Unparticle Decay of Neutrinos and its Possible
Signatures at a km? Detector for (3+1) Flavour Framework

Madhurima Pandey
Astroparticle Physics and Cosmology Division
Saha Institute of Nuclear Physics, Kolkata, India

arXiv: 1304.07241

Tuesday, September 4, 2018 Invisiblesi8 Workshop, 2018



Introduction

Almost a decade back Georgi proposed the probable existence of a scale invariant sector.

At avery high energy scale this scale invariance sector and the Standard Model (SM)
sector may coexist and the fields of these two sectors can interact via a mediator
messenger field of mass scale M.

At low energies, the scale invariance of SM is manifestly broken (SM particles have
masses).

The interactions between this scale invariance sector and SM are suppressed (inverse
power of My.).

Georgi observed at low energies scale invariance sector manifests itself by non-integral
number (4, ) of massless invisible particles (scaling dimension of scale

invariance sector) 2 Unparticles.

Tuesday, September 4, 2018 Invisiblesi8 Workshop, 2018 2



Introduction

A prototype model of such scale invariant sector can be obtained from
Banks-Zaks theory, where the scale invariance sets in at energy scale Ay .

We have taken a scalar unparticle operator and scalar interactions with

neutrinos that enables a heavy neutrino decay to a lighter neutrino and
another unparticle.

We consider unparticle decay of ultrahigh energy (UHE) neutrinos for four
flavour scenario, where an extra sterile neutrino is introduced to the three
families of active neutrinos, from a distant extragalactic sources such as
Gamma-Ray Bursts (GRBs) and estimate the detection yield of these neutrinos
at a kilometre square detector like IceCube.
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Formalism
Unparticle decay of GRB neutrinos

We consider a decay phenomenon, where neutrino having mass eigenstate »; decays to the
invisible unparticle /) and another light neutrino with mass eigenstate -

v U+ ... 1)
The effective Lagrangian for the above mentioned process takes the following form in the low
energy regime il
gy reg L= mr.ﬂm vy
K~ ¢ SR 2)

The most relevant quantity for the decay process is the total decay rate 1. or equivalently the
lifetime of neutrinon: = 1/I'; . The lifetime 7z can be expressed as

T lG?TEi'f“l;da—lj (__ﬁig{)fﬁxﬂ 1
m; T

m; Ag| N2 m? ... 3)

]
Hfj-

where m; is the mass of the decaying neutrino.
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=~ Formalism (Contd.)

The normalization constant in Eq. (3) is defined as

16752 ['(dy + 1,-'“;2:]
{2: 2dyy [(dyy — 1]f[2tj3’f}

The flux for a neutrino %=} of flavour @ on reaching the Earth from GRB after undergoing the
unparticle decay along the baseline length ( ) is given as

Pua {E# = Z Z tjr:., Uﬁi : {-‘:—f.nl _]‘Jp[_“l?l_*[*’”}"d]hl : 5)

Uai,Usi - PMNS matrix elements, ()\,;); - the decay length

Ag =

For a 4 flavour scenario the PMNS matrix can be written as

( e14le1 c14Ues c1alea s\

—814894U¢1 + 24U

—e94814834U01
—224534 L'r“ 1
+eg4Us

Ugxay =

—C24031514U¢1

—894¢34 0041
l\ —s34UUry
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~ Formalism (Contd.)

* The decay length ((\4):) in the Eq. (5) can be expressed as

(Ag)i = 2.5Km

E ev?
G o 7) [ai(:m;}T] ]

* Applying the equation Eq. (5) and by considering the condition that the lightest mass state [v1)

is stable we can write the flux of neutrino flavours for 4 flavour cases on reaching the Earth as

b,

@y,
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- 2 - 8 = 8 o 3
(Ut "+ Upt "= [Ura "= [ Ua )

= 2 3 2 = 2 = 2 ’ s
H U | (14| Up | = [Ura | — | Usp | )exp(—47L /(Aq)2)

Y . 8 . & . & .
H Ues | (14 |Ups| — | Uz | — | Uss | Jexp(—4nwL/(Ag)3)

-~ 2, T T iy
H Ues (1 + | Ups | = [ Urg | — | Usa [ )exp(—47L/(Ag)s)l9},

= 9 B 9 gs) a - .
(Uat | QA+ U | = |Urt| = |Us1|)
~ 2 - 2 = 2 = 2 X
H Uu2 | (1+[Up2| —|Ur2 | —|Us2 | Jexp(—4nL/(Ad)2)
- o ~ 2 ~ 2 ~ 2 -
H U [ (1+[Us| —|Ura| —|Usz| Jexp(—4mL/(Ag)3)

= 2 o 2 T 2 T 2 ‘ .
H Ups "1+ | Ups |” = | Urs |” — | Usa | exp(—4nL /(Aq)a)] @5,

- 2 = 2 -~ 2 -~ 2
1 8o 20+ 1 Ot [P = | Tt = | ot

- 2 . = 2 g = 2 . . oo
H Ure (1 + [ Upa | = | Ura | — | Usa [ Jexp(—4nL /(Aa)2)

] 2 5. = ~ 2 ’ ) -
H Urs | 1+ |Us| —|Urs| — | Usa [ )exp(—4nL/(Ad)3)

~ 2 = 2 = 4 ~ 2 ; T
H Urg " (14 | Upa [" — | Urg |” — | Usa | )exp(—4nL/(Aq)a)] 5,

= .o = m o om .= .
MUt QA+ |V "= Ura | = U |)

Y = o oo o e B . ._
HUs2 |1+ | U2 | —|Ur2 | — | Us2 | Jexp(—4nL/(Ag)2)
Y - B - & = g o
HUsa [(1+|Uus | — | Ura |” — | Usa | Jexp(—4nL/(Aq)3)

Y T S
H Usa | (1 4+ | Upa | — | Ura | — | Usa | exp(—4xL/(Ad)a)]®}. .
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GRB neutrino flux

In the absence of decay or oscillation the neutrino spectrum on reaching the Earth from a GRB at

redshift - takes the form d‘l.‘\r."ﬁlbﬁ B dN, 1

T 1+ 2z
dEp®s dE, —lﬂ’rz(z}( +2)

...9)

M dNe»s  gN°™ : ) 3
In the absence of CP violation F(E,) _ WNoiv Tpe spectra for neutrinos will be 0.5F(E,) .

) = g = o
Now the neutrinos produced in the GRB process in the proportion
Ve i cae = 1:22:0:03%550)

Therefore ; g
8, = 5F(E,) 8, = <F(E) =24}, 6%, =0,45,=0, __n)

[

where ¢, ¢;,, ¢.. and ¢v. are the fluxes of ve. ¥4, ¥ and v, at source respectively.
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Detection of UHE neutrinos from a single GRB

The secondary muon yields from the GRB neutrinos can be detected in a detector of unit area above a
threshold energy Eiy.: is given by g _ /Et dN©bs
JE

,EEUTJS P»:un-' thag P EobaE il
fne " dEg® s 12)

The effective path length X (4.) = / p(r(6,,0)dl . ..... 14)
Probability of neutrino induced muon to reach the detector P, (E°™, Ey,) = Nao““(R(E®™: Eqy)) . ..15)

where the average muon range in the rock (R(E)™; Ew.)) is given by

]_ 1—Eine/ Eu

:I‘.(Eﬁbﬁ? y‘} 16)

! Ldo
dyR{E::hxtl - y,}s Et.hr,} )
dy

fR{Ezlfh\ Ein)) =
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_ (P _db, 1. (ot BE,
R(Ey, Bur) = [ @B ax) "~ g™ (a BB

The average energy loss of muon with energy g, is given as

dBY . 18)
<ﬁ> =—a—fPE, .

a = 2.033+0.077 In[E, (GeV)] x 10* GeV em? gm™ |
B = 2.033+0.077 In[E,(GeV)] x 1075 GeV cm? gm™! |

for E, < 10° GeV and otherwise
a = 2.033x 1073 GeV cm?® gm™

B = 39x10°%GeV em? gm™!.

dNebs : o
in Eq. (12) is replaced by ¢, in Eq. (8).

dEgbe

[5
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Figure 1: The Variations of the neutrino decay life time (7/m) with the unparticle
dimension (dy) are shown for four different values (0.1, 0.01, 0.001, 0.0001) of couplings
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Calculations and Results
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Figure 2: The variations of the neutrino induced upward going muons per year from the
GRB with (a) different values of dy; for four different fixed values of A\Y as well as for
the mass flavour case (no decay case), (b) different values of A¥ for four different fixed

values of the unparticle dimension dy; (1.1, 1.2, 1.3, 1.4) and in addition for no decay
case.
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Summary and Discussions

In this work we have explored the possibility of unparticle decay of Ultrahigh Energy
(UHE) neutrinos from a distant single GRB and its consequences on the neutrino
induced muon yields at a kilometre square detector.

In order to explore the unparticle decay process we have considered the UHE
neutrino signatures obtained from GRB events for a 3+1 neutrino framework.

We estimate how the effect of an unparticle decay of neutrinos in addition to the
mass-flavour oscillations can change the secondary muon yields from GRB
neutrinos at a 1 Km? detector such as IceCube for a four flavour scenario.

We also investigate the effect of fractional unparticle dimension du as also the
coupling 7/ on the muon yield and compare them with the case where only flavour
suppression (without an unparticle decay) is considered.
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= Formalism
Unparticle decay of GRB neutrinos

We consider a decay phenomenon, where neutrino having mass eigenstate »; decays to the
invisible unparticle (1) and another light neutrino with mass eigenstate ;.

I —3 Of | g 23000 4)
The effective lagrangian for the above mentioned process takes the following form in the low
energy regime \a8

where a3 = e, p, 7, s - flavour indices, d;, - the scaling dimension of the scalar unparticle operator®,
. . . . . . . |;‘_'“'_:~'
Ay - the dimension transmutation scale at which the scale invariance sets in, A" - the relevant

coupling constant.

The neutrino and flavour eigenstates are related through |v:) = Y Usilva) ....6)
Ui - elements of the PMNS mixing matrix. 2
In the mass basis the interaction between neutrinos and the unparticles can be written as

A Oy /AT, where A is the coupling constant in the mass eigenstate 7 J-

A7 can be expressedas A/ = Z il L PR O 7)

o, 3
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Calculations and Results
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Figure 3: Variations of the neutrino induced muons per year from the GRB with different

redshifts (z) for three different values of A\ as well as for no decay case at a fixed zenith
angle (6, = 160°) .
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