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Model Building a Dark Sector
or: what is a “portal”?

Standard Model
symmetries SU3)e x SUR2)L x U(l)y = SU(3)e X U(1)em

/= ( VL > ER
€L
Standard Model 3
particle content ur
q = dL UR dR
/0+ a b a
H:<U+h+p0> G, W,, B,—G,, A,

Renormalization: lower dim. operators (fewer tields/particles)
more Important



Model Building a Dark Sector
or: what is a “portal”?

Standard Model
symmetries SU3)e x SUQ2)L x U(l)y = SU@3)e X U(1)em

Portals: coupling via stuff uncharged w.r.t. SM

Lead to minimal difficulties incorporating hidden sectors
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Why bother with a
portal”
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(General consensus on
energy budget of Universe
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log[Y(x)/Y(x
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Consider thermal relic DM

Needs a coupling to
ight stuff



HOW dO you generate
that coupling



Basic |dea

LD —-ALHN —yNxo +h.c. = =N —yNyo + h.c.

vy =+v1-—U20+UN

vy = —Uv+ /1 —U2N

Case l: m, > M Case ll:m, < M
O ¢
X | Uh X l v

x1—U? o U*



Casel:m, > M

¢T U canbe small
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Case I:

¢+ U can be small
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Case ll:m, <M

X | Dl 32T m m¢
I -
: ¢ :3><10_26C]m3 (yU)4( Mx )_2 <m¢/mx> !
% | U S 0.2 10 GeV 3
x U? Requires large mixing angle!

Minimal Model

LD —)\@EZHNR — MNNLNR — ¢)_< (yLNL -+ yRNR) + h.c.
— —A\vZ;p Np — MNNLNg — ¢x (yo N + yrNr) + h.c.

lepton number conserved (for small v

| masses & large mixing)
Bertoni, Ipek, DM, & Nelson 1412.3113

Batell, Han, DM, & Shams Es Haghi in prep.



Case ll:m, <M

N
N
\¢

heavy neutrino
decays invisibly!

Bertoni, Ipek, DM, & Nelson 1412.3113
Batell, Han, DM, & Shams Es Haghi in prep.
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Meson decays 1000

ol
N

New component:

P |Up 1?10, me=10 GeV, my=3m, |
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v NAGZ increase by
~order of mag.



Atmospheric Neutrino Oscillations

V., V.n Hamiltonian:

7 Am? —cos260 sin 26 N V, 0
-\ 4E sin20  cos 20 0 Vin

V, = —@nn ! [ Non-standard int.
\/§ 4000 km 1 (Vin sin” 6
Gr .GTT:6<VDC_1): 6
V.N = ———=n,, cos-
\/§ see de Gouvea for DUNE study

detecto ‘A

Oscillation pattern depends on
amount of matter traversed

Super-K, arXiv:1410.2008
sinf,. < 0.42 (stat. limited!)




Are there hints for DM-neutrino

' ' ?
INteractions’ O(1000s)

expected .

Count satellites of
Milky Way galaxy:

1% 1%
DM-scattering Cb
on Neutrinos
Boehm .
v;)nedene,tA\ersen et al. X X T\ VS—

Shoemaker et al.
Bertoni, lpek, DM, & Nelson
Hooper, Kaplinghat, Strigari, & Zurek
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Neutrino Oscillations when large tau mixing

Assume mixing Is dominantly with T, just 1
more mixing angle in addition to the usual 3,
and just 1 more (large) mass splitting

( U31>< 3 U32>< 3 U33>< 3 0 \
%X3 %XS %XS
o | Un U, U530

3X3 3X3 3X3
CH[IT% ; C@l[T% ; C@([T% ; S@
X X X
\ —soU-{""  —soU-5" —s9U-3" ¢ /

, , , Solar neutrinos
Ue2|” [Up2|” +|Ur2|”  solar neutrinos = potentially

sensitive
U [Uea|”  KamLAND
Uysl* (1~ Uusl*) atmospheric/accelerator Uncertainty on
" " flux (8B)~15%

2 2 .
Ues| (1 — |Ues] ) short baseline reactors sin@.. < 0.6
U.s)” |Uus|”  long baseline accelerator
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Neutrinos from Supernovae

1% 1
MeV energy neutrinos b
from SN scatter on DM
99 X X
My — My | |
Resonance at £, = — can be in the right range
277?’)( Electron neutrino fraction (SN1987A)
e my=10 MeV, mg=20 MoV, /=51Kpo
1024 | 0'505 — =01, Moyor=10" M,
10-26 | 045 9=0.3, Mayor=10° M, -
”E | 0.40] 9=0.6, Mgytorr=10° M
2 1078, f Fo o aet |
g 107 0.30EJ
102 |
0 10 20 30 40 50 O |
Pl o T I s r 1.6 13 1 2
ux; X e = Ovx X LTy 'y I” I's I TI's T 32



(Further work in progress w/ Bertoni, Nelson & Reddy)

Supernovae Limits

Neutrinos produced in SN at T~30 MeV

Initial neutronization burst of ve followed by cooling

DM light enough to be produced but doesn't
contribute to cooling, thermal dist. with neutrinos to
large radii

Neutrinos free stream when density is low, T~5
MeV: DM production suppressed, similar to
strong v self-interactions

Fayet, Hooper, & Sigl, hep-ph/0602169 find M, > 10 MeV

Mangano et al., hep-ph/0606190 & ,
Boehm et al., 1303.6270: Toix ~ i (MeV) 33




(Further work in progress w/ Bertoni, Nelson & Reddy)

Supernovae Limits

Large fraction of DM gravitationally bound: vesc ~0.5 C

|s location (temperature) of v-sphere changed?
What are effects of tlavor?
Could v “dwell” time be increased?

Very complicated...

34



Future tests

2500 :
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Can an O(3-4k) vy sample
at SHIP impact a scenario
ke this”?

(see talk by N. Serra)



Sterile neutrino portal to a light scalar

Consider Lmass = —mpVN —myNN + h.c.

with my (A) = mg + kKA Vo = A*log (1 + —f )
A m? (A) T* 1

VV — A4 | | m X —
(A, T) = A% log (1 ~ ) 5 |

Temperature-

. v
dependent potential |




Sterile neutrino portal to a light scalar

Consider Lmass = —mpVN —myNN + h.c.

with my (A) = mg + KA V0:A4log(1+ ?)
2 2
V (A, T)=A*"1log (14 A L (A)T
o 24

100 -

emperature-
dependent masses .

001"

T (eV)



Sterile neutrino portal to a light scalar

Consider Lmass = —mpVN —myNN + h.c.

with my (A) = mg + kKA Vo = A*log (1+ é)

V (A, T) = A"log (1

Add small active
Majorana mass for
dark energy %

£ D — Uy 10~8




Sterile neutrino portal to a light scalar

Consider Lmass = —mpVN —myNN + h.c.

with my (A) = mg + KA V0:A4log(1+ ?)
2 2
V(A,T):A4log<1 | A) | m” (A)T

Or get active
neutrinos at an eV

100 |

> 0.1

D)

~massless till late
times, then

“‘nuggets” form 10

1074 0001 0010 0100 1
T (eV)



Wrap up

Neutrino portal is a viable, less well studied way to couple to
dark sector

Leads to a rich phenomenology
Can help with some problems in dark matter

Interesting new probes—I|ots of connections across fields!



