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Le Modele Standard et ses extensions

CP violation




The 3 Theorems of the flavour sector
(in spite of the many parameters in L )

+\Pi7¥ij1Pjh -+ h.c.
(the 2nd line of page 1)

* Theorem 1: Neglecting v-masses, Le,L, and L. are separately
conserved (and CP is exact in the lepton sector)

Theorem 2: In the quarks, all flavor violations reside in the weak

charged—curre(nt atl)nplitude proportional to a unitary matrix
u; = (u,c,
w

VaVaVaVa =V;;A with VvVt =1
Aj:(dasab)

*Theorem 3: Neglecting v-masses, CP 1s violated in as much as
V is “intrinsically” complex, i.e. a single phase 0 is nonzero

(**with some qualifications - see below)




Theorem 3: Neglecting v-masses, CP 1s violated in as much as™
V is “intrinsically” complex, 1.e. a single phase 0 is nonzero

Proof:
@. Under a CP transformation
Y(x,1) = Yoy (—X,1)"
Au(x,1) = —Ap(—x,1)
Zy(x,1) = —Zp(—X,1)

W, (x,t) — =W, (—x,1)
h(x,t) — h(—x,t)

(a Lorenz index with a ~ requires an overall extra - sign 1f it is a space index)

so that:
particle(p,s) — antiparticle(—p,s)

*neglecting 0G, G;,e"""” where 0 is a parameter which may
be set to 0, maybe by a dynamical mechanism (the axion?)




@. Using the previous rules, the overall L is unchanged*
under a CP transformation, except for

eW. ity Vd+gW, dy,V u= gW, dy V' u+gW, iy,V'd

Counting “intrinsic” phases: 2n quark phases

U(1)s
N(Vixn) = " , nn—1) / 1

n(n—1) => N(phys.phases) = n” — 5 —(2n—1):§(n2—3n—|—2)

n 2

angles 1 3

— Q.E.D.
ppha};es @

(*actually: L(x,7) — L(—X,t) so that § = /d4xL is unchanged)



CP-violating observables

Useftul to “integrate out” the heavy particles (t, W, Z) to obtain

an L/ and repeat the logic just applied to the full SM Lagrangian

(a low energy experiment is insensitive to “short distance” physics)

Which operators can give rise to observable CP-violation?

=> In order of increasing dimensionality (= decreasing relevance):

dim 5: quarks Electric Dipole Moments
L) = uGrowgrF"™ +mgrgr - with w/m complex
= dneutron(SM) ~ 10—316 rcm <
e

dyeutron(exp) < 6-107%%¢.cm~ 10711 —
2mN

[ d.(SM) ~ 0 against
d,(exp) = (0.074+0.07)10"*°¢ - cm ~ 104




CP-violating observables (continued)

dim 6: FCNC (gq)(49) interactions

Consider, e.g., strangeness changing interaction

(AS#0) - (AS=2) (AS=1) (AS=1;semilept.)

L = A(SYudy) (Srydr) <

AS=1)

L5 = 5B,y (5rv,dr) (314q) g =ud

Le(?; ~lemiient) ZiCi(Sryudr) ()
- e)/u)v

A relative phase between:
1. A and any of the B, (¢(A) = 2¢(B))
2. the B,themselves
3. A and any the C;

1s genuine and gives in principle an observable effect




Case 1 (indirect)y €& =AS=2/AS=1

(K, —7mtn)
(Kg — wrm—)

| = (2.236+0.007)10°

| =2
N+-1=15

(K, — 7°r°)

(Ks 7070} | = (2.2254+0.007)10°

A
Moo| = |A

[(K; — n1™v) — T(K; — n+V) _3
Sk = — (3.3240.06)10
K= TK, = m V)t T(K, > 1) ¢ )

(The 27 system in an S-wave 1s a CP eigenstate because of Bose statistic)

It follows that | CP H CP' 4 H

and that Kj, Ks are not quite the same as Kj, K; of lecture 6, but rather
1

VPR + g

L ex| = (2.2324+0.007)10°
1 +¢ex

Ky s> (p|K® > £q|K° >)




Case 2 (direct)

/
Noo = €k — 2€x

1 —Noo/N+—| = (5.01£0.78)10°  Re(e) /ex) = (1.664+0.26)10 "

Case 3 not observed so far ( K, — Vv )

— CP-violations also observed in AB=2/AB=1 and in AB=1

Case 1 (indirect)
dl'/dt(Ba(t) — YKs) —dI'/dt(Ba(t) — YKs)
dU'/dt(Ba(t) — yKs) +dl"/dt(Ba(t) — YKs)
sin2f3 = 0.696/4-0.017 — 0.029]

= sin2Psin (Am t)

Case 2 (direct)

F(Bd — K_TC+) F(Bd — K+TE_)

_ _ — —0.09540.013
F(Bd — K_TC+) -+ F(Bd — K+TC_)

and 1n other channels as well



The Flavour Precision Tests 2

( = = CP-violating measurements)

(€% not included because of uncertain matrix element)

Observable

elementary process

exXp. €error

theor. error

—

€K

sd — ds

1%

10 = 15%

Kt — ntov

s — d vy

70%

3%

KO — 700y

—

s — d vy

1%

Ampg

bd — db

1%

25%

= Acp(Bs — VKy)

bd — db

5%

< 1%

Bd_>Xs_|_/V

b— s+

10%

5=+ 10%

Bd—>XS—|—ll

b— s+l

25%

10 = 15%

By — Xq+7

b— d+

10 = 15%

Bd—>ll

bd — [l

10%

Bd—>Xd—|—ll

b — d -+l

10 = 15%

A”nBs

bs — 5b

25%

ﬁ ACP(BS — \Ij¢)

bs — 5b

1%

B, — 1l

bs — [l

10%

A remarkable list of calculable loop effects, with virtual Ws
All agreeing with the SM (~2000—)




The Flavour tests 2

in particular:
X >k
Vud Vub VC d Vcb

¥

ViaVip, =0

represented as:

has CL > 0.95

p

sol. w/ cos2$ <0
(excl. at CL > 0.95)

excluded area

0

(the angle O has no
physical meaning)
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(only using CP-violating measurements)

a non degenerate triangle = CP violation




The Flavour tests 1

VV_|_ — 1 in particular:
Vud Vu*b VC d VCZ

represented in the
complex plane as:

has CL >0.95

excluded area

0

(the angle O has no
physical meaning)

|vublvcb|

' B +B —=tv
1 | 1 1 1 L L 1 I 1 1 1 I 1 1 1
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(only using CP-conserving measurements)

a non degenerate triangle
= CP violation (see below)




The overall fit
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" excluded area has CL > 0.95 :
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@ : sol, w/ cos2f < 0
fitter : (excl. at CL > 0.95)
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The CKM description of flavour proven right



A summary of the present status

1 - We know the SM works quantitatively in the full
quark sector (A major change in the 2000’s)

2 - If there are other degrees of freedom at the Fermi scale

carrying flavour (e.g. the s-fermions), unlikely that there
be no extra flavour phenomena observable at some level

3 - We know all the 10 parameters in the quark sector (6
+3+1) and 7 (3+2+2) out of the 10/12 (6 +3 +1/3) in the
lepton sector (but no hard theory for them)




The persistent flavour puzzle

Horizont
symmetry

I

Many attempts

Can one claim any real success?




