
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Charmonium Spectroscopical Results

Exzellenzcluster Universe

Mass

MeV "2150 .
4300— 2t
¥ (4160) 2
B §1oo'
4100— ¥ (4040 -
5210
sp, 3940 50}
3000f— 'p, 73880 'p, ~3820_. '
_ 3p.W@770)’p,=3800_ 1, 3800 *p, =8I0
. |DD (3730 e ) e 0
3700(— 3686) o355)
;
oy 01022940’ P, (3524)
3m_ .‘ " El 3 3)]0 oo(l) 7— <i1
Vi 2(3415)
\ N
, [ M
3300 |— 10 ;" je
'y /‘
3100 — '.' , 0.1102)
L2280,
000 L 07 I 0127 = .27 @3~
'S, $iCp) O, 'p,. Dy, Dy,

(a) X(3943)
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Ypsi Ion i um S pe ctros CcO py (bb) Exzellenzcluster Universe ‘#

x104 BT
‘ 42-"062012 T(Z*S) Y(2S)—Y(1S)
5 3 s TEIOTS| hb(zp)‘
22 | LU Y(35)
S LT AN T

9.4 96 9.8 10 102  10.
M_ (GeV/c?)
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What about the QCD potential li Erzellnzolser Unverse )

Gluon interaction: electromagnetic strong

e Weak at small distances
* One-boson exchange
« Asymtotic freedom

ub

ur
Y

9
T > &

™

Photon: m, =0, J o '%k

PC - .
Gluon: m,=0, J =1 _ " ~q
¢ 'S sb

gluon exchange by 2 quarks

e Strong at large distances

 Confinement
« String breaking M:g‘:u

* Hadronisation gl o il

—
-~
\d 3

o V riGeV)

-4
- - e
- T

16



Tum

Exa m p I e fo r Asym ptOtic F ree d om Exzellenzcluster Universe qﬂ

é’é':““ms UA11984
100 |- QCD

Armson et al (1984) (1-cos 8)™

> ® - :
4 VECTOR &8 v /4 )
GLUONS < oa & o5 »
P QCD) k; ” w/

10 . .';

hadrons E

(1-cos 8) L

(dovdcost) / (daidcoSH) ceno

‘_v 7 y SCALAR  0q & oF
GLUONS o

Geer and Marsden (1909)
1/r potential
0 1 .- - 1 l 1 | l 1
01 03 05 07 08 09

2 Jets at CDF (Fermilab)Mj =1.364 TeV /c? tcos B

etjet




F rom Q ua rks to H ad rons Exzellenzcluster Universe

Quarks:

* Flavour: (u,d,s,c,b)

* Colour: (r,g,b)

e Spin:1/2

Build bound systems from quarks
e Colour-less

* Wave function must obey symmetry:

* Bose symmetry for mesons (integer spin)
* Fermi symmetry for baryons (half integer spin)

Hadron wave function product of

IP = (pcolourw ﬂavourq)spinwspatial

Group theory easily solves problem forming wave function
* Not treated here..

22.08.14
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F rom Q ua rks to Baryon S Exzellenzcluster Universe

Example: baryons (qgq) Il_zla';yeon=_l_ S S S e B
\'/6 JBﬂ-RG B r=R,G,B

changes sign under exchange of any 2-particles 1

— completely "anti-symmetric" 7 (|R)|G)|B) + |G)|B)|R) + |B)|R)|G)-

Only way to build colour "singlet" (white colour) |G)|R)|B) — |B)|G)|R) — |R>|B>|G>)

. open colour has not been observed so far ! —

1B) = |qqq), ==@ |Ort, Spin, Flavour)

* Consider L=0 spatial wave function

— symmetric under exchange of position of 2-particles
homogeneous spatial distribution

e Check ISpin, Flavour>¢ part
* Example: proton

pT)= (2|uTqul) uTuldT)-|ul quT))

sym

22.08.14
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From Quarks to Baryons

Exzellenzcluster Universe

Consider spin S=3/2 baryons:

Spin:

Spatial:

Flavour: must be Completely symmetric in flavour

[ A™) = |uuu) e Eirst hint for colour quantum number

1232 MeV ¢ V3

1385 MeV {

’3 3
S, S,

L=0 Completely symmetric in space

|A%) = (qud) + ludu) + |duu))

|A%) = % (lddu) + [dud) + |udd))

| |A) = |ddd)

| , ,
)= 7 (qus) + |usu) + Isuu))

=) = \;6 (luds) + [dsu) + [sdu) + Jusd) + |dus) + |sud))
|

Lak (lddx) + |dsd) + |sdd))

V3

5,+§> = |T)|T>|T) Completely symmetric in spin

Stephan Paul | Particle Physics for Astrophysicists
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Symmetries and Hadron Spectrum LSS

Baryons

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 21



Symmetries and Hadron Spectrum LSS

Mesons (flavour: u,d,s) Mesons (flavour: u,d,s,c)
‘ D; (q)

Spin=0 o
Y X’A S=+1 (b)
Spin=1

\
b«}f%ﬁ 4’sw
Q\E: Q=0 \>Xl

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 22



N U CIei Exzellenzcluster Universe "
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N UCIei Exzellenzcluster Universe

A

Nuclei built from protons and neutrons

Stable (dm < 30 keV )

Stable (m > 3.0 keV )
&m < 30 keV

I keV < 8m < 10 keV

10keV < &n < 20 keV

20 keV < &m < S0 keV

SO keV < & < 100 keV
Sm > 100 keV

ERTEEEEn

# protrons

http://personal.ph.surrey.ac.uk/~phplic/Programs/Inch/chart.png

# neutrons

22.08.14
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Exzellenzcluster Universe ]

Nuclei — Radii and Masses

Nuclear radii:
From electron scattering
A = N(neutrons) + Z(protons)

R=R,-A7=121fm-A"

V
— = const. = 0.17%2"8"33 - lO"‘i,
Volume scales with A : constant nuclear density fm e
nuclei are not easily compressible
nucleons do not really overlap much ("hard" spheres") -
Nuclear masses:
Binding energy: B = (Z- (Mp +me) +N - M, —M(A.Z)) . c? :
Weizsacker mass formula:
B Z - N)? ’ '
Z = ay _aSA-IIJ .3 aSym( Az ) _aCoul22A-4/3 iaPA-yz 75: fusion

22.08.14
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Nuclear Chart

Exzellenzcluster Universe

1"l s Sos | s | s27 Si31 533 | s34 | sas | s |
13 | Al AlZ3 | AR | ADS | ARS AS | ARG | A0 | AB1| aB2| A | ABe
12 | Mg Mg20| Mg21| Mgz2 | Mg23 Mge7 | Mg28 | Mg29 | Mg30 | Mgt | Mga2
11| Na Na19] Na20 | Na2i No2d| Na2S| Na26| Na27| Na28| Na29| Na30| Na31| Na32| Na33|
10 | Ne Net7| Ne1s| Neto Ne23| Ne2d| Ne2§| Ne26| Nez| 18 E] 2
9| F F16 | F17 | Fi8 F20 | Fa | F22 | F23 | F24 | F25
8] © 013 | 014 | 015 019 | 020 | o021 | 022 | 023 | 024
N Nit | N12 | i3 THEEEOEDEEIED 16
I EEREDEL C15 | C16 | €17 | C18 | C19 [ 14
s| B BS | B9 B12 | B13 | B4 | B1S B17 10 days to 100 deys
4| Be BeS | Be?7 | B8 Bel0O| Bell| Bel2 Beld 12 100 days to 10 years
3| Li Li$ Lis | Li9 Li1 19 Natural Radioactive
He HeS | Hes Hes 8 Stsble
H 4 6 Unstable
n 2 > 10,000 years
7| N Ni1 | N2
6] C | C8|Co | C10 | Cl1
S| B B8 | B9
4 | Be BeS | Be7 | BeB
No stable elements with A=5, 8 3| u LiS Li8
He HeS | Heb
H :
n 2

22.08.14
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Nuclei

. , .?
Exzellenzcluster Universe n !

MU

Nuclei built from protons and neutrons

http://www.nndc.bnl.gov/chart/

stable

Joie e qose¢
<SONS  1825M
2 P P 10000% ¢ 10000%
o 044X
J7Ca 0Ca OCH
101 1 M3 40 M5 0596 Ms
00 L 10000% ¢ 10000% o 10000%
B2 10%
3K 38K
. 342 MS 7856 M
Isotones.. « 100.00% + 100.00%
A o 0.08%
18 19

415¢ 425¢
N3 M3 681 3 M5
« 100 D% « 100.00%

= 100.00%

B 100.00%

20 21 22 23 24 N

» isotopes

27
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B l n d | n g Exzellenzcluster Universe

Effective interaction mediated by &t

Pion
"long" range nuclear force i
Yukawa exchange force 1
l 62+#2
U(r)= —e* wu' Compton wave length Nukleon Nukleon
3
n\\/ P “\/D
\ ”
\\x_ “0 P
\ /
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Strong Interaction in Astrophysics (Example) et &8

e [lement formation in stars and supernovae
* Limitations for highest energy cosmic rays

p + Y (CMB) - A — p + 7T Greisen-Zatsepin-Kuzmin limit

(GZK-cutoff)
E(p)<10¥elV =10"GeV

-
F

ol

Y)

Beatty/Westerhoff,
\ ARNPS 2009

w

aboad bl abal ad ok sl

alad

ey [N N SRR, Ve, 1

L
- ]

bl alad al bl b b sl b ol

. . ’
T

. VAT

* g 0

* Aupe hvbad

& A
L

1 Bt B

dakaldal i

i
i
¢

WOMT W MY WY Wt et Nt % W m® m® N

e Phase transition to "nucleonic Universe"
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Quark Gluon Plasma

Exzellenzcluster Universe -

The Phase Diagram of QCD

MeV]
S

Temperature T [

Net Baryon Density

30



Heavy Ion Co"isions Exzellenzcluster Universe MU

Assume: collision of Au + Au with E,. =1 TeV/A

Kinetic energy >> binding energy of nucleons

RHIC Collisions

9

Central collision creates soup of nucleons
* being heated up
* melting of nucleons creates soup of quarks and gluons (quark-gluon plasma)
* Gluons fluctuate into quark-antiquark pairs
* Soup expands — cooling — condensation (hadronisation)
* New nucleons form
* Pions evaporate from soup

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 31



RHIC Collisions §

Assume: co

Central collisio

* being heatg

* melting of

e Gluons fluc

* Soup expands — cooling — condensation (hadronisation)
* New nucleons form

* Pions evaporate from soup
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RHIC Collisions §

Assume: co

Central collisio

* being heatg

* melting of

e Gluons fluc

* Soup expands — cooling — condensation (hadronisation)
* New nucleons form

* Pions evaporate from soup
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H eavy Ion Col I i si on s Exzellenzcluster Universe ]

Assume: collision of Au + Au with E,. =1 TeV/A

Kinetic energy >> binding energy of nucleons

Central collision creates soup of nucleons
* being heated up
* melting of nucleons creates soup of quarks and gluons (quark-gluon plasma)
* Gluons fluctuate into quark-antiquark pairs
* Soup expands — cooling — condensation (hadronisation)
* New nucleons form
* Pions evaporate from soup

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 31



. . | G%
Stages of Heavy Ion co"lSlon Exzellenzcluster Universe Ty

Heavy Ion Collision:
14 e Ideal to get conditions at high T and p
Pb

Formation time 10= 1 fm/c
[1fm/c=3.3 x10?%* s]
Temperature of O(10%?)
Lifetime: 10 fm/c

S QGP in equilibrium (1?)

i ,:'-:"; : Cool down: hadronization

Time

32



ALI C E @LH C Exzellenzcluster Universe . i

Size: 16 x 26 meters
Weight: 10,000 tons

TPC

33



S
@
ALI C E T P C Exzellenzcluster Universe i
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Heavy lon Collision

Exzellenzcluster Universe

MU

ALICE @ LHC

35



Exzellenzcluster Universe ]

Quark Gluon Plasmal ll

Measure temperature from "particle multiplicities" momenta

Relative yield of particles of different species (mass) depends on temperature

o 7. e _m 4 A

Multiplicity: M ~ e T 2| ] Ti<T: 2
S S
= =
- =
= b |
£ £

g 1000 - \6,{. \6’

4 - N o o

= o e o

=

E 100. | &

10.0
o=
Measured distribution consistent with T=170 MeV
e
01~
0 04 08 12 16 Mass [GeV)

22.08.14
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What do we know about the QGP ? Exzellenzcluster Universe

Temperature:

Fluid Properties:

Phase transition:

180

160 | - -

120
100

5

Heating of nucleon soup stops at T=170 MeV

Temperature (MeV)

8§88

1 |

1 10 100

Centre-of-mass collision energy

Measuring characteristics of “QGP-decay’: per colliding nucleon pair (GeV)

— Flow direction of particles (elliptic flow): QGP is perfect fluid
— Expected: "perfect gas" - no interactions

— Viscosity lower the superfluid helium

— Close to theoretical limit (film)

Transition from QGP to “normal” hadronic phase
proceeds slowly
— Phase transition is "cross-over"

— Order parameter is "chiral condensate" <q@> (qg-correlations) WW

22.08.14
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Weak Inte raCtion Exzellenzcluster Universe

neutron

% o-BHe-¢
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Typical Processes

Exzellenzcluster Universe

Strong variation in transition rate

Process

Transition rate

Kern-3-Zerfall
3-Zerfall des Neutrons
Pion-Zerfall
Myon-Zerfall
Lambda-Zerfall
Fusion in der Sonne
Antineutrino-Streuung
Neutraler Strom

YK

T

M
A
p+p
Ve +Pp
et +e”

l

L dd d o

VCa+e +,
pte +v,
W+,
¢+, +y,
p+m
d+e+v,
n+e’

v, +1,

1072 a™!
103 s
108 sl
10° s}
1010 57!

10 ¥cm?
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Typical p rocesses Exzellenzcluster Universe o

e a
W— L ge W_ \\L d
s
d N S W
hadronic
” u
e e Ve Ve (.
W~ Ve W-
B \\\‘\\\\\\ z
W o T
leptonic
Vi Ve e Ve e
charged neutral

currents
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C h aracte ri sti CS Exzellenzcluster Universe 5

Weak interaction:

e Violates parity, time and charge conjugation
 Violates CP, CT, PT

* Conserves CPT (so far)

e Violates quark flavour conservation

« Violates Lepton flavour conservation

e Conserves Lepton number and baryon number (so far)

Similarities to electromagnetic interaction

e'+e — u' +p
e n e- w

e+ ”— e’ p—
m, =0 m, =91.1GeV/c” Weak interaction very short ranged

22.08.14
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Weak Interaction Characteristics Il Exellnzcster Univese g

1
Propagator: ~ ———— with Mposon = 80 GeV/c2 (91 GeV/c?)
Q + Mboson
1
a) for Q% >> M?Propagator: ~ — = Propagator (y)
2
J 1

b) for QZ << M? Propagator: = — — = const.

boson

Interaction (matrix element) is constant with energy

— replacement of matrix element with "effective coupling constant" G [GeV/c? ]

— interaction: point like (Fermi-interaction)

Beta decay &

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 42



C haraCte riSti cs Of B - D e cay Exzellenzcluster Universe

hase space
B-decay: — P
3-body decay: decay rate: I' = G.(Am)’
"Sargent rule" responsible for large variation of particle lifetimes !

p‘—;vu-l-e-d-f'.

Beta decay

o-
2/ W- d—out+e+9,

Lepton and quark decay (almost) identical (universality of weak coupling)

Quark decay: price to pay for change in quark-flavour !l — CKM matrix

22.08.14
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lun:

Exzellenzcluster Universe MU

Families

Strong & electromagnetic interaction "conserves"particle flavour

only "pair-creation" possible as (ff)

QIEE

5|

3

Vi
I

Weak interaction acts within "family”
charged current induces transitions: e.g. d—u or e—v,

Leptons

E

A

&
|

22.08.14 Stephan Paul | Particle Physics for Astrophysicists



C KM I Exzellenzcluster Universe

u d C d
However: Thus:
* change between families
W and We * onlyin quark sector
c s u s
wWe wWe

Solution:

* Quarks are "eigenstates" of strong interaction (mass eigenstates)
 notidentical to "eigenstates" of weak interaction

e Unitary rotation matrix Ve /(1'\ ( Vi Vus v'ub\ ( d\ /([\
 Weak interaction acts on ) ,
1= Vg Ves Vol ls| =Vekar | s
rotated quarks g’
V') \ Vi Vis Vi) \b ) \)

22.08.14 Stephan Paul | Particle Physics for Astrophysicists
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C KM M at ri x I I Exzellenzcluster Universe W

Diagonal elements are dominating

0,97459 02257  0,00359
(Vi) = | 0,2256 097334 0,0415
0,00874 00407 0,999133

2 2
® Transition rates: I'= |le| ~ ‘VUCKMIZ ——> decay rate:I' = G%ms‘r/ijCKM
o Transitions within "family" (mass eigenstates) dominate
e Unitary 3x3 matrix has

« 3 “rotation angles” (Euler angles)
« 1 phase

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 46



Exzellenzcluster Universe

CKM III

Build rotation matrices (in flavour space)

Ci2 2 0 | 0 0 C13 0 S13
Ri(613)= | =512 €2 O R:y(63)= | 0 ¢33 s R3(6,3) = 0O 1 0
0 0 1 0 —s3 ¢33 -s13 0 ¢3

>

Mischung zw. Generation 12 Mischung zw. Generation 23 Mischung zw. Generation 13
C19 = co8s 12 and 819 = sin by

-15
C12€13 512€C13 5i13€

_ _ i i
Veru = RiRyR3 = | =s12023 = 6‘12823813?'; €12€23 — ~“12~‘>‘23~*‘13(’}.(s €13523
$12823 = €12€23813€"7  —C12823 — €235128513€"0 €133
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C KM I I I Exzellenzcluster Universe

In flavour physics often "Wolfenstein" parametrization used:

1 - %22 / A (p — in)
Vekm = - | -1 A + O(AY) .
AP = p—in) —A1® 1
ViaVus +VeaVes + ViaVi = 0
Im A

unitarity triangle
pein sin28 = 21(1 - p) -, angles measured in
7+ (1-p) decays of K, B and B,
sin2a = 207" +p(p - 1))

(1§+(l-p) )@ +7)

P+

sin2y =

3 o
V.V, Re
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N e utri nos Exzellenzcluster Universe

MU

Obviously.. Biggest question for many:
What is the mass of neutrinos ?

Lyrics: Bob Seger (2003)

"Tomorrow"

from Greatest Hits Vol 2

Let me see a show of hands
Tell me the truth now

What happens if

Neutrinos have mass

| can't tell you about tomorrow
I'm as lost as yesterday

Rock and Roll Hall of Fame
> 60 million albums sold !!

22.08.14
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B
S o m e Neutri no p ro pe rt i es Exzellenzcluster Universe MU

Neutrinos are (quasi) massless
« all reactions involving neutrinos infer: m =0 (valid for e, u, T)

direct mass measurements for neutrinos:

m.< 3 eV Lyrics: Bob Seger (2003)

m,, <190 keV

"Tomorrow"
m, < 18,2MeV

« only hint for masses: neutrino oscillations from Best Hits Vol 2

* In the following assume: neutrinos are massless ! Let me see a show of hands

Tell me the truth now

What happens if

Neutrinos have mass
Ue+p—n+e’ | can't tell you about tomorrow

Ue+N 4 p+e” I'm as lost as yesterday

* neutrinos and anti-neutrinos are different particles
n—p+e +v,

+

. Nobel prize 1988:
Lederman, Schwarz
Steinberger

v, +p—n+p

v, +p A n+p
U, +pA n+e’

* Neutrinos know about families
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Parity Violation in Weak interaction o

Neutrinos have definite helicity

> D G- D
SRR
o] |p]

right-handed H=+1

For massless particle: J,=+1 H =+1
Helicity is "good" quantum number - valid in all frames of inertia (v , ;e = C)
* Helicity couples "spin" to direction in space

e Photons have: H = *1 - emission from atom equal for both helicity states

« Emission in all directions : no space direction is preferred
» Parity is conserved

Experimentally found:
* Neutrinos comein only one helicity state

H =-1 H-=+1

v

22.08.14
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Exam ples for Parity ViOIating Processes Exzellenzcluster Universe w0

All process involving weak interaction violate parity

not only those involving neutrinos

 Charged currents

* have maximal parity violation
* Only couple to left handed fermions (right-handed anti-fermions)

e Neutral currents

» Degree of parity violation depends on electric charge of particles involved (see later)

Example: u-decay

ﬂ'—’\’u"‘e""\'.

u=

|Q1

Qu

spln-down

é Q w=ZE.Z ST
O ? 5l " 16l P Ta
s=+% for particles withm=0:

The two possible spin

.. _ |
polarisations of the electron helicity not frame independent !

electrons: E,;, >>m_ and v=—c

22.08.14
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Examples for Parity Violation Bcslenzautor Unfverse. 0

' ' 1 ‘ i

. maximum recoil
~ case b) preferred
V S

5
W {rw -
s
O |19 {3 i
Pe Vi ¢ g ﬁ
(a) (b) (c)
0 10 2 2 0 w
preferred -
spin spin
e n—-0
&) P Beta-decay of cobalt-60
>
- 80Co —» ®Ni* + e~ + ¥,
80Co 80Co
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P _Viol ation I I I Exzellenzcluster Universe

Note: CP-Symmetry still conserved |

VLH

Wait for later...
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V-A Structure @

E. Fermi:

How to describe parity-violating interaction ?

- Vector current (like e.m.): Linr =i eP0)%¥() A“(X)  has negative parity
Vrktt:rrxm»n Photon feld

W

* Axial-vector current (new): At = W}"‘ Vs has positive parity

—

G|é| Y& YBVYir = FYLR

Ys: projection operator for chirality B () =
chirality = helicity for m=0 : :
Pr= ;(l + %) Py = i(l - 7s) mit Plz'R = PL.R

* Interference of both: violates parity: Vu + Au

* '"charged" interaction couples to left-handed fermions — Vi - Au

<\.’1 Yl =%))  example for leptons
effective coupling constant/ )

n n ok 2
charge" * propagator Gr = \s/qu =1.16637- 107 GeV™2 = 107 - M;z
e S,P, Tseem not to be realized w

22.08.14
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Flavour Oscillations

Exzellenzcluster Universe

Consider 2-state problem

'—-- - - -.'-:.—-—— -

Ho|L) = Eg|L) y|R) = Ey|R)

no transitions for infinite wall

assume interaction allowing transitions
o |y) = (90 + )| W) = E|y) Hin K Hy

symmetry around x = O
[#0, 2] = [#o + Him, 2] =0

e|L)=|R)  2|R)=|L)
1
new Eigenstates 1) = ﬁ(m" |R)) P|S) =S}
with definite parity: TN o
W=—=(ID-1R) 2=l
orthonormal (A|7|S) =0

(S|#im|S) = E'+ AE
(A|9{im|A> =E' -AE
(L|7{int|L) — (Rli’{imlR) =F

<L|7{im|R> = <R|’(im|L> =AE

perturbation theory:

level shift

degeneracy broken
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P a rti c I e Osci I I ation s I I Exzellenzcluster Universe ]

Gedanken-experiment ]
at t=0: through particle into left potential well: V() =1L)= 75(15% M)) no defined parity

switch in H,,, and observe time evolution: ihaiw(;)) = (Ho + Him) | W(1))
. 1
we can write: y() = a@|Ly+BOIR) e +|B@)|* =1
IR) (0)=1und B(0) =0
lw() |W(p)) = e HEEMR (cos %lL) +isin %lk))
IL) Just like coupled pendulum !

P(R) = sin’ AEt  probability to find system in R
h
- %(u,(mm) oscillation frequency

e
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The case of K0-mesons

Exzellenzcluster Universe

Production via strong interaction:

strong interaction

Eigenstates towards H,

m(K®)=m(K®) CPT - theorem

Ho = Hggark + Hem-

Decay via weak interaction
“K°:|sd > - (o) (0 nond)
. PA—= K K'n+X AS .| - —anx
\Y(Ko) - o CP-+1 cP--1
K°:[5d >
- > 0 *_- 0 v« _~-_0
Y(k°)=-l pA—)EOK p+X'K°A+x Asm”-'i'l K —=a'n K —=xann
L CP=+1 CP=-1
-/ \ J
Different particles for Same particles for

weak interaction

1‘*

-

g .
\
K ——eg —— K’
\

~

-
-

Hint = Hchwach
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P a rti c I e Osci I I ation s IV Exzellenzcluster Universe ]

Weak interaction leads to mixing: |K(t) > = o((t)|K0 - B(t)|l€° S
For weak interaction: build Eigenstates to CP-operator: [#(,cP] =0
c[K?) =—|K%)  c[R?) =-|K°) P[K’) =-[K°)

cr|K?) = [K%)  cr|K?) = [K?)

Figenstates to A, K1) = 5 ([K') +[K")).  [KY) = 5 (k") - [K"))

cr|Ki) = [KY),  cr[K3) =-|K3)

‘Am(K — 27) = 220 MeV

Am(K — 37) = 80 MeV Ui phase space
Tx9 =0.517 - 10-7s=580.1x? A
Thus there are "two lifetimes" for |K’) = %(IK‘,’) B K‘;)) —_— T
_______ Tiz
= -

22.08.14 Stephan Paul | Particle Physics for Astrophysicists 59



Particle Oscillations V

Exzellenzcluster Universe

Time evolutions:

IK?(’» — |K?(0)>e-imnt e-l'nlz — |K(I)(O)>e-(im1+l"1l2)r IK(Z,(’» — IK(2)(0)>e—(i:n2+l‘zl2):

L
Zerfall

Amplitude to find K© after time t if we start with a K9 at t=0

1
Apll)= % ((K¥0)| + (K%0)]) % (IKS@) + |[Kd)) =

-~ o

(x| IK%%0))

/

; . N
Po(t) = |Ae(0)| = 41 (e'r o € 4 26 T cos ((m - mz)l))

- i )

Holds for all particle oscillations !!

B «—— B B!« B
bd bd bs b3

K'—=U+v+s , K=" +0+7"
1
g 7 (MM 7, = 1.0)
Zosd\
0.4
02
1K
L R e S
TME (K, UFETIMES)
13
08~ A= (N =N)/(N"+N)
0.8 Semi—leptonic decays
04
0.2
0 < =
04
-1 5% T 5 3 o
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Particle Oscillations V

Asymmetry -

w 13 b
Neutrol—keon decoy time (7))

(0.5295 40,0020, + 0.0003,,,,) x 10" h/s

CP-LEAR (CERN)

R el n

)

4

Asymmetry

Exzellenzcluster Universe ﬂ'

MU

‘\r(t)unmix - J\r(t)mi)u:d

.At ix ) = T SR A'"t
nix(t) N()unmix + N () mixed ( )
1 BaBar T |
0.5 )
0 PO | f ' : _0
£ 14 e"+e—B°B
ol + | <4 B[+ X
B-mesons
l : 1 B’ —=I"+X
10 0 10
At (ps)

World average: Am, = 0.502 + 0.006 ps

B-factories (BaBar, Belle)
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