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Intro: extended EW sector, required

SM (+ VR): its neutrino Yukawa sector is very unnatural :(

(At least)
as small as
10-'2 % unnatural!!

ib,j (=1,2,3):
flavor/generation indices

j = 7%1,, N su eV

Vs have large mixing angles. - Also, no dark matter (DM) candidate in the SM...
f p

These issues imply that
the electroweak (EVV) sector would be extended
with flavor symmetry/structure.

/

neutrino large mixing,
(also possibly) DM )

G
a naive Q: how the smallness of V masses is explained???

J
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the electroweak (EVV) sector would be extended
with flavor symmetry/structure.

/

neutrino large mixing,
(also possibly) DM )

G
a naive Q: how the smallness of V masses is explained???

J

(An) A: Don’t worry! Flavor symmetry helps us also!
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Intro: Flavor Symwetry — loop-induced v mass

suitable assignment — (Majorana) vV masses become loop-induced

[Zee,NPB264-99(86); Babu,PLB203-132(88)]) [KN,Okada,Orikasa,arXiv:1507.02412] 3 3= Ioop example
a 2-loop example (Zee-Babu model) C) |ate
iSO S
O o O ﬂjw"
particles G) @
@ ® o / "
. | |
couplings | !
——
alleviating VL fp ©R en’ t, v

unnaturalness! o DM included
= radiative v mass ~
—

(hew Coupl@
>,

(see also talks by
Seungwon & Yuta)

x (loop function) x

1
|

mass scale
in the loop
like (TeV-scale) see-saw
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Intro: Flavor Symwetry — loop-induced v mass

suitable assignment — (Majorana) vV masses become loop-induced

[Zee,NPB264-99(86); Babu,PLB203-132(88)]) [KN,Okada,Orikasa,arXiv:1507.02412] 3 3 = Ioop example
a 2-loop example (Zee-Babu model |
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unnaturalness! o DM included
- radiative Vv mass N

higher Ioop larger ppr'ession

3-loop models can be more “natural” than |- or 2-loop ones.
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Intro: 3-loop model is predictive

On the other hand, sizable couplings would lead to

! 4 enormous lepton flavor violation (LFVf couplings should be

/ small

)couplings should be
large

. rapid vacuum destabilization )

( too-suppressed Vv masses

This means: valid parameter region is restricted (predictive)!!
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Intro: 3-loop model is predictive

On the other hand, sizable couplings would lead to

! 4 enormous lepton flavor violation (LFVf couplings should be

/ small

. rapid vacuum destabilization )

( too-suppressed Vv )c : V should be
C "o’ large
: vV . Higgs -
This MeaNS;eyplid parameter regionds sestieted (predictive)!!
’ b“‘\d\“g

del
ul MO ed)
[table of contents](ca'e‘-\s cequiv®

Let me
explain.
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v profile

-

-

considering requirements/constraints from

(1) suitable neutrino mass/mixing realization (3-loop),
(2) lepton flavor violations (li— 1y, li—ljll; 1-loop),

(3) gauge universalities (tree),
(4) vacuum stability (tree + primary |-loop),

J

[scanned region]

M+ (mhli,mhg:) | 'lilff)‘. Fl(C?’) _ ||# of allowed points
leop -tﬂﬁf:lﬂﬂi(e seach)
(4.8TeV,4.8TeV)|[—1.16818|—11.5428 2726
500 [(4.0TeV,4.0TeV)||—2.14198|—20.0287 422
GeV |(3.5TeV,3.5TeV)||—3.30195|—29.6525 89
(3.0TeV,3.0TeV)||—5.37518| —46.0932 16
(4.8TeV,4.8TeV)||—1.21466|—11.9695 1644
250 |(4.0TeV,4.0TeV)| —2.24746|—20.9444 190
GeV |(3.5TeV, 3.5 TeV) || —3.49141| —31.2321 31
(3.0TeV,3.0TeV)||—5.74153|—49.0141 2
)

[right v profiles fixed]
MX = MN1 ~ mHiggS/Q

My, =5TeV, My, = 10TeV

(note: other couplings are
automatically fixed via neutrino profiles)

-

H12 = 22 (E

(yr)ij € [—0.01,—0.1] U [0.01,0.1] (for (3,7) = (1,1),(1,2), (1,3), (2,1), (3, 1)).

u) € [1TeV,20 TeV],

6 €10, 2m7],

¢ S [07 27T]7 (yL)QB S [_17 1]7 A

J
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v profile

around (or heavier

ch)

2726 Alsa, (scalar trilinears)

'““’"M (Ca) (Cs) :
3TeV Mg+ | = mhli,mhg:) |£¢.1_: i F> ) # of allowed points
rcurrent LHC bound] (4.8 TeV,4.8 TeV) || —1.16818| —11.5428
~300GeV 500 |(4.0TeV,4.0TeV)||—2.14198|—20.0287 422
(when 100% branching ratio
to ete’ l.l+|J+ or e+H+) GeV (35 TeV,35 TeV) —3.30195|—29.6525 89
[ATLAS, EPJC72(2012)2244] (3.0TeV,3.0TeV)||—5.37518| —46.0932 16
(4.8 TeV,4.8 TeV) || —1.21466|—11.9695 1644
sub-TeV k** 50 (4.0 TeV, 4.0 TeV) || —2.24746| —20.9444 190
L L B /(3.5 TeV,3.5TeV) || —3.49141| —31.2321 31
(isolation from
N

-

-

considering requirements/constraints from
(1) suitable neutrino mass/mixing realization (3-loop),
(2) lepton flavor violations (li— 1y, li—ljll; 1-loop),
(3) gauge universalities (tree),
(4) vacuum stability (tree + primary |-loop),

~ |0TeV
1 H11 = )\11<23>

VEV of new singlet

should be

around a few TeV

[right v profiles fixed]
MX = MN1 ~ mHiggS/Q

My, =5TeV, My, = 10TeV

-

J (note: other couplings are
[scanned region] automatically fixed via neutrino profiles)
)
H12 = 22 (: ILL) S [1 TeV, 20 TeV], 0 S [O, 27'(-], ¢ S [0, 277'], (yL)Qg S [—1, 1]7
(yR)z'j S [_0017 _01] U [0017 01] (fOI' (7“7]) — (17 1)7 (17 2)7 (17 3)7 (27 1)7 (37 1)) :
J
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2: LHC Higas search

LHC Higgs signal strengths are deviated (from the SM) via
mixing effect between SM Higgs (®P) & scalar for global U(l) breaking (2) primary!

loop effect via k™ (in h = 2y,h = yZ) secondary (m** = 250GeV: via v profile)
~ 2 ~ 2
2 _ ff— [y fy — By
=2 ( Oy ) > ( Oy )

f=yv,Z2Z* WW*, f=yv,Z2Z2* WW?*,
bb, 77 (ATLAS) bb, 77 (CMS)

[used data]

Process ATLAS CMS

h — vy 1.17703711.12 £ 0.24

h— ZZ* — 40 ||1.447039/1.00 4 0.29
h— WW* = (viv|[1.09702310.83 4+ 0.21

h — bb 0.570% 10.84 +0.44
h— 77 1.4104 10.91 £0.28

[ATLAS: PRD90(2014)112015, PRD91(2015)012006, arXiv:1412.2641, JHEP1501(2015)069, ATLAS-CONF-2014-061]
[CMS: EPJC75(2015)212]
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2: LHC Higas search

LHC Higgs signal strengths are deviated (from the SM) via
mixing effect between SM Higgs (P) & scalar for global U(l) breaking (2) primary!

loop effect via k™" (in h = 2y, h = yYZ) secondary (mi** =2 250GeV: via v profile)

~ 2 Y 2
S (Hf;f/ﬁ)_i_ T (Mf&fﬂf)

gsof EaA g
res ysis
{obd Aok = 1.0, Qgev) = v Aok = 7, (Agv') = v Aok = 1.0, (Agcv") = 10v
4 1.0*\ 1O T : 1 ——
j new singlet | l disfavored
05 VEV 05 by v profiles ; 5
- : |~ h J—— ;:,. e —
£ oo £ oo @ (2o o
] | "/ | eneees | \ “ ] |
~0.5' L -05 | 5
100 =10 : “10.
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
my++ (GeV) my+=+ (GeV) my«+ (GeV)
( CP-even CP-even A
part of ® part of
¢ =hcosa+ Hsina, o= —hsina+ H cosa
125GeV heavier \/
Higgs Higgs the mixing

e Nishiwalki-(KIAS) e 5/7




3: PM valid region

Majorana DM can communicate with SM particles through two CP-even scalars
Higgs-portal DM

DM-DM-portal couplings are suppressed by the TeVVEV of 2

only two resonant points (my ~ mn/2 or mu/2)
are viable

too heavy (= a few TeV), ineffective

_ e g
(Ye)ij L, Per, + 5(?JL)Z'J-LCLZ,LLjh{r + (Yr)iANR R By + Q(yN)%;oQER !ER >+ h.c.

mix with the SM Higgs doublet

DM SM, others

O O om

(resonance)
Kenji Nishiwaki (KIAS) 6/7
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3: PM valid region

Majorana DM can communicate with SM particles through two CP-even scalars
Higgs-portal DM

DM-DM-portal couplings are suppressed by the TeVVEV of 2

only two resonant points (my ~ mn/2 or mu/2)
disfavored are viable

by invisible Higgs decay ~ [ATLAS-CONF:z015-004]

(mX ~ mp/2 = 62_5GeV) (no limit shown via direct detection) (mX ~ mnu/2 = 250GeV/2 =1 25Ge\/)

[when mi** = 500GeV, Aok = |, Ask = 0.1] (note: when my gets

sina| 2 0.3

heavier as ~ 500GeV,
propagator suppression
— my ~ mu/2 not valid)

heavier Higgs resonance
(mu < ~ 500GeYV)

Kenji Nishiwaki (KIAS) 6/7




3: PM valid region

Majorana DM can communicate with SM particles through two CP-even scalars
Higgs-portal DM

DM-DM-portal couplings are suppressed by the TeVVEV of 2

only two resonant points (my ~ mn/2 or mu/2)
disfavored are viable

by invisible Higgs decay ~ [ATLAS-CONF:z015-004]

(mx ~ mp/2 = 62_5GeV) (no limit shown via direct detection) (mX ~ m/z = 250GeV/2 =| 25Ge\/)

[when mi** = 500GeV, Aok = |, Ask = 0.1] (note: when mu gets
heavier as ~ 500GeV,

propagator suppression
— my ~ mu/2 not valid)

[conclusion in LHC issue]

heavier Higgs resonance

(mu < ~ 500GeV)
Kenji Nishiwaki (KIAS) 6/7



In the three-loop neutrino model, v profiles and DM are
described very well.

Allowed mass ranges are limited (predictive):

LHC bound approaching

'4

doubly-charged scalar (k**): (more than) 250GeV

Majorana DM (X): ~ mn/2 (=62.5GeV) or mu/2 (less than ~250GeV)

N N

tension with small mixing
LHC Higgs search with SM particles

The LHC experiment
would test this direction!

Kenji Nishiwaki (KIAS) (7



In the three-loop neutrino model, v profiles and DM are
described very well.

Allowed mass ranges are limited (predictive):

LHC bound approaching

'4

doubly-charged scalar (k**): (more than) 250GeV

Majorana DM (X): ~ mn/2 (=62.5GeV) or mu/2 (less than ~250GeV)

N N

tension with small mixing
LHC Higgs search with SM particles

The LHC experiment yOU
would test this direction! xhaw
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Status of Experiments

Recent significant achievements in experiments:

confirmation of nonzero 03 discovery of SM-like Higgs boson
[Gonzalez-Garcia,Maltoni,Schwetz,JHEP1411-052(2014)] [CERN-PH-EP-2014-198,CMS-HIG-13-001]

sin” 013 = 0.02181 00010 (NH) mpy = 125.4GeV, p, = 1.17 4 0.27 (ATLAS)
sin? 015 = 0.021972-001L (TF) mg = 124.70 GeV, p., = 1.1475 35 (CMS)

—0.0010

my is m*ﬁ‘u scule ]
IIII|IIII|III 'Illlllllll |:

| |
02 025 03 035 04 0.015 0.02 0025 0.03

SM-like! :

with large mixing

What relationsi’ :
an origin of masses



Details of our Neutrino Sector

=
Lepton Fields Scalar Fields O>
SM e} a Higg !
R G250 G N S
SUB)c || 1 |1 | 1 1|1 |1|1]1 2 @ A
/ \
SU((2)L 2 1 1 21|11 1 / @/ \ A L
Uy ||=1/2] =1 0o |l1/2l 0o | 1| 1] 2 |' ; R |
" i origin of
global U(l) negative parity breakdown of global U(l)

remains after U(l) breakin
flavor sym. (lightest onef _), DM) 8 (including pseudo NG boson)
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Details of our Neutrino Sector

Lepton Fields Scalar Fields

SM el 1 Higg '
Characters|| Ly, | er, KIVg, @‘Z”‘hi"h;’ kTt

SUBe || 2 | 2 | 1 1|1 |1]1] 1

Ssu@2), || 2 | 1] 1 |l2]1]1]1]1

Ul)y ||-1/2| =1| 0 |[1/2/ 0 | 1| 1| 2

U 1E1) 0 0 }%{ 27 VL l; €R
i i origin of
global U(1) negative parity
flavor sym. remains after U(l) breaking ~ breakdown of global U(l)
(lightest one — DM) (including pseudo NG boson)
[points]

two singly-charged scalars are required (for 3-loop vV masses)
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Details of our Neutrino Sector

Lepton Fields Scalar Fields

SM el 1 Higg '
Characters|| Ly, | er, KIVg, @‘Z”‘hi"h;’ kTt

SUBe || 2 | 2 | 1 1|1 |1]1] 1

Ssu@2), || 2 | 1] 1 |l2]1]1]1]1

Ul)y ||-1/2| =1| 0 |[1/2/ 0 | 1| 1| 2

U1E1) 0 0 | —x || O 233$. 0 | .z | 2z
. A origin of
global U(1) negative parity
flavor sym. remains after U(l) breaking ~ breakdown of global U(l)
(lightest one — DM) (including pseudo NG boson)
[points]

two singly-charged scalars are required (for 3-loop vV masses)

a doubly-charged scalar should be isolated from leptons (for less LFV)

Kenji Nishiwaki (KIAS)



Details of our Neutrino Sector

Lepton Fields Scalar Fields

Characters —};Z | eR, | Ng, | o @@@ L+
SUB)e || 1 | 1| 1 |11 |1 ]1] 1
SU2), || 2 [ 1| 1 ||2]1]1|1] 1
Uly ||[—1/2 =1| 0 ||1/2] 0 | 1 1 2
U(1) 0 O | —z||0|2¢| 0 | x | 2«

t ) =

global U(I) negative parity

flavor sym.

(lightest one =& DM)

[points]

remains after U(l) breaking

origin of

breakdown of global U(I)
(including pseudo NG boson)

two singly-charged scalars are required (for 3-loop vV masses)

a doubly-charged scalar should be isolated from leptons (for less LFV)

right-handed neutrinos should be introduced (for Majorana v mass & DM)
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Details of our Neutrino Sector

. . o)
Lepton Fields Scalar Fields

I— | 1 i I |
LTGRO0 @t
SUBe || 1 | 1| 1 |[1]1]1|1]1 7 @\

/ \

/

SU((2)L 2 1 1 2|1 1 1 1 / @/A' - \
/ 2 \@ \
U(l)y —1/2 —1 0 1/2 0 1 1 2 : ’ \\ \l
| —1‘%{% Wﬁ
i i origin of
global U(1) negative parity
flavor sym. remains after U(l) breaking ~ breakdown of global U(l)
(lightest one — DM) (including pseudo NG boson)

[points]
two singly-charged scalars are required (for 3-loop vV masses)

a doubly-charged scalar should be isolated from leptons (for less LFV)

right-handed neutrinos should be introduced (for Majorana v mass & DM)

pseudo NG boson does not couple to charged leptons (no limit via NG — 2y)
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LFV, Vacuum Stability v.s. k** Decoupling

o
. e.g.,[Herrero-Garcia,Nebot,Ruis,Santamaria,NPB885-542(2014)]
In case of non-isolated k**, . pg
e.g., I- = ee*e via k- exchange (@ tree level) U — O > et
YR YR D < 2.3 X 107° (mkii )2 direct couplings
TeV to leptons

should be small ¢

[Hatanaka,KN,Okada,Orikasa,NPB894-268(2015)]

[[V mass| = (scalar trilinear couplings) x (LFV couplings) x (loop function))

(Xo)  (Zo)
AN 7/
XO\\ //XO
R=P——M—— -5
AN L7
/ \
N AN
+ /! h2 N h2 Vot
h1 ! v vh
I | vl
14 : \ |
II A k++ \\
| | \
I \
o 1 N/ . o N/ o .
> K K <
v b € er f; VL
direct couplings
to leptons
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LFV, Vacuum Stability v.s. k** Decoupling

o
R ++ e.g.,[Herrero-Garcia,Nebot,Ruis,Santamaria,NPB885-542(2014)]
In case of non-isolated k™, . /,46
e.g., I" = ee'e via k- exchange (@ tree level) U — O > e’

My ++ )2
TeV
should be small ¢

direct couplings

Trabig < 23x 1077 (
to leptons

[Hatanaka,KN,Okada,Orikasa,NPB894-268(2015)]

[[V mass| = (scalar trilinear couplings) x (LFV couplings) x (loop function))

[case (i)] TeV (should be) small TeV inside
—> too small v masses X

Kenji Nishiwaki (KIAS)



LFV, Vacuum Stability v.s. k** Decoupling

o
. e.g.,[Herrero-Garcia,Nebot,Ruis,Santamaria,NPB885-542(2014)]
In case of non-isolated k**, . pg
e.g., I- = ee*e via k- exchange (@ tree level) U — O > et
Tratn) < 2.3 x 1075 (mkﬂ )2 direct couplings
TeV to leptons

should be small ¢

[Hatanaka,KN,Okada,Orikasa,NPB894-268(2015)]

[[u mass| = (scalar trilinear couplings) x (LFV couplings) x (loop function))

[case (i)] TeV (should be) small TeV inside
—> too small v masses X
[case (ii)] multi TeV (should be) small TeV inside
egative .‘“enal‘s —> vacuum destabilized X

i=R,I
| 1
> _g‘:u22‘4F0(thi7mkii) — 5\#12\4 Z Fo(mhli,mm(i)),

i=R,I

1 1
(Fo(m1, Mma) = / dxdyd(r +y — 1)#)
0

(zm3 4+ ym3)

(4m)?

Kenji Nishiwaki (KIAS)



LFV, Vacuum Stability v.s. k** Decoupling

o
R ++ e.g.,[Herrero-Garcia,Nebot,Ruis,Santamaria,NPB885-542(2014)]
In case of non-isolated k™, . /,46
e.g., I" = ee'e via k- exchange (@ tree level) U — O > e’

My ++ )2
TeV
should be small ¢

direct couplings

Trabig < 23x 1077 (
to leptons

[Hatanaka,KN,Okada,Orikasa,NPB894-268(2015)]

[[V mass| = (scalar trilinear couplings) x (LFV couplings) x (loop function))

[case (i)] TeV (should be) small TeV inside
—> too small v masses X

[case (ii)] multi TeV (should be) small TeV inside
—> vacuum destabilized X

[case (iii)] multi TeV (should be) small  multi TeV inside

——> consistent v profiles, but...

@ colliders:

y to be ested

10 TeV < (allowed masses) < 100 TeV

oo hea¥
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LFV, Vacuum Stability v.s. k** Decoupling

o
R ++ e.g.,[Herrero-Garcia,Nebot,Ruis,Santamaria,NPB885-542(2014)]
In case of non-isolated k™, . /,46
e.g., I" = ee'e via k- exchange (@ tree level) U — O > e’

direct couplings
to leptons

My ++ )2
TeV
should be small ¢

Trabig < 23x 1077 (

[Hatanaka,KN,Okada,Orikasa,NPB894-268(2015)]

[[V mass| = (scalar trilinear couplings) x (LFV couplings) x (loop function))

[case (i)] TeV (should be) small TeV inside
—> too small v masses X

[case (ii)] multi TeV (should be) small TeV inside
—> vacuum destabilized X

[case (iii)] multi TeV (should be) small  multi TeV inside

——> consistent v profiles, but...

[present case] around TeV moderate TeV or less inside

Kenji Nishiwaki (KIAS) can b



Relevant Lagrangian

_ 1 _ _ 1 _
—LY — (yg)ijLLiCI)eRj -+ §(yL)z]L%1LLJhT + (yR)ijNRieigth —+ §(yN)ijZONRiNRj —+ h.c.

V = mg| @ +mi[Sof* +mi, |bf | + mi, [hF[* + mi k)
+ {M@Shfhfkﬂ + paghy hy k™™ + h-C-} + Ao | @[* + Aox | P Xo]* 4 Aon, [P |RT]7

+ Aano| PR3 [+ Aar| I [ATT* 4+ As[ ol + s, [Zol "B [ + Asna | Zol *[R3 [

+ Ak | SR TP A+ Ay | AT [ - M nano [0 121 AG 1P 4 Anl BT PIETT)?

o+ Ao B3 |2 4 NP2 P K12 4 A BT,

Kenji Nishiwaki (KIAS)
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Lepton Flavor Violation processes

Process |(i, f)|Experimental bounds (90% CL) C;
p~ — e v[(2,1)] Br(p—ey) <57x1071 1.6 x107°
T~ = e v|(3,1)] Br(r —ey) <33x107° 0.52
™ = v|(3,2)] Br(r — py) <4.4x107° 0.7

Type of universality

Experimental bounds (90% CL)

lepton/hadron universality
/e universality
7/ universality

7 /e universality

GSP /GEP = 1.0010 + 0.0009
GSP /GSP = 0.9998 + 0.0013

G /G = 1.0034 & 0.0015

> g—dsp | Vag | = 0.9999 + 0.0006

Process (¢,7,k,1) |Experimental bounds (90% CL)|  Ajjx
= —ete e [(2,1,1,1) Br < 1.0 x 10~ '2 2.3 x107°
T~ —ete e ((3,1,1,1) Br < 2.7 x 1078 0.009
T —etepm((3,1,1,2) Br<1.8x1078 0.005
T = etpTpm|((3,1,2,2) Br <1.7x107° 0.007
T~ = pteem [(3,2,1,1) Br < 1.5x 107® 0.007
T = pte T ((3,2,1,2) Br <2.7x107® 0.007
T = ptupm(3,2,2,2) Br < 2.1 x 107® 0.008




Radiative Neutrino Mass Matrix

(Xo0)
3 I
11 422 1 T T T T~
(7 )ab = (1)’ Zkz:lﬁg (YL )aime, ()i (M, ) (Yr)eyme, (Y1) jo] hf/,/ ik++ \\hfr
1,],K=—
5 5 / ' \
mhj mh; mi mﬁj MNk2 miﬁ ; 4 2 + \
x b 2 20 A2 Ag27 2 2 ) ! hg /\hg \
Mg~ Mg Mg Mg~ Mg M, ! AN \
| / \ |
YR >—1 ‘>< —l SN, 1«

< > >
vV, ¢; €r Nr Np €r {p VL

I 1 0
Fi (X, X0, X, Xy, X5, Xg) = | dX
1( 1, <22, A3, A4, 415, 6) / Al (A2)2 (A3)27

1 1 1
/dX:/dxdydz5(:E+y+z—1)/dad6dvd55(a+ﬁ+v+5—1)/dpdadw5(p+a+w—1),
0 0 0

with
Ar=yly—1)+2(z— 1) + 2yz,
Ay = (aY +0)* =6 —aY? —aX,
A3 = pA (X1, Xo, X3, X5, Xg) — 0 Xy —wXy,
A (X1, Xo, X3, X5, Xg) = — a(z +y) X + 2X5)

(@Y +6)2—0—aY?2—aX)(yly— 1)+ z(z — 1) + 2y=2)
BXl + ”}/X3 + 5X6

Ty 102 =0 —avZ—ax)’

v _ v\ yly—1) v_ Y
T \y+z yly — 1)+ 2(z — 1) + 2yz’ oyt
Keniji Nishiwaki (KIAS) y



not important

for v profiles
X

written by
observed values
(lepton & V masses,

mixings) \

via
charged lepton
mass hierarchy

Kenji Nishiwaki (KIAS)

x % %
Yyr=|*a b|, My=diag(My,, K My,, My,),
x b c
| :_2%22': (Ya)oz = [a*(G2My,) + b (G M)
25 (Yi)as & [ab (G My,) + be (G My,)]
T, Mgy
% = (Yr)a3 > [b°(GMn,) + (M) -
)
(Yr)ss| : |(Ya)as| : (Y T My
r)33| : |(YRr)2s| 1 |(YR)22| ~ m_i ‘m.

YR Structure




Distribution of Input Parameters
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