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DESY 06-210Probing the variation of reli
 neutrino masses withextremely high-energy 
osmi
 neutrinosLily S
hrempp a,aDeuts
hes Elektronen-Syn
hrotron DESY, Notkestra�e 85, 22607 Hamburg, GermanyAbstra
tWe analyze the prospe
ts for testing the 
osmi
 neutrino ba
kground and its interpre-tation as sour
e of Neutrino Dark Energy with the radio teles
ope LOFAR.1. Introdu
tionCertainly, one of the most 
hallenging questions in modern Cosmology and Par-ti
le physi
s is, what is the nature of Dark Energy? Strong observational evi-den
e hints at the existen
e of this smooth, exoti
 energy 
omponent whi
h drivesthe apparent a

elerated expansion of the universe. Re
ently, Fardon, Nelson andWeiner [1,2,3℄ have shown that Big Bang reli
 neutrinos { the analog of the 
osmi
mi
rowave photons { are promoted to a natural Dark Energy 
andidate if theyintera
t through a new non-Standard Model for
e. Due to this s
alar for
e, the ho-mogeneously distributed reli
 neutrinos 
an form a negative pressure 
uid and thusexhibit just the right properties to a
t as Dark Energy. As a further 
onsequen
eof this new intera
tion, the neutrino mass be
omes a fun
tion of neutrino energydensity whi
h de
reases as the universe expands. Thus, intriguingly, the neutrinomass is not a 
onstant but is promoted to a dynami
al quantity. After dis
ussing thedetails of this so-
alled Mass Varying Neutrino (MaVaN) s
enario, I will 
onsider anastrophysi
al possibility of testing it with extremely high energy-
osmi
 neutrinos(EHEC�). A more detailed dis
ussion of the results may be found in Ref. [4℄.2. Mass Varying NeutrinosI will 
on
entrate on a 
on
rete realization of the non-Standard Model neutrinointera
tion as preferred in the literature [1,5,6℄ whi
h implements the seesaw me
ha-nism [7,8,9,10℄. Generi
ally, varying mass parti
le s
enarios exhibit a so-
alled darkse
tor whi
h only 
onsists of Standard Model singlets. In the 
onsidered 
ase ofMaVaNs it 
ontains a light s
alar �eld, the a

eleron A, whi
h has an asso
iatedfundamental potential V0(A). The a

eleron intera
ts with a se
ond �eld of thedark se
tor, a right-handed neutrino N , through a Yukawa 
oupling, �ANN , andthus generates its mass MN (A) = �A. The dark for
e mediated by the a
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is transmitted to the a
tive neutrino se
tor via the seesaw me
hanism whi
h in ad-dition provides a natural explanation for the smallness of the left-handed neutrinomass m� . A

ordingly, at s
ales well below 100 GeV the Lagrangian 
ontains aMajorana mass term [1,4℄,L � m2DMN(A)�2 + h:
:+ V0(A); where m�(A) = m2DMN (A) ; (1)for the a
tive left-handed neutrino, where the Dira
 type mass mD originates fromele
troweak symmetry breaking and MN � mD has been assumed. Consequently,the neutrino mass m�(A) is light and, sin
e it is generated by the value of thea

eleron, neutrinos intera
t through a new for
e mediated by A.The 
oupling leads to a 
omplex interplay between the a

eleron and the neutri-nos whi
h links their dynami
s. Sin
e the neutrino energy density is a fun
tion of theneutrino mass m�(A), it be
omes an indire
t fun
tion of the value of the a

eleron,��(m�(A); z). As a dire
t 
onsequen
e, it stabilizes the a

eleron by 
ontributingto its e�e
tive potential,Ve�(A; z) = ��(m�(A); z) + V0(A); where (2)��(m�(A); z) = T�(z)4�2 1Z0 dy y2ry2 + �m�(A)T�(z) �2ey + 1 ; (3)with z denoting the redshift and T�0(z) = T�0(1+z) the neutrino temperature withT�0 � 1:69 � 10�4 eV. Sin
e 
osmi
 expansion 
auses a dilution of the neutrinoenergy density, also Ve� evolves with time. Assuming the 
urvature s
ale of Ve� andthus the mass of A to be mu
h larger than the Hubble s
ale, �V 2e�=�A2 = m2A �H2, the adiabati
 solution to the equations of motions apply [1℄. As a result, thea

eleron instantaneously tra
ks the minimum of its e�e
tive potential, the totalenergy density of the 
oupled system, and thus varies on 
osmologi
al time s
ales.Consequently, the neutrino mass m�(A) whi
h is generated from the value of thea

eleron, is not a 
onstant but promoted to a dynami
al quantity. As long as�m�=�A does not vanish, its time variation is determined by�Ve�(A)�A = �m�(A)�A  ���(m� ; z)�m� ����m�=m�(A) + �V0(m�)�m� ����m�=m�(A)! = 0: (4)Fig. 1a) shows the evolution of both the e�e
tive potential Ve�(A; z) as well as itsminimum due to 
hanges in ��(z).In the following I will address a possible short
oming of MaVaN models andhow it 
an be avoided. Sin
e MaVaNs attra
t ea
h other through the for
e me-diated by the a

eleron, they are possibly subje
t to a phenomenon similar togravitational instabilities of 
old dark matter (CDM) [11℄. As long as the neutrinosare still relativisti
, their random motions 
an prevent a 
ollapse. However, whenthey turn non-relativisti
 the system 
an be
ome unstable leading to the possibleformation of so-
alled `neutrino nuggets' [11℄. If the neutrinos really 
lump, theywould redshift like CDM with w � 0 6= �1 and thus 
ease to a
t as Dark Energy.However, �rstly, 
ertain 
onstraints on the s
alar potential V0 and on the fun
-tion m�(A), 
an lead to stable MaVaN models even in the highly non-relativisti
regime [12,13℄. Se
ondly, neutrino os
illation experiments allow one neutrino to2



Fig. 1. a) Evolution of the e�e
tive potential Ve�(m� ; z) and the neutrino mass m�(z) dueto 
hanges in the neutrino energy density ��(z); b) Exa
t m�i (z) (solid), approximated bym�i(z) / (1 + z)�1 and m�i(z) / (1 + z)�1=2 (dashed and dotted) in the low and high red-shift regime, respe
tively, assuming m�0;1 = 10�5 eV and a normal neutrino mass hierar
hy su
hthat neutrino os
illation experiments �x m�0;2 = 8:3�10�3 eV and m�0;3 = 5:17�10�2 eV today(�g. 1b) from Ref. [4℄).be still relativisti
 today, whi
h 
ould be responsible for 
osmi
 a

eleration un-til the present time [11,5,6℄. In Ref. [5℄ the latter 
ase emerges naturally after astraightforward super-symmetrization of the standard MaVaN s
enario. However,the modi�ed model relies on a slightly di�erent a

eleration me
hanism known fromHybrid in
ation [14℄ to be 
onsidered in the following. A s
alar �eld keeps a se
onds
alar �eld in a metastable minimum due to its large value and the energy densitystored in the false minimum 
an drive 
osmi
 a

eleration. In the MaVaN hybridmodel the �rst s
alar �eld 
an be identi�ed with the a

eleron, whi
h is driven tolarger values due to the stabilizing e�e
t of the fermioni
 neutrino ba
kground. Itkeeps the s
alar partner N of the lightest neutrino, naturally present in a super-symmetri
 theory, in a false minimum until it rea
hes a 
riti
al value A
rit. The
ombined s
alar potential V0(A; N) appears as dark energy with w � �1 and 
antherefore drive a

elerated expansion. This hybrid model provides a mi
ros
opi
origin for a quadrati
 s
alar potential V0(A) / A2 and thus a

ording to eq. 4�xes the neutrino mass evolution. After generalizing eq. 4 to in
lude three neutrinospe
ies, the evolution of the neutrino masses in the low redshift regime is found tobe well approximated by a simple power law [4℄,m�i(z) ' m�i;0(1 + z)�1; where m�i;0 = m�i(0) and i = 1; 2; 3; (5)as shown in �g. 1b), where the lightest neutrino is assumed to be still relativisti
today, m�1 = 10�5 eV � T�0 . Finally, we are in a position to do MaVaN phe-nomenology. In the following I will dis
uss a possible astrophysi
al test [4℄ for theneutrino mass variation involving extremely high-energy 
osmi
 neutrinos.3. Extremely high-energy 
osmi
 neutrinosWe are living in ex
iting times for extremely high-energy 
osmi
 neutrinos [15,4℄.Existing and planned observatories 
over an energy range of 107GeV < E0 <1017 GeV and promise appre
iable event samples (
f. [15,4℄ and referen
es therein).Thus it seems timely to 
onsider the diagnosti
 potential of EHEC�'s for astro-3



Fig. 2. a), b): Flavor survival probability P� = P�� , � = e; �; � , without and with in
lusion of ther-mal ba
kground e�e
ts, respe
tively, integrated ba
k to zs = 5; 
) Normalized sum P� = 13PP��in
luding thermal e�e
ts for zs = 5, zs = 20 and zs = 50 from top to bottom. All panels assume anormal neutrino mass hierar
hy with m�0;1 = 10�5 eV and varying (solid) and 
onstant (dotted)neutrino masses as a fun
tion of their energy E0 at earth (�gures from Ref. [4℄).physi
al pro
esses. A parti
ular example will be dis
ussed in the following. Ifthe energy of an EHEC� 
oin
ides with the resonan
e energy, Eresi = M2Z2m�i =4:2� 1012 � eVm�i �GeV; i = 1; 2; 3; of the pro
ess ��� ! Z, an EHEC� 
an annihi-late with a reli
 anti-neutrino and vi
e versa into a Z Boson [16,17,18,19,20,21,22,23℄with mass MZ . This ex
eptional loss of transparen
y of the 
osmi
 neutrino ba
k-ground (C�B) with respe
t to 
osmi
 neutrinos is expe
ted to lead to sizeableabsorption dips in the di�use EHEC� 
uxes to be dete
ted at earth (
f. �g. 2).Independent of the nature of neutrino masses, their resolution would 
onstitute themost dire
t eviden
e of the C�B so far. In addition, sin
e the annihilation pro
essis sensitive to the neutrino mass and thus to its possible time variation, it 
ouldserve as a test for Neutrino Dark Energy (MaVaNs). In �g. 2 the survival proba-bility of an EHEC� both for varying and 
onstant neutrino masses is plotted as afun
tion of its energy E0 as measured at earth. It en
odes the physi
al informationon possible annihilation pro
esses (for details see [4,16,17,18,19,20,21,22,23℄) and4



Fig. 3. E20F with F = PF�� +PF��� for a 
ux saturating today's observational bound forvarying (solid) and 
onstant (dashed) neutrino masses and for zs = 20, assuming a normal neutrinomass hierar
hy with m�0;1 = 10�5 eV. a) Together with proje
ted sensitivity of LOFAR expressedin terms of the di�use neutrino 
ux per 
avor, 
orresponding to one event per energy de
ade andindi
ated duration; b) Together with error bars indi
ating the 
orresponding statisti
al a

ura
y(�gures from Ref. [4℄).takes values between 0 and 1. In order to disentangle the di�erent in
uen
es onthe EHEC� survival probability, let us �rst assume the reli
 neutrinos to be atrest (
f. �g. 2a)). In this 
ase the absorption features for 
onstant neutrino massesare only subje
t to the e�e
t of 
osmi
 redshift whi
h 
auses an EHEC� emittedat its sour
e at zs with energy E to arrive at earth with the redshifted energyE0 = E=(1 + zs) < E. As a result, the survival probability is redu
ed in the in-terval Eres0;i =(1 + zs) < E0 < Eres0;i and the absorption minima are thus redshiftdistorted. In 
ase of a possible mass variation, however, the survival probabilityexhibits sharp spikes at the resonan
e energies Eres0;i (
f. �g. 2a)). This 
an be un-derstood by re
alling the mass behavior in the low redshift regime stated in eq. 5.The neutrino masses m�i(z) introdu
e a z dependen
e into the resonan
e energies,Eresi (z) =M2Z(1 + z)=(2m�0;i) = Eres0;i (1 + z) whi
h is 
ompensated by the e�e
t of
osmi
 redshift. A

ordingly, all annihilations o

urring at 0 < z < zs 
ontributeto an absorption dip at Eresi (z)=(1 + z) = Eres0;i . As a se
ond step let us take intoa

ount that the reli
 neutrinos are moving targets with a Fermi-Dira
 momentumdistribution. In �g. 2b) the 
orresponding Fermi-smearing both for 
onstant andvarying neutrino masses results in a thermal broadening (and thus merging) of thedips produ
ed by the mass eigenstates (
f. �g. 2a)).The plot of the 
avor summed survival probability in �g. 2
) shows that thedip depth in
reases with zs independent of the nature of neutrino masses. How-ever, generi
ally, the MaVaN features are 
learly shifted to higher energies and theminima deeper than for neutrinos with 
onstant mass.4. OutlookThe �g. 3 shows the expe
ted EHEC� 
ux from an astrophysi
al sour
e at aredshift zs = 20 both for 
onstant was well as for varying neutrino masses normal-ized to saturate today's observational bound. In �g. 3a) it is plotted together withthe proje
ted sensitivity of the radio teles
ope LOFAR [24℄ whi
h 
orresponds tomaximally 3500 events dete
ted per energy de
ade and indi
ated duration. Thistranslates into very small statisti
al error bars as in
luded in �g, 3b), a blow up of5



�g. 3a). A

ordingly, independent of the nature of neutrino masses, the dete
tionof absorption dips with LOFAR and thus the most dire
t eviden
e for the existen
eof the C�B so far 
an be expe
ted within the next de
ade. Furthermore, if LOFARa
hieves a de
ent energy resolution, the variation of neutrino masses and thus theinterpretation of the C�B as sour
e of Dark Energy 
ould be tested.A
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