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Question: Whg m, «m, ?
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» existence of v mass is probed by v-oscillation exps.
» m,=0.1 eV (with cosmologies)

— key of searching new physics beyond SM

» Alot of its explanations have been suggested

2 options of tiny v mass:
(1): Dirac or (2): Majorana
T



(1): Dirac case:

m, ~y (D) effective v-Yukawa is tiny

(ex): large extra dimensional theory
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(2): Majorana case:

m ~ y2 <CI)><(I)> M (scale of L# violation) IS very large
1% 1% M AL=2

(ex1): type-l seesaw mechanism

v (MinkowskKi,
Yanagida,
mv R Gell-Mann-
Ramond, Slansky)

M = vg mass

(ex2): radiative inducing models
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there have been a lot of attempts -+, but, always use the same SM-Higgs doublet, {®)~100
GeV -+, and thus, must try to make

“tiny y,” and/or “large M~

This is the essence of difficulty for reproducing 0.1 eV v-mass, and let us look at the difficulty
from a different angle.

“How about introducing another Higgs doublet {® ) <100 GeV ?”

( neutrinophilic Higgs doublet model (vHDM) h
mp=y, <CDV> ~(0.1 eV (Dirac case), 0.1 MeV (Majorana case)
\_ Lytava 2L @)N )

Ma (2001), E. Ma and M. Raidal (2001), F. Wang, W. Wang and J. M. Yang (2006),

Ma (2006), S. Gabriel and S. Nandi (2007), S. M. Davidson and H. E. Logan (2009, 2010),
arshall, M. McCaskey and M. Sher (2010), N. H. and M. Hirotsu (2010),
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But, maybe, you may worry about appearing light Higgs particles *

(ex): SM, V=-m2d2+ AP* —» m~{(D)

tiny VEV & light physical Higgs=++?

However, situation is drastically changed in multi—-Higgs models with an effective linear term,

VS mAP)P, +h.c. - (D )~mHD)IM,,2

tiny VEV < small mj? andior heavy My, ?
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(1): Dirac case:

VvHDM: my =y, (®,)~0.1 eV

¥ y, can be non-small!

w ®  mass—~100 GeV — detectable in LHC experiment.

!

conventional model: my=y (®)~0.1 eV

experiments such as LHC, ILC.

y ,must be very tiny (~10-12) for m —0.1 eV, and it is impossible to find in
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(1): Dirac case:

VvHDM: my =y, (®,)~0.1 eV

% y, can be non-small!

w ®  mass—~100 GeV — detectable in LHC experiment.
{
conventional model: mp=y {P)~0.1eV

y ,must be very tiny (~10-12) for m —0.1 eV, and it is impossible to find in
experiments such as LHC, ILC.

(2): Majorana case:

>

vHDM: szyv<(DV> ~0.1 MeV
3¢ y , can be non-small with M—~100 GeV for m ~0.1 eV. (type-l seesaw)
v ®  mass—~100 GeV — detectable in LHC experiment.

% low energy thermal leptogenesis with M—~35 TeV
)
conventional model: mp,=y {P)~100 GeV

Form ,~0.1 eV, we need M~10!* GeV , and it is impossible to find in
experiments such as LHC, ILC, etc.
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2. VHPM
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Y Z, sym. (which distinguishes @, from @)
SM fields (SM Higgs: ®) +

v pe N -
v Higgs doublet: © —
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2. VHDM
Y Z, sym. (which distinguishes @, from @)

fields Z,-charge

SM fields (SM Higgs: ®) +
v pe N -
v Higgs doublet: © -

o« Yukawa interactions:

L

yukawa

=y,0®0U +y,00D +y LOE+y LdO N Diraccase

F. Wang, W. Wang and J. M. Yang (2006),
S. Gabriel and S. Nandi (2007), G. Marshall
M. McCaskey, M. Sher (2010), S. M.
Davidson and H. E. Logan (2009, 2010),
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2. VHDM
Y Z, sym. (which distinguishes @, from @)

fields Z,-charge

SM fields (SM Higgs: ®) +
v pe N -
v Higgs doublet: © -

o« Yukawa interactions:

L ooU +y,0®PD +y, LOPE+y L N  Diraccase

F. Wang, W. Wang and J. M. Yang (2006),
S. Gabriel and S. Nandi (2007), G. Marshall
M. McCaskey, M. Sher (2010), S. M.
Davidson and H. E. Logan (2009, 2010),

+MN N  Majorana case

E. Ma (2001, 2006), E. Ma and M. Raidal
(2001), N. H. and K. Tsumura (2010),
N. H. and O. Seto (2010)
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2. VHDM
Y Z, sym. (which distinguishes @, from @)

fields Z,-charge

SM fields (SM Higgs: ®) +
v pe N -
v Higgs doublet: @ -

Yukawa interactions:

L

yukawa

=y,0®0U +y,00D +y LOE+y LdO N Diraccase

F. Wang, W. Wang and J. M. Yang (2006),
S. Gabriel and S. Nandi (2007), G. Marshall
M. McCaskey, M. Sher (2010), S. M.
Davidson and H. E. Logan (2009, 2010),

+MN°N  Majorana case

E. Ma (2001, 2006), E. Ma and M. Raidal
(2001), N. H. and K. Tsumura (2010),
N. H. and O. Seto (2010)

L) o T 0.

wanted vacuum is
(®)~100 GeV > (D,)~0.1 eVly, (Dirac) or 0.1 MeV/y, (Majorana) |- ==
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» Higgs potential:

A A
V=-mll®P +m§,v 1D, P +m (DD, + D D)+ 71 KoYk +72 D, I*
A
+A IDPPID P +A,(D'D D D)+ 75[(c1>T D ) + (D D)*]

2 2 2
lm3 | < mg,mg,




s Higgs potentia]: )soft Z, breaking mass parameter

A A
V=-m2 | ®F +m} |, P clfcbv FOL@)+ D 21D, 1
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1 DFI®, F 42, (D0 )@ )+ —H(D'P, ) +(D,0)]
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» Higgs potential:

V=—mg |®F +mg 1O, +m; (D', +D D)+ % Kol +% D, I*
+A I PPID, P+, (DD YD D)+ %[(cp*cpv)2 + (D! D)’
AV Im; | < mé,mév
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» Higgs potential:

A A
V=—mg |®F +mg | I +m(Q'D, +c1>§c1>)+31 | D I +72 D, I*
A
+A IDPPID P +A,(D'D D D)+ 75[(@ D ) + (D D)*]
AV Im§ | < mé,mév
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» Higgs potential:
2 2 2 2 2 T T ;Ll 4 )’2 4
V=—mg |®F +mg |®,  +m3 (P q>v+q>vq>)+7|q>| +7|<1>v |
A
+A IDPPID P +A,(D'D D D)+ 75[(c1>T D ) + (D D)*]
2 2 2
lm3 | < mg,mg,
27 5 2 _
(dcb ’ j((I)): 2mg, [;T:_O_)] (D )= m32<(I)>
A, Y Mg,



» Higgs potential:

+A IDPPID P +A,(D'D D D)+

A
V=—mg |®F +mg | I +m(Q'D, +(D§(D)+El Kol T
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» Higgs potential:

A A
V=—mg|®F +mg 1O, +m;(®'D, +c1>§c1>)+31 D I* +72 D, I*

+A IDPPID P +A,(D'D D D)+ %[(qﬂ D ) + (D D)*]

2 2 2
lm3 | < mg,mg,

(Se=0-) 2m. 0> m: (D
(@)= )jb - J<(I)v>: 3<2 /
1 My,
N
[ @: tiny m,? and/or 2: large mg,?2 = (®)>{(D ) }

@: tiny m.? (M4, ”~100GeV) .| (1): Dirac case: m,2~1MeV?2
’ (2): Majorana case: m;? ~10°5(102) GeV? Q
(y,~0.01 (1035)) FAS
— §3 (§84) =
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» Higgs potential:

A

A
V=—mg|®F +mg 1O, +m;(®'D, +c1>§c1>)+31 o' +=21, [

A

+A IDPPID P +A,(D'D D D)+ 75[(c1>T D ) + (D D)*]

2 2 2
lm3 | < mg,mg,

(5 j((I)) 2mcb [dd) j <(I) > <(I)>

1 mcp

\
[ @: tiny m,? and/or 2: large mg,?2 = (®)>{(D ) J

: Mg, 2~100GeV . Di Ty
@: tiny m 2 (Mg )){(1) Dirac case: m,2~1MeV

(2): Majorana case: m;? ~10°5(102) GeV?
@ | 2 (v,~0.01 (1039))
-large me, > Interesting option!— §6 — §3 (§4)

like a “seesaw” between VEV & Higgs mass
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» Higgs potential:

V=—mg | ®F +mg 1O, " +m; (DD,

+A, 1 OPI D, P +A,(P D D D)+ —=
3 v 4 1% v 2

A

A
+c1>§q>)+31|q>|4+—2|cbv|4

A (@D, ) +(®lD)]

2 2 2
lm3 | < mg,mg,

) gy [2e [8707) gy @)
A mq)
N
[ @: tiny m,? and/or 2: large mg,?2 = (®)>{(D ) J
D: tiny m.?2 (1): Dirac case: m;?>~1MeV?
: 3

My, 2~100GeV
( v )>{

N\

@: large my,

> Interesting option!— §6
like a “seesaw” between VEV & Higgs mass

(2): Majorana case: m;? ~10°5(102) GeV?

(yy,~0.01 (10-%9))

— §3 (84)

tiny Z2-breaking mass is an origin of small v mass
(m42 (As)—0 limit has a global U(1), but, {®,)=0,s0 no NG boson)
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S5

o |: tiny m;?, @:large my,?

*1©@: my?2=0

Y exact Z, sym.— v is DM & (P )=0

Y v mass induced radiatively

(D) (D)
N 4
> N l 4 7
N 3 4
\NZ
// o \\
(Dv ,’/ \\\(I)v
e N
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E. Ma, PRD 73, 077301 (2006). or
iy
% m;?=0 induces {P,)=0, so Z2 is not broken. \:
% no global U(1) due to A;#0, so no NG boson. 3
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» Majorana case with (@ ) #0 (m,2#0)

there are two sources of v mass as,

w VvV mass from seesaw w v mass induced radiatively
(@) (®@,) @ (D)
| :
: : /// \\\
| | D, . D,
E X E o X S
L yv N N yv L L yv N N yv L

mvtree : mvloop ~ <(DV>2 : )\5<(D>2/(4'|T)2

for example,
@: tiny m,?with (2): Majorana case in §3,4, we see parameter space of m,tree > m,loop
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Tiggs mass spectra
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Tiggs mass spectra

e physical Higgs particles: Mixings o< rations of VEVs
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Tiggs mass spectra

e physical Higgs particles: Mixings o< rations of VEVs
@ = heavy although tiny VEV!! l
iy =mi, + 22t s g
A,+A4,—A
m2 =m2 + 22 4 5 ¢ >2
Lo > " L ~qoev
(m¢>v2)
mzi = mév + %(qﬁ)z
P i - /% m, =224,(¢)° = ~102GeV )

(SM-like Higgs)

N - 3 ""

(A is not pseudo-NG boson (°cm), since no global U(1) due to 1 ;#0 and mass
spectrum drastically changes whether (®,)=0 (m,=0) or {(®,)#0 (m,#0))




stabilitg of (P ) K(P)

T. Morozumi, H. Takata, K. Tamai (2011),
N. H. and T. Horita (2011)

o (® )< (d)is global minimum?
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stability of (@, ) LD g vor

o (® )< (d)isglobal minimum?

— yes, under condition of (A;+A,+A:)?>A A, with A,m4*>A, m, *

o (® )< (d)is preserved against radiative corrections?
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¥

Stabllltg Of < CD Y > <<< CD > T. Morozumi, H. Takata, K. Tamai (2011),

N. H. and T. Horita (2011)

o (® )< (d)isglobal minimum?

— yes, under condition of (A;+A,+A:)?>A A, with A,m4*>A, m, *

o (® )< (d)is preserved against radiative corrections?

— yes, VHDM satisfies —% (@) /2 < ) log ()
167* 4> (D))
¥ ¥ o' @ ®, e P. ®,
) TRURUN :lp ' '.', \_. 4 ";‘pl)
¥ M . < M4 ' X mg ® X m3
& ‘b. AN -.,-,_ﬂ?“’ (b . ‘¢ AANANANARN ,\:‘ft.)

e
-

1 3 ® |B 5 E &'

(most dangerous diagrams with 4-external lines in Coleman-Weinberg 1-loop effective potential)

dVl—loop
d®) 167

VI - (D, XY L0y =V~ ( 3j<<bv>+---
167

All 6-,8-,10-, - - - external lines diagrams are summed, and the above condition is obtained.

Y Z, is softly broken by m;? — m;?«mg2,mg, ?is preserved against from quantum correction.
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phegnomgnology

® Majorana case withtiny {(®_ ) from tiny m,?

M, 2~100GeV
@: tiny m,? (e )9-[ (2): Majorana case
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phgnomgnology

® Majorana case withtiny {(®_ ) from tiny m,?

M, 2~100GeV
@: tiny m,? (e )9-[(2): Majorana case

non-small y,

e




phgnomgnology
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® Majorana case with tiny {® ) from tiny m,?

M, 2~100GeV
@: tiny m 2 (e )9-[(2): Majorana case

non-small y,

§3: LHC, ILC phen:)menology
yH? is originated from ®,, which

has only y, coupling!

m,? ~1005 Ge\V/2

Sl

M~102GeV~1TeV
(y,~0.01, {® >»~10""5 GeV) .
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phgnomgnology

® Majorana case with tiny {® ) from tiny m,?

M, 2~100GeV
@: tiny m 2 (e )9-[(2): Majorana case

non-small y,
§3: LHC, ILC phenomenology §4: low energy thermal leptogenesis
wH* is originated from @, which % no fine-tuning, no gravitino problem sus)
has only y, coupling!
B m,?>~10% GeV?
m,2~1005 GeV?
M;~5TeV (y,~1005 (0,)~1Gev)
M~102 GeV~1TeV

(y,~0.01, {® >»~10""5 GeV)

STARNE e

=44 NIRRT NIRRT N N NI, N N T NP




