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Ma’s scotogenic Model

3 generation of right-handed

neutrino Ng'(i=1,2,3), and | LeponFiads || Sealay Fie
SU(2). doublet scalar n SU(Q)L.L"‘:":*'“"""‘ K0 B B
Odd under Z2-»DM candidates, vy, | -2 |1}

no tree-level neutrino masses % : +

Neutrino masses are generated radlatlvely at one- Ioop
mediated by DM

()() ()“ L Yy — fij(¢_yi + &01‘)15 + h,’j(V"no - 1_]17+)Nj + H.c.

%M,'N,'Ni + H.c.
E. Ma, PRD73 (2006)




Ma’s scotogenic Model

DM and neutrino masses are related

New particle masses can be TeV scale. Can be tested at
colliders.

As~0.01, h;j~0.01, M~10 GeV, mo~10 TeV
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Does not predict neutrino mixing angles

Cannot accommodate muon (g-2)



The Model

Lepton Fields
Ma model + U(1),.« gauge Ly, = Wy eh)" | €k §
symmetry with scalar S

Scalar 1lds o

Allowed Yukawa interactionsj vo

| — 1 _
~Ly = 5 MeeNGENGy + 5 Myur(NR°NR + NE°NR) +hic

+ ye LS Peg + y, LE ®up + y, L] &R + h.c.

+ he (NENR + NNR)S* + heo (NN + NEENR)S + hec.

+ feL_‘}J(iog)n*NE 4 fuL_’z(iag)n*N}é + fTL_E(iog)n*Nﬁ +h.c.



Fermion masses

Charged Ieptons rlght handed neutrlnos
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Diagonalization of right-handed neutrino mass matrix

VIMNV = MG = diag(My, My, M3)

= () ()
Neutrino masses from one-loop N/
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Neutrino masses and PMNS

Two-zero texture form is obtained from U(1),-!!

/ fe2M11 fcfuM12 fcf'rM13 \
MV — fefuMl2 0 fufTM23e_wR

\fefTMIB f/LfTM23C_i0R 0 /

5-indep. parameters— 9 observables (3 masses, 3 mixing
angles, 3 CPV phases): predictive

From 5 neutrino oscillation data,
s1p = 0.323 (0.278-0.375), s33 = 0.573 (0.403-0.640), si = 0.0229 (0.0193-0.0265),
Ams, = 7.60 (7.11-8.18) x 107° eV?, |Am3,| = 2.38 (2.20-2.54) x 107 eV?,

we predict, m;, 3-CPV phases.
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Neutrino masses and PMNS
~ Best fit value for &: 0 = £1.96 \.

- Negative & is preferred for IH. .\
D. V. FOI’el‘O, M. TOI‘tO|a, J W. F. Va”e' 1405.7540 e S

T2K, 1502.01550

L (1, ma, m3)[eV] = (0.0702,0.0708,0.0506), (p,0) = (—0.958, +1.34)



Ov33 Experiments
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~30 discrepancy

F. Jegerlehner, A. Nyffeler (2009);

Aa, = aﬁxp (IS\I (29.0 £ 9.0 to 33.5 + 8.2) x 10—10 M. Benayoun, et.al.(2012)

Z’ contribution in U(1),- model can accommodate (g-2),

SB, N. G. Deshpande, X. G. He, P. Ko (2001)

10 . : Z'
; Aexm-w//
8.—
oL yd 10x1010 2 K
6:—
@ 5F
sl
3 -
2 b o
1+
0 . A . . : :ﬂ v — Ty !
0 200 400 600 800 1000 1200 L=—(py'n—1y"1Z,

( 7
M,' (GeV) W

10



Constraint on U(1),

> Neutrino trident production  w. Altmannshofer, et.al. (2014)

The Z’ contribution is constructive

/
with the SM
GCHARM-"/O—SM = .58 + 057. (1990)
v ()'(*CFR/O'SM = (0.82 £+ 0.28. (1991)
10MeV<Mz<400MeV,
10-4<g,<1073
: ol can account for
oo ¢ Vi the discrepancy
0.01 0.1 mzl (Gc\ql() 10° 10 0.01 0.03 ’":'I(GC(C; | 3
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Relic density of DM

In the (g-2), compatible region, relic abundance is

achieved by
N1 ----Z
N;
N1 ————7
N -——-
N;
| T p—

N1 P ’Z/
N1 S ~g!
7' Ny .-Ho
> 7!
Ho N1 A

Annihilation cross section enhanced by 4

mZ/

e (p) ~ p"/my
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neutrino —

Relic density of DM

Scanned parameters

0< my, < \/Ermzr/gz/,
10GeV < M, (M,,) <150 (1000) GeV,
0 < heys Ner < 4,
/2 < Or < 3m/2,

0.3 < |hepher|vE/AMee M, < 0.5,
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\% her| | M, |e®R VI
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M, (GeV)

Relic density of DM
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Constraint on U(1)-

MEG exp: B(u — ey) <57 x107%  MEG (2013)

2

2y, A
B(p — ey) ~ (900 GeV?)* x Z Je ff Vi vy C( 5
i—1-3 ”l +

Nl

With > _ .5 < oao-% and ™M,x = O(1) TeV,

we can avoid the MEG constraint.
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Dark photon search does not
constrain U(1),

BaBar (2014) NA48/2 (2015)
+

ete” 5> ~vA, A" > e

e, utp K* - ntn’, 7' - yA", A" — e'te.

WASA KLOE

NA48/2

10.4 A 1 , | 3 32 3 22491 L 3 3 3 23441 i gl .7 E141

| A A L 1 Ll 1l l
My (GeV)
19 10, (MeV/c)

- Dark photon searches are NOT applicable to U(1),-«
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Constraint from direct
dete_ction experiments

- Direct detection exps. give bound on Z-Z' mixing parameter

2
gy ge 2 -3 —4
o log [ ) < 010-3) — 010
‘ 1672 5 <m§> ( ) ( )

- Easily satisfied by small gauge coupling in the muon (g-2)
consistent region.
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Constraint from colliders

f H
Z/s o ff=pppp, ppTT

SB, P. Ko (2009); K. Harigaya, et.al., 1311.0870

Dedicated search @LHC and/or Belle Il may further
constrain the low Mz region
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ATLAS Z decay into 4-leptons

ete~ete” (de), pppTp” (4p) and eTempTuT (2e2u)
Selection cuts

1. four isolated leptons, which have two opposite sign and same-flavor di-lepton pairs,
where pr , > 4GeV and |n,| < 2.7 (pre > 7GeV and |n| < 2.47).

2. the leading three leptons must have ppry > 20, 15, and 8 GeV, and if the third (pr-
ordered) lepton is an electron it must have pp., > 10 GeV.

3. the four leptons are required to be separated as ARy > 0.1.

4. the invariant masses of the same-flavor and opposite-sign leptons are required to have
my+ - > 5GeV.

. m12 > 20GeV and mgq4 > 5 GeV, where mjo is the invariant mass of the same flavor

(W |

and opposite sign di-lepton pair which is the closest to the Z boson mass among the
possible combinations, while the other one is called masy4.

6. the invariant mass of the four leptons is in the mz window, 80 GeV < my4 < 100 GeV.
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Future trident events

Planned neutrino facility LBNE can be sensitive to (g-2)
favored region W. Altmannshofer, et.al. (2014)

100 F

1 year of data corresponding
to ~6x1029 and 18 tons of Ar
gives ~100 trident events

trident events / ton of Ar/ 10%° POT

SM

05
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FIG. 4 (color online). Expected number of trident events per ton
of argon and per 10°° POT at the LBNE near detector for a
neutrino energy of E, = 5 GeV as a function of the Z’ mass. The
horizontal line shows the SM prediction. The purple (dark
grey) region corresponds to Z' masses and couplings that yield
a contribution to the muon g-2 in the range Aa, = (2.9 &+ 1.8)x
107, The light grey region is excluded by CCFR.
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Conclusions

Considered U(1),.. extension of Ma model

The model predicts inverted mass hierarchy, 6~250°, m;=0.07
eV, mBB=O.051 eV.

(g-2), can be explained with light Z’, mz~0(100) MeV

Right-handed neutrino DM can explain the current relic
abundance

Constraints from CLFV, dark photon search, DM direct detection

Searches at colliders, Ovp33 decay experiments, neutrino
facilities.
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Thank you!



