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See-saw is perhaps the most elegant mechanism for neutrino
mass generation, nr is well motivated from SO(10) and SU(3)x. but..

yVEnRHu + MR@nR+]\Js?LnR

Then, in the basis of (vr,sr,n%)

0 0 Mp
M= 0 0 Mg
Mp Ms Mg

Lightest mass eigenstate remain massless.....
o |s there any exact chiral symmetry to protect m,,?
@ Why is there an additional singlet? Eg?

@ What is the Lepton number violation scale Alf? Can it be
within weak scale?
o
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In this talk...

Two examples that tree-level masses are suppressed but only
arise radiatively.

o generate neutrino mass in a modified Wyler-Wolfenstein
model from radiative corrections. (with Seong-chan Park,
hep-ph/1010.xxxx)

o generate charged lepton masses m. and down-type quark
masses my radiatively from (H,) in MSSM (large tan 3 limit,
see for example, Dobrescu-Fox, upper-lifted MSSM,
hep-ph/1001.3147)

So no unbroken chiral symmetry....
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Lessons from Upper-lifted MSSM Dobrescu-Fox, 1001.3147

(Hy,) > (Hg), me, my from (H,,)
Accidental symmetries in SM lagrangian

iQPQY + ity Puly + idpPdy + ...
QL > UZQ), up — Ulul, dy— Ujdy,
With three generations, U(3)g x U(3)y x U(3)q x U(3)¢ x U(3)e
—y;jQiLeHTug% — yé,/jQiLHal‘};L + ...
break the above [U(3)]° into U(1)g x U(1)Lep

QZL — ew/?’Qi, u}:i — e"‘g/?’uﬁg7 d% — ew/?’d%

iL — eiPpl , e% — eid’e% ®
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Fermion mass is not only a electroweak symmetry breaking
(EWSB) effect .

o If y — 0, U(3) symmetry will be restored and the
corresponding fermion will be massless up to all loops.

@ my( or my) # 0 — mg, me must break the U(3)s. (for
instance, topcolor model)

To eliminate the tree-level contribution, tune the vev .....possible
in 2HDM (large tan 3)

(H,) > (Hy)

Non-zero Yukawa couplings ensure that the chiral symmetries
have been broken. The masses can be generated radiatively.
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MSSM is a natural 2HDM

o Superpotential is holomorphic and e H* is forbidden in
superpotential.

o H,, H, contributes to anomaly [SU(2).]2U(1)y,.... and
Witten Anomaly

W =y QuHy + yaQd°Hg + yele“Hy + pH, Hg
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2HDM has Peccei-Quinn symmetry (DFSZ axion, 1981).

400000

3
AvE)crve) = 3a+ 52 -a)+ (u-a)+(d-a))

q+u+hy, =2a,q+d+ hg =2«
hy + hg # 200 — A3 £ 0 Mpey ~ Mintermediate, Kim-Nilles
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10-10H, + 10-5H,

Field [ 10 5] H. Hi| 0
R-charge i 3 2 g 1
PQ 0 -1 0 1 0

_ 1 3 4
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W =puH,H; PG

Lsoft > mfc | fI? R — invariant
+ M+ AQuHy + .. K
2

If PG, K and [[737°,
10 -5H} — me,mqg # 0

Another g source, (proportional to u)

oW
Hy — 8H - ded +ye£6 +,U,H
V 3| Fy, |*= yau* H:Qd + yep* H: (e o
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Inverse Seesaw in SUSY

o K /egg\\
m BRI
Q Q + de de Q W(B) y Ho Hy &
| H, VH
&L N P
/’,’ ~\\\ Hu Hd
///Pg K\\
/~ D N ——<——1———>~——
@ Hy Hioy B a Q B/ Q9 d°
A AgBS e 1 g
@
wEAE
o = = = = 9ac

Kai Wang, IPMU, U-Tokyo



Physics Implications

o If all Yukawa couplings in MSSM are perturbative at Mgy,
2 <tan g < 50.

But what if m; arise from (H,) radiatively.....
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vy, does not carry any unbroken gauge symmetry

1 ... .
—§MZ’,J vil Cvl,
Type-l see-saw
y lrnpH, + MR@HR + h.c.,

For one generation y, break U(1), x U(1), = U(1)1ep
MR —U Lep
m, = MMz Mp

@ Without tuning dimensionless y,,, tiny m,, from Mgyt

o U(1)p—_1, becomes anomaly free, easily embedded into
S0O(10) o
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Pati-Salam(Wyler-Wolfenstein)

ylrngpH, + Mssing + h.c.

In basis (v, 51, n%)

0 0 Mp
M= 0 0 Mg
Mp Mg O

my, =0
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Inverse see-saw (Mohapatra, Valle)

Y lingH, + MsSing + €s$ st
In basis (vr,sr,n%)
0 0 Mp
M= 0 e Mg
Mp Mg O
M3

my > €m0
M3 + M3
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Tuning: Dimensionless y, or dimension-one M

Ye ~ 1076, 9, ~ 107127

Dimension One: see-saw vs inverse
o In see-saw, My breaks U(1)p_1 gauge symmetry at
ultra-high scale, for instance, Mgur.
o Now n, s are both SM gauge singlet...., the scale vanishes
to restore the U(1)1ep, can be identified as soft breaking of

U(1)Lep- /
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ylingH, + Mssing + Mpn$ng

In basis (vr,sr,n%)

0 0 Mp
M= 0 0 Mg
Mp Ms Mg

Mg Mp
- vp + 5L
\/ M3 + M3 \/ M} + M3
1
Ny = (MDVL—FMsSL—Mi’I’L%)
VM2 + M3+ M3

with mass eigenvalues as

1
my =0, Me =3 <MRi\/4Ml%+M1%+4M§> oF
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U(1), x U(1), x U(1),
In basis (v, 51, n%)

0 0 Mp
M = 0 0 Mg
Mp Ms Mg

With Mp, Mg
U1)y xU1)p xU(1)s > U(1)p—s X U(1)Lep
Under U(1)rep

v, — €%y
s, — e%sp,

c —iQ, C

nR — e TLR
With Mg
MLep — U(l)V—S C’
unbroken Hac
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Why no Mj,s$ s, ? SUSY

Supersymmetry does not forbid lepton number violation but
only stabilize the model. So it is just“Technically Natural”.

W =y, dn°H, + Mgsn® + Mrn‘n®

Field H 14 e‘ nt s \ H, Hy \ 0
Rcharge | + 2 1 1] 2 S
U(l)g 1 -1 -1 1 0 0 0
Wesr m R-charge of m U(1)r, charge
nen¢ nynR 1+41-20=0 -2
(sH,  Visp s+1+:5-20=0 2
CHH, Vv, t4t4+3+3-20=0 2
ss 5% sy, 1+41-20=0 2
o 4
wEAE
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New gauge interaction?

Under Ejg
27=164+10+1

sy, is completely gauge singlet and any term involving sy, will be
only gravitationally induced in
o Kahler potential

o Lepton number violation B-terms in soft-breaking
lagrangian
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R-invariant piece

U(1)p—1 becomes anomalous so the leading is Yukawa
interaction induced ¢¢H,, H,, Non-SUSY contribution

(Hu) (Hy)
\\\‘\ /1/,
T g
VL " Vi
nR ng
3 * V% 2 2
1 YiYEM M
o, = Spby o SN, ()
=17 o= My — Mp Mg
VY5 M3 In ( M3 )
2 2
M3 —ME™ \ My
o
!;k%
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M2 M?
Mp—s—2——In [ —2
MZ - M2\ Mg?

o Mp > M, y restore the see-saw, Mp < 1012 GeV
0 Mg < My, g, inverse see-saw limit, Mr ~ KeV

We take the inverse see-saw limit (non-canonical Kélher
potential) to ensure light neutrino mass.
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ow
vV = |7|2:|(€Hu+MssL+MRnR)|2
ong

= MpaglH, + MpMihsL
After Mgsy,
(H,)
noo. L v
,f A‘:
v / : v

X(,] )?“

)

o MR > Msusy o
0 Mr < Msusy BEAZ
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R Contribution

The effective operators do not break R-symmetry

['soft > BrMpgrngrngr + BsesSpsr + ASMRngLHu + B, M,vrvg,

m,, only arise with gaugino mass insertion.
Soft SUSY breaking terms that also violate U (1)1, but 1/Mp)

suppression.
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Conclusions

o | present two examples that the fermion masses arise from
radiative correction where the tree level masses are
suppressed but all the chiral symmetries are broken.

o Supersymmetry plays an important role in stabilizing the
suppressed tree level masses.
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