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Talk Plan

Part 1: Gauged U(1), _; extension of the standard model

- new gauge boson Z’ and Higgs boson @ =~ (vg + ¢)
- muon anomalous magnetic moment (¢ — 2), and other constraints

Part 2: U(l); _; charged fermions N and N as dark matter
- @ mediates strong self-interaction in (dwarf) galaxies,
while it diminishes toward galaxy clusters

- solving small-scale issues that are hard to explain in the
conventional cold dark matter model

Part 3: Summary and implications for neutrino astrophysics

- lceCube dip
- supernova cooling




Part 1

Gauged U(l), ., extension of the standard model
- new gauge boson Z' and Higgs boson @ ~ (vg + @)
- muon anomalous magnetic moment (¢ —2), and other constraints




Minimal V(). 1. extension

Gauge anomaly free U,

-----

1 R N,
g — gSM + g/Z/; (L;5ML2 — L;&”Lg _ ,l/ﬂ-&//l,lZ + %T5ﬂf) — ZZ, Z/“w ‘~5€Z, B’uy‘
+D,®'D'o -V(®,H) T g
only the second (+1) and third (-1) generation leptons
couple to a new gauge boson Z’ (U().-1, charge)

New Higgs boson @ (-1)
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develops vacuum expectatlon value (VEV) O~ (Vg + @)
— mgg — \//1(1)/2 V(I) : mZ’ — g/V(I)

Turn off kinetic mixing ¢ = 0 and Higgs portal Aqy = 0 for simplicity
Z'-A mixing at the 1-loop level: e (m2>
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Muon g-2 and other tests

30 discrepancy between the SM prediction and measurement

a;Xp — aEM = (26.1 £8.0) X 10~19 a, = (g — 2)’“/2 Hagiwara et al., J. Phys. G, 2011

explained by Z’ contribution |sack ezl PrD, 2001

muon beam dump experiment
(NAG64 1) will cover
the whole plane!

C benchmark points:

/ Borexino

uZ — u/Z7 — uZ + invisibles
(Z : target nuclei)
Gninenko et al., arXiv:1801.10448 102 10 10°
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Part 2

U(1).,. charged fermions N and N as dark matter
- ¢ mediates strong self-interaction in (dwarf) galaxies,

while it diminishes toward galaxy clusters
- solving small-scale issues that are hard to explain in the

conventional cold dark matter model




UDr-.. model with dark matter

Add a vector-like pair of SM singlet fermions
N(+1/2) and N(—1/2) (U(I)Lﬂ_LT charge)

L = Zrginimal Uy, + iN'6*D,N + iN'6"D,N

_ 1 1 L

VEV of ®(—1): U(l), ;. — Z,
(ve, = 20and70 GeV for benchmark points)

( Vo \
INT—= Ny
1 _ V2 N 1 M, O N,
N —— _ ) == (N, N
e 2(N V) My yN—vd’ <N> 2( 1 2> < 0 M2> <N2
\ V2




Pseudo-Dirac case

Consider a C- and P-conserving pseudo-Dirac case:
Mmylve > yy=yy=y>0

=(N=N)/(/2)) and N,=©N+N)/2
M, = my — yvq,/\/_ and M, = my+ yvq,/\/z

Yukawa interaction

- determine Y by the relic abundance
- p-wave self-annihilation and s-wave co-annihilation

(+¢ — Z'vv and Z' — vv)— indirect detection is not constraining
- self-interaction!

Z’ coupling (+Z"-A mixing)
- Inelastic scattering — direct detection is not constraining!




Self-scattering cross section

Transfer Cross section in the partial wave expansion

T — 47TJ dCOS@(l — COS 9) Tulin et al., PRD, 2013
0

Q Kahlhoefer et al., MNRAS, 2014 | Kahlhoefer et al., JCAP, 2017

as a function of the relative velocity v, = 30km/s - dwarf galaxies
Vet = 200km/s - Milky-Way-size galaxies
v = 1000km/s - galaxy clusters

C benchmark points)
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mz = 10MeV|

T ]

W dw: 0.1-1cm?/g | , | dw: 0.1-1 cm?/g |
B dw: 1-10 cm?/g

- BN dw: 1-10cm?/g ||
________ AM=15GeV__ [mmm MW:0.1-1 cm?/g || s MW: 0.1-1 cm?/g ||
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102 10~ 1072 101
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Solving small-scale issues

o-/M, ~ 1 cm?/g changes the dark matter density profile in inner halos
— explains a diversity of galactic rotation curves in inner shape

that is hard to understand in the collisionless cold dark matter model

10 ————— — —

Inferred distribution- § | Mi=10GeV, mg = 10MeV ]
: - : - = M;=20GeV, m, =20MeV |-

averaged cross section M, = 40 GeV, m,, = 80MeV ||

from '

dwarf galaxies

low surface brightness

galaxies

galaxy clusters

(ov) /My [cm? /g x km/s]

10OK

100 07 108

(v) [km/s]
Meanwhile it does not spoil the cold dark matter success
in galaxy clusters
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Part 3

Summary and implications for neutrino astrophysics
- lceCube dip
- supernova cooling
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Summary

Simple U(l)Lﬂ_LTextension of the standard model

- explain the discrepancy in (g —2), by the Z’ contribution

- parameter space will be tested in future facilities

- offer a dark matter candidate /V; and force mediator ¢

- strong self-interaction reconciles the small-scale issues of the
cold dark matter model

- self-interaction diminishes towards galaxy clusters

- evade both direct and indirect detection constraints
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Resonant self-scattering and IceCube dip

High-energy neutrino scattering with cosmic neutrino background
is resonantly enhanced when E ., ~ my w0 — Z' —> v

Mz “[0.1ev Araki et al., PRD, 2015
E., =500TeV R
10 MeV m Araki et al., PRD, 2016 | AK and Yu, PRD, 2015

v

Energy Threshald
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IceCube Preliminary
B Backgrounc Atmesghearic Muor Flux
2 B Bk Atmosaheric Neutrinoas (X)
1 O - Backgrounc Uncertainties

- Atrosphenc Neutrinos (90% CL Charm Lmit)

we=  Bkg.+Signal Best-Fit L-Cormponent Astrophysical (£ %) |
W =+ Bkpg.+Signal Best-Fit 2-Component Astrophysical
>
a
Q
~ 10t L -
o
N s : .
o eature in the neutrino spectrum
Q. . . . .
v possible indication?
-
v 0
51 0 e

Deposited EM-EQUiVE'Eﬂt Energy in Detector (TeV) IceCube collaboration, arXiv:1710.01191




Supernova cooling

v — Z' — vv shortens the mean-free path of v, and v;
A ~ 0.01cm, while that of v, is unchanged 1 ~ 4m

Neutrino sphere

lengthen diffusion time of
V,and V; 1t ~ 10°

while that of v, is unchanged:
T~ 10s (SN1987A)

14



ayuki kamada
(SN1987A)


Thank you for your attention
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Experimental constraints

16

Z' contributionto (§—-2),:
" "AaZ ~32x 10710

£

/

8

X 104

2
> for my, < m,

Evade existing constraints from
- neutrino trident production (CHARM-II, CCFR): vN — vNuu

- Y decay (BABAR):ee - Y — uuZ’' — upuj
- TBe solar neutrino event rate: v-e¢ (Borexino)
- white dwarf cooling: y — vv (Y: plasmon)

Caoz =

eg’

1272

m
h1<

2

T

2
my,

g/

X 10—4

Caveat on Borexino and WD bounds:
although e =0, Z-A and Z'-Z mixings arise at one-loop level
— Z' couples to the SM electromagnetic current —€,zeZ,J%

):7.2><10—6><<
5

)




Cosmological constraint

Z' — vv heats only v, and v, after neutrino decoupling
7' — ee through Z’-A mixing transfer heats
between (e, y) and(v,, v, Z')
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change the effective number [ "
of neutrino degrees of freedom \ eazi=7.2 x 1078
6f  \ | -- ear=72x10"8m,=mz |

@ — Z'vuis sufficiently rapid
form, > my,

Planck

Benchmark points | |~ = -

(m, > 10 MeV) satisfy
Ny < 3.5




Small scale crisis |
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When N-body simulations in the ACDM model and observations are
compared, problems appear at (sub-)galactic scales: small scale crisis

missing satellite problem

N-body (DM-only) simulations

| | | | |
ACDM satellites

% Local Group dwarfs]

re)

in the ACDM model —

100 \

Milky Way-size halos host
times larger number of

subhalos than that of observed

dwarf spheroidal galaxies

N(>V_
S

cumulative number of subhalos

Wiax = 208 km/s

Y
A ‘\ _
1\

(maximum) circular velocity

V<:21rc (1) = CM(<1) Vinax = max{ Veirc(r)}

r

20 30 40 50 6070
V... (km/s)

maximal circular velocity
of subhalo



Small scale crisis |l

Unexpected diversity of rotation curves

100

80

60
well-

reproduced 40

N
o

chirc [km S_l]
(@0)
o o

circular velocity
(@)
o

badly-
reproduced 0

Vmax=80-100 km/s

B UGC5721
DMO sims: LG-MR + EAGLE-HR,

= V_..=89 km st +10% [113]

Hydro sims: LG-MR + EAGLE-HR,
— V,..=89kms ! +10% [113]

Y UGC 11707
DMO sims: LG-MR + EAGLE-HR,
- V,..=101kms ' +10% [73]

Hydro sims: LG-MR + EAGLE-HR,
— V,..=101kms ' +10% [73]

A LSBF583-1
DMO sims: LG-MR + EAGLE-HR,

— V,..=88kms ' +10% [120]
Hydro sims: LG-MR + EAGLE-HR,
— V,..=88kms ! £10% [120]

)| ® IC2574

-

DMO sims: LG-MR + EAGLE-HR,
— V,..=80kms ' +10% [149]

Hydro sims: LG-MR + EAGLE-HR,
— V,..=80kms ' £10% [149]
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Dark matter self-interaction

Self-Interacting Dark Matter: Qﬁ %

‘| ' /A(j;%/%’jﬂiiiiiﬁs

—_
S
=~

</ linear

0) [Mpc]

*  SDSS DR7 (Reid et al. 2010)
LyA (McDonald et al. 2006)

—;— ACT CMB Lensing (Das et al. 2011) \\\\$ O: CrOSS SeCtion

o—  ACT Clusters (Sehgal et al. 2011)

\ . .
of || [ S L v: relative velocity

(Tinker et al. 2011)

| * ACT+WI‘\/IAPspectrum(thiswork)‘ | \\\ p: dark matter maSS denSIty
103 102 10~ 10°

k [Mpe'] m: dark matter mass

ovp/m

Pk,z
3,

power spectrum of density perturbations

wave number

SIDM structure formation starts with
the same linear (initial) matter power spectra as CDM,
but self-interactions become




SIDM halo - mass density

SIDM-only simulation

\

core formation

As o/m increases,
central density decreases

)

Inverted at some point
« gravo-thermo instability 102
< core-collapse

NFW profile
INn outer region

Mhalo = 1010 Msun

10° 10°
Radius [pc]

o/m = 0.5-5 cm?2/g may solve the inner mass deficit problem




Origin of the diversity

How does SIDM solve the unexpected diversity problem?

For a given cross section (o/m = 3 cm?/g in the following),
0 SIDM halo profile is still definite and characterized
by only one parameter Vimax

Scatter in distributions of the baryons
even among similar-size halos!

Extended
stellar disk

Compact
stellar disk

22




Influence of the baryons

Iso-thermal distribution from
the Poisson equation:

poMm(T) = Py exp(—o () /0?)
A¢ — 47TG(10DM + pbaryon)

matched to the NFW profile
at ri (ovp(ri)tage/m = 1)

SIDM profile contracts
under the presence of compact
stellar disk

Viir.om (KmM/s)

Viir, om (Km/s)

100_ e T T —_— e~
Vimax=70 Kk -
80! > observed scatter _-
60}
40r
20 _-:,"'::"' /o g il
B SIDM only
O_ ': ' ' T ' ' ' T ' ' ' T ' ' ' T ' '
1207 V,0e=120 km/s, M2go=3.6x10""Mg, My=10""M,
100}
80+
- B SIDM,Rg=2 |
401 B SIDM,Ry=3
o0 B SIDM,R,4=6 :
N @ SIDMonly 1]
O ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! !
0 2 4 6 8
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e,

d

se study |

In a massive spiral galaxy, the observed compact disk
can change the whole SIDM distribution
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Case study |

SIDM halo profile reflects how compact the hosted stellar disk is
even with similar Vmaxand M,

250 [+

200 'NGC 6503, co00:median, M2go:2.5%x10"" Mg+ UGC 128, co00:median, M2gp:3.8x10"" Mg, -

M, : 0.83 x 10'° M {gmm——| M, : 0.57 x 10'° M| -

150 | f

Veir (km/s)

100 |

Extended
stellar disk

stellar disk
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Case study lii

The intrinsic scatter of SIDM halos
IS also needed to reproduce the
observed diversity
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SN 1987A

10s determines the duration of neutrino cooling

Kamiokande
® IMB
4 ? A Baksan
Te &
&

30 -
o &
2
= 1 !
S 20 + o + A
O

1o—+

0 2 4 6 8 10 12



Summary of astrophysical implications

Only v, is emitted from SN

28



Summary of astrophysical implications
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