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UHE cosmic v flavors
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Lesson: v Oscillations + MSW

arXiv:1103.0734

T. Schwetz, et al. »

parameter best fit £1o

3 10— .\2 7 597020 —_ SRR (L EeE——

Y 2.45 £ 0.09 2.28 —2.64 2.18 —2.73
2 [10—3,\V2

Ay [1075eV7] —(2.3470-10) (217 — 2.54) —(2.08 — 2.64)

sin? 6,5 0.31215011 0.28 0.35 0.27 0.36

sin” g V.51 =£0.00 Much larger theta(13)?

0.52 4+ 0.06
0.01015000

sin® 15 0.013+0.009 ~ 9 degrees 1106.2822

s latest indication:




mic v background

Solar v's

Geo-anti-v's

v's from

2\

Supernova v burst (1987A)

/ Reactor anti-v's

Supernova relic v background

Atmospheric v's

i

B observed

B expected
10 1073 1 10° 10° 10° 10’ ;
peV.  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy



dy

IceCube is rea

Source

\
/

Cosmic Neutrino

Meutrino

Accelerato

\Frutnn

s

Opagque Matter

. oW

Morth

LN S AR S i § O

ring

Meut

Muon
IceCube

MNeutrino

Air Shower

M

Shower

Air

=
a
:
=S




Is CvB Detectable?

Today’s matter & energy densities in the Universe (Dunkley et al (7

Komatsu et al '©; Nakamura etal 1 0): S-year WMAP + model
Parameter Value
Hubble parameter h 0.72 £ 0.03
Total matter density Q_ Q_h?=0.133 4+ 0.006
Baryon density (g Qph? = 0.0227 £ 0.0006
Vacuum energy density €2 (2, =0.74+0.03
Radiation density (), <¢u— QO h? =247 x107°
Neutrino density €, (o— Qh? =Y m;/ (94 eV)
Cold dark matter density {2cpy Qepyh? = 0.110 £ 0.006

The CMB ( ) is already measured today

Is it likely to detect the C/B ( ) in the foreseeable
future? ---- Here we’ll look at a Gedankenexperiment.
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Oscillations
The transition probability:

Z V. \Q\Vﬁj\gnLQReZ VoiVaieVar Vs exp {i
3<k

Expected sources (AGN) at a typical distance: ~100 Mpc.
For [ANZEESBUREAS , the oscillation length in vacuum:

After many oscillations, the ~ 1000k 100 107

averaged probability of UHE =R q:, ﬂ ik
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Flavor Democracy

At an astrophysical source:

- . 3
Ata telescope:  THE SESTLUNSSTREED 3 BLH MG IA]

o 1—=1

If there is a ;:-- symmetry for V: le = |V_,|

€13C12 €13512
—819Coq — C19S93513€ +C19Coa — S19S93513€
N 7 RN 7.
—}—.51.-_,_.523 C19C99513€ C19593 $19C93513€

Near flavor democracy (Learned, Pakvasa,

-t symmetry breaking KNS U AT ,
Xing, °5) O )0 =(1-2A): (1+4A): (1+A)




-t Symmetry Breaking

1
0.100 | A — ; [2 sin? 26,, sin (923 — g) — sin 46, sin 0,5 cos 5]

0.099 el R =(1-2A) (14 A): (14 A)
0.008 : A Question:

_ Even if such
0.097 | a nice flavor

: distribution
0.096 ' is detected,

we still do

0.095 _ not know if

| UHE cosmic
0.094 | ‘s originate

30° from py or
pp collisions




The Glashow Resonance

v,+e — W™ — anything IV TR (T[T d o] JETo (S

(Glashow () by o~ ME /(2m,) ~ 6.3 PeV
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A New Parametrization

Assume a cosmic accelerator with
both py & pp collisions.

Pure py collisions: « = 1

Pure pp collisions: « = 0

1

1 1 prp . o .
{3L+6W+(2+6 1+6 )" (2+%JU+Qﬁﬁr

PIU)

At the -telescope: (the
_ o ~[1+9,, 1+4§,,—0, P, N
ol +op )"

R
2+0,, (2+9,,)(1+7,,

P 1oP P +op

e Lt et L




Numerical Illustration

Input the values + bars of sin?0,, = 0.3127907

sin 0y, = 0.51 & 0.06

- 2 _ +0.009
S111 913 = 0'010—0.006

neutrino mixing angles (Schwetzetal ' 1)

:bESt'fit+8 — O -+ 6p’y — 5pp — O




Generic Flavor Distribution

[Xing, Zhou (¢]:

{¢e B, ,¢T} - {sin2§ cos’¢,cos’éE coszg’,sinzg’}¢0

where | characterizes the small amount of tau s at the source
[e.g., from Ds- or B-meson decays (Learned, Pakvasa “5)].

Liparietal 07; Pakvasaetal 03:1:2:0—1:1.852:0.001

0 Conventional (or standard) source:




Working Observables

We define the following observables:

{Re’Rer}E{f—eTT’f—;T’f—:T}
Py b D TP P TP,

Only two of them are independent, because

2 1R +R jth [
R.+R,+R =1 wi “T11R,

Another observable is the total neutrino flux of all flavors:

b= +0,+4. =0 +4,+4,

can all of the three observables be well measured?

by using any two observables, we may determine the
initial flavor composition of UHE neutrino fluxes (i.e., - and /)




Formula

Definition: {R,.,R,,R } = {¢T¢E¢T , ¢T¢iﬁ o ¢T¢:_T y }

sin“& cos’¢, cos’E cos’s,sin’s (d,

P, sin“&+P, cos®E+P tan® ¢

a 2 -2 2 2
sec” ¢ — (R, sin“$+P,,cos°S+ P, tan” {)

Determination of the source parameters
SII’]Z f = Ra(PTﬁ _ P’U'B) _ R'B(Pw‘ B Pﬂa) T (PﬂﬂPTOC - P,uaprﬁ)
(R, —P,)P,;—-P,)—(R;,—P,)(P.,—P,)
15 o Peﬂ) o Rﬂ(P,ua o PEa) + (Pe,BP,ua o Peapyﬂ)

(R,-P )P, —P,)—(R,~P,)(P., —P.)

tan’ ¢ =~




v -
P
L - 4=
. o
rd
- s -
® 13
. o
- 4N
o

o L J

—

Mol L. T
o o o 0o o o o o o o
® O K © I I o N -

=

S
—
T T T T T T T LI ‘I.
- 4@
o
L A?..
O
i *\\ 1w
= o
behiss i 4™
o

~—

~ PR I TR T T AT SR TR NS | | -
o O O 0o o 0 o o o o
d ©® K ©® b ¥ ® & -

)

S
N~
T T T T T T T T 7 —
| 4w
-
£ 4™
- L -

‘ .// L o

4 ) 4=
. o
I/ D
N

2 ~

- Y -
~ o

~

| | w
e o
| -

o o
rlldrliJu
g PR I T (T NN R N T N N | | | ha
o O 0o O o o o o o o
® ©® K © b ¥ ® N -«

0

1

=0

D, - .

2

0

0

1

]
S

P

22

0

B, 9.

@,

1.5

1.3

03 05 0.7 09

0.7

04 05 06

0.3

0.2

0.1 0.3 0.5 0.7 0.9 1.1

1.7

1.1

0.1



Extremes in the v sky

UHE cosmic v flavors

Cosmic background

Warm dark matter?




Formation of CvB

As T~ a few in the Universe, the survival relativistic particles
were photons, electrons, positrons, and

AP T NI I - = ¢ +e¢” = v, + 7, (for a = e, 1, 7)

v.tn=e¢ +p,v.+p=ec +nf@V.te +p=n

-
Weak interactions { I‘e|IC S:

3
,) cm S

‘s in thermal contact with cosmic plasma ’s not in thermal contact with matter

Hubble expansion

and




Witnhess / Participant

and : the existence of had an impact on the
epoch of matter-radiation equality, their species and masses could
affect the CMB anisotropies and large scale structures.

Timeline of the Big Bang: bQ;aLkr; Big Bang Cold dark matter[~ Galaxies form
trangtion nucleo- begins to form Solar system forms
Inflation | synthesis structure y
r_I_1 , I
© i IJI !
2 | 3 406 109
= 'I 1CI 10 10 Years
% _I L I T 1 I L I T I L l L I L I T I I | I il I -
= 10 10* 10 10" 10"  10° 1 10° 10 1 Seconds
i i Lo
I I L
Neutrinos Recombination: neutral NOW
decouple atoms form; photons decouple

7 /4 4/3
At the time of recombination (¢ ~ ): Bl [1 +3 (11) NCMB]

The C/B contribution to the total energy density of the Universe today
relativistic non-relativistic

21 /4 \*3
Q, =" (—) Q, ~1.68 x 107°h™"

Y 8 \11




Detection of CvB

Way 1: C/B-induced on Cavendish-type torsion balance;

Way 2: of relic 's on radioactive '-decaying nuclei (Weinberg ©2);

Way 3: “-resonance of UHE cosmic 's and relic v's (Weiler ©2).

Temperature today Relic neutrino capture on -decaying nuclei

4 1/3 : :
Ty — (ﬁ) T’T ~ 1.945 K N — NI teg _!_ve v, + N — N’+(),'"
\
Mean momentum today \  beta-decay n
(p,) ~ 3.151T, 2 \\background
~ 5.281 x 10~* eV 9 \ neutrino
e | capture _
At least 2 's cold today J= \ . signal
v
14 = \
How to detect ULE 's ? g <, =0
] < \
(Irvine & Humphreys, © %) \ for either
- = ’ / \ - 1 active or
e no energy threshold on incident v's Iy m, ¥ m,— ) \ [sterilov's

e mono-energetic outgoing electrons kinetic energy of electrons




Example

Salient feature: the cross section of a capture reaction scales with s
so that the number of events converges to a constant for : W

o(v,N) - 2 = const. e.g. [UUALIE

_V
C lv,—0 C ly,—0

~ (7.84 4 0.03) x 10~ *cm?

(Cocco et al 0/, Lazauskas et al 0%). v, + 3SH — 3He—|—e_

Capture rate: (1 MCi = 100g = tritium atoms)

ANowB

dT,

Energy resolution (Gaussian function) : A=2V2In20 =~ 2354820




200

Illustration o

mM+=0.00 eV
A=0.015eV

-
(6]
o

Target mass: tritium atoms
Input 6(13): degrees

Number of events per year: ~

[8)]
o
T

Rate [events/(eV year)]
o
o

The gravitational clustering effect - } \Aﬂ-24
may help enhance the signal rates o . . \/, . .
: Won ) -0.1 0.0 0.1 0.2
(Ringwald & Wong, ©4) To=Cp (oV)
200 . — . 200 . — :
inverted | approximate ,
. [ hierarchy I M3=0.00 eV | [ degeneracy : M3=0.10 eV
=150 |- : A=0015eV |{ 5150 ! A=0.06eV | -
o ! (] |
> I > |
O ! d |
2 100 - I 1 2100} | ]
Z | | 7.83 Z : 8.07
H : 1E :
ié 1 /\] k _ § | :: _
1 ! . ] 0 ] ‘ " 1
-0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2




Sub-eV Sterile V's?

: current data only allow sub-eV neutrino;

: current data can allow sub-eV neutrinos.

—
)

G. Mangano,

0'95 :—— CMB+'H+'He ' P. S_el‘PiCOI
0.8 B _ —_ CMB—EHIOWﬁHe; —; arXiv:1103.1261
0.7F mp i — - 2y : :
"UD6EN ........... H+He ............ Neff < 4.2
EO E (95% C.L.)
2 f
=04F
sE e The sharp cut-off
P is due to a
0.2F 2 : :ll abundance upper
01E K k :l bound (<0.2631).
C S ]
C - I — 7 I ]
00 1.0 2.0 3.0 4.0 Nsé\/l — 3.046
o :




J. Hamann et al, arXiv:1006.5276 E. Giusarma, arXiv:1102.4774




(3+1) Scheme

Besides the CMB + BBN hints, the LSND + MiniBOONE anomalies and
the reactor antineutrino anomaly also hint at 1 or 2 sub-eV 's.

They could be thermally excited in the early Universe via oscillations
or collisions with active \’s; they are now non-relativistic; and their
number density per species is expected to equal that of active \’s.

)

| 1
i 1
ol m=0.10eV | : m=0.10eV | -
A=0.10 eV \ A=0.05 eV
—_ =150 |- . .
S a0 | K i :
> m, = 0.3 eV > . m, = 0.3 eV| .
3 {2 .
3 w0l 1l 2 ;
€ 100 |- . .
c @
o 2 .
o ) '
o 20 - - ﬁ :
1
@ s0 | ! i
10 + ] :
: O
0 1 1 1 . 0 ‘ L R
-0.2 -0.1 0.0 0.5 0.6

0.2 0.3 0.4




Overdensity

Gravitational clustering: only those cosmic 's with velocities smaller
than the escape velocity of a given structure can be bound to it. Let's
assume a larger GC effect for a heavier v around the Earth.

V1|~ 0.792 , |V, = 0.534, |V 3| =~ 0.168 , |V | = 0.171 , |V,s| =~ 0.174

3
3

3
2

8

Rate [events/(eV year)]
g &

S
Rate [events/(eV year)]
8

3

Y
=]
T T

b o
i\: T



Cosmic anti- SR

= = = M4=0.05eV

Background? B L

Relic antineutrino capture on
EC-decaying nuclei.

Vet “Ho + €i(shell) 163DYI — %Dy + E,

(Lusignoli, Vignati, 11; Li, Xing, 1)

40 , |

| T
| T T T :
- Q ~2.5keV =010 eV ! (b) .
= ! =S 005 eyl 3
530+ | A=0.06 eV | - JEAEN . Mi=0.05 6V 3
g II """ Mms=0.10 eV| ]
3 . 30 kg H0-163 | 02} _:
220t . ~1 event/yr 3
: '~ 3.
ko) n <10° 3
Q ) N
§ 10 F ll i
107 i
0 | 0.0 0.1 0.2 '
-  T-Q(eV) - -0.15 0.00
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If it isn’t Dark, it doesn't Matter

Today’s matter & energy densities in the Universe (Dunkley et al (7
Komatsu et al 7°; Nakamura etal 10): 5-year WMAP + model

Parameter [@O\ Value

Hubble parameter h O”/f/q 0.72 £0.03
Total matter density 2,  ~S&», Q,h* = 0.133+0.006
Qyh% = 0.0227 + 0.0006

Baryon density {2
Vacuum energy density €2, 2, =0.74+0.03
QA% =247 x 107°

Radiation density €2,
Neutrino density €2, Q h? =3 m,/ (94 eV)

Cold dark matter density {2-py\, Qcpyh? = 0.110 + 0.006

dark matter: C/B is guaranteed but not significant.

Cold dark matter: most likely? At present most popular.

dark matter: suppress the small-scale structures.



keV sterile v Dark Matter

strong prior theoretical motivation for the existence of keV sterile
‘s. Typical models: Asaka et al, 05; Kusenko et al, . (; Lindner et al,

A purely phenomenological argument to support keV sterile ’s in the
FLAVOR DESERT of the standard model (Xing, ©%).

c Z
) :
© ! v, : SL C
GCJZ— E— ! E n —
) :
O] ! !
I v B:Ud

10° 10®° 10™ 10 10* 10" 10° 10" 10* 10° 10* 10° 10° 10" 10° 10’ 10" 10" 10"
Mass (eV)




keV sterile v Dark Matter

keV sterile v's

gauge
.1.
desert problems




keV sterile v Dark Matter

Production: via active-sterile v oscillations in the early Universe, etc;

Salient feature: in the form of keV sterile 's can suppress
the formation of dwarf galaxies and other small-scale structures.

Bounds on 2-flavor parameters:
(Abazajian, Koushiappas, 2006)

For simplicity, we assume only one Z X-ray Background

type of keV sterile neutrinos:
Cluster X—ray

Standard parameterization of V: _
mixing angles & = (Dirac) or =
(Majorana) CP-violating phases. : \\ \o \
N ]

Tremaine—Gunn Bound

| T UIT] B SR R TTT] BRI W1 TT] BN S W AU TT] B S SR TTT] B A WA TTT] S S SR R TIT| B WA n i
107" 107 107%® 107" 107" 107 107® 1077 107°

sin® 26



Decay Rates

Dominant decay mode [Cv = 1 (Dirac) or (Majorana)]:

L . C Gim; C ,Gim;
ZZF(V4—>VQ+V;3+V;3): 1921;4Z| 4\2_ 192F%4Z|

a=e B=¢ a=e

Lifetime (the Universe’s age ~

2.88><1027( m, )—5 S+ 52+ 5, ‘18
C 1 keV 10-8

v

~

Radiative decay: X-ray and Lyman-
alpha forest observations.

2

9aemCyGFm4 . *
51274 Z Z Vasbai

9, C,GEm) E 12
- 85127T4 Z ‘/34‘/3?,|

9, C GEm)

em — v

51274

(314 + 8554 + 334)




Detection in the Lab

The same method as the detection of the C/ B in the lab.

v, + E=WAER  Capture rate with a Gaussian energy resolution:
N — N'+e +7,

Assumption: the number density of sterile [SrESURKEAUGIE
‘s is equivalent to the total amount of DM ~10° (3 keV _
in our galactic neighborhood. n,, =107 (3 keV/m,) cm

Half-life effect of target nuclei (Li, Xing, 11)
Two sources (Liao, 10; Li, Xing, 1 1):

H : Qs =186 keV, t,,,=3888x10°s, 0,0, /c=784x107" cm
R Qg = 39.4keV | ¢/, =3.228 x 107 s, cryivyi/c =5.88 x 107*° cm

This method & the X-ray detection probe different parameter space.
|2

= 612314 + 312324 + 2015519814594 COS (524 019 — 514)




Illustration

For illustration:

Number of events per year:
6.0

(dotted) curves

(without) half-life effects.

2 _7 I ¥ T 6-0 2 _7 T X T

— |Ve4| ~5x10 — |Ve4\ ~5x10

— ] SH (10kg) — : 16Ru (1 ton)

S : m,= 2.0keV 5 : m,= 2.0keV

= ! A = 0.4keV & : A = 0.4keV

= : - ) _

D Q g ;

é : \'M_/ 1

Z 3.0} | 1 B2 30} '. . 1.7 |
: ; 1.1 : :

5] \ 5] 1
o : o |

3 ' 5 |/

o5 : o=

0.0 T 0.0
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.9 3.0
T. — Qp (keV) Te — Qp (keV)

Dim and remote observability of keV sterile neutrino DM in this way:

--=- tiny active-sterile neutrino mixing angles (main problem)
--- background: keV solar neutrinos or scattering.




Summary

There remain some big unknowns in the v sky:

---=- CvB: a test of cosmology as early as t ~ after the
Big Bang, but a direct measurement is extremely difficult

The Weinberg trap?

---- UHE cosmic ’s: a probe to the origin of UHE cosmic
rays, but a direct measurement is extremely challenging
telescopes? The Glashow resonance?
---- Sterile v's as either (eV) or
but this seems hopeless

The Weinberg trap?

These dreams are so remote that better ideas are needed.




