Nobel Prize 2008

Krzysztof A. Meissner

Warszawa, 26.11.2008

Nobel 2008 = p. 1/17



Yoichiro Makoto Toshihide
Nambu Kobayashi Maskawa
1/2 1/4 1/4

0000000000000000



Nobael Committee Announcement

* Y. Nambu:
“for the discovery of the mechanism of

spontaneous broken symmetry in subatomic
physics” (1960)

« M. Kobayashi and T. Maskawa:
“for the discovery of the origin of the broken
symmetry which predicts the existence of at
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Nobael Committee Announcement

* Y. Nambu:
“for the discovery of the mechanism of

spontaneous broken symmetry in subatomic
physics” (1960)

« M. Kobayashi and T. Maskawa:
“for the discovery of the origin of the broken
symmetry which predicts the existence of at
least three families of quarks in nature” (1973)

* Nicola Cabibbo left out — the emphasis is on CP
violation

 Nambu: 1964 (with Han) quark color
1970 string theory (after Veneziano formula)
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Spontaneous Symmetry Breaking
In Particle Physics

« SSB - ferromagnetism (Heisenberg, 1928)

 Nambu — global SSB in particle physics
(chiral symmetry < superconductivity)
talk at Purdue in 1960 by Jona-Lassinio (!)

» pions almost massless

 pions as bound states
(4 years before quarks!)
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Spontaneous Symmetry Breaking
In Particle Physics

« SSB of global, continuous symmetry =
massless Nambu-Goldstone bosons

« SSB of local (gauge) symmetry =
Brout-Englert-Higgs mechanism
massive gauge bosons



Example of local symmetry SSB
Complex scalar field + QED (D, = 0, — 2ieA,)

1 A
L= _ZF,LWFMV i D,MSOTD'UQO N Z( TSO N U2)2
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Broken symmetry vacuum
() = v (modulo a global phase)
o — v+ h/V2), Ay — A+ O
= massive photon A, and one real field &

1 14
J— _ZFWFM —4620214“14“

1 A
—55’uh8“h — §v2h2 + Interactions

ma = 2v/2ev, my = Vv



Superconductivity
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Superconductivity
Coupling a current j, to the A* part (9, A" = 0):

|
L = —ZFWFW — 4620214“14“ — 7, A"

» London equations: A" — 4e?v?A* = j#

 Meissner effect:
ABZ — 4621)2BZ- — () = Bz — Bi(o)e—%vz
 gquantization of flux (Abrikosov vortices):

267{14)'(1[_):27&'71 i/é-dgzﬂ

€



L eptons and quarks of the SM

( ve ) y €R, VeR ( ! ) , UR, dR
e d
L L
s MRy, VuR S y CRy, SR
H L L
U, t
( ) y TRy VrR ( ) 9 tR? bR
T b
L L



L epton-Higgs and Quark-Higgs
Interactions
» Yukawa part of the Standard Model

L'y"D,L'+...4+ Q" D,Q + ...+
(LY E; + QoY Dy + Q@YU + hoc)

_1_
where ¢ = (H )
HO

- Y\, Y;? a priori arbitrary complex matrices

17! 1
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Brout-Englert-Higgs mechanism

(2

« experimentally v =~ 174 GeV.
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Brout-Englert-Higgs mechanism

(2

« experimentally v =~ 174 GeV.
* ¢g;v = masses of gauge bosons
 Yv = masses of fermions

 If v = 0 (no SSB) all fundamental particle
massless (but strongly coupled bound
particles like proton presumably still massive)
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Cabibbo-Kobayashi-M askawa
matrix
« any complex matrix can be decomposed as

Y = K| MK,

K1, K5 (non-unigue) unitary, M real diagonal
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Cabibbo-Kobayashi-M askawa
matrix
« any complex matrix can be decomposed as

Y = K| MK,

K1, K5 (non-unigue) unitary, M real diagonal
e One can use unitary rotations of (), U and D
to put
Uu __ U D __ D aAgrD
Yij =M ) Yij i KmM

MY and MP real diagonal, K — CKM matrix

n(n—1)
2

(n=1)(n—
2

angles, 2) phases

ooooooooooooooooo



Explicit form of CKM matrix

—1d
/ C12C13, 512C13, size” \
i0 i6
—S12023 — (C12523513€ ,  C12C23 — S512523513€ °,  S523C13
) i6
\ 512523 — C12€23513€ ,  —C12523 — 512023513€ ,  (23C13 /

Cij = COS(QZ']'), Sij = Sin((%j), 015 Cabibbo angle
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Explicit form of CKM matrix

—1d
/ C12C13, 512C13, size” \
i0 i6
—S12023 — (C12523513€ ,  C12C23 — S512523513€ °,  S523C13
) i6
\ 512523 — C12€23513€ ,  —C12523 — 512023513€ ,  (23C13 /

Cij = COS(QZ']'), Sij = Sin((gi]’), 015 Cabibbo angle

(1 0 0 )
0 co3 23
\ 0 —s33 23

-

[ ez 0 s13 )
0O 1 0
\ —s13 0 ci3 )

where Fr = diag (1, e 10 616)

F-

/ Cl2  S12 0\
—S12 c12 0

\ 0 0 1/
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Experimental values

/vud Vus Vub\
Verm = | Vea Ves Vi

\ Via Vis Vi )

[ 0.9742 0.226 0.0036
0.226 0.9733 0.0041

\0.0087 0.041 0.99913 )

The errors are = the last displayed digit.

lllllllllllllllll



Experimental values

[ Via Vs Vip \ [ 09742 0.226  0.0036 )
Vekm = | Vo Ves Vis | = 0.226 0.9733 0.0041

\ Via Vis Va /  \ 0.0087 0.041 0.99913 |

The errors are = the last displayed digit.
The phase independently of the parametrization
In the form of the Jarlskog invariant J:

Im [VZ-]-VM Z}kv]:]} — J(5w5kl — 5il5kj)

Experimentally, J = (3.0 £ 0.2) - 107°

ooooooooooooooooo



CPviolation

« Kobayashi and Maskawa noticed that the
phase (corresponding to explicit CP breaking)
IS possible starting from 3 x 3 matrices —
“prediction” of at least 6 quarks

« CP breaking originally seen in s quark
systems (/K mesons) — prediction of CP
breaking in b quark systems (now measured)
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CPviolation

« Kobayashi and Maskawa noticed that the
phase (corresponding to explicit CP breaking)
IS possible starting from 3 x 3 matrices —
“prediction” of at least 6 quarks

« CP breaking originally seen in s quark
systems (/K mesons) — prediction of CP
breaking in b quark systems (now measured)

* In 1972 only 3 quarks (u, d, s) and 3 leptons
(e, i, ) were known

ooooooooooooooooo



CP violation In cosmology

« CP violation necessary to explain matter-
antimatter asymmetry in the Universe
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CP violation In cosmology

« CP violation necessary to explain matter-
antimatter asymmetry in the Universe

 the amount of CP violation in CKM matrix too
small to explain this asymmetry — needed
other sources!
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Summary

« Spontaneous symmetry breaking lies at the
heart of the theory of particle physics
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Summary

« Spontaneous symmetry breaking lies at the
heart of the theory of particle physics

« CKM matrix (with explicit breaking of CP) is
the only confirmed source of CP violation

« Higgs particle in the SM yet to be discovered

« LHC hopefully proves spontaneous breaking
when repaired after explicit breaking...

ooooooooooooooooo
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