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NEUTRINO MASSES AND THE SEESAW

Neutrinos have mass =f» BSM Physics!

Add SM-singlet sterile right-handed neutrinos N;
i yaiEaH,iNi =i MZNZCNZ
M > y(H,) =

What is the mass scale M?

b ma~(y(Hu))* /M




NEUTRINO MASSES AND THE SEESAW

Neutrinos have mass =f» BSM Physics!

Add SM-singlet sterile right-handed neutrinos N;
L D yoi Lo HI N; + M; NEN;
M > y(H,) =

What is the mass scale M?

b ma~(y(Hu))* /M

y~0(1), M~10'* GeV (GUT scale seesaw)

- Ni~keV can be dark matter (Dodelson-Widrow mechanism)

(and N2,N3~GeV can give baryogenesis)!

3



Neutrino Minimal Standard Model (vMSM)

SM nuMSM
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extensively Studied’ T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys.Lett.
B631, 151 (2005), hep-ph/0503065.
T. Asaka and M. Shaposhnikov, Phys.Lett. B620, 17

explains neutrino masses, baryon (2005), hep-ph/0505013.
T. Asaka, M. Shaposhnikov, and A. Kusenko, Phys.Lett.

asymmetry, and dark matter. B638, 401 (2006), hep-ph/0602150.



Neutrino Minimal Standard Model (vMSM)

SM nuMSM
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ISSUES:

y~10-7 to explain neutrino masses
keV, GeV mass scales put 1n by hand

sterile neutrino cannot be all of dark matter (X-ray + Lyman-oa bounds)

Hints of an underlying structure?
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A MODIFIED NEUTRINO SECTOR

« Recall: traditional seesaw requires

Naively: GUT/Planck scale



A MODIFIED NEUTRINO SECTOR

« Recall: traditional seesaw requires

Naive: GUT/Planck scale

» Assume RH neutrinos charged under a new symmetry: U(1)’

« Prohibits the above terms: traditional seesaw not allowed!



A MODIFIED NEUTRINO SECTOR

 Introduce an exotic field ¢, equal and opposite U(1)' charge to N

« This allows the following terms

Y X
LH,N ® A OP
M. N A NN




A MODIFIED NEUTRINO SECTOR

 Introduce an exotic field ¢, equal and opposite U(1)' charge to N

« This allows the following terms

Y T
LHN® NNOD
s M,
o If the scalar ¢ gets a vey, effective neutrino mass matrix:
(¢) (H,)
i 0 WL
5 (¢)(H,) \ % (¢)° X
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STERILE NEUTRINO AS DARK MATTER
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STERILE NEUTRINO AS DARK MATTER

e (Ultraviolet) Freeze-in

Yy X
W>-—-—LHN® - NNOP
ML

(Doesn’t need ¢ to

(If additional interactions keep ¢ in equilibrium with thermal bath) be 1n equilibrium)
N
¢¢ 7 NlNla ¢Hu s VaNla ¢Va = HuNla and Huaya =y ¢N1
l F. Elahi, C. Kolda, and J. Unwin (2014), 1410.6157.
0 h2 ~ 0.1 5132 s TRH MP A. Kusenko, F. Takahashi, an(d T.) T. Yanagida,
Rk R 10 GeV M2 Phys.Lett. B693, 144 (2010), 1006.1731.

M. Blennow, E. Fernandez-Martinez, and B. Zaldivar,
JCAP 1401, 003 (2014), 1309.7348.
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STERILE NEUTRINO AS DARK MATTER

e (Infrared) Freeze-in

Y

W D
M,

LHN® - ]\j NN D

¢ = N1 N1 Hu s lea

L1 Qﬁ*@ Yi— y]\<f>

Once ¢ obtains a veyv,
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PARAMETER SPACE OF STERILE NEUTRINOS

sinZ6

—40t

103 102 107! 1 10! 102 103
m, (MeV)
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PARAMETER SPACE OF STERILE NEUTRINOS

107> -
10—104
10=1
10=20
1072
10730
107
10—40

103 102 107! 1 10!
m, (MeV)

keV dark matter
through DW

mechanism
(nuMSM)

sinZ6

GeV DM through IR freeze-in
(model dependent)
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Neutrino Minimal Standard Model (vMSM)

SM nuMSM

mass - 2.4 MaV 1.27 GeV 171.2 GeV |
charme 2 2

ISSUES: RESOLUTION: (¢) ~ PeV

Sy : 5 oo
y~10"" for neutrino masses™ i

2
keV, GeV mass scales? 5 ]\;@
GUT

dark matter? freeze-in, small coupling ~ M<¢>
GUT
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CONNECTIONS TO RECENT

DARK MATTER “"HINTS"
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3.5 KEV X-RAY LINE

e unidentified emission line at ~3.5 keV in stacked XMM-Newton

observations of 73 galaxy clusters, Perseus cluster, Andromeda
(Bulbul et.al (2014), Boyarsky et. al.(2014))

e many papers fitting to ~7 keV sterile neutrino dark matter

« potential mismodeling of background (Jeltema and Profumo
(2014)), situation unclear

o« ~7 keV sterile neutrino that is 25-50% of dark matter, with
mixing sin?(20) ~ 4.0x 10-'° can fit the signal (Harada, Kamada,
Yoshida, 1412.1592)

o sterile neutrino being only a fraction of dark matter might help
evade some constraints
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A PEV DARK MATTER CANDIDATE (X)

e Sofar:

Cz'j 1
— L. HN:®+ —NN,OD
W D M N;® + M*J\/N
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A PEV DARK MATTER CANDIDATE (X)

« Add additional fields X,Y with the same structure

Gij T
L;H N ;P N, PD -
W M N;® + M*N N,
Q; A1 5; Lo LAy
i i A | XP° N
5 M*L@Huéfy e M*X?ny—l— M*./\/;CI)X)/ 51 M3 5!M;§y >
Supermultiplet | spin 0, 1/2 | U(1)’ Remarks
N N;. N; £ N; sterile neutrinos
P b, Ve -1 (¢p) ~PeV breaks U(1)’
X X, ¥x +5 | mx ~PeV, dark matter
Y Y, Yy -5 U(1) partner of X
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A PEV DARK MATTER CANDIDATE (X)

NMELLE DENS|EY

Cz'j 1
— L.H,N;® + —N,N; 0D
W D AL N; P + M*NN

— XD
M*XX)/)/+MNCI>XJ/+5'M3 5'M3

e Produce via annihilation processes
Ih s X e o FEE Y s R

e X abundance accumulates via UV freeze-in

2 7
Ol bt ( - ) 2
- (10 PeV) 104/ \ 1.5 x 1010 GeV

F. Elahi, C. Kolda, and J. Unwin (2014), 1410.6157.
A. Kusenko, F. Takahashi, and T. T. Yanagida,
Phys.Lett. B693, 144 (2010), 1006.1731.

M. Blennow, E. Fernandez-Martinez, and B. Zaldivar,
JCAP 1401, 003 (2014), 1309.7348.
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A PEV DARK MATTER CANDIDATE (X)

Aa (¢

DECAY INTO NEUTRINOS: .
L= (M) X g Pg

Cz'j )i 3
— L.H,N;® + —N,N; 0D
W D VA N; P + M*NN /ﬂ

0% A1 B 1 A 0

« Decaysvia

X%@bqﬁwgb wqb%NﬁV,w(b%N[‘iil:F Nzégy
(and others)

[Higgsinos can decay via small RPV couplings or make a fraction of DM (with sub-TeV masses)]

e Lifetime for X :

Lo o) 6
re o 107 (LB X 10 M, PeV
A2 108<¢> mx
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SUMMARY

r ' £ ;
NEUTRINO fe :ii::i”le 3.5 keV
MASSES : X-ray line
3 S , some/all of DM
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PEV SCALE SUPERSYMMETRIC

NEUTRINO SECTOR
WITH ADDITIONAL SYMMETRY (U(1)")

.

<

J 3
mp=126 GeV with PeV sector, PeV neutrinos

tanf = O(1), PeV PeV DM at IceCube
scale squarks
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