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Abstract. We propose a general framework to const#ain= 2 processes by measuring observ-
ables associated with neutrino-antineutrino oscillationr™ decays. First, we use this formalism
as a new strategy for detecting the CP-violating phasestandffective mass of muon Majorana
neutrinos. Within the generic framework of quantum fieldottyewe compute the non-factorizable
probability for producing a pair of same-charged muongindecays as a distinctive signature of
vu — vy oscillations. Using the neutrino-antineutrino oscithatiprobability reported by MINOS
collaboration, a new stringent bound on the effective mneuntrino mass is derived. Secondly, we
interpret the production of the pair of same-charged muarss i@sult of lepton number violating
(LNV) interactions at the neutrino source, which allow ustmstrain New Physics.
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INTRODUCTION

As is well known, the Majorana nature of neutrinos can bebdisteed via the obser-
vation of AL = 2 processes [1]. The parameter characterizing the rateobf sansi-
tions, the effective neutrino magsy ) = 3;UZmy,, involves a combination of neutrino
masses, mixings and phases. It turns out that the only wagctesa the values of Majo-
rana phases is through observables associat&l te 2 transitions [2]. Note, however,
that the measurement of the effective electron-neutringsnrathe neutrinoless double
beta decay (033) experiments can not restrict the two Majorana CP violagihgses
present in the PMNS mixing matrix [3, 4, 2]. This may be expddince in the (08[3)
one measures the lifetime of the decay of two neutrons in Eeas@nto two protons and
two electrons, which is a CP conserving quantity. Other psajs aiming to gain access
to CP-violating phases of Majorana neutrinos using neotaintineutrino oscillations
were first discussed in [5, 6, 7, 8, 9, 10, 11].

On the other hand, direct bounds on other effective neutriags parametersn )
from present experimental data are very poor. Currently,sinongest bound for the
muon-neutrino case from thé" — m u™ p™ branching fraction [12] is only{my,)| <
0.04 TeV [13], which leads to a negligible constraint on thetriea masses and CP
violating phases.

In section | we describe the mechanism, based on neutritioeartrino oscillation,
which would allow to derive a strong bound on the effectivejdfdana mass of the



muon-neutrino(my,). In addition, it provides a method for detecting the Maj@an
neutrino CP violating phases through measuring the CP asymirof the ™ decay
where neutrino-antineutrino oscillation take place. dgime preliminary bound on the
neutrino-antineutrino oscillation probability reportegithe MINOS Collaboration [14],
we derive a bound orimy,) which improves existing bounds by several orders of
magnitude.

In section Il we describe the mechanism that would allow usdpstrain lepton
number violating interactions. In this case we interpred tbservation of the final
states, same-charged muons at the production and detedtioeutrinos, as a result
of lepton number violating interactions in pion decays & tfeutrino source. Such
interactions appear for example in SUSY models with R-Rariblating terms and
leptoquark models. In particular in a SUSY model without &#y conservation, the
radiative contributions are proportional to the R parityplingsA and A/, which in
general are complex. We attempt to impose constraints desetcouplingd andA’
from the current bound on neutrino-antineutrino tranagi@btained by the MINOS
collaboration [14].

It is worth noting that the probability of a process ass@dab neutrino oscillation
is usually assumed to be factorized into three independetg:ghe production process,
the oscillation probability and the detection cross sectidere, we adopt the S-matrix
amplitude method described in [15], in order to avoid thealifactorization scheme.

NEUTRINO-ANTINEUTRINO OSCILLATION

Let us start by considering a positive charged pion whiclagemto a virtual neutrino at
the space-time locatiofx,t) together with a positive charged muon. After propagating,
the neutrino can be converted into an antineutrino whicldpeces a positive charged
muon at the pointX,t') where it interacts with a target, as shown in Fig. 1. For
definiteness, we illustrate this process with the produatibthe neutrino it decay
and its later detection via its weak interaction with a targecleonN

(1) — U (p2) + V() = V() -+ N(pn) — N'(py) + K (pr)

where the superscrig(d) refers to the virtual neutrino (antineutrino) at the source
(detection) vertex. This is 8\L| = 2 process. Notice that if two identical anti-muons
(u*(p2) andu™ (py)) are produced at very different space-time locations, segarated
in distance and each identified in different detectors, thertotal amplitude does not
require to be anti-symmetrized.

If one ignores other flavors, the decay amplitude becomes:

< WPV (L+18) Pv(pe) X Uuli(mi) S @)

where the relationy = 5 Uyq Ve between flavokk and massx neutrino eigenstates
has been usedf; = 1304 MeV is the ™ decay constant, and,;, parametrizes



Figure 1. Feynman diagram of the procesgp:) — u*(p2) + vu(p) followed by the detection
processz (p) +N(pn) — N'(py) + 7 (p1)-

the interaction with the nucleon. Note that, contrary to ¢hee of neutrino-neutrino
oscillations [15], only the neutrino mass term surviveshiis tase. For simplicity, one
assumes that

() u = Uy (P ) Yulov (0P) + 9a(aP) ys]un (Pn) (2)

where we keep only the contributions of leading vegipfg?) and axial-vectoga(q?)
form factors, withg = pny — pn.
If we neglect terms oO(my,/m, /), One obtains

To-m, O = (@m*6*(p— pn+ Py + P2 — P1) (GFVua)” | frl264(ga — 1) 2y

M(EZ—Ep) (%(m%—mfﬁ'i‘ P - P2

* 1% a—tAEy;
I Y

MmN

- MG(QA) P - P2 — 2mNF (ga) [Ez —E <1+ %)] ) 3)

where Ex(Ej),E, are, respectively, the initial (final) muon and the pion en-
ergies andAEy; = E, — Ey;. The functionsF(ga) and G(ga) are given by:
F(ga) = @gf%ll)z, G(ga) = gﬁ—fi. One can easily check that Eq. (3) is not factor-
izable into (production}(propagationk (detection) subprocesses due to the terms
proportional top, - p2 = E/E2 — ||| P2/ cosa, wherea is the angle between the di-
rections ofu™ particles. This is an important difference with respecthe tase of
neutrino-neutrino4L = 0) oscillations where it was shown in Ref.[15] that the S+irat
formalism reproduces the hypothesis of factorization efgitobabilities.

In the following, we shall neglect thg>-dependence of the nucleon form factors
(namely, we takey = gv(g® = 0) = 1 andga = ga(g® = 0) = —1.27 [2]). As is well
known [16], the cross section of charged current neutrincleon quasielastic scattering
is sensitive to the-dependence of these form factors. However, as long as wiaeon
to the CP rate asymmetry for neutriz@ntineutrino oscillations (see below) we expect
that the effects of the momentum-transfer dependengg oill partially cancel in the
ratio of oscillation rates. Thus, after integration ovarekinatical variables, it is possible



to write the rate of the complete process as

xF(M, @), (4)

whereF (M, @) denotes the kinematical function

32 1
FM.) = o (GeVi) (0~ 12 [1a~ myGlgalls ~ 5 -1y
p
X mh—2muF(ga) M1z~ (nf + mR)ls ). (5)
The functiond, fora=1,..,4 can be obtained from the following integral:
d®p, d3py
Ia: 2—E22—E|(E2—Ep> faa(Ep+EN—EN/—E| —Ez), (6)

with f1: 1, f2: Eo, f3 = E|, andf4: (p| . pz) andf5 = (p| . pz)/(Ez—Ep).

There are two interesting limits for this process At verprshimes, (as in short-

baseline neutrino experiments),, -y, ~ % x F(M, @), where(my,,) is the effec-
tive Majorana mass for the muon neutrino. However in the komg limit (long-baseline
neutrino experiments) the oscillation terms cannot beewtgtl. In the limit 0013 =0

the Majorana phases, » are the only sources of CP violation and hence

Am3,L (km)

2E, (GeV)

Thus, in the case of LBL neutrino experiment like MINOS whéne distance is
given byL = 735 km and the energly, is typically around 2- 3 GeV, one finds that
siny ~ 0'(1) [17],[18]. Thus, measuring CP asymmetry will be unavoidahtication
for large CP violating Majorana phases.

acp ~tan[2(ay — as)]siny  wherey =

(7)

Application to MINOS results on neutrino-antineutrino oscillations

Recently, MINOS [18] has measured the spectrunvpevents which are missing
after travelling 735 km. It is these missing events whichtagepotential source ofy,
appearance. In their preliminary analysis, they were abpait a limit on the fraction of
muon neutrinos transition to muon anti-neutrinos [R{v,, — v, ) < 0.026(90% cl.).

. T . v, —v .. ...
Assuming CPT, this limit can be written @ﬁ“—“ < 0.026. In the limit of ultrarelativistic
Vuf\/u

neutrinosky, ~ E, (1+ m\z,i/ZEV), keeping only the leading terms in thg, /E, terms,
and using our expresion for the total rate, we get
2

ZU my, e ZEv <0.001x E2 (8)




To illustrate the usefulness of this relation, let us coesithe general case of 3
generations. In this case, one finds

Amy;L
4E,

0001 x EZx |(my)|®~4 Y Re(UAU;Z) mymy,sir?

i>]

- 23 Im (uﬁiuﬁ) My, My, sin

i>]

Amy;L
2E,

(9)

Assuming that the only phases that appear in the neutrinanghimatrix are the
Majorana phases, it is possible to get a bound on the eféentivon-neutrino Majorana
mass, only depending on the values of the Majorana phasdsasstillation terms
cannot be neglected. In such a case, Eq.(9) can be written as:

0.001xE2 2 |(my)[>+4 sin(%) MMy UZ2U53) sin (20, — 205+ %)
— 4sin(%) mvzmvl|Uﬁl||Uﬁ§|sin<a1+ %)
- 4sin(%) mvlmV3|Uﬁl||Uﬁ%|sin<azi y%l) (10)
wherey; = %, and the positive and negative signs refer to normal andtese

hierarchies, respectively.

We can further neglect sig; ~ 0 such tham,, ~ m,, at first order inﬁ(A—m%Z) for

4E,
the fixed experimental parameters in MINOS, then Eq.(10)osawritten as

2 2
0.001x E2 > [(mup)|* +A(a1, a2)my,my; 2 [(Myy)| (11)

~

where the coefficienA(a1, a>) is a function of the Majorana phases. In Fig. (2) we
show the regions in whicA(a1, a2) > 0 is satisfied for both cases of normal or inverted
hierarchies, and therefore we can find a stringent boundeaftbctive Majorana mass.

Thus, usingsy ~ 2 GeV, one gets the following bound ¢fm,)| < 64 MeV.

Over the excluded regions it is not possible to get a consieevhound on|(my)|
without making extra assumptions on the neutrino mass xémwever Eq.(9) can be
used to bound Majorana parameters (masses and phases)appiedr in(my,)|. As
an example, if < 2(a» — a3) < m— y/2 and assuming that the effective muon-neutrino
Majorana mass is dominated Imy,, and my, (the two flavour limit case) , it is still
possible to get the following conservative bouf@,,)| < 109 MeV.

The bound obtained above foim,,)| is a factor of 3 above the trivial kinematical
boundmy;—m, ~ 34 MeV that s allowed for the (on-shell) muon neutrino inipaecay.
However, this kinematical bound applies only to the effextnass of a lepton-number
conserving muon neutrinat — ptvy).

A bound on the effective Majorana mass of the muon neutrifaghvis independent
of the mass hierarchies and Majorana phases, can be obtzsnegithe fluxes ob,



A(aq,a2)>0
3

Figure2. Region of the parametric space,3) for which theA(a, 3) coefficient is positive. The light
and dark gray zones correspond to an inverted and normalbier schemes respectively.

andv, measured with the near detector of the MINOS experiment @®ice the near
detector is located=1.04 km away from the target and for neutrino energies above
1 GeV, all oscillatory terms in Eq. (5) are equal to 1. Undex #ssumption that the
excess of,, events arises from, — v, transitions we get (note the muon-neutrino and
muon-antineutrino total cross sections induced by chacgecknts are flat for neutrino
energies above 2 GeV [2]):

(M) PI G J(@9(Ey) - DC(E)))dE,

E2
=< (12)
f dEV f q)(v)“bs( Ev)dEv
wheredJS%S(MC) denote the observed(expected) fluxes. Using the expectietieasured

integratea fluxes by the MINOS collaboration for the energyion 5< E, < 50 GeV,
we get the following bound{my)| < 2.7 GeV, which looks rather poor compared to
the value reported above.

LEPTON NUMBER VIOLATION AT THE NEUTRINO SOURCE

Let us consider next a virtual neutrino(antineutrino) proed together with a posi-
tively(negatively) charged muon at the space time locatio), it the travels tax/,t")

and is detected there because it interacts with a targetupiugia positively(negatively)
charged lepton. We are assuming thls= 2 process is due to NSI interactions at the
production vertex. For defitness, we illustrate this preaesh production of a antineu-
trino(neutrino) in thet™ (77) decay and its late detection via its weak interaction with a
target nucleom.

T (p1) = M (P2) + ve(p) = vg(p) +N(pn) — N'(pn) +17(p1) (13)



This effective states are not necessafily conserving once NSI interactions are in-
troduced. If we assume that neutrinos are left-hanfled; 2 semi-leptonic interactions
can be described by the following effective Hamiltonian,

H = 2v/2Ge Vg { CF (VEY* Prbt) (GyaPru) +C5 (VY Prut) (dvaPLU)
+CI((3,4) (VERLH) (dPryyu) +C|5((R,L) (VEaapPrU) (Ho ap P(R,L)U>} ,(14)

wherevy denotes a neutrino with flavérandPr L = (1+£ y5)/2.

In the following and for simplicity, we consider the case whkepton number violation
occurs only at ther™ decay vertex. Note that the tensor currents proportionghéo
C'gL(R) Wilson coefficients will not contribute tart decay because it is not possible to
generate an antisymmetric tensor from the pion momentunealbhus, the only non-
vanishing hadronic matrix elements at the production xeate:

—ifm2
my+my’

wheref; = 130 MeV is the pion decay constant amgly denote the light quark masses.

Again we shall neglect thg?-dependence of the nucleon form factors (namely, we take
ov = 9v(9? = 0) = 1 andga = ga(9? = 0) =~ —1.27 [2]). In this case the total rate of
theAL = 2 is factorized:

(O[dy*ysu| ") = ifzpir , (OldysulmT") = (15)

1
2 2 2 *
| Ty—vg (T)]% ~ FnE(A Mg+ B?ni, — 20[AB])P(V; — V) oy

with T = (t' —t) > O is the time elapsed from the production to the detectionesiane

locations of neutrinos. Th&, B coefficients are given by,

—imZ
My + My

We shall attempt to constrain the LNV parameters with the @8\preliminary
results [14]:P(vy — vy) < 0.026(90% cl.)., this is,

B, =—i(C{"—C5") | A, (cy"—-cih) (16)

(A + B, — 20[AB']) < 0.05 (17)

As an example let us apply the previous formalism to the MSSkhaut R-Parity
conservation, but requiring the conservation of baryon Imemto ensure the proton is
stable. The must superpotential that conserves bayon mismbe

War—1 = AijkLi - Lj& + Ay Li - Qjd + pf Li - Hy (18)

here the * is a SU(2) product, thereforg\;jk is antisymmetric ini, j. The summation
over the generation indicesj,k = 1,2,3 is understood. The bar symbol represents an
antiparticle and not the Dirac conjugation. We can expared¥ihkawa terms in the
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Figure3. AL =2 SUSY contribution to ther™ — u* + v¢

Lagrangian as

L = i [vLekeL—l—eJLe{;vL+e*k (VDo ~ (i ¢ J)]
+ i 9L dle] + dl vl + dR(v])°d — & dfu!
— aldke —d'R(@)u] +ho (19)
The corresponding effective hamiltonian (Fig.3) is theref
G _ _ _ _ . _
Herr =75V 3 (VVRLI(@YpRLU) + Co(VPRK) (dRU) + Co(VoRLK)(dRW)) (20)

The Wilson coefficients can be expressedCas- C3M+CSVYSY. Fori = 2,3 theC>M
vanish identically, an@€; = 1. In this respect, the Wilson coefficier@sare given by

V2 1 V2
A Ao20A —
Co= GeVeg (mz)( 122A211+ A232A311) , C3 GeVeg

(%)EB)‘HAAI%M(&?L)AB (21)

Using our previous results (Eq. 17) for typical slepton neassf 200 GeV, we obtain
S aBA128A8:1(Ok A S 1074

CONCLUSIONS

The production of leptons with same charges at the produetial detection vertices of
neutrinos will be a clear manifestation @L| = 2 processes. One interesting result
is that the time evolution probability of the whole processniot factorizable into
production, oscillation and detection probabilities,sthie case in neutrino oscillations
[15]. We find that, for very short times of propagation of mends, the observation of
utu™ events would lead to a direct bound on the effective mass afmMajorana
neutrinos. In the case of long-baseline neutrino experiseghe CP rate asymmetry
for production ofu™u™ /u~—u~ events would lead to direct bounds on the difference
of CP-violating Majorana phases. Finally, using the curt@und on muon neutrino-
antineutrino oscillations reported by the MINOS Collalimma we are able to set the
bound(my,) < 64 MeV, which is the first direct limit on the neutrino massathough

it is still several orders of magnitude below current indirbounds reported in the



literature. Future results from MINOS are expected fromahalysis of twice the data
set used to get the bound reported so far [14] and quoted in(X2).above. Since
current uncertainties in the observed and expected nunibgy events are dominated

by statistical errors [14], we could expect only a slight imyement by a factor //2
on the effective Majorana mass of the muon neutrino. Neatidactories may improve
this bound by more than one order of magnitude.

We also show the possibility to constrain LNV interactiosisch as thé , A’ terms in
the SUSY superpotential with R-Parity violation, for thesean which the observation
of the final states, same-charged muons at the productiodetedtion of neutrinos, is
a result of non standard lepton number violating interactiat the neutrino source.
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