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CP violation effects
and high energy neutrinos

A consistent picture is emerging about the
neutrino masses and mixing.

Fascinating subject:
Study of CP and T violation effects
in v flavor transitions:

P(vq '%?B) # P(Va) = P(vp)
P(v, — vg) # P(vg) = P(va)

Determine the “OPTIMUM STRATEGY”
for experimental studies.

e “LOW ENERGY”

— Large effects in the oscillations probabilities.

— Low Ratés (focusing, o), probles with partlcle D
o “HIGH ENERGY”

— Small effects in the oscillations probabilities.

— Very High rates [oc E3 ()]

— Lar ac vnaf“or eﬂ?e-Jh

Eo‘?o Lijbe\f‘t'
2*4’/ Macch / 200]
kqsL.wa-
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[cm2 GeV (1021 ,u,)]_1

d¢, /dE,

Neutrino Fluence in a v—Factory - '

19 2
qbve(EV) — 12-1\% f” (1 B @) @[EP» o Ev]
7 L m, E,\. E,
' 8 T T T T ] T T T T 3 I | I [| T |
<o 107 1 | | | T
: E# = 5, 10, 20, 40 GeV JVA Ve :
20108 — - —
: = 1000 Km :
15108 [— _
10108 |— _
5.0.107 | e
0
0 . 10 20 30 40 -
: E, (GeV) |
. . - . 10
Fixed number of unpolarized y decays. (1o

Increasing F/, the integrated v fluence increases o< E?,
but the fluence at low energy decreases.
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Neutrino Fluence in a v—factory
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FLUENCE in a NEUTRINO FACTORY

12N, E? (1 E

v By) = —~| B[E, - E,
qbe( ) 7TL2 miEp, Ep) [N ]

Properties of the
OSCILLATION PROBABILITIES

' —_PVe—Wu ~ Ey_2 L2
AP,,,,(CP) ~ E;? L*
AP, (matter) ~ B S L*

Properties of the
RATES

~ Rate ~ E5 L7°
Ratey, v, ~ Ey L’
ARate o, (CP) ~ E} L
ARatey, ., (matter) ~ E0 L
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MIXING MATRIX

U

o Ly ™e U
2%, T mz :
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= |0 o3 s
—si3e” 0 ci3

0 —S93 cCo3
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MATTER EFFECTS
Effective potential

V - ‘/Ve - —‘/;7(’-‘: \/ﬁGF Tle
In the Earth:

V1~ 1850 (2.8 g cm_?’) (0.5

Km.
p Ye) "

Effective Hamiltonians for flavor evolution:

H() = Ho + Moy
H(Y) = Hi — Hn

s

1 2

Ho = - U diaglmi, mj, m3] U'

(%m)aﬂ =V 504(_3 5[36

——

Flavor Evolution

d |
11—V, = Hu,

dx
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Oscillation Proba‘bility in vacuum

P(I/@—)Vg)——‘

AL Am?, L\]
___2@1@ [1—(:08( ;nElj _—I—
A% Am3. L\

2 COS( 28, )| T

Al (Am2, L\

2 P (Sl

Am?2, L Am2. L Am?2, L

+ . 12 . 23 . 14
8J sm( 5B, ) sm( oE, ) sm( 2 E,

ALY = —4 Re[Uy; Up; Ul Upi]

J :‘: Je13 = —II‘Il[Ue]_ U:;2 :2 UMQ] j&f“&’% '"
e~

2 .
= i3 S13 S12 C12 523 Co3 SIn 0 pacome
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0.05 | ]
[ ]
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0.1
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-~
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I
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TT1]
0.6 — Matter —
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L1133 .
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D—! —
1 | [ | I_
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Figure 10: Oscillation probability for the transition v, —+ v, plotted as a function of E, for a fixed value
of the pathlength L = 7000 Km. The oscillation parameters are fixed, and are indicated in the figure.
The solid (dashed) curves are for v (7). The top (bottom) panel gives the probability for propagation in
vacuum (matter).
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High energy limit

Am?, L

1E,
(Am3, L
\ 4k, )
(Am?y L
\ 4B, )
Ami, L

P(Va — I/g) = A}fﬁ (

23
Ags

13
Ap

£87 |

2k,

Am2, L\ (Am2, L
2F, 2F,

| higher order terms

L2
af ﬁ
N~

Plvy—vg) =4
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Product P(v. — v,), P(V. = v,,)

L =730 Km"

Dependence on phase 0.

0.30 T 1||1r1| T — T T ; m— T T i

| Vacuum Oscillations .

025— Ve @V - —

N [ 05 = 01 = 45° e .

R 0.20 — sin® 6,3 = 0.015 _
~ [ am®, = 7 107° eV? P TTTTTTmesssse s T

” s

w Y B Amzza = 3 10—3 evg // 7]

£ B J/ |

— 0.15 y —

N L = 730 Km ) .

, i

? Y ]

Ny 0.10 § =n/2 (v) —

A o e 5 =n/2 (v) -

§=0 {(vorv) =

0.05 ( _ —

-------- 5§ =m (vorv) .

0'00 1 ] |1|1|| 1 1 [Illll| ]

05 10 5.0 10.0 50.0 100.0
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Oscillation probability in matterJ

Py, — vg) =
AmZ LN [ 2\ L (LV
A“ﬁ( 4E, ) [(ﬁ) o (7”*

Aap = +Apa = +A55 = +Azs

Bop = —Bpge = _Ba'ﬁ — +Bﬁ'o?

Cop = -I—Oﬁa = ;Oa'"ﬁ— = _O"ﬁ""a“
Apa = (Ho)ap (Ho)og €~

Byo = Im[(Ho)is (Hi)opl €° = 8]
o = iéﬁ.e{mwaﬁ 2 (Ho)ae (Ho)eg—(H3)as (G350}

e.AmZg (M R g e_Zi(:'"fﬁ"“g)
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Developin'g' in series in VL:

2 -
A‘a[} Am%?w) L2 1 — (VL)2

Plvy, = vg) ~ 15, -‘ 3
| Ami, : 3 [ (VL)
1 —
+ Bos |75, ) £ 2
Am§3)3 . [ VL
Y L ].__
* Cas \4E, 4

F

The constants @a 3 )an
are IDENTICAL to the vacuum case.
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4 transitions related by
C'P and T transoformations:

A B C
P(VQI%VB):EE_‘_EE_{_EB_‘—”'
| A B C
P(Vﬁ—%l/a):‘ﬁg—"—ﬁg _E—§+
_ B A B C
P(Va—%Vﬁ):-E—g——Eg——E‘g"“
o A B C
Pwg — Vo) = Eg.—F—E;g—-quL..
s A
Leadiy T /
\ Fundomaol
C?l/cqu(:on

ef fc.éf!’
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High V E, limit of Matter effects I

Behaviour of the effective squared masses and mixing
parameters in the limit of very large matter effects

(|am3,|/(2V E,) — 0).

e Case A corresponds to neutrinos for AmZ, positive or to anti-
neutrinos for Am2, negative. In this case one has:
' 2 \m 2
~ (AmD)" = Amg,,

(Am§3)m — 2VE,,

AmZ,\’ >
sinf% — 1,  cos? 6% — sin®Oy3 (2E’ ‘2/3) , ay'? 30

t§d

3 . Amz l‘/ ©
sin? 0% —~ 1 cos® 0% — const ~ sin? Oy L v Jo
12 I 12 A 2
e a3

e Case B corresponds to neutrinos for Am2; negative or to anti—
neutrinos for Am2, positive. In this case one has:

- (Am%z)m — 2VE,,

(A’mg:’,)m - Am%&
Amis
28,V

2
sin? 0% — sin? 6y ( ) : cos? 03 — 1, 6‘5 —=> O

AmZ,\? |
sin” 0% — sin® 019 (2;:3) ,  cos®fh — 1. al -0
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OSCILLATIONS PROBABILITIES
as POWER SERIES

d 1
1—Vy = Hove = |A1 +

e E U diag[m?, m2,m?% U] v,

S(I/a —>‘1/ﬁ) = Sga = exp[—z'%g L]ﬁa.

: L, ..
Sﬁa = 5ga -+ (-—-—’L L)(’Ho)ga + -2—!(—2 L)Q('Hg)ﬁa + ...

- P(vo — vp) = |Spal’

. -

Amgg . i Am%3 7
Ho = iE, U diag[—(1 + 2z12),—1,1] UT = AE,
_ Am3, L
° T 4B, |
oo L
Pa—>ﬁ(L: EV) - nz=:2 Cg_}ﬁ yn l /EP :

Ppsya = ['Qaﬂ EZﬁ] '+ Im[ﬁi';ﬁ (hz)aﬁ] ¥ ...

lcg‘*ﬁ = P = (@8 = o for n even,

@b = -—cﬂ‘fa = wcg_*ﬁ = —H:E"a for n odd,
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INCLUSION of MATTER

H,L = HoL+p.VL=hy+pz
Hy L = /HSL_ﬁeVL:h*y_ﬁez
z=V L
Posp(L, Ey) Pa—w(yaz):n%; EO ot ynzm‘( E

232
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o o nm—” o for n even and m even,
cg:jnﬁ == +c§;§f’ = cﬁ;’f = CE;F for n even and m odd
9
cﬁf;’f = —chre = I = +ch e for n odd and m even
BaP = e = —l—f}"nﬁ = —ci e for n odd and m odd




- Cg,:v,(ﬁodd) =0

c-‘i-——>ﬂ' :

Co,m(even) — [haﬁ tZﬁ] dQ:m

d ) gn: (—1)k . 2 ;™
Zmleven) = Gk )l (m+ 1 — k) (m+2)!
Cg,;ﬁven) — Im[A;ﬂ (;LQ)aﬁ] d3,’n"_&

o' 1 7 * ) 7 ‘
C3,:>n(ﬁodd) — 6 Re{_haﬁ [2 hoe Reg _(h2)aﬁ (‘5ae+5ﬁe)]} d3,m

d ____'2 -7 § (;1)k _ 2 im
Bmleven) = 22 S Gk + Dim+2— k) (m+2)
(—1)¥ _12(m+1) g

d3,m(odd) =124 g (7

k=0 (k+ D! (m+2—k) . (m+3)!
(doo =dzp=d31=1). N

mozio dom 2" = m(e§H)=0 d2m 2" = (%)2 sin’ (g)
o tam =5 [ (5) = Jointe)]
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Geometrical meaning of the three mixing angles in the
determination of the “overlaps” [(v,|v;)|*:

1. The angle 65 determines how much electron flavor
is in the state |v3), and how much is shared between
lv1) and |vy) (fractions sin®f13 and cos? 63 respec-
tively).

2. The angle 653 describes how the non—electron con-
tent of the state |vs) is shared between v, and v,
(fractions sin® f3 and cos? fy3).

3. The angle 015 describes how the electron flavor not
taken by the |v3) is “shared” between the |v;) and
the |vp) (fractions cos? 65 and sin? f;5).

WHAT IS the .
“GEOMETRICAL MEANING of 6 7
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§=0° T § = 180° § = +-90°

B @ =7 | T 817 =45° O3 =45° O3 = 12°

Role of the phase § in determining the flavor overlaps

[(valvi)?. )
010 = O3 = 45°, 013 = 12°,
0 is 0, 180° and +90°.

| 2
—ﬁ,xi n 8 Ja\z, a“—» ELJ 4%«[ V,/,>}
K re_ “c,’,‘ E:Kd
JQTWO( ou g\

A

M <imun,

235



BIMAXIMAL MIXING

[ L 1 0
V2 V2
1 1 1
U=, =3 3 B
1 1 1
. 2 T3

Include small 8y5: First order:

U = —%(1 + 813 ei‘s) %(1 513 625) %
\ +§(1 — 813 625) -—%(1 -+ 813 625) _\}_ﬁ_ )
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Special case;: REAL matrix ¢ = 0 or 7.
Geometrical relation between the flavor and mass-eigenvectors in
the case of a real mixing matrix (§ = 0 or 7). The figure shows
the projections in the (v,,v;) plane of the mass eigenvectors. The
v, vector is comiﬂg out.of the plane of the figure. The parameters
of the mixing matrix are indicated in the plots.

WA
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For large Fy the effective masses and mixing
parameters in vacuum and in matter are very
different from the vacuum case, (and very dif-
ferent for v and 7) |

However the oscillation probability are very
similar to the vacuum case.

Why 7 Cancellation effect:

T
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Certain combinations of Am?k and mix-
ing parameters are independent from
the matter effects:

F=J Am%g Amgg Am%3
y - y ) )
= (13513 €12 812 €23 S23 sin & Amiy Amaz Amfis

X

F mat,v = F, mat,U — Fvacuum
Gop = Agp (Amio)*+ ALk ( f3)2+ASh (Am3s)?
where Aaﬁ = —4 Re[Uqy; Up; Ugy, Upil

(gaﬁ)ma.t,{ = (ga’/@)mat,v - (gaﬁ)vacuum

* ’Harr iSan &.’H’ = .
T’kag Ruw, Lett, &4?((1000)“
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The leading term in the oscillation

probability and |d]

P(Va — I/ﬁ) = Aaﬁ (

Aaﬂ = Aézﬁ X 23%2 + Aé% X (1- + 5612)2 + Aigﬁ X 1 :’

Ally = —4Re[Us; Uz, Up; Upi

Am?,
o X122 A2

2 4.2 2 2.2 2 2 2
A, =433 (c33 — 513 833) + (ci

2

13 2 2 2 2
Ae,u = 4813 Cy3 S923 €19 + 4 819 C19 S13 Cy3 823 C23 COS 4]

2 2

23 __ 2 2 2
Ae‘u - 4: 813 C13 823 312 - 4: 812 C12 S13 613 S93 Co3 COS 5

“QUASI-BIMAXIMAL MIXING”

1

Ay = 5 (1-— 3%3) aﬁg + 2 s§3 + 813 cosd [(1+ .’,Ulg)z —1]

Three main contributions:

1. “solar contribution” (o« 3y oc (Ami,)?)

2. “f13 contribution” (o< s7s)

3. “mass splitting effect” (o< $13 Z12c0s )

240

Am?L

2
- 812) 513 S23 Ca3 COS )

2
i) ,1




—

E/Ieasurement of 03 (

Am?
Fres | 5 VZSI COS 26213 3
| Ams,| ) (2.8 gcm” )
~ 14.1 GeV
(3 x 1073 eV? P °
P . '82 SiIl2 923 %

T 824 2 (1 F B/ Eres)? |
o TAM? L |
X gin® _:z? /82 +c2 (1 F E/Eres)} :

(shorthand notation s = sin 2613, ¢ = cos 2613).

—~

MAXIMUM of PROBABILITY Euhamcww—‘r
~ IAm%SI L Re—%:Om

Eea — :
peak = 9w + VL

Poeak ~(1 . VL )-2

2 2
~ 1+ VL2 (VL2 ..
VI +—VIL+—(VL)*+

-P vacuum T T

)\vacuum (Eres)
sin 26 13

/\res —
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Energy of Oscillation Maximum (GeV)

T ractman of TrobahitTy.
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Figure 15: In this figure-are indicated some interesting regions in' the space (L,E,) of the oscillation
probability for v, ¢ v, and v, & v, transitions. The region above the dot—dashed line is the one where
the high energy expansion is valid. In the region delimited by the dashed line the oscillation probabilities
in matter and in vacuum are to a good approximation equal. The line labeled A shows the v energy
where the oscillation probability has the largest matter induced enhancement. The line is drawn only if
the maximum enhancement is larger than 20%. The line labeled with a shows the relation L = 2V !
for the Earth’s crust (p = 2.8 g cm™®). The lines b and ¢ show the relations E, = |Am3},| L/(27) and
E, = Am}, L/(2n), that is the highest energy where the oscillation probability has a maximum. Line d

indicates the approximate energy for which 8,3 passes through a resonance, and line e shows the energy -

above which matter effects modify significantly the mixing parameters.
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E)ONCLUSIOI\@

(oA Simplet%orr'nula has been developed to describe the :

Oscillation probabilities for £, large:

A L2 BC’P L3 | Cfma,tter L4
Pyn,—-:»r/d — Eg + E3 i ES’

v

(® Conceptual difference between the measurement of
6], and the measurement of C'P violation effects.
Measuring |0 determines the SIZE of C'P violation
effects but not their SIGN.

@1t is important to develop a real
“UNDERSTANDING” of the measurable effects that
allow to study ¢ and the C'P violation effects.

€3 1at is the “OPTIMUM STRATEGY’
for the study of C'P violation in the v sector ?

Probably a “COMPROMISE” between the
“LOW ENERGY” and
“HIGH ENERGY” options.
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