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Abstract. We show how neutrino data can be used in order to constrain the free parameters of
possible extensions to the standard model of elementary particles (SM). For definiteness, we focus
in the recently proposeagnparticlescenario. We show that neutrino data, in particular the MUNU
experiment, can set stronger bounds than previous reported limits in the scale dimension parameter
for certain regiondq > 1.5). we compute the sensitivity of future neutrino experiments to unparticle
physics such as future neutrino-electron scattering detectors, coherent neutrino-nuclei scattering as
well as the ILC . In particular, we show that the measurement of coherent reactor neutrino scattering
off nuclei provide a good sensitivity to the couplings of unparticle interaction with neutrinos and
quarks. Finally our results are compared with the current astrophysical limits.

THE v—SM

The standard model of elementary particles (SM) is perhaps the most successful model
that has been experimentally tested. Nevertheless, the so called solar and atmospheric
neutrino problems jeopardized the effectiveness of the SM. It took around 30 years of
intense debate and confrontation of theory and experiments to realize that the correct
mechanism needed to understand the deficit between expected neutrinos and the mea-
sured events at terrestrial detectors is the neutrino oscillation mechanism [1]: neutrinos
change their flavor due to the fact that they are massive and their flavor states are a
mixture of their mass states. This is the first evidence of physics beyond the SM and
consequently it requests to extend the SM in the leptonic sector. In summary, SM needs
to incorporate:

« Neutrinos masseas, 1, m,2, M,3 and,

« mixing in leptonic sector, that is, an equivalent to the CKM matrix called
Upmng(8), where the matriXJpysis the mixing matrix between flavor states and
mass states, i.&vq) = S ,UgalVa),a=1..3,a =€ u,T.

This will be refereed as the-SM. The current values for the masses and mixing angles
can be found elsewhere [2]. The objective of the present note, as part of the Proceed-
ing of the CINVESTAV's Advanced Summer School, is to illustrate how neutrino phe-
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nomenology, within th&e—SM, can constrain others possible extensions to the SM. As
an example, we will focus on the recently proposegarticlescenario [3, 4], where a
scale invariant sector could exist above TeV energies dmaicouple with the SM sec-
tor in the low-energy limit. For the student’s benefit, instiniote we present a general
overview of how constrain nonstandard properties with meoit For a more detailed
discussion on the unparticle’s parameter limits by usirglétest reactor neutrino data,
we suggest to read [5].

CONSTRAINING NEW PHYSICSWITH NEUTRINO DATA

It turns out that the biggest difficulty for detecting nentris at the same time the biggest
advantage: the neutrino interacts only through weak intenas. Within thev—SM, the
neutrino doesn’t have electric charge, or magnetic mommhaay other interaction will
be automatically considered as nonstandard interactibat makes them the perfect
candidate for detecting physics that is not consideredimvithe SM because most of
the times, in the low energy limit, those extension will puod new charged or neutral
currents, flavor neutral changing currents (FCNC), or newtm@ properties. This
situation can be easily translated into an algorithm forst@ining the parameters of
a possible SM’s extension:

1. Star withv-SM: SM+neutrino masses and mixing. Compute standard psese

2. Propose a new theory: derive a new effective Lagrangiamowt energies,
ZNEW(g . ..), that introduces new parameters besides those considered i
the SM.

3. Compute physical processes: either scattering or der(nazyesﬁrs.es—ok‘ﬁV rNew.

4. Impose limits on the free parameters by comparing witkegrpental data through
an statistical analysis (usually usingaanalysis.

For instance, the step number 3 can be directly be used toutertie expected number
of neutrinos. Neglecting for a moment the detector efficjemed resolution, it can be
computed as

Emax Tmax(Ev)
do

M
NeT\f‘eenots(n,e...):t(mid:;leaor/dE\, / dTA(E) g (Ev.Tone), (D)
Emin Tth

with t the data taking time periodg the total neutrino fluxMgetectorthe total mass
of the detectorA (E,) the normalized neutrino spectruinax the maximum neutrino
energy andly, the detector energy threshold. The contribution due to neysigs is
encapsulated in the total cross section

do(Ey,T,n,e...) doSME,, T doN®™WE,,T,n,¢)

a7 =gt daT ’ 2)

which contains both, the SM and the new physics contributidrained from
ZNEW(n g...) including also the interference terms, if they are not abgear the step
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TABLE 1. Cross section for the relevant SM processes. H&ge is the Fermi con-

stant, gv,ga,gv ,gAp are the SM coupling constants to electron, protons and owesitr
respectiveliMe the electron massM the nucleon massGy = [g)Z+gIN]FY (Q?), Ga =

[gA(Z+ Z_)+ga(Ns—NJ)] FAG(Q?). nuc|(Q2) is the nuclear form factoZ the atomic number,
andN the number of neutron in the nuclet.in N, Z refers to the polarization

v—SM process Cross section
do(Ey, GEMe
Ve+€— Ve+e a(dET T _ e ((gv + a2+ (gv— ga)2(1 — T 2 (95*93\)%5%)
_ 52
e +e - vty aed(s) = fdxfdcyfx—“s/ {(1_ §)2+ X4y} aireo(s)

2 2
Coherent +N — v+ N —T:W{(GVJrGA)ZJr(G\/*GA)Z(lelV) f(G\Z,fo\)%}

number 4, the comparison of the theoretical expected exmmdsthe experimentally
observed can be done by computing and minimizingyhéunction

2
2 (NeE\;(epnts g\?eer%s(n .. ))
x(n.e.)=

; ®)

2
o Nevents

which automatically give us the allowed region for the freegmetergn, €...} at some
confidence level.

THE CASE OF UNPARTICLE PHYSICS

Neutrino data can offer the possibility of studying unpaetiphenomenology in two
ways: first one by studying the effects of virtual unparteehanged between fermionic
currents, second one by studying the direct production @aticles. The neutrino-
electron and neutrino-nuclei scattering are examplesevteparticle effects of the first
type are measurable, while single-photon productioe{ — yX) at LEP is an example
of direct production of unparticles. Notice that, besidatriaos ¢/v), X can be any new
hypothetical particle, in particular, unparticle stuff.this case, neutrino production is
the background reaction, because the signatures for aetedtunparticles are also the
missing energy and momentum.
Now let us perform our algorithm for the particular case @uhparticlescenario.

» Step 1 Starting with thev—SM, the relevant processes are the neutrino-electron
scattering and the electron-positron annihilation to phgtius missing energy. The
respectivev-SM cross sections are shown in table 1. Still not observéeemt
neutrino-nuclei scattering,+ N — v + N, is shown also as a future perspective.

+ Step 2:Take an extension to the SM, in this case we will focus in thgauticle
scenario. From the phenomenological point of view, theveetepoint is that at the
low energy regime, there will be an effective interactiooisthe scalar and vector
unparticle operators with the SM fermion fields which areresped in the effective
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TABLE 2. Cross section mediated by scalar and vectorial unparticipggators for thee + e scat-

ap

tering. We have defined?” (d) = ;é‘i’r(g',;) %gg;/j r(rd(fir)}-/(zz)d),i = 0,1 for scalar and vectorial interac-

tion respectively. Cross section for the single-photordpmation in electron-positron collisions. Here
16m%/2 T(d+1/2)

Ad= (2@ (-1 (2d)

Unparticle interaction Cross section
doy, 95 (d))2 p(2d-6) _
Scalar e = [g‘)&d( ) %\;—(%T)(Zd 9(T +2me)
. do, 2
Vectorial % _ 711[?\1%71 2(20-5) () (2d-3) (T) (2d-4) {1+ (17%> _ %él':|
2
Interference vectorial M ‘[—f‘z—flfd( 9 (2meT)(@-2) me{gl_+gR< ng > - M%}
_ doy x Me 2 1— (d-2) 2 )2y 1 a(1—
e e Wiy & = b (%) [50] "aey
Lagrangian:
1
LMot d.N) = Aotg7 1Oy +)\0V — VaVp Oy @)

1 _
Ly, (Mg, d,N) = Alf/\d 1fy“f +)\lvmvay“vﬁﬁ,f;/, (5)

for the scalar and vectorial interaction. Here= e, u, 7 and f = e ,u,d. The pa-
rameters of the model are therefdrg;,d, ). From now and on, we will fix the
energy scale where the theory is invarianf\te- 1 TeV.

Step 3 Compute the physical processes. With the help of the Lagmaneq. (4),
we compute the neutrino-electron scattering mediated ég¢hlar unparticle and
the vector unparticle. For the case of the vector interactiwere is an interference
term between the SM model cross section and the unpartderséd relevant
expressions fow + e scattering are collected in table 2. The+ e scattering is
an example of the role of unparticle as intermediate of a naeraction. But
the unparticle stuff can be produced directly at accelesatarough for instance
et +e~ — % +y. In this case, the relevant cross section is computed. (Senb
line of Table 2).

Another interesting experimental proposal is the cohementrino nuclei interac-
tion. In this case if gR< 1 (R nuclei radii,q the transfered momentum), the
"sees” the nuclei as a point and scatters coherently on itdsée. This effect has
not been measured yet, but there are some experimentalgaigganned to detect
this process [6, 7]. The effective Lagrangian 4 would giwsalontributions to this
process and therefore we have considered it too in our dsalyss shown that if
such process is detected it would place strong constraingsiparticle interaction.
The corresponding cross sections are collected in Tabl®t Mat there is again
an interference term between the SM sector and the unpgastdtor for the case
of a vector intermediate unpatrticle.

Now it is possible to compute the expected number of evengsfaaction of the
free parameterdld 124 Ais,d) with the help of expressions collected in Tables 2
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TABLE 3. Cross section mediated by scalar and vectorial unpartidpggators for the coherent
Ve + N scattering

Type Cross section

dayN _
Scalar 1 = ray ez [90u(c) (224 N) + Goa(d)(Z + 2N))? (mAT><2d 3>(T+2mA)

Vectorial TR _ 229 T [01(c) (224 N) + Gua(d)(Z+ 2N) 1- 1) - mJ
a7~ 7A@ ()@ Flu 1d E) B

]

dol_su \/ézd 1Ge [g1u(d)(2Z+N)+g14(d) (Z+2N)] Ma(gYZ+g)N) T
SM+U ng £ [gw(d A<)2d9%§’( X ) ?r(nAT)(d—Z ( *E*>

104 ar =) 10°F |
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FIGURE 1. Limits onthe parametesandig = w/)\(i’i\,AoAle (90 % CL) from the MUNU experiment
for the scalar unparticle case (black solid line) and fontbetor unparticle cases, both for flavor changing
currents (grey solid line) and for the flavor conserving emg case (dashed line). Previous bounds
obtained by Balantekin and Ozansoy (BO) [9] (dots and ties)care shown for comparison. The present
analysis based on the MUNU data gives stronger constrainig pfor values ofd > 1.5.

and 3.

- Step 4Now let us compute ouyr?(A;s,d) where the experimental number of events
for the procceses collected in table 2 are well known (surizedrin [8]). For the
case of coherent neutrino-nuclei scattering (Table 3) wktake for definiteness
the TEXONO detector [6] neglecting for the moment the resotufunction. One
more time, for details of the full analysis we refer to [5].

Results: We have obtained the constrains illustrated in Fig. 1 at 9Q% for the

scale dimensiod and the coupling\g1 = \//\g"ivx\o,le. The values below the lines are

allowed. The first two plots show the limits imposed by therent MUNU and LEP
data. The third plot shows the sensitivity that an experinabie to detect the coherent
neutrino-nuclei scattering.

Astrophysical neutrino and unparticle
There is another interesting issue related with neutrifibsy are copiously produced
in most of the astrophysical objects: the Sun, neutronsstpernova explosions, merger
of Neutron stars, AGN etc, all those astrophysical phen@nrolve neutrino produc-

tion. A very small change in the neutrino properties or iatgions will enhance or de-
crease the number of neutrinos produced due to the largerambunatter and high
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TABLE 4. Constraints on the vector couplidg from the neutrino electron
scattering experiment, and from astrophysical limits.

d | v—escattering| Etvos [10] | Long range [11]] SN1987A[12]

1.1 2.0x10°° 6.3x 10719 2.8x 1023 9.1x 1011
1.5 9.7x 1073 1.7x 10712 57x 10712 5.7x 1079
2.1 40. 1.1x 102 6.0x 10° 29x%x10°
2.5 5.5x 104 48x10% 1.1x 107 1.8x10°%
3.1 1.2 x 10° 3.3x 10 1.1x 103 9.9x 1072
35 2.1x 102 1.5x 10?1 3.2x 10% 6.1

3.9 1.1x 101 6.2 x 1027 5.8 x 10°6 4143

energies involved. This fact has been used successfullyderdo constrain neutrino
properties and/or new interactions. The unparticle caseneathe exception and cur-
rently there are several limits obtained. In table 4 we shomeslimits and we include
the limits obtained from our analysis. Despite some of thmétsi are orders of magnitude
stronger than the ones obtained by terrestrial experimérdee are assumptions made
and, in that respect, a direct measurement always offersam determination of free
parameters. For a more extensive discussion of the assumaptiade see [5].

In summary, we have illustrated how neutrino data can oftdean way for constrain-
ing free parameters of new extensions to the standard médkmentary particles. We
used as a test thenparticle scenario and we see that present and future experiments
in neutrino physics are competitive and complementary herohigh energy and astro-
physics observations.
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