PROCEEDINGS

OF SCIENCE

Non oscillation flavor physics at future neutrino
oscillation facilities

Osamu Yasuda *
Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
E-mail: yasuda AT phys.metro-u.ac.jp

New physics which can be probed at future long baseline experiments is discussed. These include
the exotic interactions which modify the neutrino mixing at production, in propagation and at
detection, and violation of unitarity which arises due to the effect of heavy particles.

10th International Workshop on Neutrino Factories, Super beams and Beta beams
June 30 - July 5 2008
Valencia, Spain

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:yasuda AT phys.metro-u.ac.jp�

Non oscillation flavor physics Osamu Yasuda

1. Introduction

It is expected that future long baseline neutrino experiments such as super-beams, beta-beams,
neutrino factories will have great sensitivity to the third mixing argjlg the CP phasé and the
mass hierarchy sigmmgl) (For a review, see, e.g., Refl]]. As is the case with the B factories,
great precision in the experiments will allow us to probe new physics by looking for a deviation
from the standard model with neutrino mass.

A class of effective non-standard neutrino interactions with matter which will be discussed
here are

eff — 3 (1-1)

o [ —2v2e'PGe(VayuR tp) (FYHPT) ()

~2v26,,Gr (VayuPLvp) (TYPT') (b) |
Here f and f’ stand for fermions (the only relevant ones are electrons, u and d quékss,
the Fermi coupling constan® stands for a projection operator and is eitRer= (1 — y5)/2 or
Pr= (14 y5)/2. The interaction.]) is the most general form of the interactions which conserve
electric charge, color, and lepton numkg}. [The interactions Eq.1(1) (a) and (b) correspond to
charged and neutral current interactions, respectively. The presence of the interactionlol)Eq. (
(a) would change the process of production and detection of neutrinos, while that df. b}
would modify the matter effect during propagation of neutrinos.

The exotic interactionsl(]) are supposed to come from some new physics beyond the stan-
dard model, but we do not specify any particular dynamics which prodiic#shere. If these
interactions come from dimension-six operators such—Hd:a)y“iDu(H Lg), whereH andL de-
noteSU(2), doublet of the higgs and lepton, respectively, then the coefficient of this term would be
strongly constrained by charged lepton processes. In order to avoid the strong constrajpats on
therefore, we have to assume that the operator inEd) @riginates from the dimension-eight one
such as(LaPRHC) v ((H®)TRLLg) Ty#Pf, which produces the operator in EdL.1) (b) after the
SU(2). breaking. In this case the constraint o(ji can be obtained only by the experiment with
neutrinos.

2. New Physics in oscillation experiments

In the presence of the interaction in Ed.1) (a), not only the process"™ — u* + v, but also
Tt — U™ + ve occurs with the weight : egu, wheres stands for source. These processes can be
expressed agt — ut + vﬁ where the modified flavor eigenstatesat source are defined by

vs Ve 1 - eg“ — &5

S _ S S S S
vi | =V v |, UP=] g 1 — &t (2.1)
vy Vs Ere s?u 1

Similarly, the same phenomena happens at detection. For instance, the progesses € + p
andve+n— u~ + p occur with the weight : sgu, whered stands for detection. So these processes
can be expressed &8 +n — e~ + p, where the modified flavor eigenstate$ at detection are
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defined by
vd Ve 1 -l —&&
vi | =udf v, |, Ul=[el 1 —gf (2.2)
vd Vg e € 1

In the presence of the new interaction of Elf (b), by introducing the notationg“ﬁ =

Sp <£§Z + 3835 + Sagz), and by making the approximation that the number density of electrons
(Ne), protons and neutrons are equal, &e3 matrix of the matter potential becomes

m om ~m
1+gee €eu Eer

Fd=A| € & Enr | (2.3)
m m m
Ere & &N

whereA = v/2Gg Ne.
In total, in the presence of the new interactions of Edl)((a) and (b), the oscillation proba-
bility at lengthL of the neutrino path can be written as

2
P(Va — Vg) = [udo exp(—i&L)J TUST]M
s SBacBas\ o [ DEKL
= |(udu T)Ba|2—4ReJZk(XjB Xf )sm2 (2”( )
+2Im'y (XPYKPI) sin(AE L), (2.4)
J;((J X ) ( Jk)

whereX’* = (U90)4; (U0 ) U and& are defined by diagonalization oBac 3 matrix in matter:
UdiagEj)UT + .o =U&UT, & = diagE)), E; andE; are the energy eigenvalues in vacuum and
matter, respectively, anflEj = E; — E,. As in the case of the standard neutrino scen@ja]]
the quantity)?lp" can be expressed in terms of the quan‘&dﬁf3 = Ug;Ug;j in vacuumU s,U9, o7
andgj, i.e., )~(jﬁ“ =33, (V‘l)j[ [Ud {u diag(Ej)UT+b<z%}£*1U5qB , whereV 1 is the inverse

. a

of the Van der Monde matrix, which is defined byV )« = Elifl.

3. New Physics at source and detectob]

3.1 Current bounds onsjg [5]

To see the effect of New Physics at source and detector, it is advantageous to take the limit
L — 0in Eqg. (2.4), so that the effect of the oscillation becomes negligible. In this case we get

2
i _ dy st ~leSs _ od ~ s 12 1od |2
II_|LnOP(vo,—>vB)_ ‘(U U ) ~ €34 — Epa max(|£l3a\ €84l ) (3.1)

Ba
where we have assumed that there is no accidental cancellation batg\{]eamd sga. Using
Eq. 3.1), we can put bounds on tl'rqf”g parameters from the negative results at short baseline
experiments.

It has been shown by taking into account various experimental constraints that the absolute
value of the coeﬁiciemég of the interaction of type Eq1(1) (a) is small:

lest!| < 6x 1072 (MiniBooNE), [e5f| < 1x 1072 (NOMAD), [57] < 1x 10~ (NOMAD).
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3.2 Sensitivity toez"g in future experiments

In general, sensitivity obtained by theorists becomes worse as times goes by, because more and
more sophisticated aspects (such as systematic errors, correlation of errors, parameter degeneracy,
etc.) are taken into account in the later analysis, and these factors usually give more pessimistic
results than those with statistical errors only.

Sensitivity tosz’g has been investigated by several authors. Bgbdve the sensitivityeg, | <
afewx 1074 at a neutrino factory. Ref7] obtained the sensitivity at a neutrino factorgg, | <
3x 1073, |e5| < 3x 1073 from ve — vy, and g5, | < 3x 1073 from v, — v;. Ref. 8] obtained
the sensitivityleg, | < 3x 10~ by combining T2K and Double CHOOZ, anef, | < 1.5x 10~? by
combining Nova and a DCHOOZ-like 200kt reactor experiment.

4. New Physics in propagation (matter effect)9, 10]

4.1 Constraints from various neutrino experiments

Constraints orsg‘ﬁ from various neutrino experiments have been discussed in Reidl, 12,
13]. The bounds orxg%, which are obtained by CHARM, LEP, LSND and NuTeV as of 2003, is
given in Tables 2 and 3 in Rei2], and the updated bound$4] which have been improved since
2003 are given in Tabl&.

On the other hand, it was shown in Ré&f€] that the atmospheric neutrino and K2K data imply

leq? ~ el (1+ €8y, (4.1)

and |eg| S |1+ &8d. The effect of new physics in propagation to solar neutrinos is also dis-
cussed17], but no new constraint is obtained from the results in RE7].[

Since the coeﬁicientsg‘ﬁ in Eq. 2.3 are give bysg‘B ~ sgﬁ +3£gﬁ +3£§B, taking into
account the constraints by Ref&] [with the update in Tabld) and [L6], we have the following
constraints®

—4<eln<26 |eg|<14x10 €M < 1.2
—0.05< g, <0.08 |gfy|<0.25 |. (4.2)
lefz] <19

Notice that the only bounds osrgr"[3 which are improved by the update in Tadare those org),
andel! (cf. Eq. (3) in Ref.[L8]).
4.2 Phenomenology withel}, €1, el ~ 0/(1)

Because the present experimental constraints allow the possédityy, € ~ ¢(1), one
could discuss the phenomenological consequences of a scenarh:g)év'rthﬁ(l)(a,ﬁ =er).?

in deriving Eq. 4.2), we have to remember that the bound of one particular paramégewas obtained in

Refs. R] by assuming that all the parameters other tlaé% are zero. In the case of the bound gf, for instance,

we haveel < maxp—ir{MiNexpid £56 ™™} + 3 X MaX;_y ¢:p—1_r{MiNexpis e °"9} = 0.5+ 3 x 0.7 = 2.6, where we

have minimized (i.e., chosen the best bound &é *®\vith respect to various experimental data for fiXgdP, a, 8}
and have maximized (chosen the weakest bound) among diffefentf = eor {f,P} for f = u,d.
2The scenario wittel, €1, €M ~ ¢(1) may have a theoretical problem becawglE is supposed to be of order

(Mw /AN p)k (k > 2), whereAnp stands for the scale of the new physics and and it is expected to be largéhthan
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H vertex \ limits in 2003 2] \ current limits [L4] H
(eyPPe)(vrypLvy) legh] < 1.2 |egf] < 0.15
(T — ueex (T — Ueex
(uyPPu)(vrypLlvy) el < 2.8 el < 0.29
(T — pp)* (T — pp)*
(dyPPd) (Vs ypLvy) efh] < 2.8 2% < 0.29
(T — pp)* (T — pp)*
(QyPPU)(Vuyplve) | gffel <7.7x10°* | |ge] <3.1x 1074
(UTi — €eTi)x* (HAU — eAu)x
(dyPPd)(Vuyplve) | €08 <7.7x 1074 | [eff] <3.1x10°*
(UTi — €eTi)x* (HAU — eAu)x
(eyPPe) (VrypLve) €8P < 2.9 €8P < 0.32
(T — ee€)x (T — eee)x
(UyPPU) (VrypLve) €90 < 1.6 |evP| < 0.28
(T —ep)x (T —ep)x
(dyPPd) (v y,Lve) €9 < 1.6 |edP| < 0.28
(T —ep)x (T —ep)*

Table 1: The updated bounds in Table 3 in [2] (see Ref. [2] for details). Some of the bounds have
been updated even further using the data in Ref. [15] after the talk. (Courtesy of Sacha Davidson)

In this case it is knowr{1g] that the appearance chanmwgl — ve gets enhanced for relatively
long baseline lengthg 1000km, and ifeg; is very large within the current bound then MINOS
may be able to show the existence of new physics ftgrappearance 19, 20, 21]. In such an
analysis, it is useful to have the analytic expression for the oscillation proba®lify— ve), and
it was obtained in Refl22] using the method by Kimura, Takamura and YokomakiBg4].

It was pointed out in Ref23] that the disappearance chanagl— v, could also play a role to
determine the parameters from the relatisimé26,m/ Sir? 26,3 = (1+c5)?/4c5, |AMEy/Amg,| =
2c5/(1+c3), wherep is defined throughanf = || /(1+ €0, andsir? 26, and |AMZ,,,| are
the values determined by the atmospheric neutrino experiments which observe potential matter ef-
fects due to the new physics. In the near future, T2K, which has the baseline length 295km and
therefore suffers little from the matter effects, is expected to measnr26,3 and |Am3, | pre-
cisely. If the central value of these two quantities by T2K turn out to be very close to those by
the atmospheric neutrino data, however, the errors in the atmospheric neutrino oscillation parame-
ters P4 sin? 26,m (+0%— 6%) and|AmZ,,| (=20%) will remain dominant, so the bound e}
is unfortunately not expected to improve very much.

4.3 Sensitivity to‘sg‘,3 in future experiments

Since the matter effect appears in the oscillation probability at distaircéhe form of AL =
V2GENeL ~ L/(200%m), in order to measureg‘/3 precisely, it is necessary for the baseline length
L to be larger thar’(1000km), and neutrino factories are ideal for that purpose.
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Ref. [25] gave the sensitivity at a neutrino factosf;| < severak 10~ and|e]}| < a fewx
10-3from v, — v; whereell= ¢l = Ois assumed, andX | < severak 102 from ve — v, where
gy = Ois assumed. Ref2f)] pointed out that degeneracy betweig andeg; can be resolved by
considering the/e — v, channel at a neutrino factory at baselines 3000km and 7000km. Using the
Ve — Vr channel, Ref.27] found the sensitivityell| < 1 x 10-2. Ref. 2] discussed the potential
at near detectors of a neutrino factory using leptaiié 8y andsir? 8y in DIS, and gave the
sensitivity (f = e u,d): |elq| < 1x 1073 (a = e ), |ef:| < 1x 1073 (a = e ). Assuming
gy =0 (a = e, 1), Ref. 28] gave the bound at a neutrino factdgff| < a fewx 103. Ref. [g]
gave the bound not only o.r,ﬁg but also ons(;“B by combination of the accelerator and reactor
experiments. They obtaineef]; | < 0.5from T2K and Double CHOOZ, andg} | < 0.1 from Nova
and a DCHOOZ-like 200kt reactor experiment. In the two flavor framework wjtandv; (i.e.,
by assumingg =0 (a =, 1, 7)), Ref. 29] gave the boundk;;| < 0.03and|ef}| < 0.3 at T2KK.
Ref. [30] examined if OPERA helps to resolg; — €5} degeneracy, but unfortunately statistics at
OPERA turned out to be too small to be significant to consteginRef. 31] obtained sensitivity
to various parameters at a neutrino factogfy| < 0.1, |el| < severak 1073, &nr| < a fewx 1072,
|eM| < afewx 1072, Ref. [32] discussed sensitivity to Rel;) and Img;) at OPERA.

5. Violation of unitarity

It was pointed out in Ref/33] that in generic see-saw models the kinetic term gets mod-
ified after integrating out the right handed neutrino and unitarity is expected to be viofited.
When the mixing matriXN is nonunitary, it is in general written & = HU whereU is unitary
andH is hermitian. Deviation from unitarity is expressed MBI" — 1, and because deviation
from unitarity is expected to be smalN' = H? is close to identity. In the case of the so-
called minimal unitarity violation, in which only three light neutrinos are involved and sources
of unitarity violation are assumed to appear only in the neutrino sehitdf,— 1 have strong
constraints, which mostly comes from the constraints of rare decays of charged leptons, and its
matrix elements are smaller than(1%) [33]. In practice the modified oscillation probability
P(vqg — vg) =P(vg — vg)(N NDga (N NT),3,3 turns out to be useful, and it is given 34]

AEWL>

(Ve — vp) = \(N*NT)GB\2—4;%(ﬁfﬁﬁk"ﬁ*) sir? ( .

1<
+23 Im (77 ZP) sin(bEL). (5.1)
1<
whereﬁﬂ“ﬁ = (N*W)qj(NW*)g; (j = 1,2,3), W is a unitary matrix which diagonalizes the her-
mitian energy matrix:& +NT.&/N* = WEWL, & :diag(éj), Ej is the energy eigenvalue, and
AEj = E; — E. )~(j"B can be expressed in terms of the quanﬂﬁf = U;,;Ugj in vacuum,H,
o andEj,ie X =53 (v, [N* {diagEj) +NT/N*} ! NT} 5o whereV ! is again the

a

inverse of the Van der Monde matri¥ ) j = E. .

3The nontrivial issue is the magnitude of violation. Some of see-saw models (e.g., inverse see-saw) do have two
scales, one to produce small neutrino mass and another which may not be extremely differdfi/frdimen magnitude
of violation may not be extremely small.
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Sensitivity to violation of unitarity was examined in Re3.3[ by assuming a neutrino factory
with a 4kt OPERA-like near detector at 100m and they got the bd(Mt")e;| < 2.9 x 1073
from ve — vy (cf. the current bound 0.016) antNN'),;| < 2.6 x 1073 from v, — vy (cf. the
current bound 0.013). As in the case of new physics at production and detection, experiments at
shorter baselines are expected to be advantageous to observe violation of unitarity, afd]Ref. [
studied sensitivity t¢H — 1), at a neutrino factory with a 5kt OPERA-like far detector at 130km,
whereH is the hermitian matrix which appears in the decompositiog HU, and the bound is
|(H —1) 7] < severalk 10~* for some region of argH — 1) 4].

6. Summary

Current bounds on the parameteﬁ%, which describe new physics effects at production or
detection of neutrinos, are typically of ordsd 3. 82}3, which describe new physics effects during
propagation, have bounds typically of ord€r?, but presently the three parametels 11, €M are
still allowed to be ofZ'(1). Neutrino factories may be able to improve bounds@pdramatically.
Deviation from unitarity is expected in generic models (e.g., see-saw), but phenomenologically its
magnitude is less thafi(1%).

There are a lot of problems to be worked out on new physics which can be probed at future long
baseline experiments. Some of the problems are: resolution of correlations of errors, degeneracies;
etc. in the presence of all new physics paramettggéd; distinction between the new physics
effects (e.g., 4-fermi interactions vs. unitarity violation due to modification in the kinetic term), etc.
Further studies are necessary to exhaust all possible physics at future long baseline experiments.
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