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"I propose to present here the foundations
of an emission theory of B rays which,
although based on hypotheses of which any
experimental confirmation is lacking at the
present time, nevertheless seems capable
of giving a fairly accurate representation of
the facts and allows a quantitative
treatment of the behavior of nuclear
electrons which, even if the fundamental
hypotheses of the theory should be false, it
may in any case serve as a useful guide to
direct experimental research."

(by Google translate)

—>

ANNO IV - VOL. 1 - N. 12 QUINDICINALE 31 DICEMBRE 1983 . X1l

LA RICERCA SCIENTIFICA

ED Il PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell’ emissione
dei raggi “beta”

Nets dol prof. ENRICO FERMI

Rinssunto: Teoriz della emissione dei nggi P delie sostanze radicattive, fondata sul-
Vipotesi che gli elettroni emessi dai nuclei non esistano prima della disintegrazione
ma vengano formati, insieme ad un newtring, in modo analogo alla formazione di
un qQuanto di luce che pagna un salto di w atomo. Confromto della

teoria con Vesperienza

Mi propongo di esporre qui i fondamenti di una teoria dell'emissione
dei raggi f che, benche basata sopra ipotesi delle quali manca al momento
presente qualsiasi conferma sperimentale, sembra tuttavia capace di dare
una rappr ione abb: dei fatti e permette una tratta-
zione quantitativa del comportamiento degli elettroni nucleari che. se pure
le ipotesi fondamentali della teoria dovessero risultare false, potrd in ogni
caso servire di utile guida per indirizzare le ricerche sperimentali.

E' ben noto che nel cercare di costruire una teoria dei raggi B si in-
contra una prima difficolta dipendente dal fatio che i raggi B escono dai
nuclei radioattivi con una distribuzione continua di velocita che si estende
fino a una certa velocitd massima: ci6 che a prima vista non sembra conci-
liabile col principio della conservazione dell'energia. Una possibilit? qualita-
tiva di spiegare i fatti senza dovere abbandonare il principio della conser-
vazione dell'energia consiste, secondo Pauli, nell'ammettere I'esistenza del
cosi detto «neutrinon, e cioé di un corpuscolo elettricamente neutro con
massa dell'ordine di grandezza di quella dell'elettrone o minore In ogni
disintegrazione P si avrebbe emissione simultanea di un elettrone ¢ di un
neutrino: e l'energia liberata nel processe si ripartirebbe comunque tra i
due corpuscoli in modo appunto che Jenergia dell'elettrone possa prendere
tutti i valori da O fino ad un certo massimo_ Il neutrino d'altra parte, a causa
della sua neutralita elettrica e della piccolissima massa, avrebbe un potere
penetrante cosi elevato da sfuggire praticamente ad ogni attuale metodo di
osservazione. Nella teoria che ci proponiamo di esporre ci metteremo dal
punto di vista della ipotesi dell'esistenza del neutrino.

This chapter is just the preamble o
W.i.; also § KO

and § v are mainly de
of Coll.Phys (§ pp, § LEP and § LHC)

f our discussion on
dicated to w.i.. A lot
contains w.i.
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the weak interactions : the origins
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* In rare occasions, we see violations of
those conservation laws, valid for strong
and electromagnetic interactions only;

these are known as weak interactions
(w.i.), because of their small coupling;

w.i. happen in almost all processes, but
they have a negligible effect, except in
cases otherwise forbidden (e.g. decays
violating strangeness, charm, ...);

because of w.i., STABLE matter contains
only (u, d, e7);

the other quarks and charged leptons
are UNSTABLE wrt w.i. decays;

therefore, despite of their "weakness"
(small range of interaction ~10-3 fm, tiny
cross sections ~10%4’ m?), the w.i. play a
crucial role in the features of our world.

5

* ALL elementary particles, but glh4ens and
photens (carriers of other interactions),
"see" w.i. : quarks and charged leptons

have w.i., v's have ONLY them.

* therefore, most of our knowledge on

w.i., at least until the '70s, was obtained
from the decays of particles [e.g. ©* and
u* decays below] and from v beams.

] po— i
i1

B \;\h\.._‘ : .-/‘ ‘.

CERN 2m hydrogen bubble chamber: K*p — w*n*X




1930
1933
1934

1936
1947
1956

1956
1956
1957

1958
1960
1961
1962

1963
1964

Pauli : v existence to explain f—decay.
Fermi : first theory of f—decay.

Bethe and Peierls : vN and VN cross
sections.

Gamow and Teller : G.-T. transitions.
Powell + Occhialini : decay n* — u*— e*.

Reines and Cowan : v's detection from a
reactor.

Lande, Lederman and coll. : K°,.
Lee and Yang : parity non-conservation.

Feynman and Gell-Mann, Marshak and
Sudarshan : V-A theory.

Goldhaber, Grodzins and Sunyar : v helicity.

(ca) Pontecorvo and Schwarz : v beams.
Pais and Piccioni : K, <> K regeneration.

First v beam from accelerator : Lederman,
Schwarz, Steinberger : v,

Cabibbo theory.

Cronin and Fitch : CP violation in K° decay.

5

1964 Brout, Englert, Higgs : Higgs mechanism.
1968 Weinberg—Salam model.

1968 Bjorken scaling, quark-parton model.
1970 GIM mechanism.

1972 Kobayashi, Maskawa : CKM matrix.
1973-90
1973 CERN Gargamelle : neutral currents.
1983 CERN SppS : Wt and Z.

1987 CERN SppS : B® mixing discovery.
1989-95  CERN LEP : Z production + decay.
1997-2000 CERN LEP : W*W- production.
1998-2000 v oscillations.

1999-20xx B? mixing detailed studies.

2012 CERN LHC : Higgs boson.

v DIS experiments : Fermilab, CERN.

- only major facts > 1930 considered;

* this chapter;
* other chapters of these lectures or Coll.Phys.;
* other lectures in our CdL.



the weak interactions : CC, NC =

In the SM, weak interactions (w.i.) are observed [but another example of NC
classified in two types, according to the was well known, i.e. the e.m. current:
charge of their carriers : v's carry no charge !]
 Charged currents (CC), W* exchange: ( > > b
>in the CC processes, the charge of vy vy
quark and leptons CHANGES by £1; at €.g. z
the same time there is a variation of e 5 > &
their IDENTITY, including FLAVOR, S 4
according to the Cabibbo theory (today ¢ In the 60's Glashow, Salam and
Cabibbo-Kobayashi-Maskawa) Weinberg (+ many other theoreticians)
( < < ) developed a theory (today part of the
vy [y "Standard Model", SM), that unifies the
e.g. b w.i. (both CC and NC) and the
d yU/C electromagnetism.
) ’ The SM was conceived BEFORE the discovery of
* Neutral currents (NC), Z exchange: NC. So the existence of NC and its carrier (the Z
»in the NC case, quark and lepton boson), predicted by the SM in the '60s and
flavors remain unchanged (no FCNC); directly observed at CERN in 1983, were among

the first great successes of the SM.

> until 1973 no NC weak process was

Paolo Bagnaia - PP - 04 6



/5 the weak interactions : classification
leptonic B> et vy v, €
d[n] > ulple ¥, Ok
AS=0 | ud [rf] > ptv, 2
semi-leptonic di [pp] > W-— eV, | @* @
cc| f(alsoy) v.d[n] = e~ u[p] B)*
weak \ s[A]l>u[ple v, Ok @
inter-
Jctions \ As= | s[Al—> udd [pr, nn®] | (D*
hadronic \é_l__, us [K*] > p* v, ©)
us [K] — ud [ 70 Q)*
leptonic v, et —>v, e @ @
NC| semi-leptonic (AosnTy()) vqg[N]—>vqg[N'] @*
hadronic uuppl>Z—>qq @*
Some processes (list NOT exhaustive), classified in terms of > >
particle content and lowest order Feynman diagrams. @ Z
A "*" in the last column means that the interacting hadron, > >
shown in "[ ]", is composite; in the diagrams there are only
the interacting quark(s); the other partons ("spectators") Z
do not participate in the interaction [see § 2]. @
Sometimes in the table v = both v and v [the correct one !].
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comment

process Lifetime (s)

vV.p—>net (none) Neutrinos have only weak interactions (not a decay).

n—>pe v, ©(103) Long lifetime because of small mass difference (p-n).

Tt — ut vy, ©(108) |The nt is the lightest hadron, so it decays — leptons.

A—>pr ©(1019) |The decay of A violates strangeness conservation.

strong electro-

interactions magnetic

A A
r A4

weak decays (this chapter)

A, JJy n n°

T T |

] ] ] ] ] >
-25 —-20 -15 -10 -5 0 5
Log,, lifetime (s)

Some of the most
interesting weak decays are
the neutral heavy mesons of
type QQ (K°, B?) [see § 5].




* The modern theory of the CC interactions ¢ wrt the F.t., the SM "expands" the point-
(i.e. this part of the SM) is a successor of like interaction, introducing a heavy
the Fermi theory [F.t.] of B decay. charged mediator, called W*.

* The F.t. describes a point-like interaction, ¢ the SM is mathematically consistent (it is
proportional to the coupling G;; the "renormalizable", the F.t. was NOT);
theory had intrinsic problems ("not

e [more important] the SM reproduces the
experimental data with unprecedented
accuracy.

renormalizable" in modern terms, i.e.
cross-sections violate unitarity at high

energy);

u "spectators wrt w.i."

From Fermi




Q. why is the (strong) decay n —» pn~ Q. whyn — pe Vv, and notp — ne*v,?

. 0 b : 5
(similar to A° — pnt”) forbidden A. [..left to the reader]

A. write the Feynman diagram n — pn:

* possible ? forbidden ?

yes, dynamically possible

e then?
m(n) — m(p) = 1.3 MeV

The only possible pair ff' with g = -1 and
baryon/lepton number = 0 is clearly
ev,, since m(e”) + m(v,) ® m(e”) = 0.5
MeV.



A simple comparison between the s A
couplings (g is the "charge" of the w.i. and
plays a similar role as e):

* Electromagnetism :

o oc ez; . E.m..
Interactions
- 2. - J
amplitude oc o oc e?;
rate oc o2 oc e,
 Weak interactions : ( h
G oc g%
amplitude o G; oc g% >
rate oc G2 oc g4
Weak
NB. unlike o, G; is not adimensional (next _[interactions J

slide); the similarity electromagnetism <>
weak interactions is hidden.




e The e.m. coupling constant o is
proportional to the square of the electric
charge e :

e’ 1
o

Amehc 137

* In a similar way, the intensity of the CC s
G; (Fermi constant), proportional to the
square of the "weak charge" g.

 The matrix elements of the transitions
are proportional to the square of the
"weak charge" g and to the propagator :
1 (12<<m3V gZ

—8 > =G;,.

M, cg
TR +ml, ms,

* The difference respect to the e.m. case is
the mass of the carrier: while the vy is
massless, the CC carrier is the W%, a
massive particle of spin 1. Therefore the
range of CC turns out to be small (1/m,,).

* Unlike the case of the massless photon,
for small Q2 the propagator term "stays
constant".

* Therefore, the Fermi constant G; has
dimensions :

(Gl = [my/] = [m?] = [€7],

 and a small value, due tom,, :

GF -5 -2 -3 2
5 0(10 GeV ) o[(lo fm) ]
* This effect obscures the similarity of the
e.m. and weak charges (e <> g), which
are indeed of the same order [see § 6].

4 )




* the most precise value of the Fermi
constant G; is measured by considering
the muon decay p~ > v eV, :

> low energy process (\/Q2 ~m, << my);

> approximated by a four-fermion point-
like process, determined by the Fermi
constant (~ g2/mj,);

> only leptons — free from hadronic
interactions  which  affect other
processes, e.g. the nuclear 3 decays.

* if m,~0, m,is the only scale of the decay
— dimensional analysis:

[y —eVv,)=1/t,c GEm;,

e while the correct computation gives :

F(u‘%e‘vevu):l L (1+e),

where ¢ is small and depends on higher
orders (radiative) corrections and on the
electron mass.

* the mass of the muon and its average
lifetime are measured with great
precision:

m,, = (105.658389 + 0.000034) MeV;
T, =(2.197035 + 0.000040) x 10°s.

* then the value of the Fermi constant is
Gr = (1.16637 = 0.00001) x 10> GeV-2.

4 )
L —>ev,V,




( )

Q. Is the weak CC the same for all leptons

and quarks ? Do they share the same t > Vz
coupling constant G; for all the e <
Ve

processes ? q )

« the CC universality has received e it follows that :

extensive tests. . .
L _BRL_&p.
* [absolutely true for Ileptons, some " BR® g2p
further refinement — CKM — for quarks]

_>

BR®

0

 The e—u universality is measured by BR®

analyzing the leptonic decays of the t* )
(€ is the appropriate lepton, e™/ u) :

 (17.36+.05)%
(17.84 +.05)%

meas.

and, taking into account the values

=0.974+.004,

8 of p. and p_ :
F(T_ _)E_VEVI)EF; = gztgfz mipfl pu pe
MMy [gu/ge =1.001J_r.ooz.] 11
[where p, is the phase space factor] meas.
o T
BR(’C —{ var)EBRf :th ;



The measurement of the u—t universality is

similar [BR, =T, /T,,=1tT,]: r A
BR(p_ — e‘VevH) ~100% (experimentally); H > Vu
e

F(u‘ —>e’VevM) T BR(u_ —>e’Vevu)- we L] Ve
F(T_ — e‘VevT) T, BR(T_ —>e‘Vevr) '
the prediction is : 1 v,

_ . >
C(u >eVyv,) geimp, g mop, el .
M(v »ev,v,) ggmp gmp, \ )

2

g, T. 1 mp.

g T, BR(T_ —>e_VevT) mp,

e from the measurements and computations,

we finally get :

By

X

=1.001+£.003.

meas.

in 8 3 we have seen that the t* particle
is most likely a sequential lepton: this
fact is a strong confirmation of it.




More ambitious test: extend universality = Another test is the 1 lifetime :
to 1 hadronic decays :

- ~F2°t_mfr m 1
- consider again the leptonic decays of T g T 5w s
the t lepton: mainly the following three g : e
: T.m
decay modes : T, =1/T%x 22 3.1x10 " 5| |
T >eVy,; T S>uvyv,; T >udv. 5m;
- from the BR. ratio, expect (3 for color) : experimentally it is found :
[ & 7% 5 7o /3 1 H(2.956 +.031)x10 " s.| |
e U T—>Uu ’ T

in agreement with universality and

presence of color in the hadronic sector: " Many other experimental tests [.. but |

suppose that you are convinced].
> it is the first time we see the color in

the weak interactions sector;

> however, this does NOT show that the
Wud coupling is equal to Wus, Wcd ...

* At least for CC weak interactions (but
alsoin e.m., and in NC, as in the Z decay)
all three leptons have exactly the same
interactions.

* The only differences are due to their

T > \Z different mass.
g+ ) ) Cy . ,
Wi ll—’g V’: * [sidor Isaac Rabi said in the 30's about
2,

N J the muon: "who ordered that ?".




lepton unlversallty Z decays

N
* g‘ S|m||arftest (Zjn Ie?_tEoPn unl\;]ers(jllty hai LEP averages of leptonic widths
een performed at , in the decay o
the Z (a NC process). T, - 83.92 +0.17 MeV
« The experiments [see Coll.Phys.] have Ly - 83.92£0.23 MeV
measured the decay of the Z into e =8 53.85£0.29 MeV
fermion-antifermion pairs.
r . 83.93 +0.14 MV
* They [well, WE] have found : ! A . ©
/— e'e": uu : T 399
1. :1.000 +.004 :.999 + .005. 2o | B
’ (see Coll.Phys.)
 Similar — more qualitative — tests can be = 200 ol 18842 Mev
. . . . . . 2 Z -
ca;rled with angular distributions, higher = = m,,— 60- 1000 GeV
orders, ...
« The total amount of information s 100 A
impressive and essentially no margin is Ty IMeV]( ¢ )
left to any alternative theory. Z
warning — in these pages we mix measurements
of different ages, e.g. u-decay in the '50s, t-decay
in the '80s, Z-decay in the '90s.
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parity violation : meaning

reality flipped <>

Venus Landolina (Syracuse, Italy) )

 Look at these two pictures (an ancient
sculpture and a modern cross-section);

* one is human-made, the other a law of nature;

 both contain a symmetry (left-right legs,
forward-backward p*u) and an asymmetry
(the broken arm, e*e™);

Paolo Bagnaia - PP - 04

100
- - - 2 2

o do(e’e —>ee):noc y 3+co0s’0 )

w O dcos6 2s 1-cosO

o =

S 9 —3

23 § oy
10_-0 S_D, """" —

7} do(e’'e > pu'u ) na

dcos6

(lﬁ—cos 9

]

/ae—>ee

0.1-

0.01
-1

are they examples of JeleldisR%leJ[sii[]X ?

Obviously m [if for no other reason, because
p.v. was discovered in the '50s, not in the IV
century B.C.];

figure out a reasonable explanation

1

[consider flipping the pictures; does it help ?].

18




parity violation : history

= The effect was proposed in 1956 by two young
theoreticians in a classical paper and
immediately verified in a famous experiment
(Mme Wu) [FNSN 1] and in the ©*- and p*-
decays by Lederman and coll.

= The historical reason was a review of weak
interaction processes and the explanation of

] n o 0
the "O-t puzzle", in modern terms the K° decay Nobel Prize 1957
(KO — 2m) vs (K — 3m). Tsung-Dao Lee (Li Zhéngddo, EBHE)
Chen-Ning Franklin Yang (Yang Zhénning,
particle (v) anti-particle (V) R T or IBIRE)
h=-1 > h=4+1 > for their penetrating investigation of the so-
> — — called parity laws which has led to important

discoveries regarding the elementary particles.

For remarks on
vectors, helicity
* vonly h=-1; and chirality, look
at the end of the

chapter.

* vonly h=+1;
— PARITY VIOLATION

Paolo Bagnaia - PP - 04



e The two authors found that parity
conservation in weak decays was NOT
really supported by measurements.

The CC current is "V — A", which is an
acronym for the factor y (1 - v;) in the
current; i.e. the CC have a "preference"
for left-handed particles and right-
handed anti-particles;

these effects clearly violates the parity;

e.g. consider a v: the parity operator P

flips the helicity:
Plv,h==-1>=|v,h=+1>

— NMERATIGERRCRIGEIEWA become V's

with +ve helicity, which DO NOT
EXIST (or do not interact).

particle (v) anti-particle (v)
h=-1 h=+1
> >
P — —>

e Comments:

>V or A alone would NOT violate the
parity. The violation is produced by
the simultaneous presence of the two,
technically by their interference.

> The conservation is restored, applying
also C, the charge conjugation:

CIP|v,h=—1>=C]|v, h=+1> =|v, h=+1>,

i.e. Vp._y = V.., Which does exist.
Therefore, "CIP_is not violated" [not in
these experiments, at least].

> the above discussion holds only if m,, =
O (NOT TRUE), or m, << E, (ultra-
relativistic approximation - u.r.a.); the
u.r.a. for v's is used in this chapter.




parity violation : the v helicity

e For massless Vv's or in the u.r.a.
approximation*), V—A implies :

particle (v) anti-particle (v)
h=-1 h=+1
> >
<= =>

* Therefore in the "forbidden" amplitudes,
there is a factor [oc (1 - B)] for massive
particles, which vanishes when 3 — 1.

* If we assume a factor (1 £ B) for the
production of ( h = + 1) particles (the
opposite for anti-particles), we get :

<h> =% [(1+P)(-1) +(1-B)(+1)]= - B;
<h>pzr =2 [(1+B) (+1)+ (1 - B)(-1)] =+ B;

i.e., when produced in CC interactions,
particles in average have —ve helicity,
while anti-particles have +ve helicity.

Paolo Bagnaia - PP - 04

* The effect is maximal for v's (B, = 1),
which also have no other interactions.

e For e, itis also well confirmed by data in
B decays [YN1, 570] :
g

-1.0

~

<h._>| Nucl. Phys. A272
-08} (1976) 61.

60co

H

0.2 0.4 0.6 0.8 1.0
N B

™) If m, >0 — B, < 1, a L-transformation can
reverse the sign of the momentum, and hence
the v helicity, so the following argument is NOT
L-invariant for massive particles [previous slide].

21
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A

Chien-Shiung Wu
S 1912 — 1997

The "Madam Wu"
(1957) discovered
violation in ®°Co decay.

A
Al
3
- o3
oL
T 84
PSS o 7 A
i
-7 4
3
w-
e o
g
o
('}
%
1
5\
d

the

experiment
parity

A difficult elegant application of

state-of-the-art

technologies in

nuclear physics and cryogenics.
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Cerium Magnesium
Nitrate (CMN)

Anthracene crystal C
Eext coils

Nal y counters A, B
Light Guide
Photomultiplier

Cryostat

Nt part of the
= 3rd
@r EPeated here ji st for comple R

teness




parity violation : Wu experiment — 2 =+

Technicalities:

Align the nuclear spins with an external B: || such a small T ?
* at a given value of T, E; = kgT e everything in a cryostat;
(kg : Boltzmann constant); e produce T = 102 K using adiabatic
« the magnetic field Eg = [i-B; depolarization;
« good alignment if E; > E; (e.g. T~ 102K, || how to operate ?
B~ 20T [see box]); * switch the field off (— "t,");
such a large |B| ? * start counting as a function of time;
S R ST |§eXt| of few x 102 T: . thg polarization goes .away in few
minutes and the effect disappears.
* it polarizes the electrons in the CMN;
* since (K, / py = my / m, = 2,000) — it
produces a strong |B| of few T; ©©© oo

Cerium Magnesium
Nitrate CMN)

ks =8.62 x 105 eV /K; lET
My =3.15%x10%eV /T,

T =102K —E,~8x 107 eV;

B =20T —E,~6x107eV. ©OO

® Anthracene crystal C

R
® B, coils
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a) 0co()P=5*)1  — ONi**(P=44)T| e | V,;

e’

b) gg|\”*"‘(JP=4+)ﬂ — ggNi*(JP=2+)ﬂ v, 1173 Mev]

c) ONi*(P=21)1 — ONi(P=0)1 | y,i2-332Mev]],

the chain decay [box above];

decay (a) is weak [interesting];

inA:seey,,if Lto B;
inB:seevy,,if / to B [or anti-// to BJ;

1.2
1.1
1.0
0.9

0.8

I |t(nTinUt|eS)
0 2 4 6 8§ 10 12 14 16

decays (b), (c) are e.m. — P conserved,;
both (a) (b) (c) conserve angular mom.;

0.7

«inC:seee if /toB [or anti-// to B].

Plots (=normalized counts in ABC, for J_rﬁ) :
e asymmetries at t=t,, then go away;
* A > B because of polarization ¢

— measure @, to be used later;

* A and B do not depend on B direction
[e.m. conserves [P];

e Cdoes depend on B direction, with a rate
equal to 9 — P is violated.

It (mlinutles)

4 6 8 10 12 14 16




parity violation : Wu experiment — 4 =+

4 N
4 ) 4 N

| ONi
> % > e —»

]=5 J=4 =% =%

ET - Vst — [B is up or down, (——>
N B according to the ———

> A T2 => direction of the e
=0 +—

current in the coil]

<
o

o J

reinterpret the exp. with V — A theory: * conclusion:
* J conservation + Polarization — force > direction opposite to B preferred;

spin direction of e7; > electron rate W depends on cos 9,
- case @: the angle B -V, :

» h,=+1 — forbidden (oc 1 -3, ); W(cos0) oc 1 — P B, cosh.
* case Q

» h,=-1 — allowed;

~ 0.6 (computed) ~ 0.65 (from counters A,B)
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+

parity violation : the Feynman’s view

[... Imagine that we were talking to a Martian,
or someone very far away, by telephone. We
are not allowed to send him any actual samples
to inspect; for instance, if we could send light,
we could send him right-hand circularly
polarized light. [...] But we cannot give him
anything, we can only talk to him.

[Feynman explains how to communicate: math,
classical physics, chemistry, biology are simple]

[...] "Now put the heart on the left side." He
says, "Duhhh - the left side?" [...] We can tell a
Martian where to put the heart: we say,
"Listen, build yourself a magnet, [... repeat the
mme Wu exp ...;] then the direction in which
the current goes through the coils is the
direction that goes in on what we call the right.

[... However,] does the right-handed matter
behave the same way as the right-handed
antimatter? Or does the right-handed matter
behave the same as the left-handed
antimatter? Beta-decay experiments, using
positron decay instead of electron decay,
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indicate that this is the interconnection: matter
to the '"right" works the same way as
antimatter to the "left."

[... We then] make a new rule, which says that
matter to the right is symmetrical with
antimatter to the left.

So if our Martian is made of antimatter and we
give him instructions to make this "right"
handed model like us, it will, of course, come
out the other way around. What would happen
when, after much conversation back and forth,
we each have taught the other to make space
ships and we meet halfway in empty space? [...]
Well, if he puts out his left hand, watch out!

From Feynman Lectures on Physics, 1, 52:
"Symmetry in Physical Laws".

Quite amusing and great physics :

* the symmetry he is talking about is

"CIP" and NOT simply "P" or "C" !l
* but CP is also violated [see § K°].




measured the helicity of the electron

neutrino v, with an ingenious experiment.

e A crucial confirmation of the V-A theory;
pure V or A had been ruled out, but v/v
helicity was still not measured.

* Metastable Europium (**2Eu) decays via
K-capture — excited Samarium (Sm*) +
Vo, Whose helicity is the result of the exp.;

* the Sm* decays again into more stable
Samarium (Sm), emitting a y [y, in fig.].

* For such a y the transmission in matter
depends on the e~ spins; therefore a large
B-field is applied to polarize the iron.

* The y’s are used to excite again another
Sm; only y’s from the previous chain may
do it; another y is produced [y, in fig.].

* The resultant y’s are detected.

152

Eu™ Source

Wi

%/},Magm&t

/]
.

10 em

Sm203
Ring

] XX

Fe + Pb

Pb Shielding

LY ALY

Nal
(Th)

L Photomultiplier

* Final result:

h(v,) = -1.0
+0.3
consistent with

V—A only.

[the experiment is
ingenuous and
complex: it is
discussed step by
step.]



the v, helicity : summary of the experiment

e ™
152 m K capture (e”) —
Eu | Source =, \ngu(J:O)
s v, (900 KeV)
— 77 N 7 T PRTTTLLL L \152 *(|=
B l]\ / ,,...—MEQI'IE'I .Y(961 kev) % 62 Sm (J 1)
7 , T T TSm0
L] AR \. : J
.......... ) h | .
............ Compton effect does depend on the ;-
10 cm "1 spin wrt B (NB v, in the figure escapes
| Compton effect).
A 71+ P2Sm > B2Sm* — 152Sm + v,
Sm,0s Fe + Pb
Ring Pb Shielding “““““ v, detection via photomultiplier.
I “‘_:..a:’..-.‘.
1 H /.. 0"
_____ 1A
M| Nalg41- .
(T T The experiment detects the number of vy,
o’ Ak when B is (anti-)parallel to y,. The
’: 9 asymmetry depends on the (v -helicity —)
1%
’ ’ -spin.
Photomultiplier 117>P
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the v, helicity : Europium — Samarium — v

152 deca
2 m*(J=1) —e
ey s> Sm(J=0) + Y N . JP\
v
5. = ¥ J=1 5, =% 7~ ~N 5,=+1 ~ N 900 KeV\/ 152,
e 30 <—=O <_=> Left-handed v 4=_> Left-handed y O -
v

152, 152G my % h=-1 y h=-1 152§ m E =
) =+% ,=+1-Y = +% 961y keV
0+

G.=-% o, =+% sy=-1 % 1%25m y
e‘—<=> O f O => Right-handed v ﬁ Right-handed y O
152, 152Gy * v h=+1 y h=+1 152G m
),=% J,=-14% =% ~ J
* v, monochromatic, E,, = 900 keV; * Therefore, the method is:
* Sm* lifetime = ~101* s, short enough to > [cannot measure directly the v, spin]
neglect all other interactions; > select and measure the y's emitted
* Sm* excitation energy =961 KeV (=~ E,); anti-parallel to the v.'s, i.e. in the
. . . . i i 152 .
* only for v in the direction of Sm* recoil, same direction of the (>Sm™);
angular momentum conservation implies > measure their spin;
Sm* helicity = v, helicity =y helicity = +1 > reconstruct the v, helicity.

[see box with 2 alternative hypotheses].
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* For vy of 961 keV, the dominant
interaction with matter is the Compton
effect; the Compton cross section is spin-
dependent: the transmission is larger
when the y and e~ spin are parallel.

Therefore, a strong and reversible B
(saturated iron) selects the polarized vy’s,
producing an asimmetry between the

two § orientations.

Need also to select only the y's polarized
according to the v, spin, i.e. produced
opposite to the v, 's — use the method
of resonant scattering in the Sm,0; ring:

152 152 * 152
Y.+ 7°SmM — 22Sm*® — 2°Sm + v,

[kinematics (next slide) : a nucleus at
rest, excited by an energy E,, decays with
a y emission; the y energy in the lab. is
reduced by a factor E,/(2M)].

* In general, y, energy is degraded and

NOT sufficient for Sm excitation (i.e. to
produce v,).

But, if y, is anti-parallel to v, the Sm*
recoils against v,. The resultant Doppler
effect in the correct direction provides v,
of the necessary amount of extra energy

E.~E).
( M Y) 1522 ™ Source

In conclusion,
only the y's anti- B”

parallel to v,'s are 7
detected, but | e

Pb

Nal |{l /

[l _-Magnet

those y's carry
the information
about v, helicity. Ring

Fe + Pb
Shielding

L Photomultiplier




/5 the v,_ helicity : kinematics 5
a N
m M v T 961 keV
Kinematics <€ . > 1%2E,™ Source +
/ zll7 10°F- - éﬂkev
= ¢ '__//Magnet lﬂSl‘l‘l

M — my; E,=M-m; B £

(M =[M, 0, 0,0]; L £ g40key  Yieldwith Smy0;

10 cm 9 scatterer
Msys. < y=I[E,, E, 0,0];
m :[M — Ey ; _EY’ O, O], Smy0g o FevPb i

) Ring eang Non-resonant \

m’=(M—E ) —E =M’ +E’ —2ME — E’; {& = background 3
(™)
M*—m* M+m o T
2M 2M Photomultiplier 10 ! I 1 |
M+M—E E 18 2 26 30 34
~ °E0=EO(1——OJ.
2M 2M
\ J

— if the excited nucleus (M) is at rest, the
energy of the y in the lab. is smaller than
the excitation energy E,; therefore it is
insufficient to excite another nucleus at
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rest; for this to happen,

the excited

nucleus has to move in the right direction

with the appropriate energy.
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+ +
T" — p'v, decay

* The nt* is the lightest hadron; therefore it
may only decay through semileptonic CC
weak processes, like (consider only w*, for
7, apply C) :

Tt — ut Vi Tt —> e’ v,

* In reality, it almost decays only into pu's:
the electron decay is suppressed by a
factor ~ 8,000, NOT understandable, also
because the (r — e) decay is favored by
space phase.

* The reason is the helicity:

> in the nt* reference frame, the momenta
of the £* and the v, must be opposite;

> since the ©* has spin 0O, the spins of the
€*and the v must also be opposite;

> therefore the two particles must have
the same helicity;

£ =lepton, i.e. e/u

> since the v (a ~massless particle) must
have negative helicity, the £* (a non-
massless antiparticle) is also forced to
have negative helicity;

> therefore the transition is suppressed
by a factor (1 — [3,);

> the e* is ultrarelativistic (p, = m,_ /2 >>
m,), while the p* has small 3 [compute
it 111];

> therefore the decay m—e is strongly
suppressed respect to T—.

?2?9?

. . FHH
4 — 0
=>

Kinematics (next slide) :

> pg=1[(m2-my?) /(2 m.)];
> B.=(1-2.6 x107);
> B,=0.38.



weak decays : kinematics S

SOLUTION : (more general) a)m =m, =m; e.g. K°—>n’n%
Decay M — a b. Compute p = |p,| = |p,| 0? = M® —4m’ _ (M+2m)(M—2m)_
in the CM system, i.e. the system of M: 4 4

b)m, =m, =0; e.g. ™ =yy, Ho>vy;

(M, 0, 0,0)
CM {(Jm2+p?, p, 0,0); pz:j; p="

\(\[ mi + pZ ’ _pl 010)

X [Mz—(ma—mb)z][Mz—(ma+mb)2} _M-m’ M

p’ = , —{1—@)2}.
AMP? —— 2M 2 M

c)m,=m; m =0; eg.m —>u'v, W—Wy;

Y

energy conservation : M:\/mi +p° +\/mk2) +p;

G 2/m +p” JmZ +p* =M’ —m? —m? —2p’;

< ﬁ > 4[m§m§+p2(m§+m§)+ﬁ4}=(M2—mi—m§)2+4}9(4—4p2(M2—m§—m§);

4p? [ (9] + 913 ) + (WP =] — g} ) [ =—amirmf o+ (M o —m?)’;

4p*M?* = [(M2 —m: —m; ) +2m.m, ][(MZ —m: —m; ) —2mamb} = (see above)
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. . . 1.0
same info as in previous D M — ab
slide, only "easier" to see m,/M -~ contours in p/M
Qv

m,+m,>M

0.8 N \ forbidden
0.2

0.6 p. e.g. take the point "x"
b3 m,=0.5M
m,=0.3 M
M 0.4 p=p,=p,~0.294 M
0.4 -
<€ @ >
b M a .4
0.2

symmetric for m, vs m,,

andprofE’SS/'ona
plot only m_ > m,.

! plot,
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4/6

Problem: compute the factor in the 7+ decay
between u and e.

Assume for the decaynt > € [€=pore]:
p = decay product momentum;

Pe = dN/dE,,, = phase space factor;
dN = Vp2dpdQ2/(2m)3;

(1 —B¢) = helicity suppression;
BR, =Tp/ Do € Pe X (1 — Be)-
In this case the decay is isotropic. Then :

pB oC pzdp/d Etot;

only factors different

4-momentum conservation [use previous slide and
keep only terms €-dependent]:

pf:pv:EvEp; Etot:mn; EK:mn_Ev:mn_p;
p_mi_m?_Etot_ m!% . dp _1+m§ _mi+m§_
2m_ 2 26, dE, 2 2m> 2ml '

2 2 2 2 2\?
m:—m’ ) m2+m’ (mn +m, )(mn _mf>
p oc b { T { _
f —

2m, 2m;, 8m? N\
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weak decays : 1t - (et & pt)

for u/e (-universality)

+

?27??
Ve Tt
< o
=>
-2
1-p, =1-2-q P M7
Ef mn_p mTC_p

2

_m,—2(m; —m;)/(2m,) _ 2m;

I
m_—(m2-m?)/2m_) m’+m?
2
2 Xm
BR, oc(mfﬁm?)(mi—mﬁ) %=
m2 +m?

2
ocm?(mi—mf) :

For electrons, m, << m_, so :

BR(RJr —)e+Ve) | m, m2 _Nez 2 ~1 28><1O_4
BR(Tc+ —>M+Vu) m, h |

Experimentally, it is measured
BR(m" —>e’v,)

=1.23x107",
BR(T:+ —> u*vu)

i.e. N(m—pu) =
8,000 N(rt—e)
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weak decays : p*

* Consider a famous experiment
(Anderson et al., 1960) :

T — utv polarized, brought
L) M ot rest without loss
€ VeV Bl polarization

. J

*In the p* ref. frame (=LAB), this
configuration is clearly preferred :

+ <=
AR — N
et <= <'= _
—>I Vu

* In this angular configuration, both space
and angular momentum are conserved,
the particles are left- and the anti-
particles right-handed.

in the right part (i / Je ~ 8,000);

* From the figure: —

> few e* directly from n* decay, shown
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> the electron energy is the only
measurable variable;
> kinematical considerations show that
it is correlated with the angular
variables, and that the value E, = mu/
2 is possible only for parallel v's.
> the distribution clearly shows the
parity violation in muon decay.
6000
SN
PhysRev 119 ra
5000 — " K
(1960) 2050. 7
3 3
2
L Tt etv, | 3
<] | =
5 ] :
? 20001~ I | oy
2 ; | . -8 &
000 S onnk + l 17 °
1000— g \/ 2 2o, _
N U A AT B 7
I | I | il F TN
0 10 20 30 40 50 60 70 80

Electron energy, MeV

36




Apply the operators C and IP to the previous cases :

— => \_/ \/ ”-+ => v
C g A o e gz s aF
«— o -— - ¢ <+— 3
—

i B g )
P |ce—2—0 e o | :
4+ <+ N y

—

( ) ( )

- => _ + =>
n —> Ve [ 4— Ve
(:]P ¢ . <= ¢ ‘ <= - [ ]
—> " 4 — "

e [the "x" shows the forbidden — not existent — particles ]

* both C and P alone transforms the decay into non-existent processes
(we say "both C and [P separately are not conserved in this process");

* instead, the application of CIP turns a u~ decay (which does exist) into a
u* decay (which also exists) — "CIP is conserved in this process".




decay °— vy : L-transf. X

(F_ * Y. 4 ~N
E= Y(E . +Bp()' NB: L-transf. i . Lab
L-transf P, =v(p, +BE*);
Py =Py
= _Pe. _Ee In CM, n°
m=m0' B=EO' y=m0 arjcrest.
( C.M. Lab.
n’  m{1,0,0,0} m{y,Bv,0,0}

v, g{l,cos 0*,5in6*,0} g{y(l +BcosB*),y(cos0 *+P),sin6*,0}

Y, %“FCOS 0*,—sin6*,0} ?{y(l—Bcos 0*),v(—cos0* +p),—sin0*,0}

o Fpt XP(BP-cos?0*)—sin?0*| \P(1-PP)| PBP(1+sin?6%)-1

cosa=1-2sin’ == = = ;
2 BB foray : ‘XZ(I—BZCOSZG*) 1-B*cos’0*
|p| =E
Lo 1 B2(1+sin29*)—1 1—P*cos’0* B’ +p* -2 1
sin —-=—= 2 2 - 2 2 - 2 2 2 2 2 '
2 2l 1-PB°cos”O* 1-B°cos"O* —2(1—[3 cos 9*) v |1—B° cos 9*)
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—— [©] sin’ =
T3> 2| .. T(1-p) )
- N
]c(e *) a|min [COS 0% = O] a‘max [COS 0% = 1]
©  m{y,By,0;1} m{y,By,0;1} m{y,By,0;1}

v, ?{y(l+[3cos@*),y(cos@*+[3),sin6*;0} ?{y,By,l;O} ?{y(1+[3),y(1+[3),0;0}

v, %{y(l—BcosO*),y(—cos@*+B),—sin9*;0} %{y,ﬁy,—l;O} %{y(l—ﬁ),y(—lﬂS),O;O}
. J




decay 1% — yy : Pa)

-

spin(n®)=0— P(cos0*)=flat=1/2. C.M.

Y
Therefore : 7>‘/6* 1
2 e | S

E'” = y(1+BcosO*)—> : mpy 12

—4+t
9)( 12 cos@*)/

dcosO* 2 \
flat in {—(1 B), (1+B)} 102}

212 1 1

ZmBy mBy po|| Ha

dcos@*

P (o) 1 cos(a/2)
4By sinz(oc/Z)\/yzsinz(oc/Z)—
[no proof, — FNSN1, §cinematica, 26].

100 -

E_=100 GeV
o, ~0.0028
107 ~0.155°

nota bene —

mutatis mutandis, similar

kinematics also for H — vy o a I(rad)l | .

) ) 1
[spin(n®) = spin(H) = 0]. 0.005  0.02 0.05
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* For point-like fermions, CC is "V — A", * cons : lack of deep understanding of the
both for leptons and quarks [the only parameters.
difference for hadrons being the CKM
"rotation”, see later];

the simple and successful approach, used for
point-like decays, is not valid here, because of
* however, nucleons and hyperons (p, n, A, IigelgeRENIIT-1ge ool RNaeTgq=To (o) LA loX - Ao 14

¥, Z, Q) are bound states of non-free (possibly understood, but) non-perturbative and

quarks; impossible to master with present-day math;
same as chemistry <> electromagnetism.

e for low Q? processes, the "spectator
model" (in this case the free quark decay)
is an unrealistic approximation;

* strong interaction corrections are
important — modify V — A dynamics;

e the standard approach, due to Fermi, is
to produce a parameterization, based on
the vector properties of the current (S-P-
V-A-T, see) and then compute <
measure the coefficients;

* pros : quantitative theory, which . )
reproduces the experiments well;



* In Fermi theory, CC currents were classified according
to the properties of the transition operator.

* In neutron (3-decay, the e-v pair may be created as a
spin singlet (5=0) or triplet (S=1). In case of NO orbital
angular momentum, there are two possibilities to
conserve the total angular momentum :

» Fermi transitions [F], S=0, AJ_,=0 : the direction of
the spin of the nucleon remains unchanged; in
modern language, [it can be shown that] the
interaction takes place with vector coupling G,;

» Gamow-Teller transitions [G-T], S=1, AJ_,= 0, 1 :
the direction of the spin of the nucleon is turned
upside down (it "flips"); [...] the transition happens
with axial-vector coupling G,.

e In principle, F and G-T processes are completely
different : there is no a-priori reason why the
coupling should be similar or even related.

Fermi
S=0, AJ

ev

=0.

n a1 .

Ga

-

S=1, | Al

evl_

Gamow-Teller

0, +1.




 Study the neutron 3 decay; assume : * For B-decay, the pseudo-scalar term is
irrelevant : P can only be built from the
proton velocity v, in the neutron rest
frame, which are depressed by vp/c;

> p and n are spin-% fermions;

» et and v are spin-% fermions, but only
v's with "= helicity" exist [interact].

 For the other four terms, the angular
distributions are [BJ 399, YN1 561] (1, ¥ for

j } singlet and triplet, B=electron velocity) :
u, |,

* Then, the most general matrix element
for the four-body interaction is

G _ _ 1—-vy
My = T;ZJCJ [upojun {ueoj (TS

e - ™

e 0 Ve
> G; : the overall coupling; *S A0 Z ié 1-Bcos O
h=1 Iowengrgy
> Uyney (Upney) @ Creation (destruction) re;°"
operators for p, n, e, v; ¢
P P « V AJ=0 - 4—%(9_ 1+fcos 6
> (1-y5)/2 : projector of —ve v helicity; B ecoil ° .
> C; : sum coefficients (adimensional free e- 8 Ve
parameters, possibly of order 1); ‘A |A]F1 = 1-%pcos 6
. . low energy
» O; : current operators with given recoll
vector properties : S = scalar, P- = C T |AJ|=1. ge‘ 14+%Bcos 6
pseudo-scalar, V = vector, A = axial- high energy _,
o J

vector, T = tensor.



* From comparison with data, some * The value of (C,)? can be measured
terms can be excluded: from the relative strength of F and G-T,
by comparing neutron B—decay with a

> (S and V) are Fermi transitions : they
pure Fermi (O — 14N e*v); for 3 decay:

cannot be both present, due to the
lack of observed interference |C\| = 1.267.

between them; ,
* The sign of C, could be measured from

> (A and T) are G-T transitions : same the polarization of the protons (a very
argument holds; difficult measurement); in practice from
> the angular distributions of the the interference between F and G-T in
electrons are only consistent with V polarized neutrons decays :
for F and A for G-T. C, = —1.267.
* So the matrix element becomes : Fermi did not know about parity violation,
G-, 1-vy. and would have written different matrix
My _ﬁ[upy (Cv"'CAyS)un]{ UeY ( 2 U ' | elements for his ("Fermi") transitions.
* the value of C, can be measured by However, the final result for leptons and
comparing (composite) hadrons with free quarks is very similar to his original

(free, pure V-A) leptons; it turns out proposal, but the factor (1-ys)/2 :

e M“:%{_"y [1 2%) }{ - (1 2ysj }
s w




B decay : CVC, PCAC =

Focus on the hadron current oc [C,, + C,Ys] : * In low Q? processes, [it can be shown that]
the vector part of the hadronic current
stays constant (CVC, conserved vector
current), while the axial part is broken
(PCAC™*),  "partially conserved axial
current").

e for leptons C, = — C,, i.e. "V=A" [much
simpler, because leptons are free];

* for guarks, when no spectators are
present, as in ©* decays, similar picture
(but CKM corrections);

. . * In baryon [3-decays, it is measured :
» for composite hadrons, the picture works von p Y

when their partons (quarks) interact as > N—>pev, Ca/Cy = -1.267
"quasi-free" particles; > A>pmn,nmnd =-0.718
* e.g. the "spectator approximation" works > 2" —>nev, =+0.340
well in v DIS and in hadron colliders, > E-Aev, - _0.25
where the CC looks "V-A" as well; _
> [high Q2 (free quarks) =-1].

* however, at low Q? hadrons behave as

coherent particles and not as parton
containers = "V—A" is not valid.

(*) at the time, they preferred to say "partially
conserved" instead of "badly broken"; it now
seems that the acronym "PCAC" is slowly
disappearing from the texts : you are kindly
requested to forget the term "PCAC" forever.
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* For high mass quarks and at high Q?, the * However, with more accurate data, some
structure "V-A" seems restored: quarks discrepancies appear, not due to strong
behave as free, point-like particles, interactions (see boxes).

exactly like the leptons [Coll.Phys.] . e An apparent violation of CC universality ?

A mistake ?
(continue...)
‘ Y Itis measured: a )
- . 2~ — ne v, decay
5 K" —> o V“, d > d
K" — p*v, decay GF > d
5 e AS=1 s > > u
+ < =~ - ~0.05; W =
u w \% GZ.. T —>U VM’ v,
F
| AS=0
nt — ptv, decay n — pe v, decay
u* - . y > .
4‘ X —nev, d > d
W+ vV F d > > u
AS=1 W- e
= ——=~0.05. 3
n —pev, =




(... continue ...) [ )

Even tiny, but well measured effects seem to H™—> e7Vev, decay

contradict the universality; "G." is slightly larger for [t > > Y
leptons : w- -
A%

G, n —eV,v,| ~1.166x10° GeV;

{ n—pe v,
F

~1.136x107° GeV .
i.e.d—>uev,

O O C
\ 4
El A 4
i‘
<1 ('DllC Q_Cl

In 1963 N. Cabibbo [at the time much younger than in )
the image], invented a theory to explain the effect :
the "Cabibbo angle" O, :

d) (cosB.  sinB )(d
s') (—sinB, cosO_)\ s/




The idea was the following : coupling is decreased by and the
coupling by , since the real

e the hadrons are built up with quarksu d

s (c b t not yet discovered); process in : not ud or us.
- however, in the CC processes, the ° therefore the processes with AS = 0
4 ? 2 . _
quarks (d s) — same quantum numbers happgn o cos*d.and those with AS =1
but S — mix together (= "rotate" by an oc sin“0,;
angle 6 ), in such a way that the CC e« even processes oc sin*@. may happen
processes see "rotated" quarks (d's') : (e.g. in the charm sector, see §3), when
d’ cosO  sin® \/d two "Cabibbo suppressed"” couplings are
= ‘ - resent in the same process;
(s'] [—smeC cosecj(sj P P
e all the anomalies come back under
* therefore, respect to the strength of the control if
leptonic processes (no mix), the sin20, ~ .03, cos20, ~ .97.
o u u
;‘ ocl oc cosO, oc sinB,
W Wi W2
Ve d s




In this context the GIM mechanism was p N
invented to explain the absence of FCNC: K* — m0e*v, decay

* data, at the time not understandable :

. . > >
BR<KO—>MM ):7><109 { already } M

BR(K+ _>H+VH)=0-64 mentioned

wnic
\ 4
m< (D+lCI cl

BR(K™ > m'vv) =(1.573)x107" K* = v,V decay

BR(K™ —> 7%V, ) =(4.98+0.07)x102 |

i.e. a factor ~10® between NC and CC
decays;

* if the Z, carrier of NC, see the same quark
mixture as the W* in CC, then the NC decay
would be suppressed only by a factor 5%;

* the idea was to introduce a fourth quark,
called ¢ (charm), with charge %, as the u
quark; this solves the FCNC problem;

* the c quark was discovered in 1974 [see § 3].



In the GIM mechanism, NC contain four
hadronic terms, coupled with the Z.

N

g=u,s',c,d'
’\/\ZAA<
g=u,s',c,d'

- J

Assume Cabibbo theory and sum all terms:
ud+dd +cc+s's' =
= ul + (dcosB_+ssinB )(dcosB +5sinB.) +
+ cC + (scosB ~dsinB )(ScosB ~dsinB ) =
= ul+cc+dd+ss + "0". (1n

)

FCNC, disappear.

Why (K% — p*u~) is small, but NOT =0 ?

Look at the "box diagrams" @) ;

* technically a 2" order (ocg?*sin_cos6,) CC;
* same final state as a 15t order FCNC 0;

* incompatible with data (BR too large);

the "non-diagonal" terms, which induce]

* cured by the diagram @) with a ¢ quark,
whose contribution cancels the first in
the limit m_— m,,.

The cancellation depends on m_.. The data

on (K® —» p*u) put limits on m_ between 1
and 3 GeV [J/y —» 2m_= 3.1 GeV, see].

d M"'
II\I\‘!OII
Q VAV V.
= NO >
q cosO "
(2] .
u
W+ .
S u
sin0,
—sin0®
d C w
©® -
5 [V
cos0,




In 1973, Kobayashi and Maskawa extended
the Cabibbo scheme to a new generation
of quarks the new mixing matrix
(analogous to the Euler matrix in ordinary
space) is a three-dimension unitary matrix,
with three real parameters ("Euler angles")
and one imaginary phase :

u C t N
o) (] (6] o
d' vV, V. V,}\d
s'|=|V, V. V,|[s
b’ Vi, V. V, /\b
The matrix is known as CKM (Cabibbo-

Kobayashi-Maskawa) matrix.

K-M observed that the CIP violation,
already discovered, is automatically
generated by the matrix, when the
imaginary phase is non-zero.

In addition to the CIP-violation, the nine
elements of the CKM matrix govern the
flavor changes in CC processes.

The measurement of the elements and the
check of the unitarity relations is an
important subject of physics studies : e.g. if
some element is too small, this could be an
indication of term(s) missing in the sum,
i.e. the presence of a next generation of
quarks.

[A discussion of the CKM matrix in §5.]

Toshihide Maskawa

Makoto Kobayashi




summary : CC decays =

* The quark flavor changes only as
a consequence of a weak CC 4
interaction *),

 Each type of quark can convert
into each other with charge =*1,
emitting or absorbing a W boson.

e The coupling is modulated by the
strength of the mixing (the width
of the line in fig.); in the SM it is
described by the V,, matrix [§5].

log,[m, (MeV)]
D
I

(*)since FCNC do NOT [seem to] exist, NC
processes — with Z mediators — do NOT play 1—
any role in flavor decays.

+ the equivalent table for g's.

Paolo Bagnaia - PP - 04



summary : e.m., NC, CC =

photon (y) neutral IVB (Z) charged IVB (W?)
(electromagnetism) (neutral current) (charged current)
—e
‘SF = ‘l::cz )

. 1
sin@,, cos0,,

_ Mgi—givsq,

) :\I’fy » ;-

[combination gf,, V + gf, A]

Paolo Bagnaia - PP - 04 53




5

vector properties of physical quantities : and an axial vector, e.g. the helicity*);
* a 4-vector Vv is the well-known quantity, * a tensor t is a quantity which also

which transforms canonically under a L- transforms canonically under L. and P,

transformation I (both boosts and with > 2 dimensions :

rotations), and Parity [P in space : > the electro-magnetic tensor F+.

> space-time, 4-momentum, electric

field, ... (*) the helicity h is the projection of the spin s

« an axial vector a transforms like a vector ~ along the momentum p :

under L, but gains an additional sign flip he s-p

under P : |§||5|

> cross-products VXV', magnetic field,
angular momentum, spin, ...

e ascalarsisinvariant both under L and P :
> [4-]dot-products V - V' or 3 - 3', module

of a vector, mass, charge, ... /
* a pseudoscalar p is invariant under L, but
changes its sign under P : Q. : this "parity

violation" does NOT

> atriple productv-v' X v"; happen. Why ?

> a scalar product a - v between a vector




Two different concepts:

* h for a particle is defined from its
spin and momentum(l);

« ¥ is a spinor property!?), related to
the eigenstates of ys.

» The y operator vy, does NOT
commute with the mass term of
the free Hamiltonian, so y is NOT
conserved for a massive particle;

> a massive particle with definite spin
and momentum has a definite h,
but is a mixture of the two
eigenstates of y;

> for a massless particle (or in the
u.r.a. approximation) y is conserved
and its value reduces to h;

> this approximation is generally valid
in this chapter, so the slides do not
stress the difference h < 7.

@ h =35p/(IS| |B]); sometimes h =3p/|pl;
however, the different definition does not
affect the difference h <> .

(2) define the projectors:
Ve =A(1ys)ws = YA(1ys)

YsWr = *Wr; YsWL = -V
Vg, : eigenstates of  with eigenvalues £1.

References:
[Povh, 10.5], [Bettini, 7.4], [YN1, 4.3.5]
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