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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 | 10" m X rays atom 1910
200 MeV | 10" m cyclotron nuclei 1946
200 GeV | 10 m collider quarks 1998
1,E-03
CELL | microscope 0,2 eV
1,E-06 LN
1,E'09 \\
ATOM \.\x rays 20 keV
1,E-12 <
1,E-15 NUCLEI\.:ycIotron 200 M¢V
1,E-18 QUARKS\\c.oIIider R00 GeV
LHC | ILC
1,E-21

1,e-03 1,E+00 1,E+03 1,E+06 1,E+09 1,E+12 1,E+15

Energy / eV
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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
C.Anderson, cloud

The chamber
Positive
Electron

Phys.Rev.
43, 491
(1933)

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 (thc@ — mc*) =0

non-relativistic: E = p2/2m

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

holes = antimatter = positron
another mirror world: supersymmetry?

"N

Nobel prize &

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

1935: H. Yukawa:

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

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 ordered 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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I got what I wanted|

I got what 1 wanted,
but it wasn't what I expected.

William Hamilton, New Yorker Cartoon, October 23, 1978
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[LepTon Number Conservaﬁon]

H— MEG, PSI, Villingen, CH:

e y 7.5-1014 (3-107 /s) u decays:
find lepton nr violating decays:
H-ey)/(->adall) < 421013
Mu3e PST: 10!¢ (10°/s) decays p — eee, 10-15-16 sensitivity

MEG PSI: arXiv:1605.05081. 1606.08168 . Eur.Phys.J. C76 (2016) 434. Phys.Rev.Lett. 110, 201801 (2013)
lepton expts: arXiv:1307.5787 meg.web.psi.ch

pn3e PSI: arXiv:1301.6113 arXiv:1605.02906 1802.09851  Eur.Phys.J. € 57 (2008) 13

Mu2e: arXiv:1606.05559, 1705.06461

SUSY SU(5)

BR(u—>ey) 10-13
BR (un — eee) = 6x10-16

BR (uTi—> eTi) %
v detection:

MEG PSI: 2016: BR<410"3
MEG II: 2018-20: BR<510"4
Mu3e PSI: >2020: BR< 10-15-16
Mu2e FNAL >2020: BR<6 10"
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Stopping target
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BESIIL, Beijing 2014
m, = 1776.91 £ 0.17 MeV

Bducn Wi Chambors

ron 20 om
ol Shirw er Courmiers @4)

- Em T T T T |
= Trigoer Countars (45
=]
= '] *
‘g 10 -
l.:d' +
0 Fy ] ] ] ] |
3 4 & B 7 B
Total Energy  (GeV)
MARK-I detector i F1i5. 2. The sbwerved cross section for the signatune
at SPEAR e* e- ring e-f events.
SLAC, USA. )
M. Perl et al., 1975-77:
ete” > L'L" Nobel prize
above 3.5 GeV threshold: unlike lepton pair production: N

L"™ > e" + unseen V's carrying off energy + L.

L™ > 1™ + unseen V's carrying off energy + L,

confirmed 1997 in Pluto+DASP @ DESY Martin Perl
Belle at KEKB, Japan, 2010: 719 million t pairs 1927-2014



The Pion

 stopping track + typical decay cascade

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

m !

Nobel prize 1948: §

= P. Blackett, Use of cloud chambers in cosmic radiation
Nobel prize 1950: § &

C.F. Powell, Discoveries on mesons with emulsions
(still used, T in OPERA, Gran Sasso)
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Dile beiden Bider zelgen eine Fotografie (bei
der dle fiix den Vorgang unwichtigen Uinien
geldscht warde) und eine Zeichnung ar trikdd-
rung des Zetfalls eines negativen Kaons in en
negatives und ein neutrales Plon. Die enge Spi-
rcdle rechis oben stammt von einem Elekiron.
das aus einem Atom der Blasenkammer-
filssigkeit herausgeschiogen wurde. Dle Aut-
nahme stammt aus der Biasenkammer des LBL
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1 mass

J.Steinberger,

W .Panofsky, J.Steller, 1950 :
Phys.Rev. 78 (1950) 802.

S
[\ _scinTiLLaTION COUNTERS
2" x 2 x 3

Be TARGET la Pb CONVERTER

x10°
%) \I\Illlll‘\l\\llllll\I\\l\\llllll\l\\ll‘llll
2 220 Non diffractive minimum bias MC, x° signal
w 200 Nen diffractive minimum bias MC, background
- Data 2010 (WE=7 TeV, L=414.8 ub™")
o 180 Fit to data
q‘:) »»»»»»»»»»» Background component of fit
o 160
140
120
100
80
60
40

%0 100 150 200 250 300 350 400 450 500
m, ., [MeV]
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(Accelerators

find particle zoo:

BNL Brookhaven National Lab., USA

Foa

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

36



(CERN Accelerators]

CERN 1959:
26 GeV
Proton Synchrotron

CERN 1976:
400 GeV 7 km
Super Proton Synchrotron

injector chain PS — SPS — LHC
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(Bubble Chambers|
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BNL 80" Bubble Chamber Zoo CERN: BEBC
1963-74 Big European Bubble Chamber
1964 Q- Quark model | 3.7m, 35 m3 H, D, Ne.

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



[CERN Bubble Chamber's]

2m Hydrogen Bubble Chamber Big European Bubble Chamber: 20 m34

1



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
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IifeTime
’/ decay length

\if

1 AS 2 0
| strong decay
. forbidden

=>
long lifetime

{
i
]
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[S'rr'ongly bound hadr'ons]

P: P4
o,

P2 P3

four'-mon_\gm‘um
p; = (E. p) 1

invariant mass
of a particle:

-1

m?2=p?=s= 10

(p1+P2)% = (p3+P4)?

width:

I' ~ 120 MeV
lifetime:

T~ 103 s
decay length:

ct ~ fm ~ rooton

Ps GeV

§ ¢ :
i . u, d S 1
2 o A e‘e’» y* - vectormesons -
I * .
B PR 1
i S ! p’ “ :
I Ml %\}/W%W Fraghhtt!
- Y pormw :
i JN o -7t n d - K*K |
| t | ‘ | ‘ | ‘ | ‘ | ‘ |
0.5 . 2 2.5 3
\\\HH; I \\\HHE I R
2 T'p > A"7(1232) » 'p
=~ 10 s
£ ~ production  +  decay
10 Be
10” 1 10 | ‘102
w 27 7 2 7o TR T X7

decay

production
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The Particle Zoo
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.y ot~ F) | (1600 1737 7) | ox} 1/2{(07) | »8%/5° ADMIXTURE
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(170} 1) | afiron) 12t | temn) 120ty | MR etk
+ w{7e2) o (17 ) | « H1710) ottt | o kepguy 1/2(17) Eoments
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Particle Types

fundamental fermions
no strong interaction
no substructure

spin = 1/2

m——

NEUTRINOS
Q=0

ms1eV

B baryonnr
L lepton nr
S strangeness

LEPTONS
B=0 L=1
ELECTRONS
Q=1
e m= 511 keV
m 106 MeV
T 1.8 GeV
HADRONS
L=0
BARYONS
B=1
— —
NUCLEONS HYPERONS
S=0 S#0
N =(n, p) ¥*(1189) > N &

m, =938 MeV
m,-m, =1MeV

p stable
n—ope Vv,

A°(1116) > p 1t~
B (1321)— A 7T

T=10"0s ct=cm

T=886s

MESONS
B=0

Pions = (n* n° =n°) S$=0
m(n*) = 140 MeV

m(n%) = 135 MeV

T —pu'v, T=26ns ct=8m

Kaons = (K*K?) , (K- K?) S=1

m(Kt) = 494 MeV
m(K°) = 498 MeV
Kr—p"v, t=12ns ct=3m
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- observation: level scheme of mirror nuclei similar:
15N =15,0 14 C 14N 4.0 13N =B,
- strong interactions symmetric w.r.t. exchange n < p ?

can we say: n=p ?2?? g ISO_

- but: 33H=npn 2 pnp = 3,He

®
nn z np=23H 2 s
not bound dcfu‘rerlium rep‘iﬁsive L p ' n Y

p e =bound Hatom # n e = not bound

\

- symmetry broken by electromagnetic interaction:
(Mm,-m))/ m,=1MeV/16eV=1% small

- and by weak interaction: n—pe v,
- Heisenberg 1932: isotopic spin:

rotations in 3D real vector space SO(3) (spin algebra) isomorphic to
rotations in 2D complex vector space SU(2) (isospin algebra)

* nucleons (n, p) I=1/2 (2I+1) = 2 iso-doublet

* deuterium (hp) I=0 (2I+1) =1 iso-singlet //' "\\
« pions (n*n°n) I=1 (2I+1) = 3 iso-triplet N Y
. o~ »!
* same algebra as for spin: I,-Q © 7w =«

Clebsch-Gordon coefficients give

: ) , . I, = Q-B/2 incl. nucleon baryon nr
cross section and decay branching ratios. See exercises !
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Clebsch-Gordon coefficients

Quantum Mechanics: vector addition of angular momenta j;®j,’
triangular condition: |j;-j.| < J < ji+j> M = m;+m,

ITM) = 2 1js my jama) (j; my jo my [TM)

m;.m,
Jitlz
. multiplicity: 2 (2j+1) = (2j;+1)2j,+1)
j=|jl'jz|
. nor‘malizaﬁoni z |(j1 m1 jz mz IJM)'Z =1 =>
m;.m;
|y =3, \/ U+ J2= M0+ = 1)+ 1= )2 +D Wigner 1931
: (J+J+h+1) Racah 1942

5y (—l)f"\/(jl +on W —m Wy +m W —m W +m ) (j—m )
X
KNG+ = J =R = =Ry, = kW (= +m + k) (= j —m, + k)

- Abramowitz, M. and Stegun, I.A. (Eds.). "Vector-Addition Coefficients." § 27.9 in “"Handbook of Mathematical Functions

with Formulas, Graphs, and Mathematical Tables”, 9th printing. New York: Dover, pp. 1006-1010, 1972.

+ Condon, E.U. and Shortley, 6. § 3.6-3.14 in "The Theory of Atomic Spectra.”

Cambridge, England: Cambridge University Press, pp. 56-78, 1951.

* Messiah, A. "Clebsch-Gordan Coefficients and 3j Symbols." Appendix C.I in “"Quantum Mechanics”,

Vol. 2. Amsterdam, Netherlands: North-Holland, pp. 1054-1060, 1962.
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(Quarks

Quark | Q | I; [ B[S |Y
+2/3 | +1/2 [ 1/3| 0 |+1/3 spin

u
d 3 | -1z |13] o |+p| I =172
S A3 0 |13] -1 |-2/3

Y Y

ﬁ § 2/3

‘ Tﬁ u»l A2 2 _, I,

-1I:2 :IIZ ’ a LA a

1-213

ST -23
Quark Antiquark
Y =B+ S hypercharge

I, =Q - Y/2 Gell-Mann - Nishijima rule
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(Meson Octet]

{}®{q}=V®A= {2t®{2}={1}®{3} inSU(2)
= (3} ®{3}={1)® {8} in SU(3)

Ke s s K* (ds) K° K* (us)
/’\ Py IQ\
,/d \\{3}/, us
/ o\-—\-—-.«—-o \ TCO
. =7 \ Sy o /l :‘ a + TC+
moue- -5 {3} - m ] *
Y o« (du) (ud)
/N 1N
/7 ¥
2.
K- u d Ko 0 -

(su) K- KO (sd)
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(Baryon Decuplet

= {q} ® {9} ® {q} = V&V&V

={2} ® {2} ® {2} = {2} ® {2} & {4} in SU(2)
=3} ® {3} ®{3}={1} o {8} ® {8} & {10} in SU(3)
A~ A° A* A**
(ddd) (udd) (uud) (uuu)
Rl el el {4} in SU(2)
N SN

¢--—--% -2

(dss) N ;| (uss {10} in SU(3)

55



(Baryon Decuplet]

(ddd) (udd) (uud) (uuu) Q

A” A° A* A**
04 1,

(sss)
in Brookhaven 80 inch bubble chamber

1968 Alvarez for bubble chamber
1969 Gell-Mann for quark model

56






Al
o

Al
3

PSEUDO-SCALAR

[

weak / elm. decay

[The Spin|

VECTOR
T r=r

strong decay




(Meson Octet]

={q}®{g}=VeA ®  SU(2) isospin singlet
={2}®{2}={1}® {3} in SU(2) oo ¢ ® pt  itriplet

. ® @ SU(3) isospin singlet
=3} 3}={11® {8} in SU(3) K*+

octet

hyper-charge

Y=B+S
Gell-Mann - Nishijima:
I3 - Q - Y/Z

K* - K*o
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The Quark Model

MESONS

Mass JP=0" JP=1" Mass
MeV (1) (t1) MeV
494/498 (ds) K° K* (us) (ds) K*° K** (us) 892
+1 AS Q
0 %l 135 770
® saploss @ ‘“d) (du) (ud) 78211020
-1
494/498 (su) K- K° (5d) (sti) K* K* (sd) 892
JP =1/2* JP = 3/2*
(ti1) (t11)
Q (udd) (uud) (dZd) (U(ng (uid) (XJU)
939 /938 n P - * o 1232
0.4 I,
y 1197/1193/1189 2 ! z* 1385
1116 (dds) (uus)
2 1532
1321/1315 =- =o
(dss) (uss)
3l s
M OCTET DECU Q PLET 1672

(sss)
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(Quark Masses|

M- + My - 2 Mg+ =3my-3m, = 11 MeV
(dds) + (uds) - 2 (uus) =3d -3u

. A- A°  A* A**
My - m, MeV (ddd) (udd)  (uud) (uuu)
o----@----@----9
\ VRN RN /
VAR r N ’
*.\\ // \\ 76 N *+
decuplet equal spacing rule: DI SR YA
(dds) \\ (udsy /' (uus)
/ \
MQ- ME* - ME* - MZ* - MZ* - MA - ms-md - *\\ // \\ /I i
A $ B
142 ~ 145 ~ 153 ~ 145 MeV (s \ ;. (uss)
\\ /I
\ /
¢
. Q-
Gell-Mann-Okubo mass relation: (sss)

3 M+ M, =2My + M)
3 (uds) + (uds) = 2 [(uud) + (dss)]
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(Hadron Spectroscopy|

SU(N): ® O(3): N flavors ® spatial excitations

1. S hyperfine splitting: energy of spin flip:
T T4 mass split / GeV

K - K ~ 0.4

11T 141

A - N ~ 0.3

> - X ~ 0.2 ~ B -E

M;. - M; = Mz, - Mz = M - M
196 ~ 214 ~ 294 MeV

2. L orbital momentum: &> J =L+ S ~ M?

3. N radial excitations: e<e

p - p dm ~ 0.5 GeV
heavy quarks: non-relativistic potential: harmonic oscillator:
¥ - ¥ dm ~ 0.6 GeV

lP..— lP.

Y -Y

Regge theory:

J

4 A h
3 ¢ g
2l »7f
1(p

&
IPO M2
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Light Meson Spectroscopy

n2etly,  gFC =1 =2 =0 =0 fquad Bin
ud, ud, é(d& — uT) ug, ds; ds, —Ts f f [°] ]

115, ot ™ K n 7' (958) ~115  —24.6

135 1=~ p(770) K*(892) $(1020) w(782) 387 360

11p 1+ b1 (1235) K1p! h1(1380) h1(1170)

13R ott ap(1450) K}(1430) fo(1710) fo(1370)

13R 1+ a1(1260) Kial £1(1420) £1(1285)

13R 2+t a2(1320) K5(1430) £5(1525) £2(1270) 29.6 28.0

11Dy 92—+ m9(1670) Ko(1770)f 2 (1870) n2(1645)

13D, 1-- p(1700) K*(1680)t w(1650)

13Dy 27" K(1820)

13Dy 3-- p3(1690) K3(1780) $3(1850) w3 (1670) 320 310

13F, 4t a4(2040) K}(2045) £4(2050)

13Gs 57~ p5(2350)

13Hg 6+t ag(2450) fe(2510)

215, 0+ 7 (1300) K(1460) n(1475) n(1295) -224  —226

238 1-- p(1450) K*(1410)} ¢(1680) w(1420)
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(Heavy Quarks

flavor =
property to be up, down, strange, .. quark

N flavors
SU(N) flavor space =

unitary N-dim. complex vector space

from SU(3) to SU(N):



Charm

discovered

B. Rih‘l‘er' 1974 S. Ting

T T 7. T T T T T T 13
C e*e” ——hadrons Asy -
1000 E x 100 ! -
Q = 3
E - .
® 100 = E
E width < resolution | E
o Wl Loy b 1§ Pr‘lze
3.050 3.090 300 3410 3.20 3.30
| Ecom. (GeV) 1 976
e* e~ —» ¥ — hadrons pBe - JX —-e"e X
3.1 GeV 28.5 GeV
MARK-I @ SPEAR double arm spectrometer @ AGS

Stanford Linear Accelerator Lab. Brookhaven National Lab.



[Charmonium|

ete > V' Wt -
|

— et e”
m\P = 3.1 GeV
m. = 1.5 GeV

MARK-I @ SPEAR 1975
Stanford Linear Accelerator Lab.
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(Charm|

BESIII e*e-, Beijing 2012: 500 ¥(1S) /s
1.3 billion ¥(1S) + 0.6 billion ¥(2S)

x 102!

71



(Open Charm Decay

production flavor violating = weak beam



(Open Charm Decay|

DO—-> K- =w*
1 = 0.4 ps
ct = 123 um

D*->K'wt* 7~
1t =1.0ps
ct = 315 um



(Charm Spectroscopy|

o @)

Baryons Mesons
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discovered 1977 by

L. Lederman et al.
P N->pp™ X
Fermilab, USA

Electranic Detectars
I_|+
Stwd| Alorber

Salld Steal Magre

& bsarbiar

Target
Proton Froton

new 34 family
same year as T |

http://link.aps.org/doi/10.1103/PhysRevLett.39.252

L.Lederman



[Bottom quark]

BaBar @ PEP,
SLAC: e*e- - y(4s, bb) »

BaBar @ PEP, SLAC, Stanford, USA. 553 fb-! 99-08
Belle @ KEK, Tsukuba, Japan: 1000 fb-! 01-10
Belle2 @ KEK : 50 ab-! 18-

1.3 billion BB pairs in 1.5 ab-! since 2001
LHCb@CERN: produce 108 BB pairs/s, 6-10!! detected
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\quarkonium & vector mesons]

messs 1960 s 1970S —essssss 1980S == _

HH° ?



(Tevatron

CDF DO

Fermi National Lab., Chicago: p p @ 1x1 TeV



Phys.Rev.Lett. 74 (1995) 2626+2632

discovered
1995

CDF+DO

Tevatron
pp @ 1ixl Tev
Fermi Natl. Lab.

Chicago, USA

Top

find 1 top in
1010 hadronic interactions !

as heavy as a
Gold atom:

m; =
173.3 £ 0.8 GeV

arXiv:1403.4427

width: 1.3 GeV
expt.: <2 GeV

weak deca
within 3-10-2°s -

too fast
to find a partner -

top quark
never becomes
a dressed hadron !
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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



Fermions

Spin
J=1/2

Questions:

- why no free quarks ?

=> confinement, QCD

* fractional charge 1/3 ?

QUARKS |[Q I; | B|L

u [ c | t |+23|+1/2

d | s |b]|-3]|-12 s 0
LEPTONS

e” |[u |1t | 1 |-12 o |

Ve | Vu | Ve| O [+172

Masses

u C t e- T T
2-5MeV | 1.25GeV | 173 GeV | 511 keV | 106 MeV | 1.78 GeV

d S b V, v, \'2
5-8 MeV | 120 MeV | 4.25 GeV <2eV <190 keV |<18.2 MeV
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PARTICLES

FORCES

Electro- Weak INuel 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 ujct rgb
Down d | s | b
Electrons
Leptons © o
Neutrinos Ve | Vu | Vi 0
Force Particles Bosons J=1
Photon Y
Weak Bosons W+, 20 W-
Gluons 8 g;
Graviton (J=2) G




[Fermion Mass Spectrum|

What tells us Nature with this
new spectroscopy ?



[Fermion Mass Spectrum|

Leptons Quarks
P What
I\(I;Izssl 're”S LIS
Nature
with this
spectrum
Quarks | Q [ I; | B ?
d|s|b |l el IF
myg < m, =>
Leptons m, < m, =>
T 1 p decay =>
1eV - v ol IV I A A neutral universe
_____ w [ Vel o |+1722

PLANCK, KATRIN, Ov2p



" Hadron |

spectroscopy

\ ﬂ'\i;iﬂg /




[Char'monium Spec'rr'um]

| 1 o !
80 100 2 Loo 700
E, (MeV) E, (MeV) | 2 3 4
15000 -
Cr-ys'ralxml 5 6 7
o], SLAC 1985 8 Ke
: J=L+S

5000

L} L ! ' T I I | 1 1 L} T I I T I I

I} f l 1 1 | | | 1 1 1
—

E., (Mev)

N25+1 L

. . . . _ J=L+S
- input state fixed by ¥', measure y in NaI (TI) crystals =>

* missing mass spectrum X Y- padial N
WYYy JC: 1--» 1--1--  C violated W-n. t1-t1 S

- 15, and 3P states n. and y. only in decays, not in e*e- V-x. orbital L
99



M Y hy %

[Boﬁonium]

25+1
N LJ' =L+S

Y'-Y radidl N
Y-n tt-1tL S
Y - x orbital L

o* 1 1 01,2"1,2,3™
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Quarkonium

Bindungsenergio [aV] - Bindungsenergie [ev] + — I
e p e” e Masse [GeV/c?] CC Masse [GeV/c?] bb
]
. 1 “ “Il
- — —— 3 -
0 / P «::_: 0 "';E """""""" ) ';‘s “““ - 40 35 1"' 106 (— - -ﬁl—- — -
<k ;:.____‘: St e 2 : :}_(:I o, .'-=;2::} L‘l\" ) i w .
B \\‘ By .;EELI?IW"W ) "‘ —, ) 104 1 —33s t"'
- AL — 38 [~ p-schwel —— 130, L ’-—-/2:P2

-8 -4 - - e e e 2Py~ === 29p,

- : ‘ — 2%, Y 102 |- \2%p,
€2k —_ sk g i, 36 —2's 13p.
| 15— eeenyyy (:‘ LIu-lw | 15— !:ww m' ’ —_—3 : 100 |- —23 ‘s‘

mi — | Al N —s, 1 11P| _____ 1 P1 X & 2]50 _____ ! /13P2
, - . . 4 1Ry 1Py e mmesd — 1p,
Hydrogen Positronium ¢ gsl N

z}bb. 13.1. Encrgicniveauschema von Wasserstoffatom und Positronium. Gezeigt 32 |- kbt
?-md d?r Grundzustand (n = 1) und der crste angeregte Zustand (n = 2), sowie ‘ s M,
ihre Feinstruktur- und Hyperfeinstrukturaufspaltungen. Dic Aufspaltungen sind nicht 98 Q‘- 96 -
maBstéblich cingezcichnet. 30 Lﬁ- 1'sg ’ E
————] Sl
94 |- 1'Sg===---
Charmonium Bottonium
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udcs

[quark charge]

e’ 'Y* f.
> V‘@‘_
e f

. ole’e” > q g hadrons)
c(e'e” —>pp7)




(Quark spin

A RAREE RRARE R
e ALEPH

[ —— MC detector level

Ll e H"“‘-E

oo e by by b b by b 1
¢ 0.1 02 03 04 05 06 0.7 08 09 1

c0s(Cnypusr)

PETRA @ DESY
LEP @ CERN

. A,

e e - aq—>2jets

jet angular distribution

Spin O:
do /d cos 0 ~ (1-cos?0)

Spin 1/2:
do /d cos 6 ~ (1+cos?0)
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(Quark Mixing|

Decay | Am/MeV | t/ns
u pt
T o pt v, 139-105 = 34 26 d } B { v,

K* > p* v, | 494-105 = 389 19 . _ W
L gj' "Cvu

- kinematics: 1./t ~ 20, observed: Tt ~ T
» d and s coupling different ?

* N.Cabbibo 1963:
universal couplings, but weak interaction
does not see eigenstates d and s of mass + sTrong intferaction,

but mixed states d’, s’ with mixing angle 6 : :|" "Cu
d' = dcos 6, + s sin 6, d’=d cos 6,

s' = -d sin 6, + s cos 6, ! }-—-{ :

s’ =-d sin 0, g

with Cabbibo angle: sin 6, = 0.220 + 0.002
- sin 6,: mixing strange - normal world or probability of family change

» SU(2) doublet: (u d) , M(K*—p* v )/ T(z*—p* v ) ~ sin®0./cos?6, ~ 0.05
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(GIM Mechanism| [ Tamer [T

K'— p* v, charged 64 %
K* - n* vv | neutrdl <10-10*%
» Cabbibo theory: weak neutral current K — I"I neutral <10-°
(ud) (ud)T = wu+dd = g .
— — — W
uu + cos® 6, dd + sin® 6, ss + ... AS =0 s ]" - "[ "
sin 0, cos 0, (sd + ds) AS =1

- AS = 1 flavor changing neutral current not observed
-+ 1970: Glashow, Iliopoulos, Maiani: 2. quark doublet

d'= dcos@, + ssiné, u c
s' = -dsin _ec + _s cosiec ) d' S'
neutral current =uu+dd +cc+s's
- I ‘ A ‘
=uu+dd+cc+ss AS =0 d d S
+ 1974: Charm discovered by S.Ting (SLAC) and B.Richter (BNL) N
+ 1973: Kobayashi + Maskawa postulate 39 quark family >
mixing matrix with 1 complex phase -> CP violation S

* LHCb: JHEP 01 (2013) 090.
NA 62, 2015-7: expect 102 in 10'3 K* decays
expect 8 10-1!, Buras et al, JHEP 1302 (2013) 116



(Quark Mixing]

1973: Cabbibo-Kobayashi-Maskawa postulate 34 quark family

CKM matrix Vg transforms

mass eigen states (d s b) to Nobel
weak eigen states (d's'b’) ]
prize
d Vida Vs Vi d d - -
s | =1 Vea Ves Va s | =Vekm | s ¥
b Vi Vis Vi ) \ b b /A
represent in space of n=3 families by 2008
n(n-l)/z =3 EUIer Ongles Cij = COos GIJ ' Sij = sin GIJ R i=1,2,3:
OCKM = —512 C12 0 . 0 023 523 . 0 1 0 . 0 1 0
0 0 1){0-555¢C)\0 0 e°)\-5130 cy3
+ (n-1)(n-2)/2 = 1 complex phase & (allows CP violation!)
d’ C12C13 S12C13 sz (d
S'| = | —S42C23 —C12523S13 C12C23 —S12523513€'°  S23C43

. i i5
b S42S23 —C42€23S43€ —C12S23 —S12€23543€ C23Cq3 b
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Quark Mixing

Experiment:
V., [=0.97424 + 0.00022 |V, |= 0.2252 + 0.0009 |V, |= (4.07+0.38)x10°
V., |= 0231+ 0.010 V. ]= 103 +004 |V,|= (40.6+1.3)x10°
v, |= (8.1+£0.6)x10° |V, |= (38.7+2.3)x10° |V, |= (1.00+0.10)x10°

\

hierarchic suppression of family change :
1 L

ul el a2 |t
S [b] why ? nl-

d —_—
A3 . .J

Wolfenstein parameterization :

o )
1 -A2%/2 A AL3 (p-in)
Veem = -A 1 -)2/2 A2
AN (1-p-i -A\? 1
% (1-p-in) )
mixing angles:
s;2= Vs = A = 0.2248 + 0.0004 Cabbibo
S»3= Ve = AM2 = 0.042 % 0.001 A=0.82 %0.01
S = Vis = AA2 = 0.039 % 0.002 p = 0.160 % 0.008
s13 = Vyp € = AA3 () = 0.0041 % 0.0004 n = 0.350 + 0.006

arXiv:1604.04940, 1702.08834
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3. C+P
Symmetries



(C Parity

Dirac, QFT:
matter-antimatter: each particle has antiparticle !
C operator
inverts all charge like additive quantum numbers:
C
LB —> -L, -B lepton + baryon nr.
F — -F flavor: F=u,d,s,c,b,t
Y.Q - -Y, -Q ((weak) hyper) charge
I, - -I, (weak) isospin
E.B —» -E, -B electric + magnetic field
=> Cly) = -ln

C: multiplicative, not charge like

123



JPC

=  _.--M
e T
e — o~
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0 > yyy ['(n°=>3y)/ I'(n°—>2y) <3108 <« o =1/137
70 = yy
C [n% = C,2|n0) = +|nO) JP¢ = 0°*  pseudo-scalar mesons
V— Py
po—> oy
p?-» 2 identical particles :
p° -+ 70 0
po» 1y
C |p®) =+C|y) = - |p®) JPC = 1-- vector mesons
quarkonium spectroscopy:
¥ sy P 1" » 171"
~yne 17170
- Yy 1--10,1,2*
®,¥,Y » vy , 2 gluons OZI rule

— vyy, 3 gluons, photons
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C Parity

- not eigenstates of C operator ! C Itnt>=|1m> (Q)

only eigenstates have eigenvalue ! C ln>=1n> (B)

- only totally neutral states with C |KO% =] K% (S)
all additive quantum numbers zero: s = | v >

QB LS C=0 C v M L

0 20 0 &0 0
YD Tc b n b p b (D b @ b \IJD YD Z
are eigenstates of C operator !

- spin like magnetic field = rotating charge:
negative C parity

C|ff> = C|Meson> = | ff> (-1)Ls
LS| J C | Multiplet Expl.
L=
0 0 0 Pseudo-Scalar 70
0 0 0 - FORBIDDEN !
0 1 1 - | Vector (likey) p°
1 1 0 + Scalar L=1 rare A,
1 1 1 + Axial-Vector A,
1 1 2 + | Tensor £0
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Pauli+Dirac Matrices

1927 Pauli:  nonrelativistic spin 1/2 electron

SU(2) spin algebra in 2-D complex vector space isomorphic to
SO(3) group of 3D rotations

- H atom: spin Ym(0,9) SO(3)
- strong iso-spin YB SU(2),
- weak  iso-spin SuU(2),

2 representations: 3D rotation matrices OR 2D Pauli matrices

01 0-i 1 0 . 1 2
Gl=(1 o) GZ:(i oJ G”:(O-J loo]=lo, =50 =]

1928 Dirac: relativistic spin 1/2 electron (= fermion = matter part.)
(iy#9,- m) ¥ = 0 (w=0,..3)

¥ ... 4-component Dirac spinors of Lorentz group L(1,3) =
2 ® 2 = 2 spin orientations ® particle-antiparticle

Y matrices describe space-time structure:

127



from Pauli to Dirac matrices:

_I 0 3 0 (J'l‘| _ ~ 0 |
Yo = 0—1 Yu= —a, 0 Vs =1 YoV1Y2V3 = | 0

Clifford algebra of y matrices :

lr,7,1. =20,, (v,u=0,...,3)

[}/y}/S ]+ =0

or: yi=yi=yi=-1  yo=l=y3

PrL = %(1 +ys5) ... right/llefthanded projection operators :

P+Pk=1 P2=P, P2=Py PPy=PgP =0
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P Operation Type Dirac JP Example

P lr'> =- ||r'> vector Y, T
P pr)> =- |£> vector Y, T ;';:dlr'ldt
P [t) = |t) scalar 1 0F
P |[E) = [E) scalar 1 0"
r r r r r r r
P |B)= [B) axialvector ysy, 1° B=vxE=VxA
r

P [5) = |G) axialvector  ygy, 1 L=vxr

rr rr ] re, . r.r
Plpc)=-|pc) pseudoscalar vs O H=pc/|pllo]
P |Fy)= |Fy) tensor  y,y, 2" F,=0,A,-0,A,
T [t) =-[t) timereversal

P2 =1 P .. unitary
combined CPT conserved in field theory

H = helicity
helix = screw

129



Parity

P yLM - (-I)L yLM

atomic electric dipole transitions
flip atomic spin by L=1 :

Ply) =P [E) = (-1)=! [y)= -[E) = - |y)

spin S is axial-vector:
P |o) = +|o)

Dirac equation: (iy*9,- m) ¥ =0

Yo = [g _?:] .. parity operator =>

Y =P | MESON )
f) =P | BARYON )

"n n
+ I

parity H atom with L

L | S|JP|multiplet
MESONS
O | O O |pseudoscalar
0O| 1 vector
1| 1| O |scalar L=1 rare
1| 1] 1+ |axialvector
1| 1| 2* |tensor
BARYONS
0 | 1/2| 1/2*| nucleon octet
0 [3/2|3/2*|A decuplet
1 |1/2|1/2-|N" octet
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Parity Violation|

Wu et al. (Co®), Garwin + Lederman (polarized muons), Columbia Univ., subm. together 15.1.57, Telegdi + Friedman subm. 17.1.57: Phys. Rev. 105 (1957) 1413; 1415; 1681.

Nobel prize 1957 to Lee + Yang

nuclear [ decay:
helicity H = (o-p)/Ipl

in a system with c>v'>v
momentum p and helicity H
are inverted:

probability of ‘wrong’ helicity:

1-v/c

polarization
P = (N*-N-)/(N*+N-)
=o-pc/ E=Hv/c

-1.0

08 |

0.6 |

04 }

=02 |

longitudinal polarization P
vs. electron velocity v/c:

probability

v/c | 1-v/c
right | wrong
_  helicity
0.2 04 0.6 0.8 1.0

v/c
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[Parity violation]

Gravitation +
&,5

electromagnetism:

same physical laws
In mirror system,
e.g. planetary motion
U

parity conserved.
Weak interaction:
B-decay
of polarized ¢°Co
violates parity |

discovered 1956
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_)

G ... unit vector in spin direction
helicity operator H:
H="e=  Hlw) = [y)
projection operator L / R left / right:
L=(1-H)/2 =0,1 for H=12x1 or (1tys)/2

R=(1+H)/2 = 1,0

chirality = handedness

L = (1-H)/ 2 particle: left handed

L = (5-P)/ 2 space structure: (Scalar-Pseudoscalar)

all interactions via vector bosons V :

L =V(S-P)/2

L = (V=-A)/2 Nobel
L = y*(1-y5)/ 2 prize

space structure of weak force :
(V-A) why ?

maximum parity violation !

1957 T.D.Lee + C.N.Yang

Brookhaven, USA, 1956
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VL:
VRi

P
C
CP

mz0 , p=v/c«1

VL>=
VL>=
VL>=

FERMIONS
ANTI-FERMIONS

are

m=0 , p=v/c=1

LEFT  handed
RIGHT handed

P violated
C violated

CP conserved

Manche meinen,

lechts und rinks
kann man nicht
velwechsern.

Werch ein Illtum !
E.Jand|
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(Helicity Suppression

n decay rest frame :

n J= 3 1 3%

Why parity violation versus

angular momentum conservation
TT-L-e decay
polarization P

of decay lepton vs
helicity H and velocity v/c

e P=Huv/c

1}

me,v<< pe,v~ mn/z =>
voCc => P-l1

and not TT-¢e directly?



(Helicity Suppression|

T UV
2 Emox = m.-m, = 34 MeV < m,
- eV, vy
E mox = m,-m, = 105 MeV
T—>ev,
2 E,™* = m,-m, = 139 MeV » m,
I'(m—>ev,)
.......... 2 =1.234-10+4
I(w—->pv)

= (m2/m,?) (m:2-m.?)?/(m.2-m,2)*(1+Rqep)

parity violation !

also:

IF'K->ev,)/T(K->pv,)=25107

T®-ev)/T@-pv,)/T@-1v) =
10-1t /4 107 / 1

stopped pions: electron spectrum

PIENV @
TRIUMF

T

arXiv:1506.05845
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: 4. Weak A
Interaction

Neutrinos

most abundant fermion in Universe

\:ure sources and pure probes of weak in’reracﬁorj
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Pauli's Neutrino

hypothesis

n-pe ? continuous p spectrum
E conservation violated ?

Offaner Briaf an dis 2runps dar Hodicaktiven bel dar
Gauverains-Tapung su Tubingsn.

Aspahrift

Fhysikalisches Institat

dar Eidg, Technischan dochschule Ardch, 4. Des. 1930
Mrieh Oloriastrases

Lisbe Radicaktive Damen und Herren,

Wis der Usbarbringer dissar Zellan, des ioh huldwollst
ansuhbren bitte, Ihnan des nlheren sussinsndsreostaen wird, bin foh
acgesichts der "falachen® Statistik der ¥e und Li-6 Kerne, sovie
des ontimulerlichen Beta-Spelttrumd sl oloe varseifalten Angdeg
verfullen un dapn "eohsslsate® (1) der Statistik upd den Energiesats
w retten. Mimlich dis MBplichkelt, #8 kimtas alaktrisch noutrele
Tellobern, le ioh Neutronan naoman will, in den Lernen existieren,
walzhe dm Spin 1/2 haban ond das Ausschlissrungeprinsip belolgen und
ek vwon ldchitquanten susserdss nooh daddrch nntersoheldsn; dass sia
ﬁ:ﬂ.t Lishtpesdrwindipgieit laufey. Die Mamse dar Neutrenmn

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, dwrert, dase dle Sumne der Energlen voo Neobron and El=ktroa
konstant let.

Also, liebe Radioaktive, priifet und richtet!
Leider kann ich nicht persdnlich in Tiibingen erscheinen, da ich infolge

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

/n—> pe v,

renamed
Neutrino

1933 by E. Fermi
after neutron

\ discovery /

rHeute habe ich etwas Schreckliches getan,
etwas, was kein theoretischer Physiker jemals
tun sollte. Ich habe etwas vorgeschlagen, was
nie experimentell verifiziert werden kann.™

Pauli am selben Tag an den Astronomen W.Baade



[Neufrinos]

Supernovae Sun

SN 1987A: 1038 s-1 6-1014 m-2s-1
1058 total

1014 m-2

99% of E
~cosmic lumi
Reactor
2-10%0 s-1 W, -1 Atmospheric
@ 10 m: 107 m-2s-! 10* m2s-1
Accelerators Big Bang

335 cm-3
100 us - 100s

dominant cosmic energy

Earth 2-10'! m-2s-! radioactivity

153



| Cosmic Neutrinos |

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

~10s

first Supernova visible by naked eye
since Kepler 1604 at 20.000 ly in Milky Way!
neutrinos seen ~2h before light => m, <30 eV (Sun: light takes >10.000 yrs)

56



Big Bang Neutrines

decoupling:
Yy  380.000 a

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 vv»e'e
equilibrium till 0.2 s /7 2 Mev

Vep -> N e’ _
n->pe v,

now: 7 : 2.7 K background radiation 410/cm3  Penzias, Wilson

V: 1.9 K background radiation 336/cm3 Nobel
T,=(4/10)3 T 0, = (97113 neyp neutrino / baryon density: €,/€), = 0.5 ¥m,/eV
“dark photons”: n,, m, Q,h?2=m,/94 eV < 0.0025 157



'Neutrino Discovery |

25 years after Pauli: Project Poltergeist:

Photomultiplier

5

e-e
Port from @"
nuclear
y
Meutring 1 ﬂ% o
flux /‘L"
F

10 "%/em2s
- Water target with
+ scintillator plus
Ve p - n € GdG‘IE.
e"e >YVYYy prompt, E = some MeV
ncd = Cd*y

Y emission delay ~5pus
look for y,-v. coincidences

today 6d: 16t Daya Bay, 100t SuperK

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 p—

g*- & annihilation.




4 )

Solar
Neutrinos -

Davis

Nobel prize

. , Homestake Gold mine
nuclear fusion in the Sun:

PPPP — ppnn = He
p-nev,

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

1967-94: ~ 2/3 neutrinos missing ! 600 t C2C| 4

nuclear fission produces Vv,
1968 Savannah river reactor

v, CI37 » Ar37 e~ no signal =>

V#EYV

159



[Ar'e neutrinos equal? The muon neutrino ]

Nobel

prize
L.Lederman M.Schwartz J.Steinberger 1 988

13 m steel shielding
from old battle ship

Paraffin

Brookhaven Proton Synchrotron,
USA, 1961




'Weak Decays|

DECAYS v, e
leptonic i J < _ L decay
W Ve
semi- n d d B deca
leptonic d V\?“ u P Y
. e-
Ve
non- u u
leptonic A : V?I’ ﬂ P
u
i d 71;'

162



(Weak Reactions]

current
charged neutral

d
N u
d
A%

78

/‘W\
hadronic u
d

W+
leptonic e- /‘\v e



Charged Weak Current



|Charged Weak Current)

CERN 1984: Big European Bubble Chamber BEBC 165



(Weak Reactions]

current
charged neutral
e e~
hadronic d u q q
"4 i P : :
vy 1) vy vy
\’/ \’/

W Z
leptonic e /‘\ \Y e /‘\ e



|Neutral Weak Current

char'ged current neutral current
\/ M weak Vi ~ Vi
bosons: : 70

e /‘\ isotriplet? A~ .

CERN 1973 : Gargamelle Heavy Liquid Bubble Chamber

167



|Neutral Weak Current)

VHN —>vux

CERN 1973: Gargamelle Heavy Liquid Bubble Chamber

168



Neutrino Mass|

Kurie plot: end point of
Tritium B spectrum

H3 -> Hed e~ v,

problem: nuclear models

MAINZ expt.: m(v,) < 2.2 eV

KATRIN: KArlsruhe TRItium Neutrino Experiment
m(v,) < 0.2 eV @90%cL

10-11 mbar in world's largest UHV vessel

10 kg tritium/a (~ITER)

start 2017 + 5 years d. So\er\O"dS

0o
. 40 superc
m \\“Z,
70 m Pe?

170



KATRIN at KIT

spectrometer:
retarding MAC-E filter

L. Oberauer - TUM

172



[KATRIN|

transport of KATRIN's large spectrometer vessel
from Leopoldshafen to FZ Karlsruhe

174



(Neutrine oscillations

©=45° would be max. mixing: Vv, = vi-Vv, Vv, = Vi+V,



[ Neutrino oscillations |

® ¢ ¢ 0 © ¢ 0 ¢ ¢ 0 0 o 0

Purev, Pure v, Pure v,
2 Neutrinos: v,,v,
.(0)) =  cosO|v1) + sin6 |vs) Hira
|v,,(0)) = —sinf |v1) +cos O |vz) Vi
0 Time,
|y (t)) = —sind exp[—z—F’%] |v1) + cosé exp[—z—ﬁg} Vo)
2 2 D, =p>m; m? m?
E;, = \/p; + m: — ~p+3zt ~p+zh
L=c-t Am’=m}—m}= FE,—FE5 =A4%
2v-transition- . s
oye Py, — ve.) = (v, ()| ve(0 — sin“ 20 - sin L
probability: (Ve = ve) = [(vu()|v=(0))) (a75%)

=sin2 20 - sin? (1.27 [Am?/eV?] [L/km] / [E/GeV])
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[Neutrino mixing matrix|

quarks:  Cabbibo-Kobayashi-Maskawa (CKM) matrix
neutrinos: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

( i5)

Ve C12C13 S12C13 S13€
is
Vul = —S12C23 —C42S23513 C12C23 — S12523513€ S23C13
is i5
V; \312523—012C323513el —C42S23 — S12C23513€’ C23C1q3 )
1 0 0 Y +c, 0 +s,e?Y+c, +s,
Uns =0 +C; +5S, 0 1 0 -S, +C,
i

0

1)
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[Super'-

Kamioka mine, Japan:
1000 m  underground

detect Cerenkov light

in 22.5 of 50 kt water
or >1034 nucleons

11.000 photomultipliers

built for p decay
1996-2015: 306 kt-y:

T(p -> mle*) > 1.6 1034 a

arXiv:1610.03597

~

\Kamiokande)

181



Solar Neutrinos

£ = |

E -~

o uper-Kamiokande .

= | Super-Kamiokande 45%

22 1996-2001 of

i | Sun @
E=5-20 MeV b

Y1496 days with 22.5 kt y
224041226 solar v events

. T.
Sun light thermalized after >100.000 years 45+2% of Bahcall solar model
First Sur9\ Or:)et’.l(’rggg-graphy Where are the
SuperKamiokande 1998 solar neutrinos?
Borexino 2014: flux of 0.4 MeV Vv's IS fhe Sun Ok ?

from dominant pp fusion corresponds to photon flux 182



| Atmospheric Neutrinos |

Super-Kamiokande:
cosmic protfons
react in atmosphere:

PA > TS + ..
T—>uv, L->v,ev,

expect v /v, ~ 2/1
observe ~ 1/1 dep.on 6

V, = Ve
detect Cerenkov rings: M Koshiba
v, = L disappear

Ve ~ e appear Nobl“;;r/'ize

2002
184



[23-mix, GeV: Atmospheric Neu‘rrinos]

Multi-GeV p-like

@ 2015
&” McDonald (SNO)

2oof-__,_. +4 _+=.

100-5;#—#‘”'7' :
' 1 rate too small as f (0,E) !

| v, disappear |

v oscillation with mass difference
Am232 = 2.420.4 . 10_3 eVz

large mixing angle:
sin? 20,; > 0.92 @ 90% CL

Number of events

923 ~ 45° max. miXing ?

L/E (km/GeV) 186



|Solar neutrinos: SNO|

Sudbury Neutrino Observatory, Canada

lent ~1 reactor load ~1000 t heavy water ~330 M$

CC: v,d->ppe get v, flux: solar v, missing
NC: v,d ->pnv, get v, flux: solar models ok

CC: e in water Cerenkov, detect by photomultipliers
NC: n capture in salt: n 33C| -> 36C| -> Cl + y's (8MeV)

~10 evts/s radioactive background
~30 evts/day solar neutrinos

2002-4. Vall from Sun ok
bU'l' Ve ™ Vil /3

Nobel B 2015

T.Kajita & " A.McDonald
Super-Kamiokande SNO
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[VT appearance: CNGS+OPERA]

CERN Neutrino v, beam to Gran Sasso Underground Lab near Rome
detect V,-V_ osci's: T leptons appear in active emulsion target

150.000

lead (56x1mm)-
emulsion (57x44um)
tiles of 8 kg =
1.250 t

Phys.Rev. D89 051102 (2014)
Phys.Rev.Lett. 115 (2015) 121802

2008-12: 2 10%0 p:
5 v.,—>1 seen

bkgr. 0.25

CT,= 87 ym

LNGS
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1.27Am2, L]

[Daya BOY] P(v, > v,)~1-sin’ 20, sinz(

55 km NE of Hongkong: 6 nuclear reactors

power 3x2x2.9 = 17.6 6W,, 3.6x102! v/s

2x2 near + 4 far detectors in 3 halls at 0.5, 2 km
total target mass 160 t

50 and 10 v, interactions/h, 2.5 million total

v

far/near = 92*1 %

arXiv:1610.04802
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lv oscillation parameters]
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(Neutrino oscillations: Results)

Am213 = Amzlz + Am232 Amzlz < Am232 => Am132 = Am232

12 mixing: MeV, solar + reactor neutrinos:
small: Am;,2 =7.6x0.2 - 10-5 eV? (KamLAND)
large: sin20,, = 0.32+0.02 0,, = 3421° (SNO, solar)

m(v,) < 9 meV < 107 m, in simplest mass hierarchy - why ?

23 mixing: GeV, atmospheric + accelerator: v, disappear
large: Am,;? = 2.55:0.04 - 10-3 eV2 ~ Am,;? (MINOS, NOvA)

max:  sin20,; = 0.43+0.02 0,5 = 41+1° (SuperK, T2K)

13 mixing: reactors: v, disappear (Daya Bay, RENO, Chooz)
small: sin20,; = 0.022+0.001 0,3 = 8.4:0.2°

exper'imem's: www.nu-fit.org, arXiv:1708.01186
FermiLab, USA accelerator MiniBoonE, MINOS, NOvA v, disappearance
KEK, Japan accelerator T2K, KamLand v,-V. appearance v, disappearance
CERN, Geneva accelerator CERN-Gran Sasso OPERA v,-V, appearance
France, China, Korea reactor Double-Chooz, Daya Bay, RENO v, disappearance

South Pole, Mediterr. atmospheric IceCube, Antares v, disappearancexoz



(Neutrino Mixing]

(v, (1 0 0Y ¢, 0 s, s, 0Yv,)

V,u =10 C23 Sz3 (/ez=921°, 52 0 — 9 12 0 V,
923=4312° iS5

v, ) 0 =8, Cys | —Si3€ 0 ¢, A 0 0 1Av;)

Atmospheric, accelerator - Reactor:

- MINOS (precision) RENO, Daya Bay

- T2K CHOOZ

- OPERA (v, appearance) - MINOS, T2K

sign of Am2,3? CP-violation: Dirac CP-phase? MSW matter effect
1.0 0.2 o000 .. ) ] 0.8 0.5 0.15
Quarks: Voegm=| 02 1.000 || mEE* | Neutrinos: Vpyns =| 0.4 0.6 0.7

0001 0.01 1.0 ©E 0.40.6 0.7

Why so different ?
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Dirac equation (iy*0,- m) ¥ = 0 E.Majorana
describes particles ¥ + antiparticles ¥*: 1933 Leipzig

. . . 1937 Neutrino
real y matrices, complex spinor fields ¥ . .

0 0 0 -i
Bosons like photon etc. are their own antiparticles. go |00 10
0 i 0 0
Majorana 1937: i 0 0 0
Can also fermions be their own antiparticles: 00 i 0
¥Y=9* ? ., |0 00 i
To get real ¥ define imaginary y matrices: "Tliooo
P=0,Q0, 0 i 00
Pl =0, ® 1 . ¢ 09
7 =i0, ® 1 yr=|) ] 0
. 0 0 -i 0
P =0, ® 0, 0 0 -
satisfying Clifford algebra + Majorana equ. 0 0 -i)
(i 78,-m) ¥ =0 pel
with real fields ¥ = ¥*. y ; g

Supersymmetry: neutralinos (= photino x zino x higgsinos)
211



4 )

neutrino physics
without neutrinos:

Double Beta Decay

. . E.Majorana
ZV ﬁﬁ . OV ﬁﬁ . 1933 Leipzig
1937 Neutrino

(AZ) > (A,Z+2) + 2e- + 2 VvV, (A.Z) > (A,Z+2) + 2e-

AL=0 Dirac AL=2 Majorana

Observed for several nuclei double-weak ~ G¢*
Test of nuclear calculations helicity suppressed: ~ m2/E 2 < (eV/100MeV)?
Dirac only ? leptogenesis: L(+B) asymmetry of Universe ,;,



| Double Beta Decay |

GERDA!  Gran Sasso tunnel, Italy, 1400 m underground

GERDA: 36 kg high purity 86% enriched
’6Ge diodes in liquid Ar cryostat

<100 kg y 7%Ge
2v Bp: Ty, = 21021 y arXiv:1703.00570. Nature 554 (201) 47

Ov Bp: Ty, > 51080y mgz< 0.3-0.1 eV
2014: MAJORANA 40 kg Ge mg< 0.1 eV



[ Double Beta Results ]

2v BB mg< 0.3 eV (90% cL) Ov PP

NEMO-3:

7 kg %Mo foils 2003-10
34 kgy E(ee) = 3034 keV

Ov BB candidate

>3.4102 0.

E. Fiorini, Moriond Elw. 2014. EXO-200: arXiv:1402.6956
OM. Lindner, ICHEP 2014 Valencia. = GERDA: arXiv:1307.4720
KamLAND Zen. 320 kg '*¢Xe  Phys.Rev.Lett. 110, 062502 (2013)

EXO 200 kg liquid Xe!3681% + TPC: T,,, > 1.8 108%y mg< 0.4-0.2 eV arxiv:1707.08707
KamLand 320 kg liquid Xe!36 1% + scint: T,, > 1.1 1026y mg< 0.5-0.2 eV arxiv:1605.02889, PRL 117
GERDA 36 kg Y Ge76 86% ; T1/2 > 5.3 1025 Y Mgg < 0.6-0.2 eV arXiv:1703.00570. Nature
combined: Ge, Xe, Te, Mo Mgz < 0.31-0.13 eV arxiv:1407.4357, 1504.03¢
CUORE Tel30 Ti2>1.510%y mg< 0.4-0.14 eV arxiv:1710.07988.

translation T;,, - my; dominated by nuclear matrix element uncertainty 215



4 )

neutrinos -
gate to New Physics

Neutrinos

« oscillate:
- have mass

- violate lepton nr - not locally,
only due to mass diff at macroscopic oscillation lengths

Questions

* mass - not only difference ?
Curie (tritium), cosmology, Ovpp

* why <10-° of charged leptons?

Higgs? see-saw?
* lepton nr violated: Ovpp, p—e..?
* Dirac or Majorana - Ovp ?

222



a A

Weak
\In'rer'ac‘rions )




» 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 = (p1*p2)
- Center-of -Mass System : e ------- >¢-mmomm et
pi+p2 = (2E, 0) E.p) (E-p)
s=4FE?
* Lab system : 1 - >e2
my 2 « E; (E1, p1) (my, O)

p*p2 = (Ey+my, Ey)
s = 2 m,E;
target mass effect: m, = 2000 m,
224



e cross section: o =t R?
[c]=barn 1 b = 10-2*cm?
1 mb = 10277 cm?
1 fb = 10-3% cm?
strong interaction: o (xN) ~ 30 mb
R =Jo/n

e interaction radius:
R (strong) ~ J10-3%m2 ~ 105 m =1 fm = 1 fermi

T = R / c= reaction time

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

e uncertainty relation: h=T1
h c = 200 MeV fm = AE AR

o decay width: r=h/r = hc/R
energy scale r=E

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

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

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

e coupling constant: electric force
o= e? / (4n Kc) dimensionless (80-1)

o[ fo

225



E.Fermi, Rome 1933:

e

;e e Ve
p e’ n p
>;<_ G< G<
e Ve v, v

\%

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

T}L = 192n3/(6F2mu5) (1+8kin) (1+8weak) (1+8QED)

readout pixel <V
MuLan FAST  Loam deqrader (PSPM, 4x4 mm?) —
i (W':dgé?du R + 1938
» plagtlc SCIFI
» active target
_— n—>|.n HHH u—}ew
170 MeVic m+ - £ = >1012 H decays
(1 MHz) = o = _
- : T, = 2196980(2) ps
- “ get G- to <10-6
v (wvertical) bearn - e - -
z (beam direction) o " FASTI MULan @ PSI
0 10 crm

(horizontal)
scale

Mulan: arXiv:1211.0960
FAST: arXiv:0707.3904



[Weak in‘remcﬁon]

® QED- F=ohc/ 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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Weak Interaction

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

my/m, = 2.000 , m,/my > 100 =>
target mass effect |
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(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:

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

233



Weak Interaction

T —

G e'?/ (my?

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 !

(my2-s)> massive W boson

___e“s weak charge, dimensionless ~1970: find
s correct s dependence Wi-l-ZO bosons |
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SPS 1983

Lo
2x270) GeV

/ el
et X P
o

iy

2:4100.6




W+Z Discovery

==

Expts. UA1+UA2 1983
C. Rubbia

> S van der Meer

Nobel prize 1984



ud — W' = ey, qq — Z° - e'e

Exors. UAL+-UAZ 1933 SP3 ‘,) o collider ar CERN
€. Rubbia ‘ n der Meer

Nobel prize 1984




a W )

discovery
\_ /

COF+D0 @ Fermilab
>IM W- |lv each

E OeV
Il CERN VAL, e
1 4o 1984. A
first 43 W

420 W -> ev v
Ve

-t;o —EO 2;0 l.:O Gev_’

E,
Transverse

energy

balance
ET = Emiss=v'Ee

my, = 80.385 * 0.015 GeV
Mw= 2.08+0.04GeV

http://tevewwg.fnal.gov/
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before

W => s=1

after
_=> _ _ helicity conservation:
ud > W*->e'v, du—-> W ->e v,

outgoing (anti)fermion
keeps direction of
incoming (anti)fermion

FIGURE 18-19 Measuring the intrinsic angular
momentum of the W particle.

(a) Since the quarks and antiquarks are both polarized, the W
spin tends to point along the direction of the antiquark. There-
fore, the antiparticle from the W decay (positron or antineutrino)
tends to be emitted in the direction of the antiquark. (b) Measure-
ment of the angular distribution of electrons and positrons
proves that the spin of the W particle is 1.



ALEPH
L3

" LEP °
detect

\OPS/

OPAL

Delr



qq e‘e
OPAL DELPHI

LEP |Z decays| CERN

L3 ALEPH
Iyl

T



ALEPH @ LEP

Z0 -> et e-
leptonic
ZO -> u-i- u_
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Events / 1 GeV

1201~

100

80

60

40

20

———
ATLAS Preliminary

'W,Z bosons @ LHC]

Data 2011, \s=7 TeV, J.Ldt =46fb’

" 5,,=160%0.01GeV ]
L oy =145+ 0.01 GeV £ b mi<1.37 ]
- — Data ]
- — Fit result —
B [JZ—seeMC |
0 75 80 8 90 95 100 105 110

Mg [GeV]

Z mass resolution: <2 GeV
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2010-2: 27 fb* 50M Z—-1l, >100 M W — Iv



1Z peak|
70

electro-
magnetic
continuum:

G ~1/8

WW-
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Gauge
Theories

For an overview see e.g.:
A. Pich, The Standard Model of Electroweak Interactions, http://arxiv.org/pdf/hep-ph/0502010
The LEP Electroweak Working Group, http://arxiv.org/pdf/hep-ex/0612034 , http://arxiv.org/pdf/hep-ex/0509008
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Electro-Static / Gauge \
ot E= 0 Invariance

E= -gradV scalar potential |n

Viz=V=+s gauge freedom Elec‘l'r'o-

global gauge trafo: s = const o
- kMagneTusm/
local gauge trafo: s = s(x)
E'= E-grads compensation ?
440 0 kv
Mﬂgne1'0-51'a'|'lc ground 0] ground  -440 kV
div B=0 find magnetic monopole | ~ GLOBAL TRAFO.
B=rot A vector potential
To get local gauge invariance
' > 440 O kv
B'= B 0
and to compensate -grad s choose : ground
A'= A-grads rot grad s = 0 0 -440 kv

LOCAL TRAFO.
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Electro-Dynamics 4 Gauge N\

rot £+B =0 o
ot (E+ A) = 0 Invariance
E+A= -gradV in

oA Electro-

[ E
B rot A
(€, B) as a function of potentials (V, A) \Magnetism /

Demand: Invariance of the theory under
local gauge transformations of the potentials !
Fulfilled by proper choice of gauge trafo.s:

(V A) -> (V.A)
=V +3

A ‘= A-grads
E = -gradV -grads - A + grad § 0 o kv
B' = rot (A - grad s) S0

' d
E = £ og':wo kv
B' = B

local gauge trafo. ok!

Invariance under gauge + Lorentz transformations
fully defines electrodynamics !
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Relativistic Covariance

x,=(t, r)
5, = (lot,dlor)
P, = (E,P)
A, =(V,A)

: r
jup=(ps1J)
F.,=0,A,-0,A,

A=A, + 9,s(x,)

m
Il

WTIE, By 0
E;, B, -B,

(0 -E, -E, -E;)
E, 0 B; -B,

B,

0

4 -dim. space -time
4 - derivative

4 - momentum
4 - potential

4 - current

elm. field tensor
gauge transform.

Maxwell equations:

O F" = & 9,F, =0
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F. = 3,A, -3 A,
Maxwell equ.:

v=0: div E=p

v=1-3: rot B= j+ E

o'j, = O F,, = 0  sym x asy
4 -current conservation !

o Fu = Jy

gauge fct. s(x*) free

Lorentz gauge condition (covariant!):

bMAM =0 =>
O F,, =], = 0", A, - 0" A,

oM, A, = 0OA, = j, dAlembert

A%

free photon: 3,70

0OA,=0 wave equ.
solution: A, = g exp (-iqx")
q9'=0=¢’

photon massless !

sauge Invariance in Electro-Mac

tism

Coulomb gauge (not covariantl):

A =0 Gi,j = 1,3)

*A, =0 Lorentz gauge =>

O A=0 static scalar potential
v=0: AV = p  Poisson equ.

free photon: p=0

O0A;=0 wave equ.

A; = g exp (-ig,x*) = g exp i(wt-kxi)
A =0 =>

kig=0 transversely polarized
Ez= -A=z-io A lle
B=rotA=-ikx A

ELBLK
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Gauge Invariance

1919. A 10.

ANNALEN DER PHYSIK.

VIERTE FOLGE. LAND 59.

1. Fine neue Erwefitemmg der Relativitdtstheorie;
von H. Weyl.

Ksap. I. Geometrische Grundlage.

Einleitung. Um den physikabischen Zustand der Welt an
ciner Weltstelle durch Zahlen charakterisieren zu kénnen, mui
1. die Umgebung dieser Stelle aaf Koordinaien bezogen sein
und missen 2. gewisse Mafeinheiten festgelegi werden. Die
pisherige Einsteinsche Relativitatstheorie beziebt sich nur
auf den ersten Punkt, die Willkirlichkeit des Koordinatea-
systems; doch gilt es, eine ebenso prinzipielle Stellungnahme
za dem zweitep Punkt, der Willkiirlichkeit der MaBeinheiten,

' za gewinnen. Davon soll im folgenden die Liede sein.

Die Welt ist ein vierdimensionales Kontinuum und 138t
gich deshalb auf vier Koordinaten Zo&, T, %3 bezichen. Der
Ubergang zu einera anderen Koordinatensystem ¥, wird dunch
stetige Transformationsformeln

1 z=f (5553 (=0123%
vermittelt. An sich ist unter den verschiedenen mdglichen
Koordinatensystemen keines ausgezeichnet.  Die Relativ-

‘koordinaten dz, eines zu dem Punkte P = (z,) unendlich
benachbarten P'= (z;+ dz;) sind die Komponenten der in-
—_—
finitesimalen Verschiebung P P’ (eines , Linienclementes™ in
- P). Sie iransformieren sich beim Ubergang (1) zu einem anderen

Koordinatensystem Z; linear:
@ dz, = e dF,;
g k

aﬁ‘ sind die Werte der Ableitungen 3f,/9%, im Punkte P.
In der gleichen Weise transformieren sich die Eomponenten &

irgendeines Vekiors in P. Mit einem die Umgebung von P

bedeckenden Koordinatensysi~m ist ein ,,Achsenkreuz” in P
_verkniipft, bestehend aus den ,,Einheitsvektoren' e; mit den
Komponenten 42, 8%, &3 4, !

o [0HxY
‘55 ] i 1(3-&: %

Annalen der Physik. IV. Folge. 59. 8

H. Weyl. Eine neue Erweiterung der Relativititstheorie. Ann. d. Phys., 59:101, 1919.

H.Weyl
Berlin
1919

Gauge
invariance
classic

Einstein:
.grandiose

achievement

of the
mind"
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H.Weyl, ungg Invariance | rinceton 1929:

in Quantum Mechanics: covariant derivative
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Gauge invariance in SU(N)

C.N. Yang + R.L. Mills, 1954:

The difference between a neutron and a proton is then a purely arbitrary
process. As usually conceived, however, this arbitrariness is subject to the
following limitations:

once one chooses what to call a proton, what a neutron, at one space-time
point, one is then not free to make any choices at other space-time points.

It seems that this is not consistent with the localized field concept that
underlies the usual physical theories. In the present paper we wish to explore
the possibility of requiring all interactions to be invariant under independent
rotations of the isotopic spin at all space-time points...

Conservation of Isotopic Spin
and Isotopic Gauge Invariance.
Phys. Rev. 96:191, 1954,

C.N. Yang and R.L. Mills. Nobel prize

A

C.N. Yang

262



U(1): H.Weyl, 1918,1929.

e covariant derivative : Gauge
0, =2, ioA, Theory

e gauge transformation :

A=A, +1/e aua(xu) exchange boson

y' = e iax) matter fermion

e Dirac fermion L gauge invariant :

L =y D, -my
= y™* (9,-ieA -id alx)) y eiax) - my*y
= y™e“(d,-ieA -ida +id o)y - my*y
=y* (D,-m) y
— * H *
=y (0,-m)y - iey*A vy
fermion + fermion-boson-
propagation interaction

*fermion mass term m y* y gauge invariant |
*boson mass term m? A A* gauge violating ! m, < 10-16 eV
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SU(2)\,: weak isospin

QUARKS: doublets of strong isospin I
FERMIONS: doublets of weak isospin I,

Q| Ly |Y,J/2]| I,
Ve | o | +12]| 2 | 12
1

Y. ... weak hypercharge
I, ... weak isospin

€ | 1 | 2 | 12 | 12
weak Gell-Mann-Nishijima: o BE 0 1
Q=ILy+VY,/2 Z° o | o | o | 1
y | o o 0 0

(W*,Z° W-) : iso-triplet of weak SU(2),, !
Y : singlet of elm. U(1) |
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U1) — SUNN)J v aiieis

e covariant derivative :
D,=9,+ig T, Au‘
e gauge transformations:

y' = e i \;
A.ul - Au' - 1/9 bu(l|

T. .. generators of SU(N) with i = 1..N2-1
fij - structure constants of SU(N)

[T.T] =i fy T,
non-commutative, SU(N) non-abelian

SU(Z): 22-1=3 Pauli matrices:
[o..0;] = 2i & o
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Self-Interaction of Gauge Bosons

*U(1): D, =3,-ieA,
F. = -ile [D,.D)] =293A, -92A

*SUN): D, =3,+ig T, A
6, =i/g[D,D] =93A -0A -ig[A ,A] =T,6,/
Gwi = buAvi - bVAui +g fijk Auj Ak = vai +g fijk Auj A K

e boson L gauge invariant:
L=%6) 6w =46, 6m

e self-interaction :

Guvi GHVi = Fp,vi Fuvi + zg fijk Fp.vi AHJ Avk + 92 fi‘]k'film AujAvaulAvm

free boson propagation vector boson self-interaction
e Lagrangian L :
L~ fQd-m)f + A2 -m2A2 + g fAf + g A3 + g2 A

free fermion- vector
fermion + boson boson boson
propagation gauge violating! interaction self-interaction
\ \\ ,°
S —— - e
\
[ / / .
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Gauge Boson Self-Interaction

e~ o e ™

e~ fﬂf

Figure 1;: Feynman diagrams describing W-boson pair-production at LEP.

- each diagram separately violates unitarity
- cross section kept finite only through

- GAUGE CANCELLATIONS

- HWW vertex
e‘e- - Z0Z° .
- not present in elm. U(1):
€ WWW, = 0: no ZZZ + yZZ vertex ! photons do not self-interact !

no yyy vertex |
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Electroweak Unification

QUARKS:

FERMIONS: doublets of weak

Y. ... weak hypercharge
I, ... weak isospin

weak Gell-Mann-Nishijima:
Q=Iyw+VY,/2

doublets of strong isospin I

isospin I,
Q| Ly |Yu/2| |,
Ve | 0| +12| 12 | 172
e | 1| -2 | 2| 12
er| 1| O 4 ] 0

rd

W* conserve I,,Yy - Y+Z violate I,.Y,, ¢!
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Electroweak Unification

W*  conserve I,,Yy. Y+Z violate I,,,Y,

mix neutral sector:
WO,V conserve I,,,Yy,, Y+Z conserve Q

operator group boson
0
weak Y. u(1) \'/
l, SU(2) W+ WOoWw-
real Q u(1) !
a Ig,.w+ bY, SU(2) W+ Z0W-

ELECTROMAGNETIC + WEAK INTERACTIONS
MIX :
ELECTRO-WEAK INTERACTION
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Electroweak Mixing

observed fields (Y, Z) =
orthogonal transformations

of (VO WO)

Y| [ cw sw]| | VO
Z - -SW CW WO

R r )

\ v \. 7

S.Glashow  A.Salam S.Weinberg

develop 1961-73

| | ¥ Standard Model
with Z:,; i:‘s Oé,,w \é{ ve of par-ti physics

0, Weinberg angle

electro-weak mixing angle

Nobel Prize 1979
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NC = gI, WO +gvy/2 VO

=(gLssw *+ g Y/2¢cy) Y + (@Lscy - g Y/2sy) £
fix g,g' by 2 demands:

elm. current: eQ =gI;sy + g Y/2 ¢y
Gell-Mann - Nishijima: Q = I; + Y/2

compare coefficients:
€=9Sw =9 Cw

for Z couplings choose (g,g’) or (e,sy):

Weak Neutral Current

NC =eQY + (9gIz ¢y - 9 (Q-T5) sy) Z
Coupling Space Structure
= eQ Y + e/(syen)Is - Qs?y) £ Y A v |, o coneerved
CC = g I, w W= [g=els, | V-A ¥, (1-75) P max. violated
e/sy I3 W Z glc,, |mixed |y, (gy-gays) | P mixed

conserve charge in Z mass term: Q=0
MyW2/MZ2 = ¢2/(g?+g®) or M/M, = cos 6,
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Z0 electroweak couplings

left and right handed, vector and axial couplings :

P |L+R> = - |[L+R> = P |V>
=+ |L-R> = P |A>

- 2Q s, 2
no mix with V elm.

P IHL> = - |HR>
P IHR> = - |HL>
g. = IB - Q sw2
9r = - Q sw2

s,? = sin?20, ~ 0.23

P |[L-R>
gy = 9. * g = I3
9a =9~ 9r = I3

... Weinberg angle = electro-weak mixing angle

Q 5 9a 9v 9v 9v2+gp> [Neoi| Ii /T
A% 0 +1/2 +1/2 +1/2 0.50 Vv 112 20 %
e -1 1/2 112 A12+2 5,2 | -0.04 e 1/4+¢ T 0w
u | +2i3 | +12 +1/2 | +1/2-4/13s,2 | 0.20 u 0.29 5 | sus
d A1/3 1/2 1/2 /2 + 2/3s,2 | -0.35 d 0.35 70%

f.

_) ~ g 2+gp? ~ g,i2+g,?

f.
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(Try: sin2 6, = 0,%]

sin20,, = 0: no y-Z mixing  sin® 0, = 1/4:

ZOo=wWo , y=VO
- Z° feels only weak charge
- v feels only electric charge
- I',=T, Z° blind to electric charge

Y charged lepton coupling purely vector
Z charged lepton vector coupling = O
Z charged lepton coupling purely axial

P=+1 =»>
no P violation
no asymmetries

9:=0
- no Z° coupling to e,
- purely left-handed
- max. parity violation
- Z coupling pure (V-A) as for W

W purely weak, V-A, P viol. max.
Y  purely electric, V, P cons.
Z mixed, hybrid

275



Electro-Weak Parameters

couplings:

G g° e?

— = = — (N o»----<g
\,.2 8MW2 8 S|n29W MW2 GF mW2

4- W- (9.9)

Fermion propagator (e,sin%0y,)

e?= 4na
sinfy? M2 = (ma)/(V2 Gg) = (na)(246 GeV)? = (37.2805 GeV)? very precise !

electroweak Standard Model defined by 2 couplings + 1 mass scale =
3 out of a , GF , Mz . MW , SinZGw , eee

value 1/137 , 1053 , 91 GeV ; 81 GeV , 0.231
relative precision 3-10-1¢, 5-10-7, 2-10° ; 2-104 , 6-10-*

over-constrained: test consistency of Standard Model !
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Nr of families
-

vli IDli i=1,..,N nr of fermion families

neutrinos much lighter than quarks+leptons
if there are >3 fermion families
4t v type might show up in Z decays if m(v,) < M,/2

' = N, T, + 30+, total Z width

Nv rv/rL = rz/rL" 3 "rh/rL e+ Z fi
e[, /T, = R =20.76+0.02 e_> <?
o [, /T = 2/[1+(1-4s,2)?] = 1.991+0.001 i
eI,/ from R + Z line shape:
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ALEPH @ LEP

Z0 > et e-
leptonic
Z0 -yt




Ar o 2 e’ f;
Ogn = — — S=mM
elm 3 S Z >_Z_<
analog: ¢ fi
12x I, T, 12n _ I
Oh=—5 o0 =—_5 R
mz Iz mz Iz
m3c
rL /rz = —Z~h - (3.3710.07) %

127R
Nv rv/rL = rz/rL -3 - rh/rL
199N, = 29.7 -3 -208

N, = 2.992 + 0.007

J.Erler, A.Freitas, PDG: Chin. Phys. C, 40, 100001 (2016).

Nature has only
3 fermion generations !

PLANCK satellite CMBR: N, = 3.0 £ 0.3 279



Electroweak coupling:
sin® O,y -
the Weinberg angle



Get sin%0,, from parity violation of
Z coupling to leptons+hadrons

Standard Model test:
- lepton universality: e=p=1 ?
* lepton-hadron universality: (ud) = (ev) ?
CERN LEP, 1990-96: 17 mniillion Z decays
- 16 million hadronic
1 million leptonic

1. Forward-Backward Asymme'"‘Y

asymmetries: systematic errors cancel
fermion:

_ Og-0p = * v invisible
Apg = - q->jets: identify
OF*+0p

f Iep‘rons ok |

Affp = 3 AT AT where

A £ = pd gv/gA with Teer ¥ -P: or = Jo! dcos® do/dcos®
1 "‘(gv/ g9 A)Z :7‘&{- 0 = J_1° dcos® do/dcosO

gV/ 9a = 1-4Siﬂzew do/o dcos© = 3/8 (1+cos?@) + Agg cosO

Z rest system, lepton scattering angle 6 dependence:
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( Forward-
Backward
(Asymmetry

F o = (1.7¢0.1) %

small, but contains
electroweak coupling s,2:

9,/9, = 1-4sin@,, = 0.07



sin® 6,, from leptons

- Affy = 3 1A 1Af
+ AT =2 (g9y/94) / (1+(9y/9.))
9v/9a = 1-4sy? >

sw? ~ 1/4 = gv/g, « 1 =
A'tg ~ 3 9y%/gs? = 3 (1-4sy%)

CERN, LEP, 4 expts. 1990-96: >1 million leptonic Z decays
Al = (1.7:0.1)%  =>  Sin® 0y, = 0.2310 £ 0.0003

- all char'ged leptons couple universally: A¢=A, = A=A =A; at %o levell

~1/4 => asymmetry + P violation small
SW = 1/4 => 9V=O => A"'FB - O
* ho asymmetry

* no P violation (in Z coupling)
- purely axial coupling: P=+1
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Z0 5 e*e-

leptonic




(a) Forward Chamber A Barrel Muon Chambers

Forward RICH Burel Hadron Calorimeter
Fnrwmiﬂll.mhcrl! // Scintillators Y )

DELPHI @ LEP

0 10cm

Fig. 8.5. (a) Layout of the detector DELPHI employed at the LEP collider; (b) example of

Z9 —> bb — two jets event, showing the displaced vertices corresponding to the B meson
decays. 285



. Afff = 3 %Af %Af'

+ At = 2 (gy/94) / (1+9,%/9,42)
*9v/94a =1 - 4 qs%, > < Ad
' Lep‘tons: q=1 => small effect

gv/g'y =1-4 s?, =0075 => A =15% => Al =17%

© good lepton identification
® small P violation + asymmetries

+ Hadrons: q<1 => large effect
g®v/g°, = 1-4/3 s, = 0.69 => AP=92% => AP=10%

© large P violation + asymmetries, esp. for b
® flavor lifetime tag: charm+bottom jets difficult to identify

- CERN, LEP, 1990-96: 16 million hadronic Z decays
Ab = (9.9¢0.2) % => sin®0,, = 0.2322 + 0.0003

* lepton-hadron universality of couplings !
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2. Polarized e- scattering ean 70
SLAC, Stanford, CA, USA: > ..........

* longitudinally polarized e* e- beams € LR

- 1-4sin2
A = OL-%r _ A, =2 9v/9a  _ 2 Sin“Oy P.=1)
O _+0p 1 "'(gv/gA)z 1 "‘(1 -4Sin29W)Z

sin2 9,, = 0.2310 * 0.0003

- polarized electron-deuteron scattering:

€ LR E.
e-L,R d: virtual Z, isoscalar target \./
o (Q3,E',) = f(1-4sin’0,) ﬁﬁa

sin20,, = 0.222 + 0.018
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3. ve scattering sinz OW

Z spacelike, v energy spectrum

o V-V~ (9vtga)? + (9yF9a)?/3

R = o Ve _ (2-4sin20,)2 + (4sin20,,)?/3 v, v,
oV (4sin?O, ) + (2-4sin?0,)/3 ——
2 i ZO
. sin? GW =0 => ) Q :
gy=g4 100% P violation ¢'=3 0" R=3 /‘\

pure (V-A) like weak charged current W exchange €.q

v helicity suppression of backscattering
v: J=0 , flat scattering angle distribution

- sin2 0y, = 1/4 => ]
9v=0 no P violation o= oV R=1

Paschos-Wolfenstein relation:

R = 0-':\.-{ _0-',\—.\{ =P (——%11‘1 6, )— ‘T; _‘T;\ gi.h’ :”f_.fc +df.n

Occ =O¢c
Fermilab, Chicago, NuTeV expt, CC+NC v/vN CDF+DO my,:
sin? 0, = 0.228 + 0.002 sin 0, = 0.23179 * 0.00035

CERN CHARMII ve: sin?6,, = 0.231 + 0.008



4. T polarization

T >V, get ©=_/L(en) e Z T
measure T polarization from > - _<
T decay angular distribution e

p = 9% _ A.(1+cos2@) + 2 A, cosO = A
Y o +o, (1+cos2@) + 2A_.A, cos©

sin2 6, = 0.2316 * 0.0004

(| )

World average of electro-weak Weinberg mixing angle:

sin2 0,, (M,) = 0.23149 + 0.00016

L Gfitter, MS scheme, rel. precision <10-3 |

J
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SL
AC

FN
AL

[S’randar‘d Model Parame?er‘s]

relative
precision

10-3
10-3
10-3
10-3

10-3

10-3
10+

10-2

a, GF
or
sin?0,,, M:

system
over-constrained

Electro-
Weak
Theory

consistent

at the per mille level

incl. radiative corrections
incl. top + Higgs mass !
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predictions: from top to Higgs

arXiv:1407.3792

www.cern.ch/Gfitter

arXiv:1803.01853

predict top mass from

- per mille exptl. precision

- higher order electroweak
radiative corrections
incl. Higgs

~ (m/my) . In (my/my)

experiment electroweak fit

1994 176 £ 13 GeV 169 £ 25 GeV
2014 172.4 £ 0.7 GeV 177 £ 2 GeV

predict W mass

2013 80.385 £ 0.015 80.362 = 0.008 GeV

arXiv:1608.01509
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The
Higgs
Mechanism




* Fermion mass term gauge invariant :

Higgs Mechanism

my'™*y' =my*y

e Boson mass term gauge violating :
m2 A' A'v = m? (A, + 3 0)A* + da) =

mZ(Au A + )

e W *W,"- scattering violates unitarity :
Re A; < 1/2

at

s >4nf2 / G = (1.2 TeV)?

e Solution:

new scalar (Higgs) boson field restores

gauge invariance and unitarity

for each partial wave J

Ao (WL+WL-_) ZL ZL) =S GF / (815[2)

Peter Higgs 1964

@7

Nobel prize 2013
with J. Englert

Broken Symmetries,
Massless Particles

and Gauge Fields
Physics Letters 12 132

but also:
Brout, Kibble, Hagen, Guralnik
Anderson, Nambu, Goldstone

t'Hooft,Veltman, Weinberg 294



[Higgs Mechanism|

1. Toy model:
scalar potential V(r) = yéré/2 + Art/4
A>0: stable for large r

trivial minimum at r=0 Vir)
. u2<0: v

minima at r = *J/-p?/A

break P symmetry tr
select vacuum state r = +/-p2/A = v

V(r) = V(-r) Lagrangian conserves P
P|0> # |O>  vacuum states violate P

Spontaneous Symmetry Breaking !

mechanics: breaking of elastic rod:
* problem: symmetric
- solution: symmetry breaking

Spontaneous
Symmetry Breaking

elastic
rod

yd

\

/
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(Higgs Mechanism

2. Toy model:

: Y
replace scalar real potential V(r) -»> ]
scalar complex Higgs field in abelian U(1): |

D, =9, - iq A covariant derivative Vi) N I
2(x,) = [v+n(x,)] exp (i &(x,)/v)

small excitations n, i§ around v: —
(x,) = v + n(x,) + ig(x,) 3 /E,
I
L=-4% F.Fv + % (D,2)(D+2) 7L>“
12 § & - I\ (T'R) Higgs potential, vev. v2 = -p2/A
= - § F,Fw O free propagation of vector bosons
+ 1 Q2VZA A¥ + mass term for vector bosons A,
+ 7 (o*n) Qn) + pzn? O kinetic + mass term for new scalar boson n
+ 7 (%) (9,8) - massless Goldstone field § (symmetry breaking)
- qvA,(9,8) - mixed term: A p* .. longit. gauge boson polar.

+ O(n3,E3,An?,..) + const. omit
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|Higgs mechanism

Higgs trick: specific local gauge transformation of massive fields

with unphysical complex rotational degree of freedom § of the Higgs field:
A=A + 1/qvdE(x)

trick: gauge violating terms in mass term A A+

A ME= A pHE longitudinal polarization
- (dHE)? kinetic & term W T W W T W
cancel with £ terms of Higgs potential ! 1 Z = 1 H

) ) w _i_ w W _;_ W
theory gauge invariant: Tttt TTT T mTe e

L= - F Fw/4 « qgv2/2 A AF + (3¥n) (3,n)/2 +
uwen? + 0 (n3,An?,.)

particle spectrum:

* @°v2 ~ m,2 > 0:  massive vector bosons A,
2 ~ my2 > 0: massive Higgs field n
- Goldstone boson § gauged away against long. polarization of vector bosons
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Higgs produces BOSON masses:

« mass term for 2 W bosons in Lagrangian:
g?vi/2 A Ar = (2my)?/2 A Av
scale of electroweak unification:
v =2my/g9 = (V2 G£)1/2 = 246 GeV = n/ /A

* my connected to quadratic term in Higgs potential:
my = 125 GeV = J2p = J2/A v
parameter . determined by Higgs self-interactions or pand v:
A= p2/v¢ = m2/2v? = 6 m2//2 =0.13
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Higgs-lepton coupling: ® = (v+n) e®
L,.=G, et®e

G.,v ee" + G, e net

e e et
é e-

G.v:=m,

— - At - +
= m,ee" + mJvene

- Higgs produces FERMION masses !

- Higgs-fermion coupling ~ fermion masses:

J2 m,/v = 511 keV J2/246 GeV ~ 10-¢
J2 my/v = 173 GeV J2/246 GeV = 0.996 +0.004 ~ 1
J2 m,/v < 500 meV J2/246 GeV ~ 10-12

S.Weinberg, A Theory of Leptons, 1967.

Higgs-
fermion
coupling
e‘e- » HX:
measure to
<1% for bosons
~3% for fermions
H <15 % for HHH (1)
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4 )

Higgs
prediction

my, radiative corrections Ar ~ 3%

t H
b w

Arl'\W ~ (m'f/mw)z Arl'\W ~ In (mH/mW)z www.cern.ch/Gfitter  arXiv:1803.01853

mostly t-b  + Higgs .
Standard Model fits

work excellently

vice versa: SM m, prediction 2x better for top + Higgs !
than direct measurement: 80358 + 8 MeV
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weak bosons




Higgs
Detection

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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(Higgs Production

Higgs couples to heaviest possible particle !
Higgs coupling y; = V2 mi /v hy= V2 91/246 ~ 0.5 y, = V2 173/246 ~ 1

1. ete: '\ z .~H
Higgs-strahlung >' """ °

detect Higgs in missing mass: my, < J/s-m;
Linear Collider: Js = 250 GeV > m,+m,
>2025: 30 k Higgs/ y

2. pp: CERN LHC 2x7 TeV

g - ~Qlg q .,W,Zq ® Higgs coupling
...... -] R ® strong coupling
g ~0lg q Q
q

gluons carry only tiny fraction of p momentum
quarks carry ~1/6 of p momentum: ~1 TeV @ LHC

w,Z ® weak coupling
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(Higgs production + decay]

pp>HX->7yYy X

ATLAS
H (100 GeV) >

production decay

simulation in the ATLAS detector at the LHC at CERN



Higgs production + deca
Y

arXiv:1307.1347

B,/ B.= N mp/m,
Bww/ Bzz = 2

Higgs-fermion coupling =
Yukawa coupling ~
fermion mass
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decay channels

| |
Z o<i w g

easy to detect but rare: clean, but rare leptons, jets + neutrinos:
~a2<10-4 (F/T2)? ~ (3%)? ~ 10-3 broad
Br (Hoyy) =0.2 % Br (H-ZZ-4l) ~ 3105 Br (H-WW) = 22 %

T -
* + B o

3 H— vy st H=ZZ*— 44 8 | HoZZ - #Uj
= &
o
=3 = T 5L .
5 33 5 — s
> : . ™~ > 4r
) . Higgs signal iy
= n o 3 3
5 - g S 3l
3 o &
I LI>J - 2L
5 8 2
> c q|
] @

-

M

120 120 160 180 200 600 1000 1400 1800
My, (Gev) M,z (Gev) M,jj; (GeV)
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CERN

LHC




LHC

1014 protons in 2808 bunches circle the 27 km ring 11.245 times a second.
The bunches cross 40 million times/s. Up to a billion protons/s interact. ;4



LHC

emptier and colder than outer space

The pressure in the beam pipes of 10-1° Torr With a temperature of 1.9 K the LHC
is about 10 times lower than on the moon. is colder than outer space with 2.7 K.

The vacuum volume of 9.000 m3 10.000 t nitrogen and 120 t helium
is as large as a cathedral. cool down 37.000 t of material. 346



13 kA, 84T
energy stored:

10 GJ

= airbus A380

= 560 + @ 700 km/h
= melt 15 t of copper!
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[LHC beam + magnets|

CMS magnet: world's largest SC magnet!

- 6x125 Mm@ 19 kA, 4T = 2.6 6J
=melt 4 t of Cul

LHC magnets: world's largest cryosystem !

- 1232 dipoles: 15 m long, 30 t

» 37 kt cold mass: 130 + He @ 1.8 K (superfluid)
- 13 kA @ 1 ppm precision,B=8.4 T

- energy stored 10 GJ

= airbus A380 =560t @ 700 km/h
=melt 15 t of Cu!

LHC beam: macroscopic energy:
3104 p= 05 A @ 7 TeV:
- E=362 MJ  (HERA, Tevatron: 2 MJ)
=80 kg TNT
=400t ICE @ 160 km/h
= melt 0.5 t+ Cu /beam
. size <20 um
» <0.1 J/cm3 or 1010 beam loss quench




(LHC Beam

total energy of proton beams: 2x360 MJ
240 colliding elephants

120 elephants with 40 km/h 120 elephants with 40 km/h
needle eye:

0.3 mm diameter

proton beam at collision point:
0.02 mm diameter

proton energy:
flying mosquito
(uJ)
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Cathedrals of Science




AT
LAS



ATLAS



ATLAS

Forward Muon Chambers

Liquid Argon Calorimeter Silicon Pixel Tracker

83, 15, 11 m3 liquid Ar, N, He ~100 million channels >100 m2 Si



6x12 m
20 kA
4T
2.6 GJ

world
record



CMS



CMS




- %
75848 PbWO, crystals

-~

photon detection
H-yy




Particle detection

Click on a particle type to visualise that particle
Press “escape” to exit




CERN Videos\ATLAS Episode2 800x600 14.10.mov
CERN Videos\ATLAS Episode2 800x600 14.10 Ger.mp4




from

raw data:

100 million channels
10° events/s * 1 MB =

1 PB/s

all data:

real + simulated
4 experiments efc:

~200 PB

Web to Grid

CERN

end data:

1 kHz - >1 MB =
>1 GB/s

4-10° events /a

6 PB/a

find

~100 signals/a

needle in
100.000
hay stacks
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MET

m, = 172.5 +0.4+1.5 GeV
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EXPERIMENT

Run Number: 191426, Event Number: 86694500
Date: 2011-10-22 15:30:29 UTC

35 ET(Gev)




Events / GeV

Data - Fit

[ T T T T T T T T | T T T T | T T T T | T T T T | T T T T ]
- Ve & ¥ Tél _[Ldt -odd " marks 2011 -
3 L1 _ 1
2.5 ATLAS Préliminary
C H—yy channg] -
AR —]
1.5 —
1:;" *§ L 4 L L . AE L AR L A L 2 o 2K Ik 3 L 2K J R o ——:
0.5 [T i
n b ! ! - | . :
200 —
0
-200 B 1 ! ! 1 | ! 1 ! ! | 1 1 ! 1 | ! 1 1 ! | 1 ! 1 1 | 1 1 ! |_
100 110 120 130 140 150 160
M., [GeV]

Higgs — yy




Higgs — yy

ATLAS CMS

arXiv:1307.1427. Phys. Letts. B 726 (2013) 88.
arXiv:1406.3827, 1408.7084. Phys. Rev. D 90 (2014) 052004, 112015.

ATLAS-COM-CONF-2017-052,053 CMS-HIG-16-040. arXiv:170x.0yyyy.

1.0+0.1 Standard Model expectation 1.240.2 Standard Model expectation
mass = 125.1 £ 0.2, * 0.4, GeV mass = 124.7 £ 0.3, £ 0.2_, ., GeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG 396

syst




pr (KU, p%, B, p) =61.2, 33.1,17.8, 11.6 GeV
m,;, ;= 89.7 GeV , m;, ;.= 24.6 GeV

m,, = 124.6 GeV






Events / 5 GeV

Higgs — Z2Z — 44

35 _I T 1 | T 17T 1T T | T T 1T | T 17T 1T T | T 17T 1T T | T T 11 | T T T 1 | T 1T 1T T T T T1 I_
- Vs=7TeV J Ldt=0.05f"' Apr24, 2011 ]
30— —]
25— ATLAS Preliminary —
E H—22"'—4l channel E
20 - [ Signal (m =125 GeV) 1
N B Background zz" _
15— B Background Z+jets, tt
B —4— Data |
10 —
5— —
-U n_l!!_*!!!!!!! ' IIIIIIIIIIIIIIIIIIIIIIIII_
5 10— —
e
o
S 0 -
48
m
o 10 —
A 50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]



Higgs — ZZ — 44

ATLAS CMS

ATLAS-HIGG-2016-22 CMS PAS HIG-16-041
1.3+0.2 Standard Model expectation 1.1£0.2 Standard Model expectation
mass = 124.9 + 0.4, + 0.1, GeV mass = 125.3 £ 0.2, + 0.1,,; GeV

both: spin 0* favored over 0-, 1,2 by 2-4 ¢

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG 405




Higgs production processes

ATLAS and CMS -8 ATLAS+CMS | =
LHC Run 1 %= ATLAS
. == CMS g

e } s
. _;_-E:_q; gluon-gluon fusion coupling ~ Mass
1 . Kt L= seen | SM

i b,t —
lu‘ZH <_'__;; g orK - 1-1 i Ol1
- g Run1 ATLAS+CMS comb JHEP 1608 (2016) 045

M vector boson fusion, VBF —_ 1 0 + 0 1
u ** 9 q Run2 ATLAS arXiv:1802.04146
) | | | _-:ir__-'kl | | | | W’Z ICW’Z H
1050 06 1 156 2 25 3 356 4  spr=>5 T
Parameter value W!Z
q q . .
q ’ Fermion coupling:

to 3" generation
b+t: 1.1+0.3

to 1%t + 2"d generation

J 2000000 ———— .
t| small coupling
. H no H-ee, up:
J 29200000 t

H coupling
NON-UNIVERSAL !

JHEP 1608 (2016) 045. arXiv:1606.02266. 406



Is it the Higgs?

check the couplings !
2017 LHC >2022



Higgs JP
electroweak symmetry breaking global in space-time
no preferred direction in the vacuum
no spin of vacuum ground state !

Higgs = first fundamental scalar !
Landau-Yang* theorem: J=1 forbidden

H— yy,ZZ* — 41, WW* — llvy
spin other than scalar
excluded at 2-4 ¢
JP =0* favored

* L.D. Landau, Dokl. Akad. Nauk, USSR 60, 207-209 (1948); C.-N. Yang, Phys. Rev. 77, 242 (1950).

0 97.8 %
1* 99.97 %
1- 99.7 %
2F >99.9 %

JP  CLreject channels

zZ

ZZ, WW
ZZ, WW
ZZ, WW, yy

Phys. Lett. B 726 (2013) 120. arXiv:1307.1432
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Higgs -
a new field

temperature, pressure, ...
1 vector flow: wind, water forces: electromagnetism
2 tensor elasticity gravity
Y2 spinor building blocks = fermions: electron, quarks



(LHC Rap]




-

“QCD

G. Sterman et al., Handbook of Perturbative QCD, www.phys.psu.edu/~cteq/#Handbook
W.Tung, Perturbative QCD, www.physics.smu.edu/~olness/cteqpp/tung2003/IntroPqcd.pdf

\_
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(Quantum Chromo-Dynamics
Gauge field theory of strong interactions

in SU(3)coLor

. Color

. Gluons

. Quarks

. Confinement + asymptotic freedom
. Running coupling constant

Ol D W N =



hadronization

1:0

resonant—stable
particles




[Confinement |

Why no free quarks, no fractional charge observed ?!

color string: tension 200 MeV/fm ~

3

Ot . . e, e,
® ‘:( ....................................... . ‘:(.6 ‘(.6
R A WS RO R
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1.

3.

Confinement: C I
no free quarks, no 1/3 charge observed ! o or

which law forbids that + enforces trinity (qqq) ?
3 colors = (r,g,b)

hadrons have to be color singlets

Mesons: {N} ® {N} = {1} @ {N2-1}
Baryons: 3R¥BIRBY= {1} ..

Spin-S‘l'a‘l'iSﬁCS pr'oblem: Nambu 1964, Nobel prize :? o
baryon decuplet J° = 3/2* e

A+ also 2= (sss)

W(qqq) = W(space) ¥(spin) ¥Y(flavor) W(color)

asy = sym X sym X sym X asy

¥c (qq) = (rr+gg+bb) //3

V. (qqq) = (rgb-grb+gbr-rbg+brg-bgr) //6 asym. color wave fct.!

Racp =0 (ee-q@) / 0 (ee-uw) ~ N¢
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udcs

[color counting

e’ 'Y* f.
> V‘@‘_
e f,

R c(e'e” > q q — hadrons)
c(e’e” > pu'u’)




4. Triangle anomaly (adier Bell Jacki 1969)

I (@ > yy) = (o/2n) (Q2-Qq4?) N2 m2/(8r f,)

r=0.86 eV THEORY Nc=1 o AT Y
[ =7.840.5 eV EXPT. TC e -@
=775 eV THEORY Ne=3 e Y

5. 1t branching ratios

NMr-e r 1 1
Toeeve) o Te . = cccceeoo = 2o = (17.840.1) % (+ 0/R)
rfof re + ru + rhad : NC 1"'1 +1X3 5

6. Okubo-Zweig-Tizuka rule:
Q q
Why are &(ss), ¥Y(cc), .. so narrow? Whyis Q :? C q

suppressed ?
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Quarkonium decay: Heavy vector mesons # . )
M-om...m Q = M-Xm; free energy O 2 I

...... E ~ Aqep ~ hic/fm ~ 200 MeV ... E = mg, ru I e
K(494 (139
sz (494) . C qq T*(139) \_ -/
®(1019) e < ®(1019) —J--- qq T9(135)
-\ _ S
K(494) qqg T (139)

Q=32MeV [ =3.7MeV Q =606 MeV I =0.1 MeV

D(1869)
q
$(3770)

A\
)

q c
D(1869) qq

Q=39MeV [ =24MeV Q=2684MeV [, =0.1MeV

> MeV N « MeV WHy 777

empirical rule: no hair pin diagrams
1964: Okubo-Zweig-Tizuka (OZI) rule
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Vector

Mesons [OZI ru I eJ

Jre=1--

E }\o\,.ca o' forbidden: free color |
N\
% -3::;} ag®  forbidden: JP¢ = 1-- % (.)2 C parity
K 3
Q :E:; as3  ok: measure O
- - 3 e~
Y(bb) - ggg — 3 gluon je'rs [-(y__-%g---tl(-:lgr-‘gnfz = 9‘_5__('_“1’2 _1_0_(_2__9_) (1+.)
Q % FV-y- ) a? g2 81m

L
s G

02 g2 measure quark charges g;
A
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OZI: Y (bb) — 3 gluons

Ovisible (ND)
(-

Ul

L1

945

L a1
9.50 GeV

event sphericity
on/off Y

0'5 1 1 T ] ] T T T T ' T 1 T T 1 T T T T t T T T T
I JADE observed
L ¥ PLUTO observed 4
0.4 |- ® TASSO corrected -
] *T « Y 1
>
=
c 03 —
o
w
I
i
i u Ry=413
o N s e R T
Eo2lk 4 &, I T _
Z orsw N o4 T
o1 ¢ ¢ o" ]
I continuum |
0 TR VIR NN SN WY NN TN NN NN UNNNNY RN Y [N AT TN SN TN ST SN SR N
0 10 20 30 40 50

W (GeV)

Figure 14 The average sphericity as measured by the JADE, PLUTO, and TASSO groups

C. Berger et al. [PLUTO Collaboration]
Jet Analysis of the Y(9.46) Decay Into Charged Hadrons
Phys. Lett. B 82, 449 (1979).
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ONONOIS A |

Gluon

discovered 1979 at PETRA at DESY in

7

. il g
Jl i f:'r'_’
I / i /I’j‘}i::r:(’f
i

ll Ili e
UG

i ".‘.“l.\\‘q\-\

i ‘k\'\'}\x\k\"\\_\\:\\\{'{\\\\ . !
\\\\\\\‘\\\\“\\{“t\“\\i§*\\ “
AR

\

A

MO >4

Wy

7
7
W
/4'/?;4

s

) %
R
////,j_ 4}

Y 4 ee—qqg

q second gauge boson after the photon
Europhysics Prize 1995
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(Gluons|

1. Existence: DEsY PETRA 1978:
3 jet events

2. Couplings

SU(3): N=3 color charges
group has N2-1 = 8 generators

{3} ® {3)= {1} @ (8)

strong int. conserves isospin,
not flavor dependent

e’ q
-t ___.9
e ]

u—e— d—e— u——eo—
| | |

d—b— d—b— U——

{1} = (rr+gg+bb) /3  color singlet, color blind

(8) = [(rg+gn)-i(rg-gn) + (r+br)-i(rb-br) + (gb+bg)-i(gb-bg)
+(rr-gg) + (rr+gg-2bb)//3] //2
8 colored gluons represented by Gell-Mann matrices

3. Spin: jet-jet angle => JP=1-

440



CERN LEP ALEPH 200 GeV

(Gluon spin|

e'e >qq g
order the 3 jet energies E;:

E,>E,>E /2

scalar

0.2

d (cos8)

0.1} 250 GeV < W < 36 GeV \
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CERN LEP ALEPH 200 GeV

(Gluon spin|

LEP

e*e” - 3 jefs:
order normalized
Jet energies x;:

collinearity of 2" energetic jet:

7000 3
& : Xi - 2E| / \/- S
d:e . e data
hd | — vector Xl > XZ > X3
3500 = scalar

[ s infrared collinear singularity

- of gluon bremsstrahlung

o L T T I I I |
0.6 0.8 1 S.Bethke, J.Pilcher, Ann.Rev.Nucl.Part.Sci. 42 (1992) 251.

X
2 442



Running coupling

A constant is not constant:

. running coupling constant
. asymptotic freedom
. confinement



QED

Vacuum polarization in e-e scattering:

ko K v ~ ~(
AT = T A P
A A A PUtE
eg eo .
physical naked vacuum Q% = -(k-k')?
charge charge polarization
coupling ~ charge?:  F= a/r? a = e?/4n

infrared stable: o = 1/137
ultraviolet divergent - naked charge infinite 1?

cutoff at arbitrary scale: renormalization !
energy scale: Q2 =-(k-k')?

consider only evolution from energy scale Q to scale
UV divergences cancel

dielectric
screening:

-

/%@ﬁ \
'®(+,®'
\&?@%,

classical electron
radius
r=o/m,~3fm

(m, = a/r)

Compton
wavelength
Ac= 1/m,
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JOAN CARTIER

gy ¢ 3 , ks

R.Feynman, Nobel Lecture, 1965:

I think that the renormalization
theory is simply a way to sweep
the difficulties of the divergences
of electrodynamics under the rug.

Nobel Prize 1990 ___— —— "
for first .
Quark Evidence.

Physics Today, ) .
Jan. 1991. ALRIGHT TRUTH, I RA%0UT GOT THIS ONE REWNORMALIZED 445



La normalisation des constantes dans la theorie des quanta*)
par E. C. G. Stueekelberg ot A.Petermann,

{Lausanne et Genéve.)
(28, II1. 53.5%4)

Summary. This article proposes o mathematical foundation to the method pre-
viously employed (STurckELBERG 8nd Rivier!)), (SturckevsERe and GrEEN?))
give & definit meaning to the products of invariant distributions such ag |

(452, D9+ @My (A0 A8 DI 1), ete. in terms of arbitrary con-
SLRNLS €, 0y. .« Gy . 1 Cpgny. Thon’th approximation S of the S[V]matriz (defined

g

for a given space-time region V) depends on these r(n) arbitrary constants in .
addition to the arbitrary physical parameters (masses 2, u, and coupling con-
gtants e, g...). .

In the introduction (§ 1), we see that a definit physical meaning can be given
to the masses », 4. A coupling parameter, however, can only be specified in terms
of a chosen development. of & function 8 (zy. ., *.., ¢;..) of physical significancs,

Petermann, Stiickelberg, 1943, 1951. Gell-Mann, Low 1954. [ &
Bogoljubov, Shirkov 1956. Callan, Symanzik 1970. .
Wilson 1971. Particle + solid state physics. Lattice. Nobel prize 1982.

renormalize charge + cutoff such that physics
does not depend on arbitrary energy scale p:

B function: 2p = d op) / 9 In(p)

renormalization group equ.:
B=0 for p—0 IR stable: o(0) = 1/137

problem:

point interaction means UV stable ! o(0) = ?
B=0 for p—oo

Are there point interactions (on elementary particles) ?
Are there asymptotically free gauge theories ?
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(Running coupling]

o= e?/4n

constant not constant:

charge ~ coupling = fine structure constant

O(E)

> 3
2B=6a(u)l6lnu=3—a2+... :
|
TT P
2 o «]
2\ o(p”) 11 —
a(Q%) = 2 137 129
a(p?) Q
1— log—- -3 2 19
37T
l~l m, my Mpy
log (E/GeV)
o (E) running (or crawling): NS [
e retaa,  TRISTAN
2 2 145 |

d (@) / dQ2 > 0 i
135 E
0/ (me = 0.5 MeV) = 1/137 130 L) \i%
a(my= 91 GeV)=1/128.9 CERN LEP 12s | oraL 173
o (mp = 1012 GeV) « 1 more Fermion-Loops ::: Q%

o (e322my ~ e my~ 10280 my » my) -> 1 (more loops) o OPALHEermont:
108 bttt e

o ()  undefined

no electric point interaction ?!

0 20 40 60 30 100120140163}80200
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(Renormalization|

Landau 1955:

.weak coupling electrodynamics is ..
fundamentally logically incomplete.”

.within the limits of formal electrodynamics
a point interaction is equivalent ... _ o
to no interaction at all.” ‘ ) © e

Dyson 1960: MQW* :
"The correct theory will not be found >

within the next 100 years.”

1¢ay o ¥ &

Feynman 1961:
"I still ... do not subscribe to the philosophy of renormalization.”
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QED: running coupling

| e'e s e'e” L3 | e'e o e’e L3
1/o=constant=137.04 ® 2.10GeV? < -Q2 < 6.25GeV?
- 0.8 | m 12.25GeV? < -Q? < 3434GeV?
135 | ] 1800GeV? < -Q? < 21600GeV?
[ — QED
(e ]
o
[ -
~ 130 P
I 3
s > 0.75
I [ ] 2.10GeV” < -Q° < 6.25GeV
125 | O W 12.25GeV’ < -Q” < 3434GeV’
[1 1800GeV? < -Q° < 21600GeV> ) )
a=constant=1/137.04
— QED
Ll Ll Ll Ll M I ETET ol el ol e
2 3 4 2 3 4
~155 11— T
1 1 0 120 120 1 0 g [ TOPAZ Hp/eeup and qq average: 4 1 0 1 0 1 0
=150 [ Fitstol data f) : 2 2
-Q (G eV ) e 145 u]ti)t(gl;lpsto;wP;l:a éO?ETRA & TRISTAN -Q (GeV )
140 |
135 |
130 |
125 |
120 _
115 |
OPAL 2-fermion fits: ©
110 . average: ® 1
105 M EFETETE APE A B AT SR BP AT AT BT AT TSRS B

0 20 40 60 80 100 120 140 160 180 200
Q/GeV 449



QCD: the Lagrangian

T4t T _,_-/ | B

J - quark flavors
a,b,c .. colored gluons

H,v .. space-time
F.Wilczek, Physics Today, August 2000.




(Quantum Chromo-Dynamics|
QED QCD

- U(1), abelian * SU(3)coL0r . Non-abelian
- 1 charge type - 3 charge types: r,g,b
- 1 photon: - {3}®{3} = {1}®(8} : 8 gluons:
- electric neutral - carry color charges
* no photon-photon coupling: » gluon-gluon self -coupling

- light does not clump ! - gluonium, glue balls

Y
/ //’/ 9ab
I/ 4
y —=== gQE ====.\\
\ Y
\

Y grb
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B function|

expand B in powers of coupling + find zeros:

6043 Bo o B1 3 B2 4
W — 2PO) = —5p % T E % T 3% T
[30 (11 N.-2Ng)/ 3
N¢ ... nr of colors Ne .. nr of flavors

Casimir operators of gauge group SU(N)

for Ng <16 fermion flavors N, =3 boson colors win:

daw)/dnpy < 0

non-abelian gauge theories asymptotically free !

D.Gross on occasion of Nobel Prize 2004:
The discovery of asymptotic freedom was totally unexpected ..

Field theory was not wrong.




Nobel prize 2004

for the discovery of asymptotic freedom
in non-abelian gauge theories,

in particular in Quantum Chromo-Dynamics

F.Wilczek D.Gross D.Politzer

H. D. Politzer, Reliable Perturbative Results for Strong Interactions?, Phys. Rev. Lett. 30, 1346 (1973).
D. J. 6ross and F. Wilczek, Ultraviolet Behavior of Nonabelian Gauge Theories, Phys. Rev. Lett. 30, 1343 (1973).
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(QED and QCD|

Screening: ‘g4  Anti-Screening: i-x%s
o+teo ® 4+ @
&@,% R

v v Y Y Y Yy
y:: i-@..."_ g = :-©+(‘$+"'

A A X AL A AN A

“2N; + 11N,

2\ a(p?)
Q%) = 1+ by /47 a(p?) log(Q? /u?)
bo - ‘4/3 bo - (‘ZNF + 11Nc)/3
0 a(Q3) /2 >0 0 (Q3)/ Q2 < 0

gluon massless! SU(2),: my»>10° m,
455



(QED and QCD]

QED: da@?d/ o2 >0 screening

a (E)
. vv:
IR: «1 Landau
o =1/137 Singularity
-3 2 log (E/GeV) 19
m, mz Mpy

QCD: d a(u?) / 32 < 0 anti-screening

0.5
IR: Uv:
o (E) '
(.‘1,5 —> ©° a,s -0
collapse of 0.1 asymptotic
perturbation theory . freedom
infrared slavery 0 log (E/GeV) 2
m, mz

confinement
456



(QCD = SU@) ?)

CERN LEP: e‘e” — 4 jets event shape NLO QCD

QCD color factors C,, C¢
for SUN). In SU(3):

C,= Ce= C,/Cr
N (N2-1)/2N,
3 4/3 9/4

2.910.2 1.3%#0.1 2.2610.08
460



(Confinement]

instead of o (p?) define
A = u exp [-2n/(bgay(1?)]

O (@)= =---~-~---- + o (Ne=3)

o (Q*>A2) » ©

collapse of perturbation theory
nuclear force confines - infrared slavery:

no free quarks !

hc = 200 MeV ¢« fm
QCD scale A ¢ proton radius

proton = '‘QCD black hole’
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(From asymptotic freedom
to infrared slavery

Quarks are
born free,
but everywhere
they are
in chains.

F.Wilczek, Nobel talk, 2004.

J.J. Rousseau, Du Contrat Social, 1762:
«L'homme est né libre et partout il est dans les fers.»



[Mass vs Energy]

5%

Nucleon mass

Quark—
Antiquark—
Paar

Gluon

Quark

~ % due to
quark masses
electrons negligible

dominant:
binding energy
of partons
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Confinement

hadron radius:

““““ confinement
“““““““““ q % % (i
“““““““““ v -
““““““““ _4/3 ag / r color s;rlr'mg;rh COTTG{“@ for'/ce =
""""""" + r GeV/fm energy/length: k =1 GeV / fm

describes spectroscopy of
heavy quark bound states:

¥, ¥, ¥, ... =(co)
Y, Y,Y, ... =(bb)
V=-430s/r _
like positronium = (e e)

asymptotic freedom
at short distances = high energies:

Coulomb law
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(a5 measurement |

ratio 3/2 jets
e

D GRS QP
o
2+0 2+1 2+2 jets
RZ - rh/r| - RO
[1° + (a/w)! + 0.76(0/m)? + ... ]

Ry = 19.943 , R, = 20.768+0.0024
3R/R ~ 10-3 syst. errors cancel: luminosity, ..

da/o = m/o 3R/R ~ 25 3R/R

- CLEO,PEP,PETRA, TRISTAN: a,( 34 GeV) = 0.15 +0.03
- jets world average: a, (91 GeV) = 0.120 * 0.003
- LEP2: a, (172 GeV) = 0.102 * 0.006

* LHC CMsS: a, (800 GeV) = 0.090 * 0.006
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las from jets]

e‘e"— 2+n jets

g

2+0

2+1

N-jet Fraction

l -
’ 2'iets _
08 - ' K
i OEA DATA, corrected for
detector cffects
06 - and photon radiation
[ - QCD + hadronization
0.4 -_ A =190 McV .
=008 s
02 -
4 4 and more jets .
oL s SN .

‘002 004 006 008 01 012 0l4 016 018 02

Yeut
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Heavy
Vector
Mesons

A %
Q

] 3:?
T B

K

[0 in Quarkonium|

ag!  forbidden: free color !

OLSZ forbidden: 1-- % (..)?

as3  ok: measure Og

[ (V - 3g - hadrons)  a.s3(m,) 10(n?-9)

Y - ggg9 - 3 gluon jets: R = ------—---ooo--l =2 o200 oo (1+as/m [.])

=Y —¢

Fr(V-y-II) a? g2 81

a® q2 measure quark charges q,

CLs (my =3.1 GeV) = 0.256
O (my=9.5 GeV) = 0.184 + 0.015
g (m; =91 GeV) = 0.118  0.001
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T decays o

— —

i e ,Ww,d,s
W
s - I (= v, hadrons,) ﬂ% _

.................. = Ve,v“,U,u
T

Frt~-e v,v)

Ve 9
a,
T L M 2
W W d

=3 Vudz (1 + as/‘l'l' "')

0s (m = 1.78 GeV) = 0.32 + 0.02
Os(my= 91 GeV) = 0.118 + 0.002

PDG, arXiv:1606.07764,1611.03457
QCD evolution, arXiv:1612.05010
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o measurement]

e*e- collisions
= Raep
- Jet multiplicity
- Jjet shapes
- Z pole fits

heavy quarkonia

T decay

deep inelastic scattering
lattice calculations

S.Bethke, arXiv.1210.0325.

S.Bethke, arXiv.1210.0325.

(M) =0.118 0.001

470



[Runﬂiﬂg COUPI 'ng] QL on 30 diserete latice

i |
4r aE
o (Q%) = —----=-—--
9 In (QZ//\Z)
o (Mz) = 0.118 + 0.001 A
/A

S.Bethke, CERN, Oct 12 2015.

QCD scale:
A\ = 20614 MeV
(MS, N;=5)

Rc » 200 MeV « fm
QCD scale ¢ proton radius

o (M) = 0.118 0.001
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PARTICLES

FORCES

Electro- Weak INuel 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 ujct rgb
Down d s | b
Electrons
Leptons © o)t
Neutrinos Ve | Vu | Vo
Force Particles Bosons J=1
Photon Y
Weak Bosons W+, 20 W-
Gluons 8 g;
Graviton (J=2) G
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(The Standard Model]

PREDICTION

1963
1970
1973
1994

Quarks: Gell-Mann
Charm: GIM model
Beauty: CKM matrix

Top: radiative corrections

1994: m,= 169 + 25 GeV
2017: m, =177 + 2 GeV

1958

weak neutral current

1958-71 W,Z bosons: GSW model

1964
1964

1964
1971
1974

Gluons, Color, QCD
Self coupling of gauge bosons

Higgs
Supersymmetry ‘)
6rand Unification o

DISCOVERY

1968 SLAC
1974 SLAC, BNL
1977 FNAL Top quark mass
1994 FNAL
m.=176 <+ 13 GeV
m,= 173.3 + 0.8 GeV
1977 CERN
1983 CERN prediction + meas.t vs time
1978 DESY
1996 CERN
2012 CERN LHC
201X  CERN LHC
202X Hyper-K
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(The Standard Meodel

o predictive power: c, b, t, ... ok
e theory + experiment agree to 10-*

with 34 order radiative corr.: test of theory

o consistency of all parameters
e Higgs discovered !

e no new building blocks :
quarks (>3 families)
leptons "
bosons: W', Z°

e no new structure level :
composite leptons: e*, ...
- quarks: q*

- bosons: W*, Z*
lepto-quarks

e no new couplings:
lepton-quark universality

e no proton decay: baryon nr ok
e neutrino oscillations: lepton nr violated
e no magnetic monopole

NEW PHYSICS Il
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lexcited quarks]

9q —q" —
g q — Jjet jet
or gq — g Jet
cannot excite
pointlike object -
new substructure
of matter ?!

arXiv:1512.01530

excited composite quark q*: m > 5.2 TeV G o 0 e her b o1 o008

quantum black holes: m> 7.8 TeV s
contact interactions: A>11-15 TeV ATiAS: i 1407 2410, Eur. Phys. J. C (2014) 74:3

radii quark / proton < proton / atom: r, < 10-® m ~10-% r, 450



(The Standard Model

DESCRIBES THE PROPERTIES OF

ELEMENTARY PARTICLES

AND THEIR

» WEAK
e ELEKTRO-MAGNETIC
e STRONG

INTERACTIONS

PRECISELY + COMPLETELY.

HOWEVER ,

MANY QUESTIONS REMAIN OPEN ...




PARTICLES: Questions

* NR OF FAMILIES = 3? WHY?
+ LEPTON-QUARK SYMMETRY ?
- SUBSTRUCTURE of Quarks + Leptons ?
* MASS spectrum: Higgs for Quarks + Leptons (+ Neutrinos) ?
+ NEUTRINO: Dirac or Majorana ?
* MIXING ANGLES of Quarks + Neutrinos ?

+ Dark Matter = SUSY ?

FORCES:

* STRUCTURE: U(1),, ® SU(2)yeak ® SU(3)strong ?
+ COUPLINGS: Values ?
+ GRAND UNIFICATION: Scale + Scheme ?
- GRAVITATION AND SUPER-STRINGS ?

- EXTRA DIMENSIONS ?

SYMMETRIES:

P-VIOLATION ?
+ CP-VIOLATION ?
- BARYON-NR ? Baryon Asymmetry of Universe ?
« LEPTON-NR ? Neutrino Oscillations !
* MAGNETIC MONOPOLES ?
- SYMMETRY BREAKING: HOW ?
+ SUPER-SYMMETRY ?
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NIYHLVA
MONV1d

m,/m,~m,/m ~ 10-°
What tells us Nature with this mass spectrum ?
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‘Natural
Units

M.Planck, 1899:

besides speed of light ¢ and
Newton's constant 6
find a third quantity b=h that allows

»Einheiten fiir Linge, Masse, Zeit und Temperatur
aufzustellen, welche ... ihre Bedeutung

fiir alle Zeiten und fiir alle,

auch aufBlerirdischen und aufiermenschlichen
Culturen nothwendig behalten.“

one year before Planck’s law !

Planck

mass = (hc/Gy )2 =
time = (hG,/c5)!/2
length =(hGy/c3)!/2 =

M. Planck, Sitzungsberichte der

Koniglich PreuBischen Akademie der Wissenschaften zu Berlin

1899 - Erster Halbband, S. 479 f.

Die' Mittel zur Festsetzung der vier Einheiten fiir Linge, Masse,

Zeit und Temperatur werden gegeben durch die beiden erwihnten
- Constanten @ und b, ferner durch die Grdsse der Lichtfortpflanzungs-
- geschwindigkeit ¢ im Vacuum und durch die der Gravitationscon-

stante f. Bezogen auf Centimeter, Gramm, Secunde und Celsiusgrad

* sind die Zahlenwerthe dieser vier Constanten die folgenden; o

a = 0.4818+10-*[sec X Celsiuggrad]
°x

b= 6.885-10"‘FI—D-E - =h
sec |

¢ = 3.00- ww[“"’]
8ec

LI B
f=6635-m—=[g°m ‘.

r. sec’

Wihlt man nun die »natiirlichen Einheiten« so, dass in dem neuen
Mansssystem jede der vorstehenden vier Constanten den Werth 1 an-
© nimmi, so erhilt man als Einheit der Linge die Grosse:

) _bZ— .10~8
V!{"_ 4.13:10~% ¢,

~ gls Einheit der Masse:

V‘}E = :';.56-10“gr,

als Einheit der Zeit: .
VQG == 1.38:10~%gec,
. 4

als Einheit der Temperatur:

1.2-101% GeV/c?
5.4-10-4 s
1.6-103 m

Vb = 3.50-10%°Cels.

Diese Grbssen behalten ihre natiirliche Bedeutung so lange bei, als

- die Gesetze der Gravitation, der Lichtfortpflanzung im Vacuum und
- die beiden Hauptsitze der Warmetheorie in Giljigkeit bleiben, sie

muissen also, von den verschiedensten Intelligenzen nach den ver-
schiedensten Methoden gemessen, sich immer wieder als die ném-
lichen ergeben,
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Grand Unification

elm. weak strong

U(1)esU(2) ® SU(3) c SU(B) sYMMETRIEs

[{e' Ve . C_jr. Eg ab }J {5}  MULTIPLETS

\_Y_l v
Y W * 9 BOSONS

X.Y XY

¥ Pl [ ]

f 1
Guark 5["‘2}1( 5 d'f) {EE‘" ?ri’ u‘f) [ SU{2)

£l

Lepton




|Grand Unification|

SU(N) N2-1 | gauge bosons
SU(5) 25-1 = |24

SU(3) 9-1 =| -8 gluons
SU(2) 4-1 =|-3 ZW

U(1) 1 =|-1 photon

6 (X+Y) =

12 X,Y bosons
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Grand Unification
| HERA | Super-Kamiokande
ep->LQ proton decay: p -> e*nP®

Lepton
Lepto-
Quark
Quark Qy =4/3 Q,=1/3

m.q > 300 GeV

Tp > 1034 q
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|Charge quantization + sin? 8,

* SU(N): generators traceless!
- U(1)xSU(2):

weak isospin conserved: Tr, (Is%) = O
Q = I;¥+Y*%/2 not conserved (only mixing, no unification)

- SU(D):
Trs(Q) = Nc Qg - Q. = 0 charge quantization =>
Q=e/N, or Q= -Q

relate fractional quark charges and nr. of colors !

- prediction of electroweak mixing angle:
y,Z orthogonal => no coupling, but:

i _Y@Z. .
Q; I3~ Qisw?

Zi Q; (I35~ Qsw® =0 true unification

sw? = 2 Q Iy / Z; Q2 = “SU2)/U(1)”
= g2/ (g2+g?) = 3/5 / (1+3/5)

3/8

3/8 @ Mgyt

Lw| Q

v, |+1/72| 0
e |-1/2| -1
ar o | 1/3
Sjg 0 | 1/3
db 0 | 1/3
a,_ .ee {I}SU(Z)
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Grand Unification

* quark-lepton symmetry:

quarks + leptons in one multiplet
* quantization of electric charge:
NQ-Q=0 = 3x1/3-1

S ala {e"v,. d. d, d

- prediction for electro-weak mixing angle:

sin0,, (My) = g2/ (g°+g?) = 3/5/ (1+3/5) = 3/8
Sinzew (Mz) = 0.20 GUT (Mx -> Mz)
sin0, (Mz) = 0.22  expt.

- lepton number violation:

neutrino masses + oscillations

* baryon number violation: birth + death of Universe:
baryon asymmetry: N,/ N, = 6-10-10

proton decay: T, ~ M*/ g*m®

* SU(5) GUT: My~ 1015 GeV T, ~ 10%2q

+ SUSY GUT: my ~ 106 GeV
T(p—oe'n®) ~ n-103%a T(p—K'v)~n-103a
* SuperK 1996-2015: T (poe'n®) > 1.6 103 a T(p—K'v) > 6-10% a 306 kt yrs

arXiv:1610.03597. PRD 9E

- HyperK >2026: T (p—oen®) > 210% a T(p—KW)>3:-10%a  @p—e+a’ () p=7+K"

° JUNO, DUNE >2026: T (b—K*v) > 3-1034 a u . et u 13' ‘~ ¥
(P V) p{u /> X < E} i p{d ,a, €

* 6UT magnetic monopoles d d u



