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Abstract

B In 2013, IceCube discovered
two high-energy neutrino events...

IceCube collaboration
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B PeV cosmic neutrino spectrum
IceCube collaboration PRL 113 (2014) 101101
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B PeV cosmic neutrino spectrum

IceCube collaboration PRL 113 (2014) 101101

B Abstract

— 4.0

!H I ee ¢ Differential Sp;ectrum (best-fit, charmI component floats to zelro) :
@ 35} Differential Spectrum (fit with charm fixed at 1C59 90% C.L.) o®
g | s T s |
SHEX T S ;- T i 5 |
o : : ] 5
2.5 i ey T ge- o1 it
;? 2.0k (Sg ------ SR T, | & 18 O@EY
5 | . | — et
= 1.5 i —— R R IR i IS ' *Aer at IPA 2015
S i : ] Hal t Neutrino tel 2015 -
_Lg 1.0l 0 s 1 4. 1 | | / Halzen at Neutrino telescope . L
~ : | | :
2:‘ 0.5kt I 3 ! e e e ) 4-Y€ar data B3 Background Atmospheric Muon Flux
* : ; © |EEm Bkg. Atmospheric Neutrinos (n/K)
c:d S : 1' ] 1' ; \\ ' == Background Uncertainties
[;q 0_0 R 3 g ol 5 L. el - . — 5 | —_— :::‘mos:heﬁu:::utr:lnm‘b: Cli. Cr:bn;tL;mitl) )
7] — Bkg.+Signal Best-Fit ysical -fit slope E*5
1 0 1 0 . 1 0 10 %" " = - Bkg.+Signal Best-Fit Astrophysical (fixed slope E*)
eutrino Energy [GeV] 010! BRI 1 ese Data |
r~ - IceCube Preliminary
3 R
oL
] m ]
H Gap in the spectrum? 8 10t |
[ -
c J
w o
No event at 0.4-1PeV 2 7
10'1 Y, 7 :::'j:;'.

102 103 10*
Deposited EM-Equivalent Engrgy in Detector (TeV)

Gap???
¥ I CECUBE

SOUTH POLE NEUTRINO OBSERVATORY




T BEAE

B Abstract

B PeV cosmic neutrino spectrum M Muon g-2
IceCube collaboration PRL 113 (2014) 101101

]
P
o

w
U

)
T T

o
...

u_o
T

Differential Spectrum (fit with charm fixed at 1IC59 90% C.L.)

T T T
e e Differential Spectrum (best-fit, charm component floats to zero)

E?dN,/dE, [10 ®*GeVem ?s tsr?
©O O R KB N N W
w

o
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No event at 0.4-1PeV
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B What does he tell us?

B IceCube has opened the door to
the new era of neutrino astronomy

" IceCube collaboration
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"{"j’tﬁf;{# B What are they? Where do they come from?

B GZK neutrino (aka Cosmogenic neutrino)? I

The GZK cut-off in CR spectrum guarantees resulting neutrinos.
AT i

pycmMB — 7™ N1 and 7T+produce GZK neutrinos.
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B GZK neutrino (aka Cosmogenic neutrino)? I

The GZK cut-off in CR spectrum guarantees resulting neutrinos.
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gﬁij{# B Where do they come from?

B Event distribution in the Sy 1H—
No significant local excess.

4-year data

ICECUBE PRELIMINARY T

+ Cascade events

heges e

SECCT (T L

Galactic

So far, we do not find a close tie between the PeV neutrino source
and known astrophysical objects.

e Diffuse flux from unknown sources? s



gﬁfjﬁ B Flavour composition of the events

v, 1V, : v, at source Astrophysical Journal 809 (2015) 98

E 0:1:0
1:2:0

20
bis Observed flavour ratio

:12 (Ve_l'pe) : (V,LL‘I—DM) : (VT—|—E7_)
:12 @]ceCube

B Many “Showers (e, tau)”, but also “Tracks (mu)”.

¥ “Double bang=high E tau neutrino” has not been discovered yet.

Physical Review D93 (2016) 022001

W Flavour ratio is consistent with 1:1:1 — hadronuclear source
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Bustamante Beacom Winter
Phys.Rev.Lett. 115 (2015) 16, 161302
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e Outline

o IceCube gap

@ Attenuation of cosmic neutrino by secret neutrino interaction

@ Gauged leptonic force-L,, — L as the secret interaction

e Muon anomalous magnetic moment

@ Gauged leptonic force as a contribution to muon g-2

@ Constraints from neutrino trident and neutrino-electron scattering

e A solution to the gaps

@ Reproduction of the IceCube gap — distance to the neutrino source
— neutrino mass spectrum




(8 et M If the Gap is explained by New Physics...

B NP at Source: PeV Dark matter decay I

Feldstein Kusenko Matsumoto Yanagida, PRD88 (2013) 015004. Zabala PRD89 (2014) 123514.

Ibarra Tran Weniger Int.J.Mod.Phys. A28 (2013) 1330040.

Esmaili Serpico JCAP 1311 (2013) 054, Esmaili Kang Serpico, JCAP 1412 (2014) 054.

Ema Jinno Moroi PLB733(2014) 120, JHEP 1410 (2014) 150. Rott Kohri Park PRD92 (2015) 023529.
Higaki Kitano Sato JHEP 1407(2014) 044. Fong Minakata Panes Zukanovich-Funchal JHEP 1502 (2015) 189
Murase Laha Ando Ahlers Phys.Rev.Lett. 115 (2015) 7, 071301

Berezhiani talk at NOW 2014, 1506.09040. and more

makes a peak
@FE,~PeV
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B NP in Propagation: Scattering with CNB with a MeV mediator I

As an effective int.: Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

With neutrino mass model: Ibe Kaneta PRD90 (2014) 053011, Blum Hook Murase 1408.3799
Lmu-Ltau model: Kamada Yu Phys.Rev. D92 (2015) 113004, DiFranzo Hooper Phys.Rev. D92 (2015) 095007

Sterile Nu: Shoemaker Murase 1512.07228

NASA:Hubble heritage team
PeV 4

tinuous spectrum 1% and looses its energy
(@source —
gets scattering with

CNB 7/ vV

NP 1n propagation
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H NP at Detection: CC int. mediated by a new TeV field I
Barger Keung PLB727 (2013) 190...

IceCube Lab

) 50m - e T
NASA:Hubble heritage team \ B by

- e e e e

Continuous spectrum
: @source PeV,,

ﬁOm
@® New resonant

CCint. Z—

2820m

NP@detection v N m .4




""\"ytﬁijt# B Multi-messenger approach

B FermiLAT and IceCube may see the common source 50

Hadronuclear (pp) source pp — = — v IceCube PeV neutrino

*typically, Galaxy clusters containing AGN 0 y FermiLAT GeV gamma
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B FermiLAT and IceCube may see the common source 50

Hadronuclear (pp) source pp — = — v IceCube PeV neutrino

*typically, Galaxy clusters containing AGN 0 y FermiLAT GeV gamma

H Diffuse fluxes of Gamma and Nu from common sources I

K. Murase, arXiv:1410.3680
K Murase M Ahlers and B C Lackl Phys Rev D88 121301 (2013)
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@ﬂﬁ Bl Back-of-the-envelope estimation for the Gap

“A narrow gap” — “Cosmic neutrino with a particular energy 1s scattered offt”

Kev idea i1s... “Resonant interaction with Cosmic Neutrino Backeround (CNB)”
y g
cf. Ng-Beacom, Ioka-Murase, Ibe-Kaneta, ...

Early works on secret neutrino interactions

Bardin Bilenky Pontecorvo, Pakvasa, Kolb Turner, ---

Early works on resonant scattering with CNB

Roulet, Phys. Rev. D47, 5247 (1993).
Yoshida, Astropart. Phys. 2, 187 (1994).
Yoshida, Dai, Jui, Sommers, Astrophys. J. 479, 547 (1997).
Weiler, Astropart. Phys. 11, 303 (1999).
Sigl, Lee, Bhattacharjee, Yoshida, Phys. Rev. D59, 043504 (1999).
. Fodor, Katz, Ringwald, Phys. Rev. Lett. 88, 171101 (2002), JHEP 06, 046.

. Z-burst: Weiler, Phys. Rev. Lett. 49, 234 (1982), Astrophys. J. 285, 495 (1984).

Kalashev, Kuzmin, Semikoz, Sigl, Phys. Rev. D66, 063004 (2002).
Eberle, Ringwald, Song, Weiler, Phys. Rev. D70, 023007 (2004).
Barenboim, Mena Requejo, Quigg, Phys. Rev. D71, 083002 (2005).

mini-Z-burst: Kolb Turner, Phys. Rev. D36, 2895 (1987).
. Keranen, Phys.Lett. B417, 320 (1998).

Goldberg, Perez, Sarcevic, JHEP 0611, 023 (2006).
Baker, Goldberg, Perez, Sarcevic, Phys. Rev. D76, 063004 (2007).
Hooper, Phys. Rev. D75, 123001 (2007).

and more and more...
y 4 y 4 y 4 y 4 y 4 y 4 y 4 y 4 AR
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“A narrow gap” — “Cosmic neutrino with a particular energy 1s scattered offt”

Kev idea i1s... “Resonant interaction with Cosmic Neutrino Backeround (CNB)”
Yy g
cf. Ng-Beacom, Ioka-Murase, Ibe-Kaneta, ...

@ Resonance condition C(})‘Sgw 14 1%
ng QZ/
Z/
1Y

CNB -

~at rest v .




aitama Universit

) BEAS H Back-of-the-envelope estimation for the Gap

“A narrow gap” — “Cosmic neutrino with a particular energy 1s scattered offt”

Kev idea i1s... “Resonant interaction with Cosmic Neutrino Backeround (CNB)”
Yy g
cf. Ng-Beacom, Ioka-Murase, Ibe-Kaneta, ...

@ Resonance condition Cc;)sénvlc U .
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“A narrow gap” — “Cosmic neutrino with a particular energy 1s scattered offt”

Key idea 1s... “Resonant interaction with Cosmic Neutrino Background (CNB)”
~sub-PeV ~0.1eV ~at rest ¥
— M7 ~MeV Why CNB? — icng 2 MBaryon .
A~1/n o = .
. / CNBY @Res. From extra galactic source
— O@Res. =~ 1077 [cm?]

cf. Ng-Beacom, Ioka-Murase, Ibe-Kaneta, ...
NP @MeV scale ncng = 56.8 [/cm?] for each dof
IceCube Gap requires Let us calculate the cross-sectior.
y 4 y 4 y 4 y 4 y 4 Ay Ay Ay A

@ Resonance condition C%Sénvlc U .
'
- 2
Y,
. > = m’/CNB = M7, >AA<
CNB 7
'

HY A & & 8 5SS 8 S S
@ How far can cosmic neutrinos trI vel in CNB? — Mean free path )\
My ~MeV, ogRes. = 107" [cm?]. in a particular model...
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W Gauged U(1) L, — L, force as a benchmark model

Charge assignments Y(L,) = +1,Y(L,;) = —1,
Y(ugr) = +1,Y(tr) = —1,Y (others) = 0.



Q%EX$ B A benchmark model for the Gap

B Gauged U(1) L, — L, force as a benchmark mode] I

Charge assignments Y(L,) = +1,Y(L,;) = —1,
Y(ugr) = +1,Y(tr) = —1,Y (others) = 0.
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New neutrino int. Constrained! but...
Coupling in mass eigenbasis Contribute to muon g- 2
9i; = 97/ (Upying)iadiag(0, 1, —1)as(Upnixs) g We discuss it in Sec.@)

* Cosmic neutrino is produced as a flavour eigenstate= a coherent sum of mass eigenstates.
But the coherence might be lost in its travel. cf. Farzan Smirnov Nucl. Phys. B805 (2008) 356.
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H Cross-section of the neutrino scattering proc. I

) Cosmic 1/ vV
. 2 ~PeV
S
o(viVj — VD) _losl 97 312 2 2 2 !
CNB 5 -
. ~at rest v
H Decay rate INEEEE Cross-section@Resonance I
2 2 )
97 Mz Am |gi; ( Mz*) —30 2
'y = 7 — ol 1— = 1) cm
Z 127 @Res. M%, n * [ ]

-MeV  por significant scattering effect
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B Cross-section of the neutrino scattering proc. I

Cosmic IV 1%
~PeV
S
O'(I/ZI/J — VU) = 9i ‘7| gZ’ 5 55 Yz / A
CNB -~ —
~at rest v
H Decay rate INEEEE Cross-section@Resonance I
2 y; 9
QZLAfZ' 4W|9M| AJZ, 30 2
' = i — g il — — 10 cm
7 127 @Res. M%, n [ ]

—92’ ~ severalx 10~ mm

10° / \\
=103,10"4

10740 97 7
M Z/ = 2. 75 MeV ~]

0.1 l 10 100 1000
Vs [MeV]

1 0—42
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B Cross-section of the neutrino scattering proc. I

Cosmic 1/ 14
~PeV
S
o(ViV; = VD) = 951" 97 5 — 92 NNKI
o7 (S_MZ;) +MZ’PZ’ Z

CNB i Y,

. ~at rest
H Decay rate INEEEE Cross-section@Resonance I

2 2 2
ngMZ’ 4 |g?;j| M / a9
' = a — ol1— — ) cm
Z 127 @Res. M%: n [ ]

—gz, ~ severalx 10~ mm
lceCube Gap requires

Mzr NMeV, 97 < > 10~ 4

10 -28

1030

1 0—32

%]

34

107

o [cm

@ The width might be too narrow for
the IceCube Gap (0.4-1PeV).

1 0—36

-38

10

-40 o |
o Mz =275 MeV ~ @ We can ask the help to the sources
1042 L i . .
01 L 10 100 1000 of cosmic neutrinos
Vs [MeV] —> Sec.e

Before going to numerics, let's check muon g-2...



T BEAF

o IceCube gap

@ Attenuation of cosmic neutrino by secret neutrino interaction

@ Gauged leptonic force-L,, — L as the secret interaction

e Muon anomalous magnetic moment

@ Gauged leptonic force as a contribution to muon g-2

@ Constraints from neutrino trident and neutrino-electron scattering

e A solution to the gaps

@ Reproduction of the IceCube gap — distance to the neutrino source
— neutrino mass spectrum
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2 2 4
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K 1272 M%, H no ; : o
/i T
A 9%/
ACLM = 5 M <K my, (i
ST

B Gap in muon g-2

a, " —ap™ =(26.1+£8.0)- 107"

- To fill the gap, we need

AaZ" ~20-30- 101
which corresponds to...
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B Gauged leptonic force

LL,-L. = GijTiV"PrLv; Z, + gz diag(0,1, —1)apla’lsZ,,

contributes to muon g-2
B New contribution to muon g-2

A 7/ g%, mi A é—fﬁ/\mzlLé
a;, = g > M
Ho 1202 M, 8 Lo, L5,

0 o
s :
Aaz — gZ MZ’ < m,LL 2 {3

9z’

B Gap in muon g-2

a, " —a;" =(26.1£8.0)-10""

- To fill the gap, we need
Aa? ~20-30-1010 a|__2ls0 good for IeeCube gap

=~ 2U-o0) - 10~
H :
which corresponds to... 10 My, [Mé% 10”
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L EAS B Lab bounds to MeV leptonic force

Hm Colliders

e-l-
ete” — 4pu S
PP(PP) — 4p,2u27 o
gz S 0.1 at My 2 0(10) GeV e



B Colliders

Harigava et al.. JHEP 1403 (2014) 105.
n _
ete” — 4y

PP(PP) — 4p,2u27

gz 5 0.1 at MZ’ z 0(10) GeV
B Rare meson decays

B Lab bounds to MeV leptonic force

Lessa Peres, PRD75 (2007) 094001.
_ _ _ K_, - _
K, m = pu VMZ’ i ~—Vu
'MQZI s
gz S 0.01at My < MeV
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m Colliders
ot

B Lab bounds to MeV leptonic force

Harigava et al.. JHEP 1403 (2014) 105.
n _
e — 4u

PP(PP) — 4p,2u27

gz 5 0.1 at MZ’ z 0(10) GeV
B Rare meson decays

Lessa Peres, PRD75 (2007) 094001.
K- ,n~ — u v,7 K_.m, — 7
gz’ 5 0.01 at M SJ MeV 9z VA
B Photon-Z' mixing Holdom PLB166 (1986) 196.
Kinetic mixing V. u(7)
8 €qgz - _6 gz Z/
=~ 71070 | } g2
7T 3 amz  m, 5104 () =02

Most relevant constraints are

Trident and Neutrino-electron scattering through the kinetic mixing

*For bounds from cosmology (BBN, CMB, SN1987A), cf. Refs. in Ng-Beacom and Kamada-Yu.
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m Neutrino trident process
in neutrino-nucleon scattering events Yn

— @ Available data reported by CCFR 1n 1991!

CCFR collaboration, PRL 66 (1991) 3117
377 events (:|: 12.4) excavated recently

(only cited ~15 times before 2014)
— @ Expected SM contribution mediated by Z and W

45.3 events (+2.3)

» Consistent — constrains 9z and Mz
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— @ Available data reported by CCFR 1n 1991!
CCFR collaboration, PRL 66 (1991) 3117 -
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(only cited ~15 times before 2014)
— @ Expected SM contribution mediated by Z and W .
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ENeutrino-electron scattering Harnik Kopp Machado JCAP 1207 (2012) 026

at the Borexino detector
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f‘)/ q2 - M /
e > > e

Observation of solar nu is
consistent with SM and SSM— constrains g 7, and M
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m Neutrino trident process
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— @ Available data reported by CCFR 1n 1991!
CCFR collaboration, PRL 66 (1991) 3117 -
37 events (£12.4) excavated recently (15 H
(only cited ~15 times before 2014)
— @ Expected SM contribution mediated by Z and W .
7
45.3 events (£2.3)
» Consistent — constrains 977 and M »/ N
ENeutrino-electron scattering Harnik Kopp Machado JCAP 1207 (2012) 026
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: Borexino i Trident —
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solar I 4 ]
Vi L e €e 3 | il
1Ly € mixing - A oc — 92’2 10~ EEEEISEESS” .
_ & 9T Mz, . od WY &
> >
e s e | RE
. | 10-+[BBN] e
Observation of solar nu is 1 102 103

0
consistent with SM and SSM— constrains g 7, and M Mz [MeV]
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) BREAS M Evolution eq. of neutrino density

B Number density is evolved with
e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

L.Redshift 5 gyrce 3.Scattering

on,,. 9,
gt" — JE, ——bn,, + L,, — cncuBny, EJ:U VU JC’/B — VD)
 do(y 8B — )
+cneyB Z dEwc Ny, Zi B

JkE

CvB — V,L'ﬂ)

_ do (l/kV
—|_CnCI/B Z dEﬂk nﬂk dE |

4.Regeneration J:k Bvi . .
(and same for anti-neutrino) mm
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B Number density is evolved with
e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

1.Redshift
on,,. 1,
- = ——bn,. + L, — cncuBNy, o(v; 7B — v
ot 0B, oo TerB EJ: " )
do (v, 788 — v;0)
+encys Y dE,,kﬁ,,k J
ik E,, dEVq;
CvB

— V,L'ﬂ)

>0 _ do(Dgy;
+CnCVB Z L dEﬂk, In’ﬂk dE
Lk vg Vi

(and same for anti-neutrino) mm

1. Energy loss due to Redshift

*Relation between “distance” and “redshift”

dz
b=H(2)FE,, o =—(1+2)H(2)
Energy of neutrino at z Energy of neutrino, measured at IceCube (z = 0)
Redshift
E, > v/ (1 4+ 2)
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L B A S B Evolution eq. of neutrino density

B Number density is evolved with
) e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1
I.Redshift 5 ¢qurce

on,, 0
i ~ ~ _CvB _
o — 8E,/i bn,, + E,,i — CNCyBNy, zj: O'(ViVj e VV)
>0 _ do(np5® — v)
+cncuB Z dEuk Ny, dE
jike 7B Vi

Explains both FermiLAT Gamma

~ V.CVB and IceCube Nu

0 do (v
+CnCVB Z/ dEﬂklfLﬂk ( éE
7,k By, Vi

(and samepror anti-neutrino) mms
2. Injection from sources — We adopt the benchmark source

mFlux@source = power law x cut-off

— V,L'D)

'CVi (27 EV?L) — W(Z)£0 (El/z) E,,
;C E,/. — QV.E;SV B Ecut
) = (1+2)3%(0<2<1) o(Ew) g ©
(2) = (1+2)793 (1<z<4) Normalization Energy cut-off

W Star Formation Rate for z-distribution of the sources Spectral index (-2.1-2.2)
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B Number density is evolved with
e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

L.Redshift 5 goyree 3.Scattering

on,, 9,
- = ——bn,, + L,, — cncuny, o(v; oS8 — v
T EJ: o 7)

do (v pevB s D) 3 chances for scattering

+cneuB Z dE n J .
cv kR dE,, Cosmic Nu is.. @ (@Redshift z

7, k EV% oy
Q o3 i’ Bound for
_ _ OuB — the Earth
o0 do(Dpv:"" — v;0) / @ (=0)

J
...travelling in CNB

+cnoy dEy, np ,,
cne Bj,Zk/E% N, i, @

(and same for anti-neutrino) mm
3. Scattering — kicks out the neutrinos with E,, = E,es = M2, /(2m,,,)

19:i1%9% s
6r (s— M2,)%2+ M2, T%,

o(viv; = Vi) =

s=2my k,,
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B Number density is evolved with
e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

1.Redshift 5 ¢qurce 3.Scattering

on,,. 9,
- = ——bn,, + L,, — cncuny, o(v; 7B — v
(975 8Eyz 7 7 CvB ; ey )
do (v, 7878 — v;p)
+encys Y dEVk o, J
/B, dFE,,
0 do (l/kVCVB — VD)
—I—CnCuB dEy, 1y
Zk E,, o dE,,

(and same for anti-neutrino) mm
4. Regeneration (=Injection after scattering)

do ("™ = viv) 3, |gul?lgjel? mu, B2 1
dE,, - 2 E2  (s—M2,)?+ M2.T%,

trins —CrB V ...and ~ s =2m. FE
VL Pover I j v, joins inny, S
bk, >FE,
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B Number density is evolved with
e.g., Ng Beacom PRD90 (2014) 065035, Ioka Murase PTEP 6 (2014) 061EO1

1.Redshift 5 ¢qurce 3.Scattering

on,, 0
gt — JE, ——bn,, + L,, — cncuBny, zj:cf 2% ]C”B — VD)
 do(y 8B — )
+cneyB Z dEVk Ny, Zi B

JkE

CvB — V,L'ﬂ)

_ do (l/kV
—|_CnCI/B Z dEﬂk, In’ﬂk dE |

(and same for anti-neutrino) mm
4. Regeneration (=Injection after scattering)

da(yky — ;D) _ > 941)% | gk |2 Wi, (B, — E, )? 1
dqu; 27T Egk (S — M%/)2 —+ M2/F2Z/

CI/B — _
k‘ lekS ] and V ]OlnS S le/j EVk
In TLV,L

E,,
4.Regeneration J:k

CvB




' 1 s B Reference choice of parameters

B To address both the Gaps...

102 3 chances for scattering
ng;l T T T T UL T ";"'I T """'_;
Borexino - Trident — N Mz = 10MeV :
(CCFR) . 108 ;_“'« > <
9z’ ' F i
mTE—
1077 ] Eres 10'5:" f
od 0¥ s GeV]
qoW¥ wE | "
| ve 5
_,'BBN! Reference choice of parameters a1 At N .- R
10 ! PP RN T 10~ 1073 1072 10~ 1
10 10° 10°
MZ’ [MGV] ™My, [GV] for NH
e Parameter choice
m g-2 requires... B [ceCube Gap requires...
gz =5 - 10— % large gz small Mz to dig deep

s <1071 eV @Mz ~ 10 Mev
5 MeV S Mz $100 MoV 7~ eto set lz?res ~ PeV
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B Numerical results

B Solve the diff. eqs. and derive 7, (F,) at z = () EE—

4
3.5
3 |
2.5
o |

7
‘v
o
-
o
=
(4h]
O]
oo
(an]
S
(V]
-
LLl
0

Without scattering

Best fit — — —

1.5 1
1 n
0.5

lceCube =———m -

We want gap here

\

\
—T=

10°

E, [GeV]

10’ 108

B Power-law spectrum

E ]_S”

0u(ED) = o0 | 155 o7

W Best-fit spectral index
without the gap

51/|best—ﬁt = 2.5



""’\;’Iﬂx# B Numerical results

B Solve the diff. eqs. and derive 7, (F,) at z = () EE—

4 e T

F;- a5 | S%_? | EModel parameters
- s,=2.1 - - - -
c;m 3t lceCube —— - my, = 0.08 eV (NH)
E 2.5 \\ Scattering mak'es Gap! 1 gz = 5. 10_4
© 2 RN .
RTINS l | | My =11 MeV
o P | z' = ©
'; 1t \\‘ A -
. 05| W B Energy cut-off at
N~ e 7
0 = FE.uw = 10" GeV
10° 106 107 108 o
E, [GeV]

Gap is successfully reproduced Hmm

B Contribution to muon g-2 is afl — 9249 . 1()—10_‘

® The width of the gap is, more or less, appropriately reproduced.

W The secret interaction with this size is not enough for “Gap”.
Prediction: Not “Gap” but “Dimple”



""'\"ytﬁjc# B Numerical results

B Solve the diff. eqs. and derive 7, (F,) at z = () EE—

4 L ! ! L | L " ! L

T ag oy B Model parameters

n S Vs !

_ 5y=2.1 - - - -

c;m 3 lceCube —— - my, = 0.08 eV (NH)

£ 25N\ Scattering makes Gap! 1 . —4

> \ . P I — 5 ) ].O

[ 2 [ "] ' /,/ Botner at IPA 2015

(D I . Halzen at Neutrino telescope 2015

o 10  4-year data /== —

o o T - @ Background Atmospheric Muon Flux

= 1 \ N B et

S 0 | e it et Aoty (st e )
~. 057 81| Fl gl e |

0 E T
T ,
E, [GeV] - = 14
Gap is (s, A1 T
. . . 7/ ) 7 .

B Contribution to muon g-2 is|a? = 2%
® The width of the gap is, more or 1ess, appropsiaicty: ‘i("\; Sﬂﬁfféhf

W The secret interaction with this size is not enough for ° Eap
Prediction: Not “Gap” but “Dimple”
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We dig the cosmic neutrino spectrum to make a gap and
swing around the surplus soil to fill the gap in muon g- i

Reference choice of parameters Benchmark source [
gz =5-10"* Diffuse flux from
pp souces
Mz =11 MeV
g ) z ~ SFR
m,, = 0.08 eV (NH) s, ~ 2.2

This tool is called
“U(1) leptonic force Lmu-Ltau”

@ IceCube Gap (Dimple) 1s reproduced.

Q af' — 24.2-1071% g-2 Gap is filled.

But there are many “we did not...”

@ ...take account of the CNB temperature effect.
(though 1t is irrelevant for our choice of parameters).

@ ...discuss details of the model.

This small try shows that this idea works.
More precise, detailed, and sophisticated study may be worth to be done.



B IceCube has opened the door to
the new era of neutrino astronomy

IceCube collaboration




@ IceCube can also be a new probe
to new physics in the lepton sector

B IceCube has opened the door to
the new era of neutrino astronomy

" IceCube collaboration
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L REAS B Another choice of parameters

B Gap + Edge
— 5,=2.3 ——
35| s—21 ---. | ®Model parameters
- lceCube —— _3
L 37 my, =6-107° eV (IH)
E 25t 4
(&) L —
> 2t gzr =4-10
O N\ .
% 1.5 | -] T : | MZ’ — 9 MeV
— 1 “\ B N i
'9" ) o~ \\. o == - -
~. 05} \1\\ ! 1 HENo energy cut-offt
LLI | 3
10° 10° 10’ 10°

E, [GeV]

It is hard to reproduce the edge s

The CNB temperature effect broaden the edge...

...which was not taken into account in the evolution eq.



‘,'\-’y[ﬁfjt# B CNB temperature effect makes the edge
R —

B Gap + Edge

4 ___Preliminary
— sv='2.1
~ a5 cobube B Model parameters
N V1,2 V3 1 my,=1- 1072 eV (IH)
£ 25+t Temp. effect - .
S |  — gz =5-1073
) 2 ~—] .
O . “\\ : Excluded by Trident
= o 4N N ' _
‘;‘ 1r — 1 MZ/ — 9 MeV
N > 0.5 B -
Sl NS \l¥ﬂ/ B No energy cut-off
10° 10° 10’ 10°

E, [GeV]
I CNB temperature eftfect works... Il

To have the CNB temperature effect...

we need “large coupling” and/or “light Z"

excluded by Trident excluded by Borexino



""‘\-’j)tﬁijc# B The other choices for source

H Source dependen c e |

3

SFR ——

o GRB ——- B Model parameters
25 f Higs gm&:j ...... '
N lccClibe —— _ m,, = 0.08 eV (NH)
gz =5-1074

MZ’ — 11 MeV

E,u,2 o [1 0% Gevem?s™ sr'1]

B Energy cut-off at
B = 107 GeV

105 o ] 108 o 107
E, [GeV]
I G ap is successfully reproduced

The shape of the spectrum does not depend so much
on the distribution of the sources.

* Here we adjust the normalization of the fluxes to fit to the observation
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T EEAS B Spectrum of high energy cosmic neutrino

* Botner at IPA 2015

Halzen at Neutrino telescope 2015

. 4-year data y

Physical Review D91 (2015) 022001 B Background Atmospheric Muon Flux
— 4 0 o [ : = Bkg. Atmospheric Neutrinos (n/K)
T l - [eee Differential Splect ) = ::Ckgm:nﬁd Tcet:mﬂ:srso% CL Charm Limit)
. } e Di = Atmospheric Neutrinos arm Limi
7 3.5 - Differential Spect 3 -ye ar data :| 7] — Bkg.+Signal Best-Fit Astrophysical (best-fit slope %)
T ' T % """" = = Bkg.+Signal Best-Fit Astrophysical (fixed slope E*)
w | ‘ o 10t T |e®e Data
CTE B.0p pTTTTTTTTR L frmmemmmmm—e ~ _L_ . IceCube Preliminary
: m LT i
< AR (O SRR (0 : MW N —~ - 5
z 23 Gap . —+15- r-
&) ; g 10° - I eds 70 70
o0 2 . 0 i S A A é’ """"""""""""""""""""""""""""""""""""""" w0 L - - :
o v = L -1-
=15 o= JT-4 0 Sti IILJ
{;f‘ 1.0 —r— - 100 | 1 ....................
=700 - 1 1 | | | NGap}
% O.5k b F e _____________________________________________________________________ 2/, %
00 ; [ * I : 107 10° 10
. —— — - — o . . i —Deposited EM-Equivalent Energy in Detector (TeV)
10° 10° 10’ A
Neutrino Energy [GeV] Physical Review Letters 115 (2015) 081102 )
T T Experimental data’ ‘e | §
Astrophysical mmm ]

Prompt atmospheric g
Conventional atmospheric m—m 3

—6
F IS Power law (v, +v, +1.)
11 Differential (v, v, +v,)

2-year
low E threshold

L Ll 11 III L L L L Ll III L L Ll L1 III
10° 10* 10° 10
Muon Energy Proxy (arb. units)




e et B Star formation rate

taken from Horiuchi Beacom Astrophys. J. 723 (2010) 329-341

I T 1T 171 1=

,L'{ll I m
L
T

<
—

vl A

Peak at 2 =1 zZmax =4

Hopkins & Beacom (2006)
Rujopakarn et al. (2010)

LBG: Reddy & Steidel (2009)

LBG: Bouwens et al. (2008) integrated
LBG: Verma et al. EEUGT

GRB: Kistler et al. (2009

UDF: Yan et al. (2009) integrated

| | | I I
2 3 4 5 6 7 89
1+z

|
(R

[a—
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: -1 3
Star formation rate [My yr - Mpc |
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"’t’j’tﬁixﬁ B Lab bounds in future

B Muon-Nucleon scattering |
Gninenko Krasnikov Matvee\i Phys.Rev. D91 (2015) 095015

ILLN%ILLXZ, & 10

10 L

10 ¢

Exclusion region

E, =150 CeV  w”*

N, = 10"

10' A v G A W] g s g

1 10 10 1I:I3
Z}L mass, MeV

H Proton beam duInp s
Visibly Decaying A' SHiP collaboration arXiv.1504.04855

E, =400 GeV
N, =2-10%

10—4_
g=2)p > 5
106 =2z
108
10—10_

10~ 121

/' can be produced through the kinetic mixing
but it decays into “invisible” (neutrinos)...

10~ 14
10 16|

10* 18]

10720,

* Z' can decay into “visible” through the mixing,
ma (MeV) but the branching ratio should be extremely small.
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