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Plan

Flavor in the Standard Model and beyond

¥ (The charged ßavor sector: beyond CKM)

Neut r inos obser vables: what do we know

Neut r inos obser vables: how do we know

The or igin of neut r ino masses

Understanding the pat tern of neut r ino masses and mixings
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BahcallÕs ht t p:// www.sns.ias.edu/~jnb/  (*)

General: M.C. Gonzalez-Garcia, Y. Nir Rev.Mod.Phys.75:345-402,2003, SV (to come)

M at ter ef fects (classic): T.K. Kuo , J. Pantaleone Rev.Mod.Phys.61:937,1989

Supernova neut r inos: G. Raffelt, Stars as Laborator ies for Fundamental Physics, 
Universit y of Chicago Press (ast rophysics) (ast rophysics)

0! 2"  decay: S. T. Petcov, New J. Phys. 6 (2004) 109

Cosmology: W. Buchmuller, P. Di Bar i, M. Plumacher, Annals Phys. 315 (2005) 305; 
Br ian Fields, Subir Sarkar, Phys. Let t. B592 (2004) 202; S. Hannestad, New J. Phys. 6 
(2004) 108

Model building: G. Alt arelli, F. Feruglio, New J. Phys. 6 (2004) 106
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An ext remely successf ul synthesis of part icle physics

(in compact notat ions)

i = 1,2,3: family index

The Standard Model (at t he ren. level)
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ø! i i öD! i !
1
4
F a

µ ! F aµ ! gauge

L ren
SM = + |Dµ H |2 ! V (H) symmetr y breaking

+ λij ø! i ! j H ßavor



Fermion content

# i = (ei ! ei di  ui)    (Dirac spinors)       (ei) = (e µ $),   (! i) = (! e ! µ ! $),  ...

A 4-component Dirac spinor #  has 2x 2-components wit h deÞnite chiralit y 

(%5):

A gauge symmet ry can mix all the Þelds wit h same Lorentz quant um numbers 

<z can act independent ly on & L, & R (chiral symmet ry):

5

SO(3,1) = SU(2) x SU(2) '

ΨL,R =
1 ! γ5

2
Ψ

Ψ + øΨ ! ΨL + ΨR + ( øΨ)L , ( øΨ)R !

(0 ,1/ 2)
! "# $
ΨL , ( øΨ)L +

(1 / 2,0)
! "# $
( øΨ)R , ΨR

= ΨL , ΨR + ΨL , ΨR



or
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! L =
!

0
!

"
! R =

!
i " 2! ∗

c
0

"

2-component Weyl fermions
(the fundamental objects)

! L, ! R︸ ︷︷ ︸
(0,1/2)

+ ! R, ! L︸ ︷︷ ︸
(1/2,0)

! ! , ! c + ! ! , ! !
c



ø! i i öD! i !
1
4
F a

µ ! F aµ ! gauge

L ren
SM = + |Dµ H |2 ! V (H) symmetr y breaking

+ ! ij ø! i ! j H ßavor

Fermion quant um numbers
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SU(3) SU(2) U(1)

Li 1 2 -1/2

eci 1 1 1

Qi 3 2 1/ 6

uci 3* 1 1/ 3

dci 3* 1 -2/ 3

Y

G = SU(3)C x SU(2)W x U(1)Y 

Q =
(

u
d

)
L =

!
!
e

"

q = qa

a = 1, 2, 3 (color)



Fermion mass terms
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! i Weyl fermions

Most general mass term:
mij

2
! i! j

! i ! j ≡ ! !
i "!" ! "

j
ÒM ajoranaÓ

breaks any charge of �!  

!

m

2
! !



Fermion mass terms
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! i Weyl fermions

Most general mass term:
mij

2
! i! j

! i ! j ≡ ! !
i "!" ! "

j

! , ! c

m1

2
! ! +

m2

2
! c! c + m! c!

ÒM ajoranaÓ ÒDiracÓ

Q(�! ) + Q(�! �D) = 0

Dirac spinors turn 
out usef ul

(all the SM 
fermions except ! )

e.g. electron mass term: mece



SU(3) SU(2) U(1)

Li 1 2 -1/2

eci 1 1 1

Qi 3 2 1/ 6

uci 3* 1 1/ 3

dci 3* 1 -2/ 3

Y

ø! i i öD ! i −
1
4

F a
µνF aµ ν gauge

Lren
SM = + |Dµ H |2 − V(H ) symmetr y breaking

+ λij ø! i ! j H ßavor

Family replicat ion
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# i = (Li eci Qi uci dci) <— 1 family

3 families <— 3 ident ical copies 

of t he same (reducible) repr

WHY?



U(3)5
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Family replicat ion <— the gauge lagrangian cannot t ell families <— is U(3)5 invar iant :

øΨii öDΨi !
1
4

F a
µ! F aµ! gauge

Lren
SM = + |DµH |2 ! V (H ) symmetr y breaking

+ λij
øΨiΨjH ßavor

(U(3)5 '  U(3) in SO(10) gauge-uniÞed models)

U (3)5 :

Li ! UL
ijLj

ec
i ! Uec

ij ec
j

Qi ! UQ
ij Qj

uc
i ! Uuc

ij uc
j

dc
i ! Udc

ij dc
j

" Lgauge
SM ! Lgauge

SM



øΨi i öDΨi −
1
4
F a

µ ! F aµ ! gauge

Lren
SM = + |Dµ H|2 − V (H) symmetry breaking

+ λij øΨi Ψj H ßavor

U(3)5
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The symmet ry breaking lagrangian is U(3)5 invar iant :

The symmet ry breaking itself                                      is also U(3)5 invar iant H =

!

"
G+

v +
h + iG0
√

2

#

$

U (3)5 :

Li → UL
ijLj

ec
i → Uec

ij ec
j

Qi → UQ
ij Qj

uc
i → Uuc

ij uc
j

dc
i → Udc

ij dc
j

⇒ L SB
SM → L SB

SM



Ψ̄i i D̂Ψi −
1
4

F a
µνF aµ ν gauge

L ren
SM = +|Dµ H |2 − V (H ) symmetry breaking

+! ij Ψ̄i Ψj H flavor

U(3)5
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The ßavor lagrangian is not U(3)5 invar iant (unless ( ij = 0)

L ßavor
SM = λE

ij ec
i L j H † + λD

ij dc
i Qj H † + λU

ij uc
i Qj H + h.c.

U(3)5 :

L i ! UL
ijL j

ec
i ! Uec

ij ec
j

Qi ! UQ
ij Qj

uc
i ! Uuc

ij uc
j

dc
i ! Udc

ij dc
j

"

λE ! UT
ec λEUL

λD ! UT
dc λDUQ

λU ! UT
uc λUUQ



The ßavor sector (at t he ren. level)

Despite the rich ßavor st ruct ure:

¥ No lepton or baryon number violat ion

¥ No individual lepton number or CP violat ion in the lepton sector

¥ All family violat ion and CP violat ing ef fects (neglect ing ) QCD)

- reside in the quark charged cur rent 

- are encoded in a unit ary 3x3 mat r ix V

Individual lepton numbers: e.g. Le cor responds to

  Total lepton number L = Le+Lµ+L$: cor responds to

  Baryon number B: cor responds to 

The transformat ions cor responding to  Le Lµ L$ L B are all part of U(3)5

14

ec ! e! i ! ec, L e ! ei ! L e,

ec
i ! e! i αec

i , Li ! ei αLi (" i)

uc
i ! e! i ! uc

i , dc
i ! e! i ! dc

i , Qi ! ei ! Qi (" i )



B & L
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L ßavor
SM = ! E

ij ec
i L j H   + ! D

ij dc
i Qj H   + ! U

ij uc
i Qj H + h.c.

Li ! ei αLLi

ec
i ! e! i αLec

i

Qi ! ei αB Qi

uc
i ! e! i αB uc

i

dc
i ! e! i αB dc

i

are both symmetr ies of L ßavor
SM



Leptons

Lepton mass eigenstates: 

Extend to an U(3)5 t ransformat ion

<z Conser vat ion of individual lepton                                                                                           
numbers and of leptonic CP
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L ßavor
SM = ! E

ij ec
i L j H   + ! D

ij dc
i Qj H   + ! U

ij uc
i Qj H + h.c.

= mE
ij ec

i ej + mD
ij dc

i dj + mU
ij uc

i uj + h.c.

+Higg s interactions

mE ,D ,U
ij = ! E ,D ,U

ij v

mE = UT
ec mE

dia gUe , with Uec , Ue unitar y, mE
dia g = Diag(mei ) ! 0

!
ec
i

! = Uec

ij ec
j

e!
j = Ue

ijej

{
ec
i

! = Uec

ij ec
j

L!
j = Ue

ijLj

phase ambiguit y

CP:
! → i" 2! ! (no preferred phase convention)
#ij ! i! jh + h.c.→ #!

ij ! i! jh + h.c.

→ mE
ijec

iej + h.c. = meie
!c
ie!

i + h.c. = mei
øE !

iE
!
i, mν = 0

! ! E
ijec

iL jH   = ! ei e
c
i
′L ′

iH
 



M ass eigenstates:

Cannot extend to an U(3)5 t ransformat ion (both uL, dL <h Q)

Quarks
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mD = UT
dc mD

diagUd mU = UT
u c mU

diagUu

e.g.






uc
i

! = Uuc

ij uc
j

dc
i

! = Udc

ij dc
j

Q!
j = Ud

ijQj

!
! D

ijdc
iQjH   = ! di d

c
i

!Q!
iH

  but

! U
ijuc

iQjH   = ! ui Vijuc
i

!Q!
iH

 

Cabibbo Kobayashi Maskawa (CKM) mat r ix

!
dc

i
! = Udc

ij dc
j

d!
j = Ud

ijdj

,

!
uc

i
! = Uuc

ij uc
j

u!
j = Uu

ijuj

! mD
ij dc

i dj + mU
ij uc

i uj + h.c. = mdi d
c
i
′d′

i + mu i u
c
i
′u′

i + h.c.

V = UuU 
d



In terms of mass eigenstates:

All ßavor and CP violat ing ef fects or iginate from the unit ary 3x3 
mat r ix V in the quark charged cur rent
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j µ
c,had = uiLγµdiL = Viju′

iLγµd′
jL

j µ
n,had = (j µ

n,had)′

j µ
em,had = (j µ

em,had)′
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Physical parameters in V

9   =                    3                  +             3 +1            +             2

unphysical unphysical

mdi d
c
idi + mui u

c
iui +

g
!

2
Vijui

öWdj + h.c.

V =

!

"
ei ! 1

ei ! 2

ei ! 3

#

$

!

" standard par.

#

$

!

"
1

ei "

ei #

#

$



With N families
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Families Pars in V Phys. pars Angles Phases

N N2 N2-(2N-1) N(N-1)/2 (N2-3N+1)/2

2 4 1 1 0

3 9 4 3 1



Standard parameter izat ions
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Exper imentally: V �d 1

V =

!

"
1 ! ! 2/ 2 ! A! 3(" ! i#)

! ! 1 ! ! 2/ 2 A! 2

A! 3(1 ! " ! i#) ! A! 2 1

#

$

! = 0.22

A, " , # = O (1)

V =




1 0 0
0 c23 s23

0 ! s23 c23








c13 0 s13e! i!

0 1 0
! s13ei! 0 c13








c12 s12 0

! s12 c12 0
0 0 1





=




c12c13 s12c13 s13e! i!

! s12c23 ! c12s23s13ei! c12c23 ! s12s23s13ei! s23c13

s12s23 ! c12c23s13si! ! c12s23 ! s12c23s13si! c23c13







In terms of mass eigenstates:

All ßavor and CP violat ing ef fects or iginate from the unit ary 3x3 
mat r ix V in the quark charged cur rent
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Back to the point

jµ
c,had = uiL! µdiL = Viju

!
iL! µd!

jL

jµ
n,had = (jµ

n,had)!

jµ
em,had = (jµ

em,had)!



Is that so?
Unitar it y of V (I)

23

|Vud |2 + |Vus |2 + |Vub|2 = 1 o PDG-2004

0 -

V !
"# -Summer 2005K

us f

|V|Vusus||
KKl3 =(0.2263=(0.2263$$%&%%' ( )***************%&%%' ( )*************** ++|V|Vusus| ~ 1% | ~ 1% 

(dominated by the f(dominated by the f++(0) theoretical uncertainty)(0) theoretical uncertainty)

!

i or a

|Vai |2 = 1

|Vud f ud (0)| from N ! N !e! (" f ud (0) = O (0.1%))

|Vus fus (0)| from K ! ! e" (#fus (0) = O (1%))

|Vub| from b→ ul ø! (subdominant)

0.9739(3) + 0.2263(19) + small = 0.9997(10)

[Mescia]
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#sin2
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cbV
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!
! β

Unitar it y of V (II)

!
-1 -0.5 0 0.5 1

"

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

#sin2

0$0D

#cos2
%

&+#2

&

dm' sm'
dm'

K(

cbV
ub

V

!
-1 -0.5 0 0.5 1

"

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Is that so?
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A tr iangle in the complex plane
(when proper ly normalized, it has vertex in (* ,+)

!

i

Vai V ∗
bi = 1 (a != b)

Vud V !
ub + VcdV !

cb + Vtd V !
tb = 0

−VudV ∗
ub

VcdV ∗
cb

− VcdV ∗
cb

VcdV ∗
cb

− VtdV ∗
tb

VcdV ∗
cb

= 0

!

a

Vai V !
aj = 1 (i != j )



Is that so?

BR(µ '  e %) < 1.2 x 10-11            ,  

de < 10-27 e cm �d 10-11 µB             ,

! ei <— ! ej   (i ! j)                           ✕
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Neut r ino physics

New data!

New physics!

Data interpretat ion (now) pret t y clean

Cosmology (baryogenesis, CMB, LSS, BBN,É) 

Ast rophysics (probe of SUN, SNe, HE sources,É)

Part icle physics (access -  �d MGUT, uniÞcat ion, ßavor, LFV)
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Neut r ino masses (E <‰ <H>)
In the broken EW phase, the most general fermion mass term is

(a Dirac mass term would require a ! c)

The neut r ino Majorana mass term breaks L:

and the LiÕs:

27

m!
ij

2
! i! j + mE

ijec
iej + mD

ijdc
idj + mU

ijuc
iuj

Pontecor vo Maki Nakagawa Sakata (PMNS) mat r ix

m! = UT
! mD

diagU! me = UT
ecmE

diagUe

! i
! = U !

ij ! j ,

!
ec

i
! = Uec

ij ec
j

e!
j = Ue

ij ej
!

m!
ij

2
! i ! j + mE

ij ec
i ej + h.c. =

m! i

2
! i

! ! !
i + meie

c
i

!e!
i + h.c.

Li ! ei! Li " ! i! j ! e2i! ! i! j

jµ
c,l ep = ! iL" µeiL = Uij ! !

iL" µe!
jL

jµ
n,l ep = (jµ

n,l ep)!

jµ
em,lep = (jµ

em,lep )! U = U! U 
e
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Physical parameters in U

9   =                    3                  +             3 +1            +             2

unphysical physical
(Majorana)

m! i

2
! i! i + mei e

c
iei +

g
!

2
Uijei

öW! j + h.c.

U =




ei! 1

ei! 2

ei! 3







standard par.








1

ei"

ei#




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Physical parameters in the lepton sector

me, mµ , mτ , mν1 , mν2 , mν3 , ! 23, ! 12, ! 13, " , #, $

! L "
m! i

2
! i ! i + mei e

c
i ei +

g
#

2
Uij ei Ŵ ! j + h.c.

U =




c12c13 s12c13 s13e! i !

! s12c23 ! c12s23s13ei ! c12c23 ! s12s23s13ei ! s23c13

s12s23 ! c12c23s13si ! ! c12s23 ! s12c23s13si ! c23c13








1 0 0
0 ei " 0
0 0 ei #





0 ! ! 23, ! 12, ! 13 !
"
2

, 0 ! # < 2" , 0 ! $ , %< 2"



Physical parameters: 
what do we know?



Accessible
to oscillat ions

Charged
sector

Not accessible
to oscillat ions

31

me,µ, τ

mli ght est

!

"

! m2
12

|! m2
23|

sign(! m2
23)

! 12, ! 23, ! 13, "
(
∆m2

ij ≡ m2
! j
−m2

! i

)



e.g.:

m1 !  m2 >  m3

(inverse 
hierarchical)

m1 ! m 2 ! m 3

(degenerate)

! m2
23 > 0

32

Standard labeling of eigenstates

1

2

3
Normal

3

2

1

e.g.:

m1 < m2 ! m3

(hierarchical)

m1 ! m 2 ! m 3

(degenerate)

m1 ! m 2 < m3

(neither)

0 < ∆m2
12 < |∆m2

23| uniquely deÞnes the labeling

! m2
12 > 0 by deÞnit ion;             can have both signs! m2

23

!
! m2

SUN ! ! m2
12

! m2
ATM ! ! m2

23

"

normal

inverted

! m2
23 < 0



Accessible
to oscillat ions

Charged
sector

Not accessible
to oscillat ions

33

me,µ, τ

mli ght est

!

"

! m2
12

|! m2
23|

sign(! m2
23)

! 12, ! 23, ! 13, "Well known

Known Bounds
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Exper imental const raints (oscillat ions)

sin22!

"
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V2 )

Zenith angle analysis
L/E analysis
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34

68, 90, 99% CL

(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)! 13 < 10!

∆m2
23 ∼ 2.5× 10−3 eV2 ! 23 ∼ 45◦

! m2
12 ! 0.8 " 10! 4 eV2 ! 12 ! 30" Ð35"
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Exper imental const raints (oscillat ions)

95, 99, 99.73% CL

(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)! 13 < 10!

∆m2
23 ∼ 2.5× 10−3 eV2 ! 23 ∼ 45◦

! m2
12 ! 0.8 " 10! 4 eV2 ! 12 ! 30" Ð35"



(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)! 13 < 10!

∆m2
23 ∼ 2.5× 10−3 eV2 ! 23 ∼ 45◦

! m2
12 ! 0.8 " 10! 4 eV2 ! 12 ! 30" Ð35"
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Exper imental const raints (oscillat ions)



(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)

! m2
ATM ∼ 2.5× 10! 3 eV2 ! 23 ∼ 45"

! m2
SUN ! 0.8 " 10! 4 eV2 θ12 ! 30" Ð35"

! 13 < 10!

Unknownssign(! m2
23)? ! ? " , #?
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Exper imental const raints

(Heidelberg-Moscow)

(Mainz, Troitsk)

(Cosmology)

|mee| = |U2
ei m! i | < O (1)× 0.4 eV

(m†m)ee = |Uei |2m2
! i

< (2.2eV)2

!

i

mνi < 0.6eV (pr iors)



Physical parameters: 
how do we know?
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Flavor and mass eigenstates

Òmass eigenstatesÓ, diagonalize 
t he neut r ino mass mat r ix:

U unit ary (PMNS)

Òßavor eigenstatesÓ, paired to 
charged leptons in CC:

! e, ! µ , ! !

ν1, ν2, ν3

! ei = Uih ! h

j µ
c,lep = ei! µPL" ei

mν
ij ! ei ! ej = mνh ! h ! h

(νi = U!
ihνh)
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Oscillat ions

|! ei 〉 = U!
ih |! h 〉 ⇒ e" iH t |! ei 〉 = U!

ih e" iE h t |! h 〉
(

Eh ! p +
m2

h

2E

)

P(νei → νej ) =
∣∣〈νej |e! iHt|νei〉

∣∣2
, 〈νej |e! iHt|νei〉 = Ujhe! iEhtU 

hi

In the simplest case:

(to be integrated over energy, posit ion and convoluted wit h cross 
sect ion, resolut ion, efÞciencyÉ)

! e = ! 1 cos " + ! 2 sin "

! µ = ! ! 1 sin " + ! 2 cos "
" P(! e # ! µ ) = sin2 2" sin2 ! m2L

4E

! =
4" E

! m2 = 2.48km
E( GeV)

! m2(eV2)
,

! m2L

4E
! 1.27

! m2(eV2)L(km)
E( GeV)



A typical sensit ivit y plot
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10! 2 10! 1 1
sin22"

10! 4

10! 3

10! 2

10! 1

1

#
m

2

$P%& const.

〈P 〉 = 〈P (! e → ! µ )〉E ,L =
!

sin2 2" sin2 ∆m2L

4E

"

E ,L

In order t o measure  sin22)  and "m2:
 - <P> alone is not sufÞcient
 - need E or L
 - best t o be in the                       regime! m2L

4E
∼ 1

← 〈P 〉 ≈ sin2 2θ

2

! "P#$ sin2 2! (! m2)2
!

L
4E

"

E ,L



Caveats
In vacuum only

Coherence can be lost

¥ because of averaging over t he oscillat ion phase (averaged coherence)

¥ because the wave packets cor responding to dif ferent mass eigenstates 
t ravel at dif ferent velocit ies 

¥ because of reduct ion to the neut r ino subsystem

SimpliÞed der ivat ion: p constant? E constant? It does not really mat ter 
(change of var iable in the wave packet integral)

¥ e.g., if coherence is not lost
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〈νej , x|e−iHt|ψ0〉 =
!

dp

2π
Uej kei(px−Ek (p)t)U  

kei
f (p)

=
!

dp

2π

"
Uej ke−i

m 2
k t

2p U  
kei

#
eip(x−t)f (p)

= Uej ke−i
m 2

k t
2 øp U  

kei
ψ0(x − t)
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3!   2!
Exact (cumbersome) 3!  formulae:

J j i
12 = Uj hU†

hi Uik U†
k j , Im(J j i

hk ) = ! j i ! hk JCP, ! ij =
!

k

"ij k = ± 1, 0

Shk = sin
∆m2

hk L
4E

PCP = ! ij ! 4 Re(J j i
12)S

2
12 ! 4 Re(J j i

23)S
2
23 ! 4 Re(J j i

31)S
2
31

PCP = 8" ij JCPS12S23S31

CHOOZ: S2
12 ! 1, S2

23 " S2
13 : P(νe ! νe) " 1 # sin2 2θ13 sin2 ! m2

23L
4E

ATM: S2
12 ! 1, S2

23 " S2
13, ! 13 ! 1 :

P(! µ → ! ! ) ≈ sin2 2"23 sin2 ! m2
23L

4E
P(! e → ! µ,! ) # 1

P(νei ! νej ) = P(νej ! νei ) = PCP + PCP

P(νei ! νej ) = P(νej ! νei ) = PCP " PCP

SUN: S2
23, S2

13 terms suppressedby θ13 : P(! e ! ! e) " 1 # sin2 2"12 sin2 ! m2
12L

4E



Exper iments



                 disappearance reactor 
exper iment 

L �d 1 km, E �d few MeV

Detect ion:                     (scint illator)

¥ e+ signal + annihilat ion '  2. (511 
keV)

¥ n capt ure '  .  (8 MeV) (delayed 
coincidence)

CHOOZ
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! e → ! e

νep ! e+ n
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-3

10
-2

10
-1

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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                 disappearance reactor 
exper iment 

L �d 1 km, E �d few MeV

Detect ion:                     (scint illator)

¥ e+ signal + annihilat ion '  2. (511 
keV)

¥ n capt ure '  .  (8 MeV) (delayed 
coincidence)

CHOOZ
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! e → ! e

νep ! e+ n

F
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li,
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i, 

M
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ph
/0

50
60
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What are at mospher ic neut r inos?

47

�d 15 km

�d 13000 km

π+ µ+ ! µ

e+ νeνµ

2 ! µ for each ! e

Act ually:

- Energet ic µ are long-lived

- Kaons are also produced

so that t he rat io is > 2

Need to measure:

- neut r ino ßavor

- neut r ino direct ion

- possibly energy range

Allow to test 

neut r ino ßavor 

t ransit ions

L = 102÷4 km

E = (0.1÷ 10)GeV

! m2
23 ! 2.5 " 10! 3 eV2

#
! m2

23L
4E

= 10! 2÷2



Super-Kamiokande
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50 kton

13000 PMT



Super-Kamiokande: detect ion
CC-interact ions on nuclei: ! +N' l+NÕ

Neut r ino t ype:

¥ ! /  '  /  '   clean Cherenkov ring

¥ ! e '  e '   fuzzy Cherenkov ring

!  direct ion: cor related wit h the direct ion of l if  E <Š GeV

!  energy: classif y the events in sample wit h dif ferent E dist r ibut ion:

¥ Fully Contained sub-GeV

¥ Fully Contained mult i-GeV

¥ Part ially Contained /  (E �d few GeV)

¥ Upgoing stopping /  (E �d 10 GeV)

¥ Up & through going /  (E > 10 GeV)

49



Super-Kamiokande: results

Osc. pars: 

Hint of oscillat ion dip

Exot ic ef fects (ster iles, decay, Lorenz 
violat ion, CPT) are marginal

Ster ile neut r ino analysis:

¥ mat ter ef fects (relevant f or ster ile at 
high energy: resonance and then 
suppression)

¥ neut ral cur rents (only affected by 
ster ile)

¥ $ appearance sample

No elect ron neut r ino transit ion, compat ible 
wit h CHOOZ bound

50

sin22!

"
m

2  (e
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Zenith angle analysis
L/E analysis
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ATM ! 2.5 " 10−3 eV2, θ23 ! 45◦



KEK '  SK pulsed ! µ beam 

L �d 250km, E �d 1.3 GeV

Measure ") , Eµ '  reconst ruct E!

Compet it ive wit h SK on "m2

K2K
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!
m

2 
(e

V
2 )

68%
90%
99%
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sin22"

10-2

10-3

10-1

0

4

8

12

E
ve

nt
s 

/ 0
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)

0 1 5432
E!
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Fut ure

More K2K

NuMI

CNGS

Monolit h

...

52
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M at ter ef fects

Incoherent scat ter ing Ð typical mean free paths

(depend on ßavor, ÒsimpliÞedÓ energy dependence):

It af fects the neut r ino phases in a ßavor dependent way

Coherent f or ward scat ter ing is enhanced by 1/(GF E2)

( (E) �d 10 cm (100 MeV/E) 2     in proto-neut ron star cores

( (E) �d 1010 km (10 MeV/E) 2     in the Sun

( (E) �d 109 km GeV/E                 in the EarthÕs mant le

incoherent : dPsc/dx ∼ G2
F E 2n

coherent: dφco/dx ∼ GF n
→ dPsc

dφco
∼ GF E ∼ 10−5

!
E

GeV

"
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In mat ter: H =
1

2E
U




m2

1
m2

2
m2

3



 U   +




V

0
0



 + univ. terms

Free Hamiltonian MSW potent ial

νe

e νe

e

W

e

Z

e

! x ! x

+ u, d,...

for ν:

{
U ! U!

V ! " V

V = Ve ! Vµ =
"

2GF ne (neutral matter, nν # ne)

Vµ = Vτ (tr ee level, neutral matter, Lµ = Lτ )



55

Propagat ion in constant densit y

Mantle

CoreThe Earth:

Propagat ion in the Earth affects

¥  At mospher ic ! Õs  (only through the subdominant ! e !  ! µ,$ )  

¥  Solar, SN ! Õs  (D/N ef fect)

¥  Terrest r ial exper iments (Long Baseline)

Oscillat ion formulae st ill hold wit h  )  '  ) m , "m2 '  ("m2)m , 
where  ) m , ("m2)m  depend on the neut r ino energy

* m �d 3-5 g/cm 3

* c �d 10-15 g/cm 3
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Resonance (2! )

H =

!

"
sin2 θ +

2EV
∆m2 sinθ cosθ

sinθ cosθ cos2 θ

#

$ ∆m2

2EV
+ universal terms

Resonant enhancement of t he mixing angle:

  ¥ Resonance width = tan 2)  (sin2 2)  > 1/2)

  ¥ )  < 45o ! resonance only if V x "m2 > 0

  ¥ SUN: V > 0, ("m2)12 > 0 ! resonance only 

 if )  < 45o

  ¥ Note also: (2EV)/ ("m2)12 <Š 1 ! ! e # (! 2)m
! 1 1 2 3

2E V
"""""""""""""""""
#m2

1
"""""
2

1
sin22$m ! mixin g

∆m2 > 0

Also: (! m2)m = ! m2 sin2!
(sin 2! )m

2EV
∆m2

= cos2! !

!
(sin 2! )m = 1,

(∆m2)m = ∆m2 sin2!



Resonance: formulae

M at ter ef fects are negligible:

¥ when E <‰ Eres 

¥ when L <‰ ( m  (sin x # x)

57

sin2 2θm =
sin2 2θ

1 +
(

2EV

! m2

)2

! 2cos2θ
2EV

! m2

(! m2)m = ! m2

[
1 +

(
2EV

! m2

)2

! 2cos2θ
2EV

! m2

]1/2

(sin2 2! )m

sin2 2!
=

!
∆m2

(∆m2)m

" 2

2EV

! m2 =
E

Eres
cos 2θ Eres =

! m2

2V
cos 2θ ! 8 GeV

!
! m2(eV2)
2 · 10−3 eV2

ne

1.65 gr/cm3

"



Propagat ion in varying densit y (2 ! )
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H(t) = Hf ree + VMSW(t)    time-dependent hamiltonian

Adiabat ic evolut ion: no ! 1 <— ! 2 t ransit ions

 Adiabat icit y condit ion: 

Adiabat ic resonance crossing '  large ßavor swap even for small )

! 1 1 2 3 4
2E V
"""""""""""""""""
#m2

! 1

1

2

3

4
Hi !#m2 "!2E##

ν1

! 2

The adiabat ic approximat ion 
must break at small )

E ! Eres→V = 0

! e ≈ (! 2)m → ! 2 = ! e sin" + ! µ cos"

P (! e → ! µ ) ≈ cos2 "

d! m

dx
! (∆m2)m

2E



The adiabat ic approximat ion                                 is worst at t he resonance

Adiabat ic condit ion at t he resonance: 

Ifγ≲ 1 but γ≫ 1 at product ion and detect ion

Example: SN neut r inos ("m2 > 0) or ant ineut r inos ("m2 > 0) for ) 13 < 10-3

Level crossing

59

d! m

dx
!

(∆m2)m

2E

! ≡ ∆m2

2E (V ′/V )res

sin2 2"
cos 2"

" 1

P(! 1 ! ! 2) " Pc # e! ! / 2

Landau-Zener



Solar neut r inos
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!2 !1 1 2 3 4

2E V
"""""""""""""""""
#m2

!1

1

2

3

4

Hi !#m2"!2E##
" pp

" Be

" B

Smirnov

P (! e → ! e)

P = 1− sin2 ! 12

2
P = sin2 ! 12

2EV
! m2

12

0MeV < Eν < 14MeV

Eres(core)∼ 3MeV

(! m2
12 = 0.8× 10! 4 eV2)

4p + 2e ! 4He+ 2νe



Solar neut r ino exper iments
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Chlor ine: Homestake (68)

Gallium: SAGE, Gallex/ GNO

H2O: K, SK

D2O: SNO

! ee→ ! ee

Eν > 5.5 MeV

! ee ! ! ee

! eD ! ppe

! x D ! ! x pn

! e
37Cl ! e37Ar

E! > 0.814MeV

νe
71 Ga ! e71 Ge

Eν > 0.233MeV



SNO
Measurement of t otal solar neut r ino ßux in agreement wit h the predict ion of t he SSM

ES (direct ion): 

CC (energy):

NC (r ing shape):                                                             neut ron capt ure and detect ion 
improved in the salt phase
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! x e ! ! x e " ! (! e) + 2! (! µ, ! )/ (6–7)

! eD → ppe⇒ Φ(! e)

! x D ! ! x pn " ! (! e) + 2! (! µ, ! )

Φ(! ) = Φ(! e) + 2Φ(! µ, ! )
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KamLAND
     f rom several reactors (E �d  few MeV) at L �d 200 km                              

(init ial ßux well known)  

                   in scint illator 

                                     '    good determinat ion of 
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! e
! m2

12L

4E
= O (1)

∆m2
12E! e = Ee+ + mn −mp
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Fut ure solar neut r ino exper iments

More KamLAND

Borexino: measure Ber illium ßux

¥ If LMA, no seasonal var iat ion, no D/N ef fect

¥ Surpr ises? Non-LMA physics?

sub-MeV exper iments

¥ measure averaged oscillat ions '  )



Probe of core-collapse supernova physics
Some sensit ivit y to neut r ino parameters (uncertaint ies on the source)
Const raint on exot ic (neut r ino) physics

Eout ! Eb ! 3 " 1053 erg

=






0.01% photons

1% kinetic energy

99% neutri nos

Supernova neut r inos
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M ∼ 1.5MSUN

R ∼ 8000 km
! ∼ 109 g/cm3

T ∼ 0.7 MeV

R ! 30km
ρ ! 3 " 1014 g/cm3

T ! 30MeV

! ! 10cm " tdi! !
3R2

!
! 10sec



SN 1987A
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P1: FHS/FKZ/fgm P2: FhN/fgm QC: FhN

October 7, 1999 13:47 Annual Reviews AR094-05

?
178 RAFFELT

Figure 7 SN 1987A neutrino observations at Kamiokande (93), IMB (94), and

Baksan (95). The energies refer to the secondary positrons from the reaction !̄ ep !
ne+. In the shaded area, the trigger efficiency is less than 30%. The clocks have un-
known relative offsets; in each case, thefirst eventwas shifted to t = 0. InKamiokande,

the event marked as an open circle is attributed to background.

D would be delayed by

" t = 2.57 s
!

D
50 kpc

"!
10 MeV

E!

" 2! m!

10 eV

" 2

. 4.

Because the !̄ e were registered within a few seconds and had energies in the

10-MeV range, m! e is limited to !10 eV. Detailed analyses reveal that the
pulse duration is consistently explained by the intrinsic SN cooling time and that

m! e ! 20 eV is implied as something like a 95% CL limit (96, 104).

Raffelt



Const raints on exot ic scenar ios

Energy loss argument :

Const rains invisible escape channels

¥ axions

¥ KK gravitons

¥ ster ile neut r inos

E.g.: sin22) S < 10-8 for large "m2

68

d!
dt

< 1019 erg/ s/ g



Fut ure SNe
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Fut ure SNe (1/ 30yr?)

Detector SK SNO LVD KamLAND

!  events 
(from 10kpc)

�d 8000 �d 800 �d 400 �d 330

@ neut r inosphere:

@ Earth: the energy spect ra depend on ) 13 and sign("m2)23

e.g.: NH & ) 13 > 0.05 <z0 (! e) = 0 0(! µ,$)

!Eνe" # 11MeV < !Eνe" # 16MeV < !Eνx" # 25MeV

("m2)23 resonance crossed by neut r inos (ant ineut r inos) if NH (IH)

PC = 0 (PC = 1) if ) 13 > 0.05 () 13 < 0.001)

(("m2)12 is always adiabat ic)

(("m2)23 = 2 E (Vµ - V$) resonance plays a role if 0 (! µ) ! 0 (! $))



Fut ure



sign("m2) and mat ter ef fects

Enhancement/ suppression in neut r ino/ant ineut r ino channel depending on sign("m2)

A measurement of sign("m2) needs 

¥ E �d 10 GeV (resonance)

¥ long baseline (sin(x) ! x)

¥ ! e <— ! µ,$ 

sign("m2) determines the pat tern of neut r ino masses and affects the

¥ SN neut r ino signal

¥ ter rest r ial exper iments

¥ 0! 2"  decay

71

∆m2
12 = 0 : He! =

1
2E

!

" U

#

$
0

0
∆m2

23

%

& UT ±

#

$
2EV

0
0

%

&

'
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) 13
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Or igin of masses and mixing

¥ Discr iminate models

¥ Origin of solar and at mospher ic angles

¥ Neut r ino mass pat tern

Phenomenology

¥ Leptonic CP-violat ion

¥ Supernova signals

¥ Subleading ef fects

Exper iments

¥ Rich exper imental program available

 (subleading ef fect in SUN and ATM)

P(νµ ! ν! ) " sin2 θ23 sin2 ∆m2
23L

4E

P(νe ! νµ ) " sin2 θ23 sin2 2θ13 sin2 ∆m2
23L

4E

P(νe ! ν! ) " cos2 θ23 sin2 2θ13 sin2 ∆m2
23L

4E

!
""""""#

""""""$

+ ∆m2
SU N



Odds
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θ13 = λc : sin2 2θ13 ! 0.2

θ13 = λ2
c : sin2 2θ13 ! 0.01

θ13 = λ3
c : sin2 2θ13 ! 0.0005

bet: sin2 2θ13 > 0

10! 6 10! 5 10! 4 10! 3 10! 2 10! 1

sin22"13

Sensitivityto sin22"13

Systematic
Correlation
Degeneracy

JHF! SK

NuMI

JHF! HK

NuFact! I

NuFact! II

10! 6 10! 5 10! 4 10! 3 10! 2 10! 1

sin22"13

Sensitivityto sin22"13

Huber, Lindner, Winter



CP-violat ion

Is there CP-violat ion in the lepton sector? 

Is it at t he or igin of t he Baryon asymmet ry in the universe?

Can we obser ve it in neut r ino exper iments?

¥ Dirac (CKM- like) CP-violat ion

¥ M ajorana CP-violat ion

74



CKM- like CP-violat ion

75

P(! µ ! ! τ )CP " sin2 " 23 sin2 ∆m2
23L

4E

P(! e ! ! µ )CP " sin2 " 23 sin2 2" 13 sin2 ∆m2
23L

4E

P(! e ! ! τ )CP " cos2 " 23 sin2 2" 13 sin2 ∆m2
23L

4E

!
""""""#

""""""$

+ ∆m2
SU N corr.

P(νei ! νej ) = P(νej ! νei ) = PCP + PCP

P(νei ! νej ) = P(νej ! νei ) = PCP " PCP

At accelerators, due to the smallness of ("m2)12/ ("m2)23 and ) 13 :



LBL?

O(1)

CKM- like CP-violat ion

76

Large angles (unlike in quark sector) enhance CP-violat ion

PCP = ± cos ! 13 sin 2! 12 sin 2! 23 sin 2! 13 sin " SSUNS2
ATM

A small ) 13 enhances the ! e <— ! µ,$ CP-asymmet ry

aCP =
P(νe → νµ) − P(νe → νµ)
P(νe → νµ) + P(νe → νµ)

∝ 1
sin2θ13 + corr.

The stat ist ical sensit ivit y is independent of ) 13 (on a wide range)

! a ∼ 1√
N
∝ 1

sin2"13
→ stat. error ∼ ! a/a ∼ constant with "13
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3 ! " CP discovery potential

Same parameters and references as before.

Systematic errors have a big impact on discovery

potential.
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Fake CP-violat ion
In pract ice one has to take into account t he cont r ibut ion to the measured asymmet ry 
f rom the CP-asymmet ry of 

¥ the source

¥ the mat ter along the path of neut r inos

¥ the target

That requires a good knowledge of

¥ the init ial ßuxes

¥ the Earth (elect ron) densit y proÞle

¥ the neut r ino cross sect ions

Also usef ul are

¥ the measurement of t he energy spect rum

¥ 2 baselines

¥ addit ional channels
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LSND & MiniBooNE
  The LSND evidence

¥ does not Þt in the 3 neut r ino oscillat ion 
f ramework (large "m2)

¥ does not Þt in a 4 neut r ino oscillat ion 
f ramework

¥ depends on assumpt ions on the background

¥ is not conÞrmed by any other exper iments (in 
part icular Karmen)

¥ awaits conÞrmat ion (MiniBooNE: more 
stat ist ics + pulsed beam)
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P (! µ → ! e) = (2.6 ± 0.8)10! 3, with E ∼ (10–50)MeV and L ≈ 30 m
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Oscillati on Sensiti vit y: Null and Positive Scenarios
¥ Fit energydistribution to extract signal. Estimates basedon 1021 pot

Null MiniBooNE result:

¥ 4! sensitivit y to entire LSND 90%
CL allowed region

¥ Combined analysisof MiniBooNE +
LSND would show incompatibility at
99% CL, in CP and CPT-conserving
scenarios

MiniBooNE conÞrmsLSND:

¥ Should see> 5! excess at LSND
central value

¥ Distinguish1eV2 from 0.4eV2 at 2!

Michel Sorel ÐValenciaUniversity 2



Beyond oscillat ions
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me,µ, τ

mli ght est

!

"

! m2
12

|! m2
23|

sign(! m2
23)

! 12, ! 23, ! 13, "



0! 2"  decay

Signals L-violat ion

Probes the Majorana nat ure of neut r inos

Allows to access parameters not accessible to oscillat ions:

¥ Absolute mass scale

¥ M ajorana phases
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Dirac vs Majorana (part icle content)
A Dirac fermion (e + ec) cor responds to

 4 degrees of f reedom = 2 x part icle + 2 x ant ipart icle

A Majorana fermion (! ) cor responds to

2 degrees of f reedom = 2 x part icle = 2 x ant ipart icle

The dif ference shows up only in the m ! 0 case:

¥ Dirac (m = 0)

¥ M ajorana (m = 0)

In oscillat ions, once the O(m/E) terms have been neglected:

¥ the elicit y does not play a role

¥ there is no L-violat ion

¥ oscillat ion formulae are ident ical for Dirac and Majorana ! Õs
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! L|0! = |! "! ! L|0! = |! + !

! L|0! = |! "! ! L|0! = |! + !



νL|0! = |ν "! +O (m/E ) |ν +! νL|0! = |ν +!+O (m/E ) |ν "!

νL|0! = |ν "! +O (m/E ) |ν +! νL|0! = |ν +!+O (m/E ) |ν "!

Dirac vs Majorana (part icle content)
A Dirac fermion (e + ec) cor responds to

 4 degrees of f reedom = 2 x part icle + 2 x ant ipart icle

A Majorana fermion (! ) cor responds to

2 degrees of f reedom = 2 x part icle = 2 x ant ipart icle

The dif ference shows up only in the m ! 0 case:

¥ Dirac (m ! 0)

¥ M ajorana (m ! 0)

In oscillat ions, once the O(m/E) terms have been neglected:

¥ the elicit y does not play a role

¥ there is no L-violat ion

¥ oscillat ion formulae are ident ical for Dirac and Majorana ! Õs
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0! 2"  decay
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d

d

! eX

>

>

>

>>

>

>
>

e

e

u

u

mee
! e

(A,Z) → (A,Z + 2) + 2e−; e.g.: 76Ge→ 76Se+ 2e−

mee = U2
eh mh = c2

13(m1c2
12 + m2s2

12e2i α) + m3s2
13e2i β!

Γ ∝ |mee|2 〈Q〉2
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Expectat ions for mee
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(m  m)ee < (2.2 eV)2 (Mainz, Troitsk) ! (0.3 eV)2 (Katrin)

|mee| < O (1) ! 0.4eV (Heidelberg-Moscow) " O (1) ! 0.01eV (Genius)

|mee| !
!

! m2
32

"
"c2

12 + s2
12e

2i !
"
"

Only IH and D are promising

Sensit ivit y to Majorana phases 
t hrough CP-conser ving quant it y

Explicit models may relate CKM- like 
and Majorana phases

Potent ial to discr iminate Dirac/MFeruglio St rumia Vissani



"  decay endpoint
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(A,Z) ! (A,Z + 1) + e! + ! e; e.g.: 3H ! 3He + e! + ! e

(m  m)ee = |Ueh |2m2
h = c2

13(m2
1c2

12 + m2
2s2

12) + m2
3s2

13

dN

dE
∝

∑
|Ueh|2! (m2

h, E) ≈ ! ((m  m)ee, E)



Neut r inos and cosmology

Big Bang Nucleosynthesis

¥ The present relat ive abundance of p, n, light elements is determined by standard 
inverse beta react ions involving neut r inos at t heir decoupling temperat ure T ~ MeV

¥ Agreement wit h 3 SM neut r inos in thermal equilibr ium at T ~ MeV. Present 
accuracies do not allow to tell Nv = 3 from Nv  = 4 even in the context of standard 
cosmology (not f ully tested)

Cosmic Microwave Background

¥ Anisot ropies in the photon radiat ion at decoupling (T ~ 0.3 eV) are sensit ive to the 
total radiat ion densit y

¥ Present Þts (cosmological model dependent) give Nv ~ 3±2
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Large Scale St ruct ure

¥ Free st reaming of relat ivist ic non-interact ing part icles smoothes densit y 
ßuct uat ion leading to the LSS obser ved today (and to the acoust ic peaks in CMB)

¥ The length scale of t he ef fect depends on the neut r ino masses, hence the limit

Baryogenesis

¥                          means that a tiny Baryon asymmet ry was present before 
complete annihilat ion at T < GeV 

¥ The asymmet ry can be dynamically generated in presence of B, C and CP-violat ing 
processes out of equilibr ium

¥ EW baryogenesis in SM: not out of equilibr ium enough for mH > 70 GeV (and too 
small CP-violat ion); in extensions: LEP

¥ GUT baryogenesis, Afßeck-Dine, but most economical and elegant isÉ
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nB/n! ! 6 " 10! 10

!
mi < 0.7eV



Baryogenesis through leptogenesis

Non-pert urbat ive B-L-conser ving processes relate L- and B-asymmet r ies.

Right-handed neut r ino L- and CP-violat ing decays generate a lepton asymmet ry out of 
equilibr ium. In a see-saw context wit h hierarchical R-handed neut r inos:

The RH neut r ino coupling are not f ully determined by the low energy parameters. 
However, both come from the same see-saw lagrangian (model-dependent relat ion)

Leptogenesis is a simple, elegant, economical and successf ul Baryogenesis mechanism 
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nB /n γ ∝ ε, ε ∼ 3
16π

M 1

v2

Im(λN mνλT
N )11

(λN λ 
N )11



Other const raints on see-saw physics

Lepton Flavour Violat ion in SUSY models

¥ LFV associated to neut r ino Yukawa couplings does not decouple at t he RH neut r ino 
mass scale in SUSY theor ies: they leave an impr int in the slepton sof t masses

¥ However, the ef fect depends on four powers of t he unknown (model-dependent) 
overall scale of t he couplings

¥ Addit ional ef fects are also likely, e.g.

- Non-universal sof t t erm

- Top Yukawa in SUSY-GUTs

Bot tom-Tau mass uniÞcat ion

¥ The running is affected by the neut r ino Yukawa couplings

92



The or igin of neut r ino masses
(data interpretat ion)



(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)

! m2
ATM ∼ 2.5× 10! 3 eV2 ! 23 ∼ 45"

! m2
SUN ! 0.8 " 10! 4 eV2 θ12 ! 30" Ð35"

! 13 < 10!
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Exper imental const raints

(Heidelberg-Moscow)

(Mainz, Troitsk)

(Cosmology)

|mee| = |U2
ei m! i | < O (1)× 0.4 eV

(m†m)ee = |Uei |2m2
! i

< (2.2eV)2

!

i

mνi < 0.6eV (pr iors)

Guidelines for t heory:

m! i ! 174 GeV

θ23 ∼ 45! (= 45! ?)

θ12 ∼ 30! –35! #= 45! (> 5σ)
θ13 < 10!

|! m2
12/ ! m2

23| ≈ 0.035! 1



Smallness of neut r ino masses

Nat ural scale of f ermion masses:         
v = 174 GeV

Why m!  / v < 10-12?

(must have a dif ferent or igin than  
me / v < 10-12 GeV = 0.3 x 10-5)
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The SM as a renormalizable theory

  B, Le, Lµ, L$ are accidentally conser ved

¥ No proton decay (...)

¥ No lepton number violat ion (...)

¥ No individual lepton number violat ion, no ! ei <— ! ej, no neut r ino masses
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The SM as an ef fect ive theory

MGUT # 2 x 1016 GeV

Lef f is sensit ive to the GUT scale only through L- and B-violat ing operators

- L �d 1015 GeV,  - B > 4 x 1015 GeV  (no or small L, B violat ion at TeV scale)
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m! = hv × v
Λ

Λ ∼ 0.5× 1015 GeVh
!

0.05eV
m!

"

L e!
SM = L ren

SM +
hij

Λ
(H L i )(H L j ) + . . .
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ec
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dc
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!
e
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d

Right-handed neut r inos
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ec

! )! )! )
SU(3)C x SU(2)W x U(1)YSU(3)C x SU(2)L x SU(2)R x U(1)B-LSO(10)
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Right-handed neut r inos
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! )! )
SU(3)C x SU(2)W x U(1)Y

λνcLH ! m! = λ! v (like the other f ermions)

! c is a SM singlet and can therefore be heavy

L HE ⊃ −
M

2
! c! c (unlike the other f ermions)



If M i s very small

(meaning M <‰ m! , M /M GUT <‰ 10-26)

(why?) 

Neut r ino have Dirac masses, which do not break L

Their Yukawas are < 10-12 (all families)

(why?)

Neut r inoless double beta decay may test t he Majorana nat ure of neut r inos
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See-saw
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! c ! c

LL
M

X

HH

Integrate out ! c: 

h
Λ

(H L)(H L)

h
Λ

! " ! T 1
M

!

m! = " mT
D

1
M

mD M ajorana

Other opt ions: addit ional singlets, tr iplets



Large angles?

) q ) l <‰ 1 "o ) !  <‰ 1: Dirac and Majorana mass terms transform dif ferent ly under 

symmet r ies

Example: Lµ - L$. In the symmet r ic limit :

However, it only works wit h degenerate  ! Õs:

¥ m2 # m3, ("m2)12 <‰ ("m2)23  <z m1 # m2 # m3

¥ Example: 
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mE !

!

" a 0
0 1

#

$ m! !

!

" 0 1
1 0

#

$

! l = 0! ! ν = 45!

mν ∝




1

1
1







Origin of large mixings
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mU = UT
uc mdia g

U Uu

mD = UT
dc mdia g

D Ud

mν = UT
ν mdia g

ν Uν

mE = UT
ec mdia g

E Ue

V = Uu U†
d

U = UνU†
e

The large mixing angles can in pr inciple or iginate  from both mE, m!  

(the dist inct ion is physical in terms of t he physics giving rise to the mass mat r ices)



A large ) 23 f rom m!  - normal hierarchy

) 23 large and m2 <‰ m3 seems unnat ural: 

However, in a see-saw context A, B, C are not f undamental parameters

Nat ural opt ion:

104

) 23 large : A �d B �d C

m2 <‰ m3: AC - B2 <‰ 1

m! = ! mT
D M−1mD

mν ∝



 C B
B A





det ! 0 det = 0 det = 0

[M ]23 =
!

M2

M3

"
, [m! ]23 =

1
M2

!
m2

22 m22m23

m22m23 m2
23

"
+

1
M3

!
m2

32 m32m33

m32m33 m2
33

"

King; Alt arelli Feruglio MasinaM 2 ! M 3, m22 " m23



A large ) 23 f rom m!  - inverse hierarchy

) 23 large and m1 # m2 + no cor relat ions:

   tan ) 23 = B/A

Bonus: ) 12  automat ically large

Potent ial problem: () 12)!  = 450
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m! !

!

"
A B

A
B

#

$ + corr.



mD !

!

"
! 1

#

$ ! " 0.04

mE !




A 1



 A = 1.0± 0.3

A large ) 23 f rom mE
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Not incompat ible even  in SU(5), where mE <— (mD)T (up to JG factors)

[e.g. Alt arelli Feruglio and refs]

mD ∝



 A ′

ε 1



 ε ∼ 0.04

mE !



 ε′

A 1



 A = 1.0 ± 0.3
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Is ) 23 large or maximal?

Large = O($/4); maximal = $/4 ± cor rect ion << 1

SK: sin22) 23 > 0.9 - not enough

tan ) 23 = B/A; A �d B <— large; A = B <— maximal 

1 - 1 < B/A < 1 + 1  <z sin22) 23 > 1 - 12

0.7 < B/A < 1.4 <z sin22) 23 > 0.9

0.9 < B/A < 1.1 <z sin22) 23 > 0.99

Obtaining a maximal at m angle in a 3 neut r ino context is non-t r ivial. A maximal 
angle would set a powerf ul const raint on the or igin of lepton mixing (non-abelian 
hor izontal symmet r ies?) 



And dulcis in fundo...
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Figure 3: Fig. 3a: ! 2 ! ! 2
SM in the case of light gauginos with tan " = 10, gaugino unification

and mh = 115GeV. The dashed line are our analytical approximation, while the continuous lines
are the full numerical computation. The thick line is the result obtained including all data. The
upper blue line shows the contribution of LEP2 only. The lower red line shows the result omitting
LEP2, including only ‘traditional’ precision data. The shaded regions is excluded by direct LEP2
searches. Fig. 3b: analogous plot for the case of light higgsinos. We show only the full result.

3 ‘Split’ supersymmetry

We start with a simple case: we assume that only fermionic spart icles are light so that only
correct ions to propagators are relevant . This might be not only a warming exercise: the MSSM
with heavy scalar spart icles received recent at tent ion [7]. In this limit most MSSM problems get
milder, most MSSM successes are retained but SUSY no longer solves the hierarchy ÔproblemÕ.
This was considered as the most important success of SUSY, but alternat ive antrophic interpreta-
t ions [23, 24] gained credit in view of recent results: the possible discovery of a small cosmological
constant ; the non-observat ion of new physics around the Fermi scale; the realizat ion that string
models are even more abundant that what feared. This anthropic scenario is pudically named
Ôsplit supersymmetryÕ.

Although there is no longer a link between the scales of SUSY breaking and of electroweak
symmetry breaking, we st ill restrict our at tent ion to fermionic spart icles close to the Fermi scale,
because only in this case precision observables receive detectable correct ions. In the same way,
scalar spart icles give negligible e! ects even if they are relat ively close to the Fermi scale, so that
SUSY can st ill solve the hierarchy problem.

The spectrum of fermionic spart icles is speciÞed by µ, M1, M2, M3 and tan " . We assume a
GUT relat ion among gaugino masses, tan " = 10 and mh = 115GeV.

Let us start from the sub-case in which only gaugino masses are around MZ and all other
spart icles are much heavier. In öS, öT , W, Y approximat ion we have

öS = öT = Y " 0, W "
#2

15$
M2

W

M2
2

(7)

which does not depend on tan " , M1, M3. Fit t ing only tradit ional precision data (LEP1, SLD,

8

the W mass,. . . ) gives W = (0.7 ± 0.9) á10−3 i.e. a almost 1σ preference for M2 ! 80 GeV,
as emphasized in [3] (see also [1]). Adding LEP2 data this preference disappears because the
best fit shifts towards negative W .8 Going beyond the Ŝ, T̂ , W, Y approximation, this result is
confirmed by the exact numerical result, shown in fig. 3a. We see that in all the experimentally
allowed range for the chargino mass, Mχ >" 100 GeV, the Ŝ, T̂ , W, Y approximation accurately
reproduces the full LEP1 fit. On the contrary when the lightest chargino or neutralino is slightly
above the LEP2 direct limit, Mχ ! 100 GeV, the Ŝ, T̂ , W, Y approximation underestimates SUSY
corrections to LEP2 observables, because one loop chargino and neutralino corrections to LEP2
observables are enhanced by an O(1) factor, by having a virtual chargino or neutralino almost
on-shell. Going to chargino and neutralino masses above the LEP2 direct bound the resonant
enhancement disappears and the Ŝ, T̂ , W, Y approximation becomes correct.

The same thing happens if only higgsinos are light: in this limit

Ŝ = T̂ # 0, W # Y #
α2

30π

M2
W

µ2
. (8)

Ignoring LEP2 we agree with [3]; including LEP2 we get the di! erent result of fig. 3b.
Finally, fig. 5a shows the global fit of precision data in the (M2, µ) plane. We find no favored

regions, nor new statistically significant constraints. Gauginos and higgsinos masses slightly above
their bound from direct searches are mildly disfavored by precision data. For comparison fig. 6a
shows the global fit omitting precision LEP2 data. Notice that in the ‘split’ SUSY limit there are
no corrections to gµ $ 2, b % sγ,. . . .

4 A simple sparticle spectrum

Before considering popular models, we compare data with a simple sparticle spectrum, chosen
such that all sparticles can be at the same time close to present direct collider bounds. We assume

mE = mL = mQ/2 = mU/2 = mD/2 = mA/2, M2 = µ = 2M1 = M3/2, tan β = 10 (9)

and vanishing A-terms. All parameters are renormalized at the weak scale. The gluino mass M3

marginally a! ects precision data, and could increased in order to avoid constraints from hadron
colliders. The result is shown in fig. 4a (LEP2 data included) and in fig. 4b (LEP2 not included).
Here and in the following, we plot iso-lines of " χ2 = χ2 $ χ2

SM . Below the thick line some
charged sparticle is lighter than 100 GeV, which is excluded by direct searches at LEP2. We
see that precision data disfavor regions where all sparticles are close to present direct bounds.
In the next sections we analyze popular models, finding analogous results. Constraints will be
somewhat weaker because such models force colored sparticles and Higgsinos to be heavier than
what allowed by direct searches.

5 CMSSM

Unification of gauge couplings and the non-observation of SUSY flavor e! ects suggests the follow-
ing assumption about the sparticle spectrum renormalized at the GUT scale MGUT ! 2 1016 GeV:

8The central value might shift again when combined e+e! % e+e! LEP2 cross sect ion data from all LEP
collaborat ions will be available.

9

quello che Òla genteÓ fa

109

ar
X

iv
:h

ep
-p

h
/0

5
0

2
0

9
5

 v
1

  
 1

0
 F

eb
 2

0
0

5

KA-TP-02-2005
IFUP–TH/2005-02

hep-ph/0502095

Supersymmet ry and precision dat a aft er LEP2
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A bst ract

We study one loop supersymmetric corrections to precision observables.
Adding LEP2 eē ! f f̄ cross sections to the data-set removes previous
hints for SUSY and the resulting constraints are in some cases stronger
than direct bounds on sparticle masses. We consider specific models:
split SUSY, CMSSM, gauge mediation, anomaly and radion mediation.
Beyond performing a complete one-loop analysis, we also develop a
simple approximation, based on the Ŝ, T̂ , W, Y ‘universal’ parameters.
SUSY corrections give W, Y > 0 and mainly depend on the left-handed
slepton and squark masses, on M 2 and on µ.

1 I nt roduct ion

In spite of the competition from alternative proposals, low-energy supersymmetry (SUSY) remains
the most promising interpretation of the origin of the electroweak symmetry breaking scale. One
important virtue of supersymmetry is that (after imposing matter parity) precision observables
do not receive tree-level corrections. Therefore direct searches, limited by the collider energy,
provide the dominant constraints. In this paper we study supersymmetric one-loop corrections
to precision observables, which allow indirect tests and constraints.

We add to the data-set the LEP2 eē ! eē, µµ̄, τ τ̄ , qq̄ cross sections, not included in previous
analyses (see [1, 2, 3] for some recent works). A simple estimate shows that these LEP2 precision
data have an important impact. LEP2 observed N " 104 eē ! f f̄ events at center-of-mass



LEP2 precision data not included
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Figure 6: As in fig. 5, but without including LEP2 precision data. Regions shaded in green are
favored at ! 1, 2, 3, . . . ! .
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LEP2 precision data included
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Figure 5: Fits of precision data. Regions shaded in red are disfavored at 1, 2, 3, . . . ! , as indicated
on the iso-lines. Regions below the thick blue line are excluded by LEP2 direct searches. We
performed a full one-loop analysis, including LEP2 precision data. We kept fixed tan " = 10,
A0 = 0, #t (MGUT) = 0.6, sign µ = + 1, the gauge-mediation scale MGM = 1010 GeV.
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