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Recent experimental developments

® Recent discovery of a Higgs boson with mass ~125 GeV at the LHC

® Numerous experimental data show that neutrinos have mass and mix

s The latest measurements have confirmed that the neutrino mixing parameter
sin@ 5 is not negligibly small SAVALBAY 2012
RENO, 2012

@ Astronomical observations imply that about a quarter of the total cosmic
energy density is attributable to matter that is dark (nonluminous and
nonabsorbing).

® Any realistic model of new physics needs to take into account all of these
data.

® One of the simplest scenarios that can accommodate them is the
scotogenic model
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Ingredients of scotogenic model
Ma, 2006

® Beyond the standard model (SM), there are new particles
= one scalar doublet, n

s three singlet fermions, N,

e Both nand N, are odd under an exactly conserved Z, symmetry

s but SM particles are even under Z,,.

e Being Z, odd, the lightest one of the new particles is stable and
can serve as a dark matter (DM) candidate.

s We shall choose N, to be the DM.

® Neutrino mass is generated radiatively at the one-loop level.
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Interactions of new scalars
Ma, 2006

The interactions of the scalar particles with each other and the SM gauge bosons,
W, and B,, are described by

L = (D'®)'D,® + (Dn)'Dy — V

_. . T
D, = 0, + tg—-

5 W, +igy Qv B,

V = 0@ + pzn'n + 30 (210)% 4+ $,(n'n)? + A3(2T@) (n'n) + Ay (@) (n®@)
—I_ %/\5 [((Iﬁn)g —|_ (7}*(1))2] Deshpande & Ma, 1978

and. after electroweak symmetry breaking,

. 0 B H
"\ Hkh+v) ) T\ L(s+iP)

v is the vacuum expectation value (VEV) of ®. The VEV of 5 is zero due to the Z, symmetry.
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Masses of new scalars
L = (Dpfb)TDp(I) + (DP?;)*DP?; — V

V = 310 + pign'n + 30, (D10) + 32, (n"n)? + A3 (1) (n'n) + Ay (2Tn) (11 ®)

+ %/\5 [(‘I’TT})Q — (?}“I))ﬂ

® The masses of S, P, and H* are then

me = 15 + (A3 + A+ As5)v” mp = p3 + (A3 + M — As)v”

e We will assume |A\s| < A3+ M| = |[mE —mp| = | As|v? K mE ~ mp

This is needed in order to satisfy both
neutrino mass and relic density constraints
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Interactions of new scalars

The couplings of 17 to h, the photon A, and the Z boson are described by
. . . . . h
L D [(u5—m%)S* + (us — mp)P? + 2(us — -m%;)HJFH_]—]
N

eg (1 — 2s3)

Co

+ie(HTOPH —H O’H")A, + € HTH A® +

HYH A’Z,

+ in? S — 8PP + i(1— 282)(HY P H — H™ 0PHY)|Z, + -
Cw
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Interactions of new singlet fermions

® The new singlet fermions N can have Majorana masses and interact with other particles

according to
_ 1Af Nc N [/ ] 1 5 ' Y .
Ly = —3MNgPrN, + Yy |H™ — J50,(S = iP)| PpNy + He
4,k =1,2,3 are summed over, FPr — %(1 +75), and {123 =-e,u,T.

}/el Ye? }/63

With yjk:}@jk, we have Yy = Y;ul Y;Lg }Lg
Yru Yoo Yo

® The Z; symmetry does not allow ® to couple to v; and Nj.

® The light neutrinos get mass via one-loop diagrams involving internal S or P and Nj.
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Radiative neutrino masses 00 __._.
! ’ N Ma, 2006

e ['he elements of the neutrino mass matrix from the one-loop diagram are

1672 N =7 1[2

(M,). = Vir. Vi M, m% In m% ms | mp
N mgs— M MZ  m3 — M

summation over k£ = 1,2, 3 being implicit.

e In matrix form M, = Y diag(A1, As, A3) V? V.oV v
el e2 €3

Fa 7 Fa
y — rl },LLQ },LLB
}/T]_ }/TQ }/TE

e For m 2 s

v M? " o2 T
Ny = A5 I(ﬁ) ‘ il 1 = x 11.11

1672 M, m3

5 . s §
2??10 = mg+ mp
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PMINS neutrino mixing matrix

® T'he mass eigenvalues m; of the neutrinos are given by

diag(my, my, mg) = UM, U

M, = Y diag(A;, Ag, A3) YT
® [ is the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) unitary matrix.

3
® [ relates the Havor states to the mass eigenstates: vy, = » Uy
k=1

® Conventional parametrization (PDG)

L o o —id
C12C13 S12€13 ) S13€
— 4 3 r] (3 W 'E.'J ¥ (] W j‘i r] (3
U = | —S1a63 — C1251353 ?5 C12C23 — 512513523 € €13523
] ¥ i r'l _-z' il ¥ % (3 4
519593 — C192513C93 € —Cy9593 — 512513C93 C13Ca3

¢y =cosb,, s,=sinb, 0<6,<7/2, 0<0<2m.
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Some simple forms of U

6 cos 0/ sin 6 0
Z/{ —= \/5 S 9 \/5 G2 9 \/5 Suematsu, Toma, Yoshida, 2009
L = S, L
5 sin 0 — COS 0 ™
If sinf = 7153 this U has the tribimaximal form.
o (/2 & o) o 0 eidsinc
3 \/g COS ¢ € 5111 ¢
BV |
\ 1 =1 L1 ) —e “sing 0 COS G e & zee, 201
Ve V3 V2

® DBoth of these possibilities for U are no longer compatible with the latest findings,

especially that sin ;3 is not negligibly small: sin% 63 = 0.0227f8:88%3

Gonzalez-Garcia et al., 2012
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Good choice of U

Ho & JT, 2013

e cosf sin 0 0 COS ¢ 0 e“sinc
U = \_/—% sin 0 % cos 0 % 0 1 0
% sin @ \_/—% cos % —e Wginge 0 COS C
V2 cosf cosc V2 sin @ V2 € cos @ sinc
= L —sinf cos¢ — e ®sing cos 0 —eginf sin¢ + cos¢

sinf cos¢ — e P sin¢ —cos b €0 sin 0 sin ¢ + cos<

involves only two mixing angles, # and ¢, and a (' P-violating phase ¢

® [or simplicity, we fix ¢ = 1 compatible with the value ¢ = (3007%5)° from the latest
fit to the global data.

Gonzalez-Garcia et al., 2012

® Taking cosfsing = sinf3” and 0 ~ 035" leads numerically to elements of U

consistent with their empirical counterparts within one sigma.
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Neutrino mass eigenvalues

@ Diagonalization equation diag(my, my, ms) = UTM, U
My =3 dia.g(;'\lﬁ,ﬂ%ﬁg) yT

® Eigenvalues
my = {YEL cj C: 2 —V2Y, [(YVur — Yor)sg c. + (Yur + Yrr)s ey c.
+%Kﬂﬁ——E%EQQ%—OLk+}hﬂ&F}Ak

My = E(}”k_ —|—\/_Y —Yii)cg s, + YA 53} Ay,

?%::{%%%+¢h (Ve + Yo)eo — (Yur — Yok)sg sc]cp s

+ (Ve + Yea)e, — (Y — You)s sl P A

summation over k = 1,2,3 is implicit, ¢, = cosf, s, = sinf, c_ = cosg, s
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Neutrino mass diagonalization conditions

® The vanishing of the off-diagonal elements of diag(m,, ms.ms) = UM, U implies

V= {\/E Yor (Ve — Yop) (g — sp)e, + [ G = Tﬁcﬂ CySp C
(}pk o }TQk)CE Sc — \/§ };k (};k + };—k)SS -S'L:}j‘;k

0 = {ﬁ Yo (Vi — Yor) (2 — s2)s, + [ Y2 — (Y — TL)Q} CoSp 5.
+ (YA —Y2)cpe +V2 Y. ﬁk—l—}’}k)sgcq}_f‘lk

0 = {|(2Y3 - YA —Y3) S — VB Yur (Vi — Yra)psp — 2Y,u Vi (1+ 53) e,
+ [ V2 Yo e = (Vi = Yor)sg| (Yar + Vo) (2 = 52) A

summation over k= 1,2, 3 is again implicit

@ These equations turn out to be exactly solvable for Yy, and Y, interms of Y =Yy

J Tandean
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Solutions for Yukawa couplings

® There is more than one set of the solutions.

® They each can be expressed as  (Yer, Vi) = (€., /1,)Y:, where 2z =a b, or ¢ and

e

V2 ¢ye,  VZs, . AZeps,

e — . f..'" (9
a o b / c
Sp Cc S Co Sp Sc + .
S + S,C_ C.— S5 5.
— g S — - = o 0 ¢
Ho = ——— . py = —1. fe = ——
Sc — Sp Cc Sg S¢ —+ C.

® In total there are 27 possible sets of solutions

# 3 sets can each give only 1 nonzero v mass
# 18 sets can each give 2 nonzero v masses

# 6 sets can each give 3 nonzero v masses
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Sample solutions

® One of the solution sets that each yield 2 nonzero masses (set I)

V2 CoS. Y;

}E.i — 5.5 + ¢ ’
.59 -‘Jg Cg
V. — Cc — Sp S¢ )2
pio — T T i s
-5‘9 -SL: (_.g

m; = 0, My =

® Hereafter we employ one of the solution sets that each yield 3 nonzero masses

V25 Y0 :

(set II)
V2 c,c Y
Ve -fCc L1
Yo = ————,
. Sc T SgCc +~
Yu = - — Y,
-5(’. — -59 (’.{;
2A, }”12
my = 5
(5. — sp c'g)
J Tandean
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1,2

}/63

ms

. =V25,Y;

Co

ra ra
u3 — _}3

2(A, Y2 + A, Y2)
(Sp 8 +¢5)°

V2 CoS. Y3

Yeo Yes =

Cy Sg S¢ —+ Cc

C.— Sp 8.
a 5 i o 5 9 5 4
) 12 —} 2 } pd  — T g ) 3

-59 -.':.'-'[; -+ {'g

20, Y7 203 Y

myg = ——=—, mg — 2

14 Aug 2013
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Some numbers
Numerically, we adopt for definiteness  cosf sing = +/0.0227, 6 = 32.89°

implying that 6,, = 33.32° and 6,3 = 39.34°

R ot exp _ -+0.81,© exp +2.1\°
For comparison  655F = (33.36757%5) and 60537 = (40.0777%)

Gonzalez-Garcia et al., 2012

® For solution sets I & II

Numerical values of Y, =Y,./Y, and neutrino masses in terms of A, = A, Y.

Set };;1 }}#1 })};_-2 ?#2 }?:33 }}“3 my Ty g
[ {0197 0820 0.197 0820 —-0915 —1 0 284A; LT71(A+Ay)
II | 3203 —2011 —0915 —1  0.197 0820 1589A, 2.84A, 1.71 A5
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Mass constrainis

® Neutrino oscillation measurements determine the differences A%, = m? — mj.

From the latest fit to the data (for normal hierarchy of the masses)

2 . - +0.18 —5 2 2 - 4~o+0.070 —3 2
A exp = (7.501579) x 1077 eV~ , Aflexp = (2.473Z0,067) X 107" eV
Gonzalez-Garcia et al., 2012
2
31.0 < A—gl < 35.0 based on the 90% CL ranges of the data
21

® There are also constraints on the effective mass parameters (mg) and (mgg) from beta
decay and necutrinoless double-beta decay experiments, respectively, and on the sum of
masses, ¥, m,, from astrophysical and cosmological observations.

But the limits are still too weak

(mg) = \/Xk: U, [Pm2 < 2.1eV, (mgg) = |Zk:2/{fkmk| < 0.25eV

>my. < (0.5-1.5) eV Rodejohan, 2012
k KamLAND-Zen, 2013

J Tandean 14 Aug 2013 18



Y
Constraints from loop induced transitions r‘_,-"j

® Radiative decay H
& ' N 1 “
Branching ratio B(fj — 1; ’j) = gai(;j(;;ni};p) |Zk: yik ;k 'F(ﬂ"fs/m?{) |2
1 _ . e? 1—6x+322+22%— 622 Inx Ve & Reldal, 2001
Gr = is the Fermi constant, o = —, F(z) =
V202 A7 6(1 —x)4

The experimental bounds on their branching ratios are at 90% CL

| - 1013
B(pt = eY)exp < 5.7 x 10 MEG, 2013

PDG, 2012
B(T = eY)ep < 3.3x107% B(T = 1y )exp < 4.4%x107°

For B({; — (;v7) we use the central values of their data: B(p — evi)exp >~ 1,
B(T — evi)exp = 0.1783 £ 0.0004, and B(7 — g/ )exp = 0.1741 £ 0.0004

® |epton anomalous magnetic moment

Aa.g = i 2. |y{ﬁc‘2 F(*‘”ﬁ?/m?{)
: 1672m3, * 7
a® —aM = (2404 87) x 107! = Aa,| < 9x 1071

Aoyama et al., 2012
J Tandean 14 Aug 2013 19



Dark matiter constraints

® Since N, has been chosen to be the lightest of the new particles and serve as

cold dark matter, it needs to account for the observed relic abundance, which
therefore imposes bounds on Y,; and hence Y.

Ny > > ;. Ni. > = V.
® /V; annihilation diagrams . S.P
Ny - — (T N - —

® Annihilation cross-section (if the final leptons are massless)

o o = Z |y{_1yj1 24”![%'?_-‘1%91 jl[il -+ ???-;17_1 4 inl -+ 'T?l-al
o By ¥ 437 (M2 +m%)! (M2 +m2)
e Relic data (PDG) Oh? = 0.111 % 0.006 = 0.101 < QA% < 0.121
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Dark matter constrainis on Y,

@ Illustrations of the relic constraints on |Yq|

030 ~

(mg, my)/GeV = (120, 70)

(70, 80)
(60, 80)
0.20 (50, 70) i
Y1l
0.15 .
olo~—r————t
10 20 30 40 50
M, (GeV)

Y1

(M, my )/GeV = (5,70)

0.20
0.15
' (20, 70)
_ (b)
0-10 TN NN NN TN NN TN TN TN T N TN NN TN SN SN SN NN NN AN (NN TN NN SN AN N TN SN TN S NN SN T N |
50 60 70 80 90 100 110 120

my (GeV)

® Direct search constraints are still too weak. Since N, can scatter off a nucleon

mainly via its one-loop Z-mediated axial-vector interactions with quarks, the
process is characterized by a spin-dependent cross-section that is relatively
suppressed and in this case still orders of magnitude below the strictest limit to
date, measured by XENON100 (2013).

J Tandean
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Scotogenic exotic decays of Higgs boson
e S(P) S(’P}J--{ " Hj_.-‘{‘g;
— hm = m N, A .

Collider and Z data imply mg + mp > my,

® M}l_:’SS _ Mh—}:DP o U
N i [
I'h—=n1n") = I'(h—=>85)+T'(h—> PP) =~ prmp—— 1 - m'i
) . \/z ( ?n{])y & PR*

M,, S(Pw.N, — (_-3,)
e v mg— (p Py

I'(h = n’vN) = ;: ;: ['(h — v, N +T(h =7 v;Ny)]
7=8,P jk=1,2,3

® Since collider data require my > 70 GeV, the 3-body decays h — H +ff; Nk and their
charge-conjugated parners dominate the charged modes for my + m, + my < m,,.
&y o daa 7
B (my — )yﬁb JPEM

Mh—:-HJrE;ﬁk T e . e
7 myg — (p+ py)

[(h— HEN) = > [[(h— H N)+T(h = HEIN)]
7.k=123
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Scotogenic exotic decays of Higgs boson

® Examples of branching ratio of scotogenic exotic decays of a 125.5-GeV Higgs
boson with couplings satisfying the various constraints.

PS‘PH

Bspu 1.
P

['spy is the sum of T'(h — 1°n°) or I'(h — n°vN), depending on m,, and I'(h — HIN).

Mg Mg [Lo M, My M, Yi Y5 Y3 Bspu
50 70 46 (47) 9 13 63 0.155 0.372 0.632 21 (14
60 80 54 (h6) 10 15 71 0.172 0413 0.700 26 (14

)
)
70 70 40 (25) 14 20 80 0.155 0.378 0.677 23 (11)
70 80 111(99) 12 17 78 0.180 0437 0.730 24 (12)
)
)

80 80 159 (88:) 15 22 82 0.175 0422 0.760 22 (13
120 70 123 (111) 20 29 85 0.157 0.386 0.715 20 (12

® | HC data allow the branching ratio of nonstandard decays Cheung, Lee, Tseng, 2013
of the Higgs into invisible or undetected final-states to be O o
as high as 19%-22% at 95% CL. Ellis & You, 2013

# This restriction is not yet strong for the scenario considered.
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Scotogenic effectson h—yy and h -yZ

® Scotogenic contributions
h.--——-:::' i+ h=-—+ :-qi
HE A o (2) NHT L Y (Z)

® Decay rates including SM contributions

o MR o 2 2 -
a*Gprm; |4 - My — b e
['(h— yy) = o AM o) e AR e ) T R A
( H) 128\/_'3 1,{2( t.) 1 ( H) 'TH%{ 0 ( H)
aGZ m? (m2 — m? )3 2 16s2 7 7
['(h—~Z e -~ AT o5, A) + e AT (B, Aw
( ) 647 m; i SCW 1/2(Ke Ar) + & AL (5w, Aw)
2
(1 —2s2)(m%y — u3) -z
= B Ao” (Kg, Apr)
Co VY
Ky = Amk [, Ay 4m% /m%

J Tandean 14 Aug 2013
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Scotogenic effectson h =7y and h >yZ

e T'(h — V)
;- JETRETED | Lo . e n
VT T = W)y |

mg My [o M, M, M, Y Y5 Y3 Bspu R R,z
50 70 46 (47) 9 13 63 0.155 0372 0.632 21 (14) 0.89 (0.89)  0.95 (0.95)
60 80 54 (56) 10 15 71 0.172 0413 0.700 26 (14) 0.91 (0.92)  0.96 (0.97)
70 70 40i(25) 14 20 80 0.155 0378 0.677 23 (11) 0.75 (0.83)  0.88 (0.92)
70 80 111(99) 12 17 78 0.180 0437 0.730 24 (12) 1.15(1.09) 1.06 (1.04)
) (0.68)
) (1.34)

80 80 159 (88:) 15 22 K82 0.175 0.422 0.760 22 (13 1.53 (0.68 1.21 (0.86)
120 70 123 (111) 20 29 &85 0.157 0.386 0.715 20 (12 1.48 (1.34 1.20 (1.14)

® The scotogenic effects on the yy and yZ modes are positively correlated.

e There does not appear to be a clear correlation between B, and the
scotogenic effects on the yy and yZ modes.

® The yy predictions are compatible with one or more of the LHC data

The signal strength 1s o/o,, = 1.55f8:§g from ATLAS

and HffJSE_I:(J,TSJ:ng and 1.11+8:§g from CMS.

Talk by A. De Roeck

® Future data on the yZ channel will provide supplementary information.
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Conclusions

We have explored for the scotogenic model of radiative neutrino mass
some implications of the recent discovery of a Higgs boson at the LHC
and experimental determination of sin6,; that is not very small.

Employing a 2-parameter neutrino-mixing matrix consistent with the
latest data, we derive simple solutions for the Yukawa couplings of the
nonstandard particles in the model.

s Such solutions are applicable to some other models of radiative neutrino mass.

Taking into account various constraints, we use the solutions to consider
Higgs decays into final states containing the new particles.

s Within the allowed parameter space the rates of such decays can be significant
and are already bounded by the latest Higgs data.

We also look at how these exotic channels may correlate with the
scotogenic effects on Higgs decays into yy and yZ.

Upcoming Higgs data can then be expected to reveal hints of the new
particles or impose further restrictions on the model.
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