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Smallness of v mass is one of the greatest hint of BSM!
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Smallness of v mass is one of the greatest hint of BSM!
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» Many trials have been suggested.
y< Majorana v

BSM (BeNe): See-Saw (], II, III), Radiative induced mass, .....

Behind v mass

v< Dirac v

BSM (BeNe): Large Extra Dimension, ....... N
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¢ Majorana v:
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effective OP in the SM (dim5) :
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SM renormalizability
?

M > Myand/or y <1

Imply large M (scale of L# violation) ?

=)

i iey

.ﬁ_‘

i

> v o = =) o PA



¢ Majorana v:
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effective OP in the SM (dim5) :
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SM renormalizability
?

M > Mjand/or y <1

Imply large M (scale of L# violation) ?
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BSM (BeNe, underlying theory)
Y% See-Saw (I, II, III)

M=vg, T, Tmass

M = & mass x (4172)

>

—
RO T SAN MY




s% Dirac v:

m, ~ y (D)
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s% Dirac v:
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BSM (BeNe, underlying theory)

< Large Extra Dimension
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They are [tiny y,J and/or [large M I since (H)~1006eV & m,~0.1 eV.
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They are [tiny y, ] and/or [large M I since (HY~1006eV & m,~0.1 eV.

Today, let us consider another possibility, i.e.,

Small VEV is the origin of small v mass |

Introduce new Higgs doublet, &,
(®,) «<< (@) & have only v-Yukawa int.
"neutrinophilic Higgs doublet model”

Majorana v : E. Ma (2001, 2006), E. Ma and M. Raidal (2001), NH and K. Tsumura (2010), NH and O. Seto (2010).
Dirac V : 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 neutrinophilic Higgs doublet model (vHDM)

¥ Z, sym. (which distinguishes @ , from @)

fields Z,-charge
SM fields (SM Higgs: @) +
v pe N -
v Higgs doublet: © _—

Y Yukawa interactions:

L =y Q®U +y,0PD + y LOE + y Ld N Diraccase

(+MFN Majorana case )

Yukawa

» wanted vacuum is

< CD > ~100 GeV >>> < CD y >~01 eV/y y  ©1MeV/y, (Majorana)




§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:
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§2 neutrinophilic Higgs doublet model (vHDM)

*Higgs potential: )soft Z, breaking mass parameter I

V=-mlI®F +m} 10, P q>*q>v+q>jq>)+%|q>|4+%|q>v *
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Y Higgs potential:
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§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:

A
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§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:
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Y Higgs potential:
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§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:

A

V=-—mil®F +mév D, +m§((I)T(I)V+CI)$(I))+%ICI)I4 +72I(I)v N
As

+ 1, I DPID, P+, (DD, )(D D)+ 22 [(cb*cb )+ (D D)’ ]

2 2
Im; | < Mg, Mg,

(o~ .. )
@: tiny m?
2: large my, 2
= (O)I>(D )
Y,




Y Higgs mass spectra:




Y Higgs mass spectra:

Mixings o< rations of VEVs
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Non-decoupling — contribute STU




Y Higgs mass spectra:

Mixings o< rations of VEVs
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Small VEV is the origin of small v mass |

— y, heeds not small any more. Y
S

— (1): rich LHC phenomenology

NH, K.Tsumura, JHEP 1106, 068 (2011).

(2): TeV scale thermal leptogenesis is possible

ffffffffffff

NH, O.Seto, Prog.Theor.Phys. 125, 1155 (2011),
Phys. Rev. D84, 103524 (2011).

_+ ~SM-like Higgs
(102GeV)

Non-decoupling — contribute STU




§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:
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§2 neutrinophilic Higgs doublet model (vHDM)

Y Higgs potential:

A A
V=—mg | ®F +mg 1O, +m; (DO, +CI>§(I>)+51 Kol +72 D I
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Criticism
Smallness of vV mass 1is just rqofacec[ Ey.

smallness of m,

g . I
@: tiny m?

2: large my, 2
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smallness of V mass (mg) is not exy[ained;
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Wﬁy & w%’c’s MeV scale??
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Criticism lm; | <mg,mg,

Smallness of vV mass is just 'rejol'aced' 61_
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In SUSY version (4HDM),

m32_) umix'u v
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In SUSY version (4HpMm),
rT.'32 s M mix' U V
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In SUSY version (4HDM),
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In SUSY version (4HDM),

m32_) umix'uv
2 2
mCD?/ _))uv

| TeV |
av lLLmlx<(I)>

d?:O%(CDv):
Lev | K

GUT|

m, ~TeV2/ Mg, |

Dynamical realization



§3 Why TeVZ~m, X Mg.?

N.H., Europhys. Lett.96, (2011) 21001.
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0.1eV TeV

10'6GeV

Why TeV? ~m, x M,,?
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Why TeV? ~m,, x M ?
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0.1eV TeV 1018GeV
l | | >

Energy
Why TeV? ~m,, x M ?
$ o MGUT
Wh — auHqu +MGUTHVHV' +aumixHqu' +lu'mix Hde
T (u,..u1' . :TeV scale)

can be naturally embedded to SUSY GUT!

5=(T, H,), 5=, H,)
5,=T,, H), 5,=(Tv, H,)
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i ! ! >
Energy

Why TeV? ~m,, x M ?
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LU TeV scale)

can be na{turally emb
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K>——I[55,+5,54]
M
Pl
S: Z, odd singlet with F-term — p_..1' .~ TeV

(origin of SUSY & Z, breakings) from non-canonical Kahler (Giudice-Masiero)
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84 Phenomenology of SUSY vV Higgs GUT

NH, K. Kaneta and Y. Shimizu,
Phys. Rev. D 86, 015019 (2012).
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Y one problem in minimal SUSY SU(5) GUT

“for precise GCU, (threshold correction)

=> M ~ 5X10% GeV

“for enough protfon stability, Incompatible

=> mpp > 2X10% GeV

colored triplet Higgs:
5=(T, H), 5=(T, H))
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O SUSY v Higgs SU(5) GUT O
Wiidana = £ 10,10 5+ £:110,,5 5+ £71,5,6.]
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[5=Tv, H,)]

— fquzl_]lHu + (VgKM )ij fiinBJ'Hd + fidl_;iLin + fiv V, )sziLij

+ (Vi )y LU DT + (Vo) £IO.L.T + (V) NiD,T,
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O SUSY v Higgs SU(5) GUT O
Wiidana = £ 10,10 5+ £:110,,5 5+ £71,5,6.]

5,=(T,, H,)

[5=Tv, H,)]
= f'QUH, + Vo ); ['O.DH , + [ E:LH, + f'(V,),N:L H,
+ 1 Vo ) EUGT + £1Q,0T

+ (Vo )y LU DT + (Vo) £IQ.L. T+ (V) NiD,T,

Q — i —— L
N A
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o —1..°2. L g

Proton Stability
m;7 > 2X10" GeV
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+ 1 Vo ) EUGT + £1Q,0T

Q — i —— L
N A
T i W, Z, B

o —1..°2. L g

Proton Stability
m;7 > 2X10" GeV

O SUSY v Higgs SU(5) GUT O
Wyiiane = 10,10 5+ £910 555+ f ﬁsﬁa

5,=(T,, H,)

[5=Tv, H,)]

— fquzl_]lHu + (VgKM )ij ﬁinBJ'Hd + fidEiLin + fiv (VD )sziLij

+ (Vi )y LU DT + (Vo) £LO.L. T+ £ (V) Ni DT,

Y

nothing to do with p-decay

Y

while T, T, contribute GCU

v

precise GCU
M, 7, ~ 5X10' GeV

D
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Y one problem in minimal SUSY SU(5) GUT

“for precise GCU, (threshold correction)

=> M ~ 5X10% GeV

“for enough protfon stability, Incompatible

=> mpp > 2X10% GeV

colored triplet Higgs:
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Y Higgs
Y -one-problem-in-minimal- SUSY SU(5) GUT

“for precise GCU, (threshold correction)

=> (M, 1, |~ 5X10" GeV

“for enough protfon stability, ‘ncompatible )

=> mpp > 2X10% GeV

colored triplet Higgs: 3
_ _ 7

5=(T, H), 5=, H,) ”\\_ ;: =)

|5,=@,, H),5.=T,, H,) '
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YrHiggs mass spectra:
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> flavor violations in SUSY v Higgs SU(5) GUT
WYukawa — f;uQ,UlHu + (V;KM )lJ f;inl_)J'Hd + f;d EiLin + fiv (VD )l] NiLij

+ 1 Vo ) EU T + £'Q0T
+ (Ve )i FPUDST + (Vo ), fLOL.T + (V) NiDJT,
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Yukawa

> flavor violations in SUSY v Higgs SU(5) GUT

+ 1 Vo ) EU T + £'Q0T

+ (Ve )i FPUDST + (Vo ), fLOL.T + (V) NiDJT,

flavor mixing through RGE:

slepton doublet sector

L

M
== 5 (V) (V) (3 + ) log =<

Ny
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LV )y 2
2 HV

e
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D
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flavor mixing through RGE:

> flavor violations in SUSY v Higgs SU(5) GUT

Wiiskara = FOQUH , + (Vi )y [0, D H , + [ E:LH , +f (V,),NiL H,
+ 1 Vo ) EU T + £'Q0T
+ (Ve )i FPUDGT + (Vo ), fLOLT + £ (V) Ni DJT,

slepton doublet sector down-type squark sector
N, k N, k
L; L, D. D.
£Vl T L Vo)) A
H, T,
2 ) M vz ) M
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> flavor violations in SUSY v Higgs SU(5) GUT

WYukawa — ]C,MQ; UIHM + (V;KM )ij ~fiin Bde + ~fid EiLin T ﬁv (VD )ij NiLjHV
+.f]'u (V;KM )ij Ei UJ'T + fiuQiQiT

+ (Ve )i FPUDGT + (Vo ), fLOLT + £ (V) Ni DJT,

flavor mixing through RGE:

slepton doublet sector down-type squark sector

N, k N, k
L; L, D. D.

zka (VD )ki ka (VD )kj J ¢ ka (VD )ki ka (VD )kj J

H, T,
2 ) M vz ) M
(Om} ); = _8f_7vrkz(vb )i (V) )kj(3m§ t ag)log (O, )j == 8];;2 Vp)u(Vp )kj(3m§ T aé)log@;—j

\ L

directly related through MNS M, 1y ~ 5%10% GeV

(excellent predictivility) My, 4y = 2%X101% GeV
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in comparison,

w SUSY neutrinophilic Higgs GUT w SUSY SU(5) GUT wiw NR
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WY ukawa WYukawa
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in comparison,

% SUSY neutrinophilic Higgs GUT F* SUSY SU(5) GUT with IV,
(Dirac v) (Majorana v)
WYukawa WY ukawa
u d = = _ u d = =
= 10,10 .5+ f710 .55 = f; 10,10 5+ f,10 ;555
— <:> v —
+ﬁ-jvlﬁ5ﬁ5v Hf 1355+ M 1,1,
Ju Vo) 7 | AR JuVo)y T Vo) Fa Vo) | £V FaVo)y
Hl/ Tl/ Hu T
2 M
(6m3 )i ~ —JL’;(VB)m(VD)M@m% + ag) log S (6mi)i _f,,g f2,,m (VD) kd(Var) ik (Var) i (VD) mj (3mi + a) log
T MHV a N

unknown matrix

f Mp M
2V, ~ _IVE (V%Y. . 2 2
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T
(M1 > Mgur)

[ — — E T — —
excellent predictivility



> flavor violations in SUSY v Higgs SU(5) GUT
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> flavor violations in SUSY v Higgs SU(5) GUT
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(. summary




(. suammary

Idea : small ¥ mass originates from small vev of v Higgs

(H ., only have , (and v, is non-small anymore.))
YV y YV
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(. suammary

Idea : small ¥ mass originates from small vev of v Higgs

(HV only have vy, (and y, is non-small anymore.))

¢ GUT embedding naturally explains,

why TeVZ~m , X Mg !
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(. suammary

Idea : small ¥ mass originates from small vev of v Higgs

(Hy only have Y., (and y, is non-small anymore.))
¢ GUT embedding naturally explains,

why TeVZ~m , X Mg !

* MSSM + TV,'T‘V (10 Gev) + H H . (ZGuUT) + T, T (> GUT)
— precise GCU + proton-stability

2;
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(. suammary

Idea : small ¥ mass originates from small vev of v Higgs

(HV only have Y., (and y, is non-small anymore.))

¢ GUT embedding naturally explains,

why TeVZ~m , X Mg !

* MSSM + TV,'T'V (10 Gev) + H H . (Z6UT) + T, T (> GUT)
— precise GCU + proton-stability

Y FVs in lepton and quark directly related through MNS 7

I
— excellent predictivility E
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m,? =0 case:

Y exact Z, sym.— v is DM & (®, )=0
Y Vv mass induced radiatively

@ (@)

L yv N N yv L
E. Ma, PRD 73, 077301 (2006).

Y m,?=0 induces {®,»=0, so Z2 is not broken.
Y no global U(1) due to A;#0, so no NG boson.
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« Majorana case with (® )#0 (m,2#0)

there are two sources of v mass as,

¥ v mass from seesaw » v mass induced radiatively
(@,) (@) (@ ()
: : S As o7
cbv,x’/\/\ @,
LyIVNXN L LyIV/NXN\yVL

mvtree : mvloop ~ <q)v>2 : )\5<(D>2/(4-|-|-)2

as] p as] ; G § r~ _ . -% \
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Stability of VEV hierarchy NH, T.Horita, Phys. Lett. B705, 98 (2011).

o (¥ )K(d)isglobal minimum?
— yes, under condition of (A;+A,+A:)?>A A, with A,m4*>A; m, *

o (d )«K(d)is preserved against radiative corrections?

— yes, VHDM satisfies o ., , 3 (D)
(@)’ /m; < —log
167 T 4m (D)
b ® . & P) ®, o] ®,
g w o, \ . W
d’ ' “b '.\ AN rbI. - 4”:. EROLY
: N | P e : ;‘P
X my ¢ " X mj @ X
& b ) o ------ P P @ ANA \sfb

¢ o] b ! E &'

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

dVl—loop o
d(®) 167

o
167°

o
167°

l-loop _

(@, XY - (@) :w(m; ; (cp)3)<q)v>+...

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

wZ, is softly broken by m? — mZ?&my%m 2 is preserved against from quantum correction.




LHC, ILC phenomenology

NH, K. Tsumura, JHEP 1106, 068 (2011).
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LHC, ILC phenomenologﬂ NH, K.Tsumura, JHEP 1106, 068 (2011).

wILC: e"e™ collider:

P —— H~
YR
X
e v R H -
Inverted ordering, Mny=200GeV Inverted ordering, My=500GeV
31/ 0] /77T
'Iz'—" W S II' p - -\\\: % -
! —_ :‘:.' ! / Q\\
— I / ~ p— ]
= i T = . | -
F : : I \\‘\ F : : \\
i i ! N = 2 ; !
e 0.5 : Il SR B o : |
T ! | T i '
0 ' TanB=2+10° ' ! TahB=2x10°
o mH+=100GeV o | t ImH+=100GeV
S| -~ mH+=150GeV S ~+ mH+=150GeV
0.1 mH+=200GeV 0.5 i~ mH+=200GeV
mH+=300GeV ’ mH+=300GeV
0.05 —  mH+=400GeV —  mH+=400GeV
200 400 600 800 1000 200 400 600 800 1000
Vs[GeV] Vs[GeV]

Total cross sections of e'e™ = H™H™ in ¥ THDM with v g, whose mass is M, =200 GeV and 500 GeV.




Low energy thermal leptogenesis
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NH, O.Seto, Prog.Theor.Phys. 125, 1155
(2011); Phys. Rev. D84, 103524 (2011).
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" NH, O.Seto, Prog.Theor.Phys. 125, 1155
LOW energy thermal IeptogeneSIS (2011); Phys. Rev. D84, 103524 (2011).
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Y% leptogenesis

r(VR — [+ Q) # r(VR—>T+ @*) — CP violation
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Low energy thermal leptogenesis

NH, O.Seto, Prog.Theor.Phys. 125, 1155
(2011); Phys. Rev. D84, 103524 (2011).

leptogenesis: [ (v =1+ @) # [ (v ,— [+ @*) < CP violation

Conventional See—Saw «ypen

o

(Ve = @+1)~T(vy =@ +1))
TV = @+1)+T (v — @ +1))
3001

81 (yvyz)ll i=2.3 i
M,

oM
~ D Im(yvyv)lziﬁl, (M, > M,)

mv3

— L v36ind = 106(

€ ~1077 for suitable n,/s

po e fing
107 GeV J\ 0.05eV

thermal: T.°M,, v, is produced in thermal

M, > 10° GeV : Davidson-Ibarra bound

S. Davidson and A. Ibarra, PLB 535, 25 (2002)

o

/

TeV—-scale thermal leptogenesis is difficult !




" NH, O.Seto, Prog.Theor.Phys. 125, 1155
LOW energy thermal IeptogeneSIS (2011); Phys. Rev. D84, 103524 (2011).

VY HDM: non—small y,, with TeV-scale Majorana mass

3 1 .o M 3 M
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¢ thermal leptogenesis: (= leptogenesis with thermally produced N)

inflation (inflaton decay) — reheating temperature
N is produced in thermal

(# of Nis determined only by Tp)

0

non—thermal leptogenesis
N is produced non—thermally, such as,
inflaton decay, inflaton=right—handed sneutrino (condensation), etc.

(# of N is determined by unknown physics
(coupling between inflaton & N etc.) )




" NH, O.Seto, Prog.Theor.Phys. 125, 1155
LOW energy thermal IeptogeneSIS (2011); Phys. Rev. D84, 103524 (2011).

L eptogenesis in SUSY ¥ HDM: non—small y,, with TeV—-scale Majorana mass

~

4 e=ev, > IH)+e(v, > IH)+e(V,—IH)+e(V, —IH)

2
:-iIO‘5 0.1GeV ( 5\41 )( e jsinﬁ
167 (@) ) 10°Gev )\ 0.05¢V

n, C E (NH, m;~0, (v;; < yp, Vi)
—=(CK— . . .
k s g. M, = 5 TeV is possible for thermal leptogenesis /
10’
1of _ 1 gravitino problem
| AL=2
_ 10" | wash-out
=
& 10° ’?
= L _
10° L= 10'_’
e=10"
*
10’
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SUSY v HDM is free from gravitino problem
= 0(100) GeV gravitino with no—disturbing BBN needs T,<10° GeV.
» even this T, N, is thermally produced in our setup.




Y& gravitino problem

gravitino is produced in scattering in thermal bath
but NOT in thermal equilibrium (3/2 s production is one way — 73 3181T)

(# of gravitino is determined only by Tg)
@ gravitino NLSP case: (~100 GeV)
non—disturbing BBN (1s ~3 min) — Tr<10® GeV
@ gravitino LSP case: (<100 GeV)

NLSP’ s decay: non—disturbing BBN (1s ~3 min) — T<108~10° GeV
not overclose condition — T < 10° GeV

cf). Gauge mediation: interaction of longitudinal of gravitino (~1/F)
is large (not Planck suppressed) — gravitino problem is sever




