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PLAN

Lecture 1 and 2: the quark sector

- general properties of the flavour sector in the SM
- constraints on the V¢, mixing matrix:

- from CP conserving observables

- from CP violating observables

- new physics and the flavour problem

Lecture 3 and 4: neutrinos masses, mixing and oscillations

- the data
- implications on the theory



1st Lecture:
QUARKS: CP CONSERVING SECTOR



general remarks

1 _
L=——F, F" +iWy"D W gaugesector

4 "
+ DM(I)"'D“(I) _ V((I)) symmetry breaking sector

-+ (@Y(I)‘P -+ hC) flavour sector

+ LNP

q, =(3,2,+41/6) u, =(3,1,+2/3) d, =(3,1,-1/3)

Y - 3 copies of
P [, =(1,2,-1/2) e, =(L-1)
From the first two lines of L, fermions are massless and the 3 generations

cannot be distinguished. At the classical level this part of L has a
U(3)° global symmetry. Transitions from one generation to the other are not

allowed.



key properties of the flavour sector in the SM

[most general d=4

L, =—c_lRyd((I)+qL) U,y, (CI)+qL) e.y,(DPL )+ h.c.alowed by gauge

invariance]

0 _h+v
in the unitary gauge  ®=|h+Vv L, = T EfRyffL + h.c.

,\/5 f=e,ud
y¢ are diagonalized by ' D
fL-> Vef fo> Uff = U

L=> Vel Tr=> Uglp D di m, =>-v =u,d,e

U and V; unitary Y¢* diagonal, "2 /

real, positive

.Yukawa couplings are diagonal and proportional to fermion masses.

.gauge interactions of gluons, photon and Z remain diagonal (actually universal)
in the new basis since only the combinations U;*U=VV(=1 are involved.

.The charged current interaction becomes
Py V. unphysical for massless v

__W;(ﬁLy“V;Vd d, +v,y"V, eL) the. vy .. =V'V,

V2

mixing matrix



parameter counting
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CP violation [Exercise]

c P C
Y(x) — iyoyzw*(x) Yy, 1/_}17/,41/}2 -,y Y,
p N BT Ty O TIS G E T

Y(t.X) =y y(t,.=X) W W WE

_%WJ ﬁLin(VCKM )ij dy, = %Wu_ C—lLiVM(VgKM ) “ij

ij
., cp

_%W_M C—ZLJVM (VCKM )ij Upi — %W N ﬁLJ'yM (VJKM ) dLi

)

invariance of the action “ VCKM = VZ:KM

CP
_7‘?2 y Mwl

=YYW,
_W +Uu



. FCNC, i.e. flavour transitions mediated by higgs, photon, Z, gluons, are absent

. FC are only possible via charged-current interactions and are entirely
described by a unitary mixing matrix V., depending on 4 parameters

. CP is violated in CC interactions if and only if V ¢y is complex

[with a single exception, this is the only source of CP violation in the SM.
The other source, the so-called theta parameter, is bound to be very small by

the limits on the electric dipole moment of the neutron.]

. heutrinos remain massless [more on this in lect. 3 and 4]

. The SM lagrangian, besides the SU(3)xSU(2)xU(1) gauge invariance
possesses an accidental symmetry, at the classical level

U, x U, xUM), xUQD),

[this is broken by non-perturbative effects down to U(1)3 associated to
B/3-L;. The effects are negligible at the available energies in the lab and
possibly relevant in the early universe]

. fermion masses are not predicted by Ly: there is one independent parameter
for each fermion mass



fermion masses

de st pe
(large angle MSW) u-e ce te
ey Y e ue te
E o 2 o —
o CBD < @ f = -
= = = < < <

charged fermion mass ratios span 5-6 order of magnitudes
[much more including neutrinos]

hints of an underlying pattern:
- in each generation the spread is by one-two order of magnitudes
- when renormalized at the GUT scale, masses in the down sector and in the

charged lepton sector are approximately equal, within factors of order one
- mixing angles in V. can be related to mass ratios

a quantitative description of the observed hierarchies among
fermion masses in terms of a reduced number of parameters
is a formidable problem that have escaped any solution so far.
[more comments later on...]



the mixing matrix

/Vud Vus
V = Vcd Vcs
\ th Vts
[ 1-X)2
V= A

A AX-p-in)

Vub\
V b

C

th /

A
1-22/2
—A N

A X(p-in)
AN

L

[Wolfenstein parametrization, justified a posteriori by A=0.22]

+ O(X)

there are many processes sensitive to V;;. We can use some of them
to determine the independent parameters of V;; and the remaining ones

to perform tests.

We should carefully select among the relevant processes those that

can be both accurately measured and accurately described by the theory.
Dominant theoretical uncertainties come from our difficulty in dealing
with strong interactions in the non-perturbative regime.



unitarity constraints

Due to unitarity the elements of V¢ are not
independent. Many tests are based on the
unitarity relations. Most useful are:

2
+

2
+

2

% =1

us

Vi

u

Vi

u

Vud Vu*b + Vcd VCZ + th Vtz = O

(.1 = (p.) + O(X)




‘Vud‘ from super-allowed Fermi transitions in nuclear beta decay

suchas “O—="N"+e*+v, u—>d+e +v, u Vi d
" — )
(“N"(k)| dy" (1-y5)u| *O(p)) = FO)(p + k)" we
JFo)y=J""NH)=0" only the vector current contributes
‘14 0> L1 | N*> 1,0) conservation of the vector current Ve
=11, =1, implies F(O) _ ,\/5

Vud

=0.97425(22) [0.0002 relative precision]
v

us

from the semileptonic decay of K9
0 - - — -
K] —>a +e" +v, K] —>a*+e +Vv, S uU+e +V,

in the hadronic matrix element only the vector current survives.

(7~ ()| 57" (- y5)d |K}(p))

This current is conserved in the SU(3) limit (m;=m4=m,*0) and it normalizes
the relevant form factors at vanishing momentum transfer. Corrections from the
symmetry limit are under control.

=0.2254(13) [0.6 % precision]

VMS




Vub inclusive semileptonic B decays B— X Ilv Vub =0.00432(27)
exclusive semileptonic B decays, e.g. B—mlv Vub =0.00351(47)
leptonic & decay B—w |V,|=0.00510(59)

[much less control from theory viewpoint.
No heavy-light quark symmetry of strong interactions.]

-

|V,,| determines one
side of the UT, R,
Its uncertainty is
relevant here

2

1st unitarity relation well satisfied

2 +0.02669
=0.00564 ") 0564 [errors on |V, | have no impact on it]

Vud

Vus

‘V , the most precisely known element after V 4 and Vg

C

based on both exclusive and inclusive semileptonic B decays into charm
‘Vcb‘ = (406 + 1-3) X 10_3 [3 % precision]

|Vl and |V | fix A=0.22 and A=0.8



other constraints on (p,n) plane



mixing in neutral pseudoscalar system M°  [B9,,BO,,K°,D°]

convention:

MO decays into e*X and MO into e-X. MO and M° are related

. - N by CP conjugation
EC? =db ESO =sb CP 1\_/10> _ i MO>

evolution of MO and MO in the relative rest frame is governed by the
nhon-hermitian hamiltonian

T M and T are 2x2 hermitian
H=M-i— matrices in (M9, MO) basis
2 MII:MZZ and r11: r22 by CPT
. eigenstates of the hamiltonian, with definite masses M »M and widths ', I,
M)=pM)+q)
ooy A=
M,)=pM’)-qM’)




. in general CP is not conserved in this system. Equivalent conditions for
CP conservation are [Exercise]

2
M12) q
@ =arg| — =0 (mod ) a=1-1Ll =0
& - p
useful approximate expressions [Exercise]
K°_KO BO _ EOO
4M ,||I 2
= | 212” 12| 2(p+ 0((p2) Q=Msin(p+0 rlzz]
4-|]\412| + |F12| ‘Mu‘ ‘Mlz‘

. relevant (convention-independent) parameters ‘ M ‘ ‘F ‘ Q< a
they can be related to observable quantities 12 12

AM =M, -M, =2|M,,| AT =T, -T,, =2[[},|cos¢

'K, =l'vi)-T(K, = 1lva") a
. ——=—=2Reg,
'K, =l'vi)+ (K, = ['va") 2

4 _ Ny =N (D)
TN, T+ N, (D)

~a+0(a’)



K’ B, B’

[average width]

T (ps™) ~5.6x107 ~0.66 ~0.68

AM (ps™) 5.292(9) x 10~ 0.507(5) 17.725 £0.041+0.026
[LHC, 341 pb-! CONF-2011-050]

0.123+0.029 = 0.008
[LHC, 337 pb! CONF-2011-049]
B —=Jlyge

AT (ps™) 11.144(6) x 107 -

@ 6.77(12) x 10~ T -
|
[hints from DO of a non-vanishing

combination. More later on...]

[mixing has been established also in D° systems, with large errors on AM, Al]



large uncertainties

-1
AM (ps™) from low-energy QCD

large uncertainties

-1
AL (ps™) from low-energy QCD

Im M
~)_ "2
v AM

constraint on
(p,n) plane

B, B’

S

part of QCD uncertainty cancels
in the ratio AM/AM,

\
( |

|V, V.4"| constraint on |V,rbv,rs*|
(p,n) plane

(26.77%)x10™ 0.088(17)

~0.091702¢ (4.2+1.4)x107

small in the SM

here New Physics can manifest
by modifying arg(-M:»/T12)sm
[more on this when discussing CP]



an example: limits on (p,n) from AM /AM,

0 Do
AM =~ 2‘M ‘ <B ‘H‘B > where only the dispersive
12 M12 = part of H should be considered
oM,

in the SM M, is dominated by the operator

O(AB|=2)=q,7"b, G,y (q=d.s)
arising in the low-energy limit from the box diagram
vib viq*

b uc,t

q

Y, W + crossed
uc,t

R A

iq
After inclusion of QCD corrections and running from M,, down to m,
G,

2
JC

2 ra o m small contributions
My (V.V,)"S\ Nsbs (WO(|AB|=2) + he.+ ..

H(|AB|=2) = : o 7
W M
m2

2
~0.55 S o L +..=23
"5 ML) 4aM}




main uncertainty from hadronic matrix element

b, (B |O(AB| =2)|B") = = M} £2B 5L @MV B
3 B 0
(270 + 45) MeV B
part of the uncertainties cancel in the ratio from lattice
2 =
M, v [wMm M—\
By _|Tud| By g2 £ = I, - =1.20£0.06
AMBs Vts MBS

this constrains the size of one
side of the UT

th

=RA+O0OX)

s

improved accuracy on Am, by new LHC,
measurement not useful since the error
is dominated by the uncertainty on §




Now with true data
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2nd Lecture:
QUARKS: CP VIOLATING SECTOR



constraints from CP violating observables
K system: not discussed here

constraint from the €, parameter:

(1.66 +0.02) x 10~ = Re(e,. ) ~ % - h; AAA? 7101 = B) + const]

estimate of Im M, in the SM as seen in the B system

0-7 T T T I T T T ! T T 1 I T I T 1 1 I 1 1 1 I 1 T T

am, AMBAM e

0.6 ICHEP 10

0.5
1<
0.3

excluded area has CL > 0.95
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0.2

0.1
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CP violation in the B system

consider the decay of a B meson (charged or neutral) into a final state f,
B->f, and the process related by CP conjugation. Relevant amplitudes

A, =(f|HB) A, =(f|H|B) i

A-

A,

CP is violated in decay
(direct) the only possibility
if B is charged

direct CP violation has been observed in B meson decays, both in neutral
and charged cases: eg. B =K a* B —K p’

=1

if B is neutral CP violation can occur through mixing
in some case it is entirely controlled by the parameter a a=-——-sing
as, for instance, the like-sign dilepton charge asymmetry My,

4 N ) =N, (D)
TN+ N

~a+0(a”)

\\\ X _
BO BO

X

u+

not interesting to constrain the UT, but to search for New Physics



. a is very small in the SM, for both B9, and BO, [Exercise]

‘FIZ‘ mi — 1\412 ”lc2

=0l = 1 = arg| — =0 x[V..,, factors
‘MIZ‘ mz2 = Y = I, HZZ Ve ]
a, =(-4.877)x10™ a,=(2.06+0.57)x107

. DO has recently updated the results

on the like-sign dimuon asymmetry
[1106.6308] 9.0 pb!

Al =(-0.787 £0.172 = 0.093)%

at the Tevatron collider both B9 ;and B%, 'A% _06 4. +04 g
are produced and A, is an average . ¢ 0,005 !
between ayand a, ~ (-0.0237,0c) %

waiting for a cross check...

. .. in the following we » q _ M, AL [Exercise]

will set a;=a.=0



mixing induced CP asymmetry

. an interesting CP asymmetry arises when both B®and BO can decay into
a common final state f, eigenstate of CP. The key parameter in this case is

po=45L 4 (f|HB) A, =(fH]B)

. in the simplest case [golden mode] the decay amplitudes carry the same
weak phase, so that |A¢|=|A¢|and there is no direct CP violation: |A¢|=1
Defining

dC(B"(1) = fup)  dT(B' (D) = fup)

B <« P/q > B

£) = __dt dt _

afcp() aT(BO(Z)%fCP)_I_ dr(BO(t)%fCP) Af f Af
CcP

dt dt

ImA, sin(AM?¢)
we have 4 ()= /
e cosh(AI'?/2) - Re A, sinh(AT't/2)

in the B, system, where AT is negligible a, (t)=ImA,sin(AMzr)



both q__ M, = —th—VtZ and i
p ‘MIZ‘ thvtq Af

: q

In A =
f

p

e L}I

f

are weak phases, combination of V., elements, whose combination can be
directly tested

BB —-JwK,—Jly@'n)

1 _ Vtzvtd Af — Vcbvct‘ VusV:d )\, ~ _e—2i/3 [ExerCise]
p th thl A f VC*b Vcs Vu*sVud

b—ccs -
* Vcb
Vcchs V
s —uud %
V

us




a i, ()= sin2f3 sin(AM 5,1)

there is also a one-loop penguin contribution fo A, which can be neglected
to an accuracy better than 1%

sin2f3 =0.673+0.023

0.7 T T T I T T T ! T T T I T T 1 | T T T I T T T I T

0.6 ICHEP 10

0.5 sin 23

sol. w/ cos 2 <0
(excl..at CL > 0.95)

0.4

excluded area has CL > 0.95
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mixing induced CP asymmetries sensitive to sin2p has been measured in
B, decays in many other channels, where the contribution from penguin
diagrams b —qqs (q=u,d,s) is dominant, with consistent results



B B—=Jyd

more difficult to analize:
- two spin 1 particles in the final state: angular correlations needed to
separate CP eigenstates

intferesting:
- in B, system Al cannot be neglected
- sensitive to a small angle, B,

V,bV i Vcchs [LHC, 337 pb"! CONF-2011-049]
— ~llcp ‘ ]

9 _
P th Vts A f VcbV
A,

CcS

2iB;
7wy = Ncp€

ﬁsgarg[ M‘=A2ﬁ+0(x‘)zo.oz

cs’ ch

AT =0.123+0.029 + 0.008ps ™
¢, =-2B=0.13+x0.18=0.07 rad




a hew phase in M;,* would show up
both in A, and in B,

re!
NS =7 TeV, L~ 337 pb '

; L ,_
i ';]» LR AU uil’H.uH“lh‘f‘r.xﬁ H‘ ,J!L«l .H.,!ﬁnﬁ;lru LR {’\'"l T



Putting everything together [as 2010]

0.7 T T T ] T T T ! T T T I T T T I T T T I T T T I

= Am, & Am @E =
0.6 - (7 Y Amy d S €y fitter -
- > | ICHEP 10 —
o —]

»
= HS .
0.5 =8 Sin 2[3 > Nk 25 0 —
. sol. w/ cos 2f3 < —
- g — (excl..at CL > 0.95) -
04 —3 ; / —
: — © — -
k= — 3 k '///;’7'/, o .
0.3 [ . ~ =
K A -
0.2 —]
0.1 —
Y B .
0.0 1 1 1 I 1 1 1 L 1 I 1 | 1 1 1 | -

-0.4 -0.2 0.0 0.2 0.6 0.8 1.0

p

- overall consistency among many different measurements

- looking at details, there is a tension between the direct determination
of the angle B, which is very precise, and other observables, in
particular |V, | and €.



ImA,

New physics in AB=2 fransitions ?

define 2 New Physics parameters

M ”
— 12 i
q = SM A, = ‘A ‘e g
Mlqzv q q
(9=d,s)

: |Iexclludetli arela has CII_>(;.68I[ | | L :
2 — —
L L
- SM point .
- Am, & :
0 __ ..................................... ]

CKM
[ fitter!

SM OK within 3 o...

w1y |

ImA,

2010 fits

large negative ® 2 preferred by both
old DO like-sign dimuon asymmetry
and by Tevatron data on B,->J/p @

IIIIIIII|IIII|IIII|IIII
| excluded area has CL > 0.68 |

AT, &S

SM point

\ A

y/ \\
. [
sz




New physics: effective lagrangian approach

L=Lg +Yc;

i

0’
A

i

O°
+ 20.6 .

l A2

Od4. gauge invariant operators
of dimension d

here: constraints from flavour physics on |AF|=2 operators

FLAVOUR PROBLEM

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
srytdg, B x1 1.6 x1 .0 x 10~ 4 x 107 MEK; €K
(5py#dr)? | 9.8 x 102 6 x 10 9.0x 1077 3.4 x107° Am;
Spdrp)(spdr)| 1.8 x 1 2 x1 9 x 107 .6 x 107 Mmg; €K
d d 8 x 104 3.2 x 10° 6.9x 1077 2.6 x 107 A
(ery*ur)? 1.2 x 103 2.9 x 103 5.6 x 1077 1.0 x 107 |Amp; |q/p|, D
(erur)(éLur)|6.2 x 103 1.5 x 104 57x107%  1.1x107% |Amp; |q/pl, D
(bpytdr)? 5.1 x 102 9.3 x 102 3.3x107%  1.0x10°° Amp,; Syks
(brdr)(brdg)|1.9 x 103 3.6 x 10° 56 x 1077 1.7 x 1077 Amp,; Sypks
bry*sr)? 1.1 x 102 7.6 x 107° Amp,
(bry .
(brsz)(brsr) 3.7 x 102 1.3x 107° Amp.

observables in the D system see Ref. [15].

TABLE I: Bounds on representative dimension-six AF' = 2 operators. Bounds on A are quoted assuming an
effective coupling 1/A?, or, alternatively, the bounds on the respective ¢;;’s assuming A = 1 TeV. Observables
related to CPV are separated from the CP conserving ones with semicolons. In the By system we only quote

a bound on the modulo of the NP amplitude derived from Amp_ (see text). For the definition of the CPV

[Isidori, Nir, Perez, 2010]



Minimal Flavour Violation

. either the scale of new physics is very large or flavour violation from
New Physics is highly non-generic. Useful benchmark: a framework where
the only source of flavour violation beyond the SM are the Yukawa coupling

The Yukawa couplings Y, and Y, of the quark sector are promoted
to non-dynamical fields (spurions) in such a way that the SM lagrangian

is formally invariant under the flavour group G,
G,=SU(3), xSU®3), xSU®3), y, =(3,1,3)
q, =11L3) wu,=@3Ll) d,=(3]1) y, =(1,3,3)

MFV assumes that new operators coming from New Physics do not involve any

additional field/spurions and that they are still invariant under G,
[additional assumption: no additional sources of CPV other than those iny, 4]

. in this way operators that contribute to FC automatically carry some
suppression from the small y, and y4 and one can hope to lower the
allowed scale of New Physics.



Exercise: build the leading operator with AF=2 in MFV

choose, e.g. the basis where

__ ., Diag __ +,Diag Dia .
Ya = Ya V=Y. Veku Vg diagonal

we can form the MFV invariant

47" (VY)Y o Ve Yl

looking at the down quark sector and selecting i=k=d,s and j=I=b
we get the MFV operators contributing to AB=2

C 4 £ _ _ where we used
O AB|=2)= V.V " b =d,s .
MFV (| | ) AZIVP yl ( th l‘q) qLY L qL}/M L (q ) yuDlag ~ dlag(0,0’yt)

same CKM suppression as in the SM. Now the bound on the scale of
New Physics reads

A 47
A, >59TeV Ay <= 2 < ; Ay

[this would modify M, for B, and B, in the same way:
i.e Ayand A, are identical and real in MFV]




SUMMARY

The flavour sector brings many new parameters into the theory:

13 [in SM with vanishing neutrino masses and up to 22 for massive neutrinos].
Part of them displays a clear pattern calling for a more fundamental
explanation. None of the explanations proposed so far is fully satisfactory.
We speak of a FLAVOUR MYSTERY.

One of the key property of the flavour sector of the SM is the
absence of flavour changing neutral currents [FCNC].

Many FC transitions can only occur through electroweak loop,
sensitive to New Physics at the TeV scale.

. In the quark sector there are many tests of the SM flavour picture.
The parameter space is over-constrained and the SM description is robust.
Only small deviations from the SM picture are allowed.

. This poses strong constraints on the flavour structure of most SM extensions.
Either the scale of New Physics is very large and the new contributions are
decoupled or this scale is accessible, i.e. at the LHC, and the new contributions
are highly non-generic, to avoid conflict with existing tests.

We speak of a FLAVOUR PROBLEM.






LHCb preliminary
\'s = 7 TeV, 341 pb’ OST+SST

| N |



bound on the scale of New Physics in MFV

Operator Bound on A | Observables

H' (DRYY"Y"10,,QL) (eFL) 6.1 TeV | B— X,y, B— X (T~
%(@LY“Y“TWHQL)z 5.9 TeV €x, Amp,, Amp,

o}, (DrY YY", T°Qr) (9,G%,)| 34 TeV | B— Xgv, B — X, (t0-
(QLY"Y"17,Qr) (Erv.ER) 2.7TeV | B— X0, By — utu~
i (QLY"“Y"“~,Qr) Hf, D, Hy 23TeV | B— Xt~ B, — putp~
(QLY“Y*“Iv,Qr) (LryuLrL) 1.7TeV | B— X4t~ By — utp~
(QLY"Y"1,QL) (eDyF ) 1.5 TeV | B— X t(~

TABLE II: Bounds on the scale of new physics (at 95% C.L.) for some representative AF = 1 [27] and
AF = 2 [12] MFV operators (assuming effective coupling +1/A?), and corresponding observables used to

[Isidori, Nir, Perez, 2010]

of new phveice not far from the TeV recion Thece boiimde are verv <imilar to the boiindse on

set the bounds.



