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Motivation 2

In the SM, unitarity is the only constraint imposed on the CKM matrix.
Current data leave little room for the unitarity violation (Branco’s talk).

Vo 2+ Vo, P+ |V, = 0.9992+0.0011 (1st row)
VP+ (V. ?P+V,2 = 1.003+£0.027 (2nd row) <::
VP + VP + [V = 1.0014+0.005 (Ist column)

PDG
2007

But the origin of neutrino masses must be beyond the SM. In this case,
whether the MNS matrix is unitary or not relies on the model or theory.

The complete Lagrangian in a theory of neutrino mass generation must
be unitary, and thus probability is conserved.

Unitarity Violation is a typical low-energy signal of new physics, when
data are analyzed in the framework of the SM gauge group with 3 light
species of charged fermions and neutrinos + neutrino mass terms.

The 3 X 3 MNS matrix will be non-unitary, if 3 known (light) neutrinos
are mixed with other degrees of freedom, either light or heavy.



Motivation

3

Example A: light sterile neutrinos --- no good TH / EX motivation today.

Example B: heavy Majorana neutrinos --- popular seesaw mechanismes.

Example C: whole tower of KK states --- models with extra dimensions.

The scheme of Minimal Unitarity Violation (Antusch et a/ 07):
---- Only 3 light neutrino species are considered;

---=- Sources of non-unitarity are allowed only in those terms of the
SM Lagrangian which involve neutrinos.

Constrainton the 3X3
v-mixing matrix V ----
data on v-oscillations,
W and Z decays, rare
LFV modes and lepton
universality tests, ......
(Antusch et a/ 07):

0.994+0.005 <7.0-10% <1.6-1072
IWVVie | <7.0-1075 099540005 <1.0-1072
<16-1072  <1.0-1072 0.995+ 0.005
1.004+0.032 < 0.032 < 0.032
|VTV| ~ ( <0.032 1.00+£0.032 < 0.032 )
< 0.032 <0.032  1.004 0.032




Motivation 4

Lesson A: unitarity is good or bad (maybe violated) at the percent level.

Lesson B: Extra CPV phases due to unitarity violation of V are entirely
unconstrained and may give rise to new CPV effect at the percent level.

My concern: non-unitarity of V in a class of seesaw models with one or
more TeV-scale Majorana neutrinos:

---- heavy Majorana neutrinos might be produced at the LHC;

---- strength of non-unitarity of V might be as large as several percent.

OUTLINE
® v-/N Mixing in TeV-scale Seesaws
® Non-unitary CPV in v Oscillations
® Comments on CPV in N Decays

® Summary




Why Seesaws? >

A natural theoretical way to understand why 3 v-masses are very small.

Type-one Seesaw (Minkowski 77, Yanagida 79, Glashow 79, Gell-Mann,
Ramond, Slanski 79, Mohapatra, Senjanovic 80)

v v ’U—I’~ e :FU
| | Y
HOu 1 HY |A0
II Ng II i
vV, Y, yr UV vV, N vy
M, ~ —v?Y LYT M, = A\Y, il
VN L,MR v ~ A AM

e
Triplet Seesaw (Magg, Wetterich 80, Schechter, Valle 80, Lazarides,
Shafi, Wetterich 81, Mohapatra, Senjanovic 81, Gelmini, Roncadelli 81)

Type-1I Seesaw (a few right-handed Majorana neutrinos and one Higgs
triplet are both added into the SM)



Why TeV Seesaws? 6

Is the seesaw scale very close to a fundamental physics scale?
How heavy are the heavy Majorana

' neutrinos or the Higgs triplet?

GUT  to unify strong, weak & electromagnetic forces?

Conventional (Type-one) Seesaw Picture: close to the GUT scale

TeV Seesaw Idea: driven by testability at LHC

TeV to solve the unnatural gauge hierarchy problem?

R | Naturainess? Testability?




Type-1I Seesaw /

Type-I Seesaw: add 3 right-handed Majorana neutrinos into the SM.

—L

lepton

_ -~ 11—

or

__ 1 0 M vt
_ﬁm&SS —_ eLMlER + §(VL Nl_g{) (Mg ME) (N;) + hC

Diagonalization (flavor basis = mass basis):

(V R)T( 0 MD)(V R)*(M, _0) VIV +55=VVI+RR =1
S U) \Mj Mg/)\S U Hence V is not unitary

0 My

Seesaw: MV — VHUVT ~ —MDMﬁlMg RNSNMD/MR

Strength of Unitarity Violation

1
Ve (1 _ §RRT) v

unitary




Natural or Unnatural? 8

Natural case: no large cancellation in the leading seesaw term.

M, =~ M M M R~S~M,/M,~10"
= = = = . . . L =26
0.01 eV 100 GeV Unitarity Violation ~10
10" GeV

Unnatural case: large cancellation in the leading seesaw term.

~ 1 T -1
M, =M M, M, R~S~M,/M, ~10
a G Unitarity Violation ~10~
0.01 eV 1 TeV 100 GeV

TeV-scale (right-handed) Majorana neutrinos: small masses of
light Majorana neutrinos come from sub-leading perturbations.



Structural Cancellation 9

Given diagonal M_R with 3 eigenvalues M_1, M_2 and M_3, the leading
(i.e., type-I seesaw) term of the light neutrino mass matrix vanishes, if
and only if M_D has rank 1, and if

U1 Y9 U3 y% | ’!J% , y% —0

My =m | ayr oy ays My M, Ms
byt Bya Pys/| |M, =~ MM M; =0

(Buchmueller, Greub 91; Ingelman, Rathsman 93; Heusch, Minkowski
94; ...... ; Kersten, Smirnov 07).

Tiny v-masses can be generated from tiny corrections to this complete
“structural cancellation”, by deforming M Dor M _R.

Simple example: | |17/ = M| M;' M)
W=y s Xy |~ c(ING ) )

&




Type-11 Seesaw
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Incomplete cancellation between two leading terms of the light neutrino
mass matrix in type-II seesaw scenarios. The residue of this incomplete
cancellation generates the neutrino masses:

tiny mass

generation

collider

sighature

(Chao, Luo, Z.2.X., Zhou 08)

Discrete flavor symmetries may be used to arrange the textures of two
mass terms, but fine-tuning seems unavoidable in the (Big — Big) case.

Unitarity violation:

(V R)*(ML MD><V R
S U) \My My )\S U

0

) -(

9

)

I
VA~ (1 _ §RRT>

v

unitary
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Charged Current Interactions

The standard charged
current interactions in
the lepton flavor basis

(e p ) " (1/“) W, + h.c.
L

In the presence of heavy right-handed Majorana neutrinos, the overall
6 X 6 neutrino mass matrix can be diagonalized by a unitary matrix:

(V R)* ( M, MD> (V R) _ (Tf 0| [sither Type-Tor
S U ML My ) \S U 0 My Type-II seesaw.
Neutrino flavor states in terms of v, 2 N,
light/heavy neutrino mass states: v, =V v, | +R| N,
Correlated CC-interactions: T/ B/ 2/ L
- » N, 5
—Lee = 4 (e p, T), V¥ [ o | Wi + (e, 7)) B | Ny | W,
\/§ Iz N p
! I Vs/ L ﬂ 3/ L ]




Correlation between V and R 12

R : production & detection of heavy Majorana neutrinos at LHC;
V: oscillations & other phenomena of light Majorana neutrinos.

They are two 3 X 3 sub-matrices of the 6 X6 unitary matrix, hence they
must be correlated with each other. This correlation characterizes the
relationship between neutrino physics and collider physics.

Strategy: parametrizing the 6 X 6 unitary matrix in terms of 15 rotation
angles and 15 phase angles. The common parameters shared by R and
V' measure their correlation --- a general and useful approach.

2-dimensional rotation matrices n )

ST I
i ) ) = . — ij ..
in 6-dimensional complex space Cij = costy; |8, = e7ising,,
s 55 00 00 w0 5, 000 T 0 0 000
—$. iy 0 — 800 Co
o, —| 0 0 1000l b 0 000 Oy = |0 “ow e 000
0 0 0100 0 0 0 100 0 0 0 10 0
0 0 00 10 0 0 0 010 0 0 0 010
0 0 000 1 0 0 0 00 1 0 0 0 00 1




Standard Parametrization 13

Parametrization:

)

A R

Vo

) - ()56()46'()‘36()‘)6()16C)45()35()25()156)34()24()14 ’

A R\ (V, 0O (B U 3605
0
(B U)(O 1) (() 1) 2023013012-

V_0 is the standard form of the 3 X 3 unitary neutrino mixing matrix:

C12C13 S12C13 513
Vo = | —512C03 = C12513523  C1aCag — 512513553 Ci3533
519593 = C19513C93 —C19S93 — 879513003 C3Cas

V' — 1, in the limit of 4 — 1

V=AV 0

Unitarity

Violation

VVi = AAT = 1 — RR




Exact Results of Aand R 14

They share 9 rotation angles & 9 phase angles: —R correlation.

( C14C15C16 0 0 \
e o¥ A o 0%
~C1aC15916%26 — C14915525C26 e 0
AP Co4Co5C26 :
_ — 51 4554Cor Cog
A= 145242526

. . - . it . 5 i - o
—C14C15516C26536 T C14515525 526536 o8& o S
‘94C25526536 — Cou595535C36

. - . g S, = it T, - o . . .
—C14515C05535C36 T S14594Co5 596536 5. 5% oo g C34C35C36
Aoak oA Ak LA Ak —594534C35C36 /
\ +514594595535C35 — S14C24534C35C34
ot T . . . o
( 514€15C16 515€16 S16 \
R Y S-. - St I
— 514615516526 — S14515525C26 P S ST -
Lo &R Corc 15516526 T C15525C26 ‘16526
R = C14594Co5Co6
~k . A ., oK Ak 4 A% A ok
—514C15516C26536 T 514515525526 536 I P S -
_ch a c a* Cor— C é* c ,§ %sk 15-16%2636 152526 36 ConC S**
14515C25535C36 — C14594Co5526536 L Coc§hec 16C26536
\ —c a* é a* C _I_(. C a* CoreC “15%25-35%36 /
145245925535C36 T C14C04534C35C34




Approximations of Aand R 15

All 9 rotation angles are expected to be small, at most of 0(0.1),
9 CPV phases may be large to generate new CP-violating effects.

1.2 2 2 :
3 (514 + s15 + 576) 0 0 A
_ o o oo & ok 1.2 2 2 5
A=1—| 8,55, + 515555 + 51655 5 (s34 + 535 + S36) 0 + C)('S-f.j)

s oF o oF o o L o% 5 o L o 1/.2 2 2
S14534 T S15535 1 S16536  So4534 T So5535 T S26536 5 ("34 + 53 + '536)
~ ~ ~ %
S14 S15 S16 \
_ o ok ok .
R=0+ |55 sy 8% |+0(s5).

- ok Ak
S34 S35 S36

Observations:

If the unitarity violation of V is close to the percent level, then elements
of R can reach order of 0.1, leading to appreciable collider signatures for
TeV-scale Majorana neutrinos.

New CP-violating effects, induced by the non-unitarity of , may show
up in (short-baseline) neutrino oscillations.

Such a parametrization turns out to be very useful in v—phenomenology.



UV-induced CP Violation 16

Example: V_0 takes the tri-bimaximal mixing pattern which has

tanf,, = 1/v2, 0,5, = 0 and 0y, = 7/4

512 — 513 — 523 = (

Non-unitary
V takes the
simple form |V

&

—\/% (142X)

1

3

Vi (1=X) Vi
JEa-2v+2) —JLa+y+2) L (1-2)

0

CP violation (9 Jariskog invariants):

87

J 5 = Im(V,_,; V5, ViiVis)

X = 8148 + 515505 + 5165
Y = 514534 815535 T 516536

Z — '924334 + 3253,"35 —l_ 3268‘36

23 23 31 31 __
Je,u T ‘]'re o Je,u T ']'re o 0

2
JZ ~ TmX/3
J12 ~ImY/3

New CPV
0(=1%)

ImX +
ImX +
ImX +

ImY") /6 |,
ImY +2ImZ2) /6,
[ImY — ImZ) /6 .




Neutrino Oscillations 17

Production and detection of a neutrino beam via CC weak interactions:

AWT = 1)
Vv
JVV),,

W —

ﬁ;(e.g. ) ﬁé(e.g. T)
V I
—-
W+, (vp)
Source

Y AWt = )P =1

2

2K

Prop(;) = exp (~i5L)

A(y,W= — I3)
JVV g

Target

Z A(y,W™ — l[§)|2 =1

Alv, — 1/5)

> AWt = iZv) - Prop(v,) - A,V ™ — 13)

7

1

VOV (VYT g5

1

Z [V* exp (—ZﬁL) Vﬁz

Like non-standard interactions in initial & final states (Lindner’s talk).



Neutrino Oscillations 18

Oscillation probability in vacuum (e.g., Antusch et a/ 06, Z.Z.X. 08):

ZH PIVa2 423 Re (Vo Vi Vi cos Ay — 23 Jisin A,
P(Uﬂ,ﬁ‘-yﬁ) — < i<

()., (VV1),,

Ay = Ami L/ (2E) with Am;, = mi —m? |Ami,| & |Am3,| > [Amd,|

Jarlskog invariants of CP violation: |J” s = Im(V,, V3,V Vi)

«

Unitary: universal Jariskog invariant = 2 area of each unitarity triangle.

Non-unitary: 9 different Jariskog invariants, and triangles - polygons.

“Zero-distance” | (VVT)Q ;i |2

(near-detector) P(v, = vg)|—y =
effectat L= 0: (VY0 (VV )




Example 19

A non-unitary deviation from the tri-bimaximal mixing pattern:

\/% \/% 0 Jo7 ~ (ImX +ImY’) /6 .
~ —\/g (1+2X) \@ (1—-X) ! ]j;m (ImX + ImY + 2ImZ) /6 |
\/% (1-2Y+ 2) —\/g (1+Y +2) \/g (1-2) Jﬁ,},%(III'1X+IIILY—IlllZ)/6.

Z.Z2.X. 08, Luo 08 (matter effects), Z2.2.X., Zhou 08 (neutrino telescopes)

Short- or medium-baseline experiments in the neglect of matter
effects (Fernandez-Martinez et a/ 07). In particular (Z.Z2.X. 08),

, A, N ‘ 23 13
D CRAYE 23 13 .. Jo2 4+
P(z/ﬂl — V) &2 8in“ 20y, sin o> 2 (Jm — Jm) sin Ay, (T uT
: J23 . J31
, JAVS ‘ ‘ W WT
_ N 2 .2 893 23 13) s
P, — 7,) = sin” 20, sin < + 2 (Jm + Jﬂ,r) sin Ayq ~ ImZ/2

~1 i UV-induced CPV at 1% level?

2 (Jm + Jm) R Sgu834 SN (Ogy — Ogy) + Sp5S35 SN (095 — g5) + 596536 51N (095 — Og4)




Numerical Illustration 20

Example: an experiment with E > a few GeV & L ~ a few 100 km.
Oyq ~ /4, Am2y ~ 2.5 x 107 eV* and (22 +22) ~ 0.01

1.2

1

0.8

0.6

Neutrino 0

Factory?

0.2

) Sensitivity = 1% ?

-0.2 | | | |
0 100 200 300 400 500

L/E (km/GeV)




Matter Effects 21

Illustration: one heavy Majorana neutrino and constant matter density.

e pn e,pn €
Plv,—rv) =~ qmz%—* 504 [SIN (00 — 0ay) + Ay L cOS (0, — 04,)] sin A
v r) 5 924934 [* 24 — O34 NC A COS 09 = 034)) ¢ 23
_ 2 Do
Pv,—7_ ) =~ sin —+ So4Say SN ( 034 +AN(L(‘O°, 0ay)] sin Ao,

(Goswami, Ota 08; Luo 08)
ANC — GFN n/ \/_ Matter effect

The same matter-effect term appears in v_pu 2> v_u oscillations (Luo 08).



Interactions of NV 22

The standard weak interactions of 3 v's with [~ — "~ b
W, Z and H in the flavor basis: wo T T e TR
— —_ — g 17
(V R)T ( A\[L J[D) (V R)" B (A\[U O ) 'C’Z - QCOSBWVLPY”VLZ”
S U) \MY Mg)\S U 0 My/| | _p = \/% Y Ny H 4 e

Vq Nl v, j\f1
v, = V]vy| +R| N, Ny = S| +U | N,
(yS)L (NS)L ' (y3)R (Ns)R where |M, =Y (H)/V2

N,

% — LN = 9 (e p7), ¥R| Ny | W, +hec
E V2 N3/,
8 v—N g 1 ] j\rl
E — L = Jcosh. (1 v v3)y, V(V'R) ¥2 +h.c.{ Z,

‘Y3/ L
)
= g . N,
- —Lv N~ s |1 ve vt (VIRYMy(UTU)* | Ny | +he(H
= W Ny )




CP Violation 23

CP violation: interference between tree and one-loop amplitudes of M.

RRT =1 -VV1

Xing, Zhou (in progress)

CPV

D(N, = W+I™) = I(N, = W~I*)

[(N;, - W+I-) + [(N, — W-I+)

R ~ 1%

li

Resonant enhancement with
4 heavy Majorana neutrinos.
(Bray, Lee, Pilaftsis 07)



Concluding Remarks 24

| 4 of the SM implies that there should exist a kind
of new physics at the scale. We wonder whether it is also
responsible for the neutrino mass generation ---- TeV seesaws.

¢ It seems that people are struggling for a convincing reason
to consider TeV seesaws ---- a balance between TH
and EX as the guiding principle?

4 is a straightforward consequence of
TeV seesaws ---- it might manifest itself in both the oscillations
of light neutrinos and the decays of heavy neutrinos.

€ An uneasy feeling ---- the generation of tiny neutrino masses
seems always to be decoupled from appreciable collider signals
of TeV Majorana neutrinos. Unnatural? Unnatural? Unnatural?




