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Quarks are not free: different definitions
u,d,s quark masses determined indirectly from \PT. The s

quark mass also determined from its effects in hadronic
tau decays. Presented in terms of m(u = 2 GeV).

m, ~3xt1MeV, my~6+Lt2MeV, m,~ 110+ 30MeV

¢,b, quark masses determined from heavy quark
bound-states. b quark mass also determined from its
effects in jet production at the Z peak. m(m).

me. ~ 1.3+0.1GeV, my~4.25+0.15GeV

t quark mass determined from direct production at
Fermilab and from radiative corrections. m,p:
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We saw that the only flavor non-diagonal interacctions in
the SM are in the quark charged current interactions

Lcc = Sary" dp+he.}

== {w,
V2
For N, generations, VV general N, x N, unitary matrix =
(N, (N, —1)/2 moduli and N, (N, + 1)/2 phases).

The res’r of the Lagrangian is invariant under

Uy — €%y, , d, — ePid, =

2N, — 1 of those phases (baryon number is conserved) can
be removed by field redefinition leading o a mixing matrix
V with (N, — 1)* physical parameters

N,(N, —1)/2 angles and (N, — 1)(NN, — 2)/2 phases
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For , V contains 1 angle and =
For , V contains 6 angles and
For the CKM matrix is
d’ d Via Vs Vi d
s | =V = | Vo Ves Vo
v b Viae Vis Vi b
it contains 3 angles and . One needs at least
to have . Conventionally we write
C12C13 512€13 s13€”"018
Vo= | —s12C3 — €12523513€""%  Ci1aCa3 — S12523513€"°"® 593013
| S12523 — C12C23513€"10 —C12523 — S12C23513€"% CasCig
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are obtained from semileptonic decays of
hadrons H — H'ly, (associated with d; — u;l~7;) together
with data from hadronic decays of the 11" and data from
top decays. Thus one determines the magnitude of most
entries of V. The results can be summarized as

 0.9739t00.9751 0.221t00.227  0.0029 to 0.0045 |
Vil = | 0.221t00.227 0.9730t00.9744  0.039to0 0.044
0.0048t00.014  0.037t00.043  0.9990t00.9992

which, in the standard parametrization, corresponds to

si3 = 0.0039 = 0.0001
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The resulting CKM matrix shows clearly a
. One can use the approximate parametrization by

Wolfenstein
1 — X2/2 AN AN (p—i)
V —\ 1 —\?/2 AN?
AN —p—i)) —AN |
with

A=V, =022, A=~0S8, VvV +n2 04

This parameftrization is particularly useful fo estamate the
size of the different decays and in analyzing C'P violation.
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To disentangle CP violation
and determine . the

in the
SM, it is important to use the

unitarity of the CKM matrix
Zk:u,c,t Vii k?; — 52']' with 1, ] =
d,s,b. For instance, for i = d
and j = b, we have

VuadVgp + VeaVigy + ViaViy = 0
This is the

An area # 0 means CP violation
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To constrain the sides and angles from the triangle one
uses both, flavour changing processes which do not violate
CP (basically the value of |V,;| and data on B-B mixing) and
data on CP violating processes (ex and asymmetries in By
decays which provide sin 23). All these contributions are

generated in the SM by diagrams like
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excluded area has CL > 0.95

¥

sin 23

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

| fitter

EPS 2005
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are all

me = 0.51099892 4 0.00000004 MeV |,
m, = 105.658369 = 0.000009 MeV ,
m, = 1777.040.3GeV

In the SM we studied there are no

and there is just . Then, we can choose
M, diagonal. As a consequence the theory is diagonal in
lepton flavour (no CKM in the lepton sector): Individual
lepton numbers are conserved.

ey, Ty, p/eee, T eeu

I'ts non-observation suggested that neutrinos are massless,
however...
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The only produces v, in nuclear reactions. However
the measured flux of v. coming from the Sun is much
lower than expected. This could be explained if v, can

transform into neutrinos of other flavours (neutrino
mixing) and we miss the other flavours.

In agreement with accelerator experiments with
L =250Km (K2K)

The measured ratio of fluxes v, and v,
(coming as secondaries of cosmic rays) is not in
agreement with calculations, and, again this could be
explained by neutrino mixing.

Confirmed by reactor experiments with

L =180Km (KamLAND)
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If v's are massive, mass eigenstates are no flavour
eigenstates (W* — (v, a =e,u, 1)

’Voz Z ‘Vz

Where V is a matrix that can be parametrized as the CKM
matrix.
After traveling some distance, L, time evolution gives

‘Voz Z V* —zm2L/2E ’Vz>
Then,
2
P(ve — vg) = [(vg [Va(L))]
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for only 2 flavours

Am?L
E

P(vq — vg) = sin® 20 sin® 1.27

Am?L

P(vy — Vg) = 1 — sin® 20 sin® 1.27 =

Am? is given in eV, L in km, and F in GeV.

Even if masses are very small we can adjust L/E to have a
sizesable transintion probability.

This could explain why we see flavour transitions in
neutrinos but not in charged leptons.

No better explanation known.
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All free + Lum. constraint All free + Lum. constraint

ek
N

[
-

>

Before Nu2004 After Nu2004
0.4 0.6 0.2 0.4 0.6 0.8

) )
tan 912 tan 912

C\]/-\
>
O
"
<12
) ——
N
~
=
<

o B O o©

Arcadi Santamaria (Arcadi.Santamaria@uv.es), 2005 The Standard Model of Electroweak Interactions, Taller de Altas Energias, Benasque, 2005 — p.14/22



Universitat

Atmospheric neutrino fit ke

IFIC (UV-CSIC)

Arcadi Santamaria (Arcadi.Santamaria@uv.es), 2005 The Standard Model of Electroweak Interactions, Taller de Altas Energias, Benasque, 2005 — p.15/22



Universitat

Results of the global fit D

IFIC (UV-CSIC)

All solar neutrino data, atmospheric neutrino data and
reactor experiment data can be fitted by neutrino
oscillations. A global fit gives

7.3-107° < Am3, /eV? < 9.3-107°,

1.6-107° < Am3,/eV* < 3.6-107°

0.28 < tan® 02 <06, 05< tan” Ors < 2.1, sin” 015 < 0.041

only differences Am;, = m; — m:, overal scale unknown
(from cosmology m, < 1eV). Since 6,3 small solar and

atmospheric mixing decouple (12 is solar and 23
atmospheric). Thus we have large mixing in solar oscillations

and maximal mixing in atmospheric neutrino oscillations.
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I'f and with the
minimal scalar content are exactly In
addition appears as an

With additional scalar multiplets the situation changes:
with a complex triplet, x, one can get Majorana neutrine

masses for the left-handed neutrinos when x develops a
VEV.
one can write

[:YL — —ZL}/;(I)eR - ZLYV&)VR - h.c.

which leads to a situation similar to the one in the quark
sector. Neutrino masses would naturally be of the same
order of magnitude than quark masses.
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There is strong evidence for very small (< 1eV) neutrino
masses. Why? Right-handed neutrinos are special, they
are completely neutral with respect to the gauge group.
Nothing forbids a term like v Muvg, then

_ _ . -
Lvi — Ly =—L Y. Pep — LY, vy — iyl%MyR + h.e.

which after SSB leads to a neutrino mass term

1 . — 0 MD Vz
Low = —= (vr, 18 h.c.
M Q(VLVR)<M5 M><VR>+ C

diagonalized easily if M > Mp:
N, Majorana neutrinos ~ vy with masses ~ M
N, Majorana neutrinos ~ v;, with masses ~ M3 /M
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Not the only possibility. If there are additional scalars,
fermions or gauge bosons lefthanded, neutrinos could get a
Majorana mass even in the absence of righthanded

heutfrinos.
Independently of the mechanism there are two types of
v-mass ferms

£Dirac . ﬁMl/VL + h.c.

1
LMajorana . _iszVVL + h.c.
Both explain equally well v oscillations but

Majorana v's violate total lepton number (v-less 23
decay). Additional CP phases.

Dirac v's conserve total lepton number. Less natural.
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Determine better 0,5, and 0.5
Determine 013
Determine the individual masses of the eigenstates v;

Is there CP violation in the lepton sector?
Is total lepton number conserved? (v-less 23 decay)
Are neutrinos Majorana or Dirac particles?

Can leptogenesis provide enough baryon number in the
universe?

Build and a model of massive neutrinos!
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Find the . What if it is not there?

Understand
Understand hierarchies of and

Why ?

of couplings
Solve the problem
Unify with
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