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Introduction

® (Conventional Seesaw mechanism: High (GUT) scale physics

e With SM particle content:

c HHU, ¢},

A small v masses = A ~ 10'* GeV  with C ~ O(1)

e o gauge singlet fermions vr

Hlpvg — mp intergrating out vg: Mgy ~ MDM;ME
MRﬁcRVR
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® (Can small neutrino masses due to low (TeV) scale physics?

e new EW models (littel Higgs, Higgsless models, etc): A ~TeV

® can be tested at colliders




An Alternative

gauge symmetry SM x non-anomalous U(1)v + N wr
SM particles & vr : all charged under U(1)

U(1) forbids dim-4, dim-5 operators
To get my, # 0 :/U(’f),, (¢) :  SM singlet breaks U(1),

H]\Ij_éf (%) , p large <¢> <A, % ~ 1071 N\ ~TeV! i i """ i i

non-anomalous U(1)v
® anomaly cancellation conditions = constraints on U(1) charges
® gcneration dependent charges = U(1) flavor symmetry
= mixing pattern & mass hierarchy (FN)

light sterile neutrinos: DM candidate
® TeV scale Z’: probing flavor sector at colliders

c.f. anomalous U(1): mixed anomaly cancelled by Green-Schwarz mechanism

U(1) broken at fundamental string scale constraints not as
[U(1)]° anomaly cancelled by other exotics stringent




The Model

SMx U(l)v+ N w

generation independent quark charges = no FCNC in quark sector
qh - 2, ulsy 2y di @ zg

generation dependent lepton charges = neutrino mixing

0, 2, €R * Ze, VRt Zn,

scalar charges:
H:zy ¢: SMsinglet +1, (¢) breaks U(1),

N =1, 2: always terms allowed at dime-4
= high seesaw scale

lowest value for N to get TeV scale seesaw: N=3

with N=3: (9+N) charges




Anomaly Cancellation

SU3) x SUR2)L x U(1)y x U(1)v
® 4 mixed anomalies not involving vr

[SU(3)]2U(1), : 2d = 22¢ — 2y
U(1),[SU@2)L] : i1 2 = =92z
UL, [U1)y]*: Yoot Zen = —3(22¢ + 2u)

U(l)Y[U(l)u]2 : Z?:1(Zi - Zgz) = 3(2¢ — 2u) (524 + 2u)

® 2 anomaly conditions involving vg

U(1), — graviton : Zi\;l Zn, = —3(42¢ — 2u)
U, S0 28 = (228 — 22) — 5dz(2q — 24)?

® additional constraints:
® top mass generated at dim-4: ZH = 2y — 2
(all quark masses allowed at dim-4)

* )\22 *

e diagonal elements in M. allowed at dim-4 ( Aii ok ok )
Me ~
* * Ass

NAT et H
® charged fermion sector: 4 independent charges
® necutrino sector: (N-2) independent charges




Neutrino Mass Terms

U(l)v forbids HZ,vg, HHfifL , Mroaur ; after its breaking:

® [H Majorana mass terms:

e g Qi
Z f (f@b) et HH Gij = 2(2q — 2u) — 20, — 2
2,7

® Dirac mass terms:
. Pik 4 ~
3 oAk (gf@ Tk Dik = Zu— Zq + 20, — Zn,
ik

e RH Majorana mass terms:

’ g Tkk! [ /
Zc’ﬁk A (qu¢> ncRnI;% Tk = _an - znk/
k,k’
® resulting neutrino mass matrix: 2
Ul | el

® pure type-I seesaw unattainable

¢ij = —Pik — Pjk’ T Tkkr = integer -- Pure Dirac
-- Type-Il sesaw




Charged Lepton Sector

® charged lepton masses:
Z )\7;7 <gX¢¢> N ZZLeJRH S'éj =2y, — Zéj
ij

® gcneration-dependent U(1) charges:

sij 70 for i#j = treelevel FCNC mediated by Z'

Zgl
fM( 20, )Vf
ng

e flavor changing processes

pw—e, uput—eteet, 1000

2
lsis
decay rate: I <€<¢>2> el <1




Leptocratic Models

e with N=3: 5 independent charges z,, .

® (ubic equation: rational solutions non-trivial [Fermat’s Last Theorem]

c
c P
2¢, = —3z¢ — 2a Ze15—6zq+§_2a7 an:_§_2b’

_ / c
Zg2:—3Zq+af+a/ 5 ZeZE_6zq—|—g—|—a—|—a/, Zn25—5+b+b/,
2o, = —32+a—a c , c

263:_6Zq+§+a_a‘ Zn3:—§+b—b/,

e [U(1)/]® : general class of rational solutions

a (a2 . a/2) b (bQ . b/2)
3a? + a2 — 3b%2 — b2

c=—




Leptocratic Models

® resulting mass matrices

Dirac neutrino mass matrix

—2(a—b) —(2a+b+0b) —(2a+0b-0)
p=|a+d+20 a+d—-b-V a+d-—-b+V¥
a—ad +2b a—a —-b-10 a—ad —b+V

LH Majorana mass matrix

c+4a c+a—ad c+a+ad
g=| c+a—d c—2(a+d) c—2a
c+a+d c—2a c—2(a—a)

RH Majorana mass matrix

c+4b c+b—1b c+b+0
r=|c+b=b c—2(0b+b) c—2b
c+b+b c—2b c—2(b-="V)

Charged lepton mass matrix

0 —3a—d —3a+ad
s=| 3a+ad 0 2a’
3a —a' —2a’ 0




Orwellian Leptocratic Model

» all U(I)na charges for SM fermions are generation independent:

a=a =b’=0; c=-2b/3

» no charged lepton flavor violating FCNC mediated by Z’ at tree level
Q(N2) = Q(N3) # Q(N1)

»  bi-large mixing through anarchy

v

v

» three active neutrinos: can either be Dirac or Majorana fermions

(I) Dirac neutrinos: b = integer, but not (3n) = ¢ = non-int, only Mp allowed
AL 6|b| 212 L3
Mp =vell | N2Lelbl 322 )23 A ~1TeV
)\31 6|b| )\32 )\33

A~1074—107°: b=42

A~1: b==£13
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Orwellian Leptocratic Model

(IT) Majorana neutrinos: b = (3n) = Mp, MvrL, Mrr all allowed

) BRI o2 c13
v
2|b|/3 bl/3
M; = 0 2101/ o Mp = A€bl/ cl2 22670/ (23710l /3
o138 2BCTI/3 (38 CTIb /3

e ifi~c: MiL > Mp = inverted seesaw

® for A~107° e~107% |b| =3

)\2
= light sterile m,,, ~ Ae*lPl/3 (—”) ~107% eV Oactive—light ~ € é ~ 1073
Cy v
— 2h i Aell/3 k 22 1070
eavy sterile m,,,  ~ Ae cn ~ 1 keV @active_heavy ~ € K ~ 10

® for A~1,e~01, b =18

light sterile: m,, ~ 107'2 eV Ouctivo_light ~ ef’é ~107°
v
heavy sterile: m,, , ~ 1 MeV Onotive_hoavy ~ 612% ~ 10-13




»

»

>

»

»

(2+1) Leptocratic Model

generation dependent charged lepton charges

2l 7é Rly = R
Req 7é Reg — Res
“nq 7& Rng — Rng

a’=b’=0; a,b#0

C= —

2 [(a? + ab + b2
a+b

large neutrino mixing from U(1) symmetry

a=25/3, b=-11/3, €~0.1 = pure Dirac

LFV in charged lepton sector?
s12| = [s23| = 3a = 25: suppressed by 10->° Safe!

20, = ze, . no tree-level FCNC




TeV Scale Seesaw

probing the flavor sector at the colliders

® (2+1) leptocratic models: e

1
— B(Z' —eten)/B(Z' — ptuT)
..... B(Z' —ete™)/B(Z' — 1)

w
=]

B(Z"—eTe™) <1+2az¢>2

B(Z' — ptp~) 1—az, =l \
g 2 \
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B(Z — ete) \
— e S
— = 3(1+ 2azy)° 2 \
B (Z/ — tt) 8 0F \
g "l \
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3(CL —+ b) ON ‘ ! ! ! !
Z¢ — ) 3 2 -1 2 3 4 5 6
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® invisible decays of Z’: distinguish different U(1)

e U(l)p-L: B(Z’ — invisible) = 3/8
e Orwellian Z’: B(Z’ — invisible) = 6/7

[an = 5, Zn2 = Zn3 = '4]




Conclusion

TeV scale seesaw:

® required in new EW models; testability at colliders

SM x non-anomalous U(1), in presence of RH neutrinos

anomaly cancellations: constraints on charges, predict flavor structure
TeV scale seesaw possible with 3 RH neutrinos

neutrinos can either be Dirac or Majorana fermions

Orwellian leptocratic models: generation independent charged lepton charges

(2+1) leptocratic models: generation dependent charged lepton charges

GUT extension: SU(5) x U(1)na [MCC, Jones, Rajaraman, Yu, arXiv:0801.4228]

e family symmetry

® proton stability




