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The Building Blocks of Matter
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(Structure of Matter]

subatomic units:
electron-volt

uncertainty
relation

1 eV =k-11604 K

Ap Ax = R
200 MeV/c fm

Size/m

Energy Size Device Object | Year
0.2 eV | 10%m | microscope cell 1600
20keV | 101 m Xrays atom 1910
200 MeV | 10 m cyclotron nuclei 1946
200 GeV | 10 m collider quarks 1998
1,E-03
CELL | microsgope O0O,p eV
1,E-06 LN
1,E-09 \\
ATOM \.\x rays 20 keV
1,E-12 <
1E-15 NUCLEI\.:ycIotron 200 MgV
h 1 7
1E-18 QUARKS\:IIlder P00 GeV
LHC | ILC
1,E-21

1,E-03 1,E+00 1,E+03 1E+06 1,E+09 1E+12 1E+15
Energy /eV
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(The Forces|

elektromagn. Kraft

starke Kraft

w2’ w

schwache Kraft

Gravitation
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The Positron

- curvature R in magnetic field B: R~ p ~ 1/B
* ionization I ~ velocity B=v/c: I~ 1/~ 1/(p/m)

Wilson's
cloud

C.Anderson,

The
Positive
Electron
Phys.Rev.

43, 491
(1933)

F1G. 1. A 63 million v Ilp itron (Hp=2.1X10° gauss-ci )[ ing through a 6 mm leac i|| ate
and e ergmg asa 23 million volt positro (]Ip 7.5 % 10" gauss-cn ) The ler ;,lh f lh 1 tter path
51Lle st ten times greate Ih Lhe[assle ngth of a pra t n path of thi

Nobel prize 1936 C. Anderson
Nobel prize 1927 Ch. Wilson

for the discovery of the positron
for the cloud chamber
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Antimatter

Dirac, 1928:

relativistic theory
of electrons

The only equation in
Westminster Abbey:

kinetic energy
non-relativistic: E = p2/2m

relativistic: E2= p%+m?
E = +/p2 + m?
electrons + ... ?

holes = antimatter = positron
another mirror world: supersymmetry?

Nobel prize

Dirac: ,The equation was smarter than I was."
P.A.M. Dirac, Proc. Royal Soc. A117 610 (1928), A126 360 (1930).




(The Muon|

1935: H. Yukawa:

carrier of nuclear force
mass ~200 MeV (between e + p)

........

~

4

ri

Vil

Z
Nobel prize 1949

J.C. Street, E.C. Stevenson,

New Evidence for the Existence of a Particle of Mass
Intermediate between the Proton and the Electron,
Phys. Rev. 52, 1003 (1937).

Too penetrating - NOT the Yukawa particle !

I.I. Rabi Nobel 1944

Who or'dr'ed that ?

curvature R in magnetic field B:
R~p~1/B

ionization I ~ velocity B = v/c:

I~1/8~1/(p/m)

— ——
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| got what | wanted,
but it wasn't what I expected.

William Hamilton, New Yorker Cartoon, October 23, 1978
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The Pion

« stopping track + typical decay cascade

« decay product fixed range in nuclear emulsion = always same E
* two body decay to muon + neutrino

P. Blackett, Use of cloud chambers in cosmic radlallon
C.F. Powell, Discoveries on mesons with emulsions ,,-‘:,.1-,__3::“_

(still used, T in OPERA, Gran Sasso)

Nobel prize 1948:
Nobel prize 1950:
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Accelerators

find particle zoo:
BNL Brookhaven National Lab., USA

Cosmotron: 15t proton synchrotron. AGS: Alternating Gradient Synchrotron
1953: 3.3 GeV 1960: 33 GeV
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CERN Accelerators

CERN 1959:
| 26 GeV
Proton Synchrotron

CERN 1976:
400 GeV 7 km
Super Proton Synchrotron

injector chain PS — SPS — LHC



(Bubble Chambers|
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BNL 80" Bubble Chamber Zoo
1963-74 k model | Big European Bubble Chamber
1964 Q- Quark mode! ! 3.7m, 35 m® H, D, Ne.

; ~100 million photos 6 million photos 1973-84.
40 Nobel prize UsS + EU piston 2 +. magnet 3.5 T, 0.8 6J



[CERN Bubble Chambers]

‘l‘ L * i'ﬂ;!!:
1 WWW .:ltﬂlm’m Dl nw‘
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2m Hydrogen Bubble Chambel; Big European Bubble Chamber: 20 m3
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Strangeness

Gell-Mann 1953:

Strange
particles:

always
pair produced
in strong interactions:

new
conservation law |

life time © ~ 10-8..--10 g
decay length ct ~ cm..m

Fig. 12. Associated production, = + p =+ A%+ K® at about 1 GeV with subsequent
decavs in Alvarez's hydrogen bubble chamber.

D. Glaser, Nobel prize 1960
L. Alvarez, 1968

invention of bubble chambers
use of bubble chambers

42



Particle Types

fundamental fermions
no strong interaction
no substructure

spin = 1/2

m——

NEUTRINOS
Q=0

ms<1leV

B baryon nr
L lepton nr
S strangeness

LEPTONS
B=0 L=1
ELECTRONS
Q=1
€ m= 511 keV
1) 106 MeV
T 1.8 GeV
HADRONS
L=0
-
BARYONS
B=1
— —
NUCLEONS HYPERONS
S=0 S#0
N =(n, p) ¥+ (1189) > N &t
m = 938 MeV A° (1116) — p 7~

P
m,-m, =1 MeV

p stable _
n—-pe v,

2 (1321) > A ©t-

T=1010s ct=cm

T=886s

MESONS
B=0

Pions = (r* =% 7°) S=0
m(rt) = 140 MeV

m(r®) = 135 MeV

T —ptv, T=26ns ct=8m

Kaons = (K*K9) , (K- K°)

m(K2) = 494 MeV
m(K°) = 498 MeV
Kr—p"v, t=12ns ct=3m

S=1

46






lifetime /
\~ 10-8.. -10**-

2 ’/ decay Ien h . \
"*;c*c ~ cm..m" |

A | Moo o
S N NN " ]: _ SRR
@! AS =1 | . SNE- > AT

\
i \ ! \
f X . X ht ‘\ i | :5,_/"/
1] \ A ™ l‘l h
.; I"\ \- ‘\“\ __I . Iy i
! AS ¢ :O N N |
I . \\- \\ ! /’/ |
/ strong decay .\ i -.%
| . forbidden - \ . /M \
) _ "-“'H--__._,___‘H - L 'I %, ]I
ij => — . ﬁ N |
" long lifetime S OSAY T



The Particle Zoo
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(Meson Octet

X V ® 1@ {3} In
g g A {2} ® {2} ={1 |
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The Quark Model

MESONS

Mass JP=0 JP=1

Mass
MeV (1) (t1) MeV
494/498 (ds) KO K* (us) (ds) K*° K** (us) 892
+1AS Q V V
135 - + - U +
0 #Z) l; 140 ( d%) (J(%) P p* 770
548/958 (du) (ud) 782 /1020
-1 A A
494/498 (su) K- KO (5d) (st) K* K*0 (sd) 892
JP =1/2* JP = 3/2*
(ti1) (tt1)
Q (udd) (uud) (ddAd) (udAd()) (UXP (Xﬂ)
939/938 n p : 1232
014 I5
1 1197/1193/1189 2 ! z 1385
1116 (dds) (uus)
2 A 1532
1321 /1315 =- =0
(dss) (uss)
3]s
OCTET DECU (SISZS') PLET 1672
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(The Building Blocks|

Great scheme, 0 [Ye '™
BUT:

[ _ 3
all 3 symmetries 0 S s
mysterious:

° Up-dOWﬂ ((weak) isospin)
* lepton-quark
- 3 families

Q9
Q00



PARTICLES

FORCES

Electro- Weak INucl Gravi-
ea uclear :
Magnet. tation
Charge Electric Weak Color Mass
Symmetry U(1) SU(2) SU(3)
Matter Particles Fermions J=1/2
Up
Quarks . t rghb
Down d | s | b
Electrons
Leptons _ € ot
Neutrinos Ve | Vu | V2
Force Particles Bosons J=1
Photon Y
Weak Bosons W+, Z0, W~
Gluons 8 g;
Graviton (J=2) G
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[Fermion Mass Spectrum|

LEPTONS
ElecironiNemrino Muocn I*ieulrino Tcu Néuhino
Mass ~0 ~0 ~0
| o | @
Election Muon Tou
S11 105.7 1777 y
QUARKS .
g o
Up Chorm
Moss: 5 1 500
[+
Cown Stironge
8 160

What tells us Nature with this
new spectroscopy ?

mass of
Gold
nucleus



[Fermion Mass Spectrum|

1eV -

Leptons

Quarks

Mass /
GeV t
T c
U
V¢
u
Wl ©
Quarks | Q [ I; | B
ulc| t |+2/3]+172 13
d|s |b]-1/3] -1/2
Leptons
Ve Lol -1 |-1/72 0
----- vu v O +1/2

PLANCK, KATRIN, Ov2p

What
tells us
Nature

with this
spectrum

?

IF

my < m, =>

m, < m, =>

p decay =>
neutral universe
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: 4. Weak A
Interaction

Neutrinos

most abundant particle in Universe (except photon)

\aure sources and pure probes of weak in’reracﬁorj

149



o — radiation

MNumber of o

&

B
kinetic energy of o

This radiation has constant
energy values.

B — radiation

number of betas o
waith this energy

There are 100 bietas pmitted
with an energy of 2 ey

P =

. [
2nieY kinegic energy

kinetic energy of P

This radiation has not constant
energy values because the kinetic

energy is shared between the f
and the Vv,

vy — radiation
Number of v
A

-

kinetic energy of y

This radiation has constant
energy values.
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| Neutrinos |

Neutrinos, they are very small

They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,
Like dust maids down a drafty hall

Or photons through a sheet of glass.

They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,
Infiltrate you and mel! Like tall

And painless guillotines, they fall

Down through our heads into the grass.

At night, they enter at Nepal

And pierce the lover and his lass
From underneath the bed. You call
It wonderful; I call it crass.

John Updike, Cosmic Gall. The New Yorker, 17 Dec 1960.
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Pauli's Neutrino

hypothesis

n-pe ? continuous p spectrum
E conservation violated ?

Orfanar Briaf an dis Jrunpe dar Hodicaktiven bel der .
Gauverains-Tapung su Tubingsn. W. Pauli
45. birthday 1945

Abmahrift

Physikelisches Institut /
dar Eidg, Technischen Hochechule Arich, 4. Des. 1930

Mrich Oloriastrases n —> p e- Ve
Lisbe Radicaktive Damen und Herren,

Wis der Usbarbringer dissar Zellan, deo ioh buldwollist
amnmul¥ren bitte, Ihnan dE niheren sussicsndsrostaen wird, bin foh renamed
sogenichts der "falachen® Statiatik der ¥ und Li-6 Lerne, sowie Neu-rr-ino
rerfulies uk den mrecheelesiet (1) dar Statistix und dun Brergleaste
Yar. o uM dep "o L -
m retten, Mimlieh die MSglichkeit, es kSmtsn alektrisch noutrele 1933 bY E. Fermi
Tellobern, le ioh Neutronan naoman will, in den Lernen existieren,
valshe dmn Spin 1/2 baben und des Ausschlisssungupringsip befolsgen und after neutron
wlah von ldchtquanten susserdas nooh dadirch onterwcheldsn, dass sie

ekt =it LicHpuacindipeott Laufan. Dv Msso dar Neutronan \ discover‘y /

vou devsulben (Woesandrdoung wis dis Elsiktronesssss sein wad
s nioht grogser als 0,0] Protoocemapes.- Des kontimeierlichs
Spaktrum wirs dann wvarstindlich unter der Atmalwms, deasn bain
2o 0pl)l mit dem Elektron jewells noch ofin Nectron esittisrt

e, dwart, dase die Sumne dar Energlen voo Neatron and Elektron . Heute habe ich etwas Schreckliches getan,
konstant let. etwas, was kein theoretischer Physiker Jjemals
Also, liebe Radioaktive, priifet und richtet! tun sollte. Ich habe etwas vorgeschlagen, was
Leider kann ich nicht persénlich in Tiibingen erscheinen, da ich infolge nie experimentell verifiziert werden kann.

eines in der Nacht vom 6. zum 7. Dez. in Ziirich stattfindenden Balles

. ¥ . . Pauli am selben Tag an den Astronomen W.Baade
hier unabkémmlich bin. g



Supemwa 1987A, 23
fﬂ&u, 3 Fr—rt‘n uar '1 a87

Neutrinos

SEM Supernovae Sun
SN SN 1987A: 10 s! 6-10'4 m2s°!
g 10°8 total
1014 m-2
99% of E

S ~cosmic lumi

8 Reactor
o2l 2-10%0 s GW,,"! Atmospheric
@ 10 m: 10177 m-2s-! 10* m-2s-!

Accelerators Big Bang

335 cm-3
100ps - 100s
dominant cosmic energy

Earth 2-10!! m-2s-! radioactivity
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Big Bang Neutrinos

decoupling:
Yy  380.000 a

THE UNIVERSE BECOMES TRANSPARENT

hot v's. m, >1eV wipe out
small-scale cosmic structures

CMBR (PLANCK) + BAO:
Im(v;) < 0.23 eV
Neff = 3.2 + 0.2

arXiv:1502.01582, 9.

Thomas, Abdalla, Lahav, PRL 2010
Putter et al, arXiv: 1201.1909. Phys.Rep. 517(2012)141

Vv 1s vvse'e
equilibrium till 0.2 s /7 2 Mev

Vep -> N e’ _
n->pe v,

IADIATION DOMINATED ERA

now: 7 : 2.7 K background radiation 410/cm3
V: 1.9 K background radiation 336/cm3

T,=(4/10)3 T 0, = (97113 neyp neutrino / baryon density: (2,/€0, =05 Xm, /eV
“dark photons”: n,, m, Q,h?2=m,/94 eV < 0.0025




| Cosmic Neutrinos |

Supernova SN 1987A: Magellan cloud, 168.000 ly
10%8 v total, 1013 v/m?

100
’_-

i E Kamiokande

80r < Feb. 23, 1987

70}

eC}

SOt

agt

30t . - .

20 bR - CIURPSUUSUENNPYUNY % SOUNY JY VTR JOUSRUTRP S
R Gt e e R A S

TIME (min) °*

7°33 35 37 39 4 a3 45 a7 a9

first Supernova visible by naked eye
since Kepler 1604 at 20.000 ly in Milky Way!

neutrinos seen ~2h before light => m,6< 30 eV (Sun: light takes >10.000 yrs)
1
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Neutrino Discovery

Photomultiplier

Part from
nuclear
reactor

25 years after Pauli: Project Poltergeist:

C.Cowan and F.Reines, 1956 :
Savannah river reactor, USA

Delayed coincident Reines:
detection of yfrom'"cd ~ Nobel prize
with pair of y's from .y

g*- & annihilation. ’

Meutring
flux /‘L"
13 o 7

10 “/em=s

- Water target with
+ scintillator plus

Ve p > ne CdCl,.
e"e >YVYYy prompt, E = some MeV
ncd = Cd*y it

Y emission delay ~5pus
look for y,-v. coincidences
today 6d: 16t Daya Bay, 100t SuperK

<8 8 8 8%




4 N\ .

Solar
\Neu'rr'mos)

nuclear fusion in the Sun:
PPPP — ppnn = He
p-ne‘v,

micro-radiochemistry: detect single decays
v, CI37 — Ar3’ e- T=35d
v.n —p e

1967-94: ~ 2/3 neutrinos missing !

nuclear fission produces Vv,
1968 Savannah river reactor

v, CI37 » Ar37 e~ no signal =>

V#EYV




[Ar'e neutrinos equal? The muon neutrino ]

L.Lederman M.Schwartz J.Steinberger
Lead shielding

Berylium target  Magnet ring of accelerator

. A Z A A g —
¥l T BN — .~

13 m steel shielding
! from old battle ship

Paraffin

Proton beam

Brookhaven Proton Synchrotron, ——

USA, 1961 — ] T

-

-~
-
-

Lil]

;.-’- | S—
A

u Spark chambaer Vu # Ve




(Weak Decays

DECAYS
leptonic o
semi-

_ n
leptonic
non- A
leptonic

Vll e
W~ Ve
d d
d V\./"\ u P
. .
Ve
d d
S VT/ = u P
g u
\< d -

U decay

B decay
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(Weak Reactions

current
charged neutral

d
N u
d
V

78

/‘\N\
hadronic u

W+
leptonic e /‘\v e






CERN 1984: Big European Bubble Chamber BEBC | | 165



|Neutral Weak Current

char'ged current neutral current

\./ M weak Vi ~ Vi
bosons: : 70

e /‘\ isotriplet? A~ .

CERN 1973 : Gargamelle Heavy Liquid Bubble Chamber
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|Neutral Weak Current

VHN —>vux

CERN 1973: Gargamelle Heavy Liquid Bubble Chamber




-

Weak

~

\In’rer'ac‘nons )




» four-momentum : p=(E, p) c=1
- four-momentum? : relativistic invariant

- effective mass® : mé := p2 = E2 - p?
* ultra-relativist.: m«E E=p
* classic: p«m E=m
* s = invariant reaction ener'gy2 Py
_——) _ 2
omit  p.=p,0 0, > S = (p;+p2)
- Center-of -Mass System : e ---——-—- >¢-mmomm et
pi+p2 = (2E, 0) E.p) (E -p)
s=4FE°
* Lab system : 1 - >e2
my2 « E (E1, p1) (M3, 0)

pi+p2 = (E;+my, Ey)
s = 2 m,E;

target mass effect: m, = 2000 m,
224



e cross section: o =t R?
[c]=barn 1 b = 10-24cm?
1 mb = 1027 cm?
1 fb = 10-3% cm?
strong interaction: o (nN) ~ 30 mb
R = Jo/n

¢ interaction radius:
R (strong) ~ /10-3%m2 ~ 10" m =1 fm = 1 fermi

T=R / ¢ = reaction time

o lifetime:
T (strong) =1 fm / c =3 x 1024 s

e uncertainty relation: h=TIn1
h c = 200 MeV fm = AE AR

r=h/t = hc/R

¢ decay width:
energy scale r=E

E (strong) = 200 MeV
F=oahc/ r?

E=T="h/t=hc /R = hc

= 200 MeV fm / R
T (strong: A, p) = 120-150 MeV

e coupling constant: electric force
o= e? / (4n hc) dimensionless (so-l)

o[> f
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E.Fermi, Rome 1933:

-

Ve e Ve
u+ e’ n P
P SN
€ Ve Vu

\%

e

four-fermion theory of weak interaction

R.Feynman, Vo Va
USA 1948: 'nY' - "I Feynman diagrams
,, ; -~ | +

226



Fermi constant

4 Fermi theory of weak interaction v,
with coupling constant

6. = 1.1663788 (7) x 105 Gev-2 H z e
determined from muon lifetime " \{1

Tp = 192n3/(6F2mu5) (1+8kin) (1+8weak) (1+8QED)

c readout pixel .
« MuLan FAST beam degrader o (PSPM, 4x4 mm®)
(wedge) SIS +
» plastic SCIFI
» active target
— > Ty B ey 1 2
170 MeVic m+ - = >10 H decays
(1MHzZ) 3= s o
—> T, = 2196980(2) ps
4> E:+
7 get G to <10-6
y (vertical) bearn s H *
counter em -
Z (beam direction) FASTI MULan @ PSI
{horizontal) 0 10 cm
seate MuLan: arXivi1211.0960

FAST: arXiv:0707.3904



[Weak in‘remcﬁon]

° QED- F =a hc / r? electric force (g,=1)
coupling constant o = e? / (4n hc) = 1/137 dimensionless !
o(ete” > putp’) = 4n/3 0?/s = 80 nb / (s/GeV?)

s> = o6—>0 charge point like |
[02] = [os] = [I?E?] = [Rc]? =1 dimensionless (hc = 200 MeV fm)

200 -— W—

e weak force: oony / 10-2m?
C(v,e" >V H) = Gfs/n
S—>W => 0> Unitarity violated !

h2c2 = 0.4 GeVZ mb ol J
[6:2] = [o/s] = [I2/E?] = [R2c2/E*] => P
[6,] = [E-?] = GeV-2 ?2?2? ’ e

weak coupling constant G contains energy scale !
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C(Vie" > Vel) = 62s/m
G = 1.2 x 10°5 GeV-2

9.5 x 10-!! GeV-2 [m.,/GeV] [E, /GeV]
0.2 GeV fm
0.04 GeV2 fm? = 0.4 mb GeV?

= 3.8 x 10-1! mb [m,/6GeV][E, /6eV] = 10-16 5 (strong: np—A)
= 3.8 x 10-12 fm? [m,/GeV][E, /GeV]

= 3.8 x 1042 m2 [m_/GeV][E, /GeV]
c extremely weak !

"n u
(=t b
"n u

Gt

ol

EEELELLEERELRBLERRR R UL LR Gk

Cross-Section (mb)

mN/me = 2.000 ' mA/mN > 100 => 107
target mass effect |

[ S R PR < LIPS L, PR WY IOV (P, NP L) IR P (R 0P P PR O iy S B
10 10? 1 ¢ 10t 1wf  10* 10" 10® 10" 10"® 10"
Neutrino Energy (eV)




| neutrino interactions |

Fermi constant very small:

mean free path of 1 MeV solar neutrino in Earth :

c =3.8x10*% m? [m,/6eV][E, /GeV]

1/L = op / m
p /My = 5.5 g/cm3 / 167 102 g = 3.3 10% /cm?
1/L = 3.3 10%4/cm? 2 104 cm? = 6.6 1020 /cm

L =15 10" km = 2 1019 R, ~ 10 light years:

e e . i ] S = S
t S 4 - ™~ - =

10 billion Earths

only 1 solar neutrino/person/human life reacts !
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Weak Interaction

[GF] = GeV-2
Which energy scale hidden in G¢ ?

assume

point like electro-weak coupling with a,:

Gls/mt =0 = oawin/s
F w
s? = ay? w? / Gg?

electro-weak energy scale:
Js ~ Gl ~ J10%° GeV ~ 300 GeV

collapse of Fermi theory
massive exchange boson W
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rT—

'2
Ge [ (Mmy,?-s
e’ ... weak charge, dimensionless
massive W boson, correct s dependence.

s> 0: e?2=my26 = e*=4rxa ~ 0.1
weak ~ electric force !
mwz = 471.'(1/G|: mw ~ 90 GeV

cs»my?: o~ e4/s scatter on pointlike charge

6% s S—>® => o —> o unitarity violated !

___e*s weak charge, dimensionless ~1 970; f i nd

(my2-s)> massive W boson

s correct s dependence W=+Z0 bosons |
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