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Model

Minimum SM + 3 right-hnanded neutrinos:
d;, Up, dRJ lLJ €r + N

Gauge-Gravitational anomaly free U(1):
SUB3): ®SU2), ®U(Dy +U1)

A scalar boson breaks the U(1):
HA4+ &




Anomaly

Yukawa interactions

e = —Y g Hup = Y P Hdy = YOO H el = YR I HN G — YR @(NR)*N + He

1
—§$H:—$q+ﬂ‘3u = Lg—Tg = Tg—Te= —Tg+x,; 2ry = —21,
x¢: U(1) charges for f

Mixed gauge-gravity anomaly cancellation conditions

U(1)x ® [SU(3)¢] 20, — 2y —xg = 0,
U(l)x @ [SU(2).)* : 3,4+ a0 = 0,
U(l)x @ [UQ)y]” : g — 8%y — 2xg + 32y — 62, = 0,
[U(l);~;]2 @ U(l)y : J:q? — 222+ xa? —xi® w2 = 0,
U(1) x 3 6:1?q3 — 32,2 — 3x° + 22° — 2% — 2.2 = 0,

0,

b6x, — 3z, — 3r4 + 220 — 2, — T, =




U(1)x model

Fields[SU(3). @ SU(2)r @ U(L)y]] U(1)x 2 2
qr (3.2, %) STH+ 3 (Fy )"+ (F5-1)
W (3,1, %) 2o+ 3

di, (3,1,-1) —2xH + 3

£ (1,2,—3) —gxHg — 1

eh (1,1, —1) —xy — 1

H (1,2,-3) — 3Ty

N (1,1,0) ~1

i (1,1,0) 2




U(1)x model

Fields

SUB).@SUR) LUy U)x
qr (3,2, 7) rH + 3
ul (3,1,2) e+ &
di (3.1,-3) —3%H + 3
£ (1,2,—3) —gxHg — 1
eh (1,1, —1) —xy — 1
H {1,2, —%) —%IH
N (1,1,0) —1

o (1,1,0) -




U(1)x model

Fields

SUB).@SUR) LUy U)x
qr (3,2, 7) rH + 3
ul (3,1,2) e+ &
di (3.1,-3) —3%H + 3
£ (1,2,—3) —gxHg — 1
eh (1,1, —1) —xy — 1
H {1,2, —%) —%IH
N (1,1,0) —1

o (1,1,0) -




U(1)x model

Fields[SU(3). @ SU(2)r @ U(1)y || U(l)x 2 2
I . T T T (FY) + (FB_L)
qr. {‘LQ: 3 ETH + 3
e (3,1,3) seH+3
dp (3,1, _%) _%I + % T U(l)y U(l)p-1
£ (1,2,—3) —gxHg — 1
€R (1,1,-1) —zu — 1 D (V) + (Fpr)+eFvFp
H {1,2, —%) —%I‘H
N (1,1,0) —1 ‘ Diagonalize
i (1,1,0) 2

(Fy)* + (Fx)®




Setup

»((1) breaking scale is TeV scale

»/' and N masses are around TeV
®|f |s testable in collider experiments

» 34 generatfion of right-handed neutrino is
a DM candidate

®»(One of neutrino masses Is zero
»Scalar mixing Is zero
»O couplestoonly Z' and N




Leptogenesis




Boltzman Equations

dYn, z

dz sH(mn,)

Y, Yn. 2
1) (v, + 290 +4 7)),
(Y;{I )(7[)1 + 2Yh,s + ’Yh,t) + (IYN?] ),-),Z
YNi ? YfIJ ?
N —

M2 2 2 2
dY@ A Y@ YN. Y@
- = - — | — . ' — | —1 ' \
dz sH(my, ) ;:1: ([Y;ﬁ} [Yfr(f} ) (V27,0 + ’}‘N}fi') + ([Yﬁi‘} ) Yz ,h]

o2
dYp_p, z 1Yp 1 Yy Ve o
dz sH(my,) ; (2 Y;eq_ + €; (‘YM Yp, + Ye (Y~ + YNt + Vht) + E qf}/h

1=1 N'i-




Boltzman Equations

( —1).+27 o+ Ay (!?"]21b
+([YN] ] )@l
e = 2 (] - l U@WH(L%TQ@P




Boltzman Equations

2(yN + YN AT Phot +Z eq’}”hb)]

N:

NRa(D f

Z, \\ Zf




Boltzmman Equations

dYn, z

dz sH(mn,)

Y, Yn. 2
7 — 1 ; 2 s 4 —et —1 ’
(Y;{; ) (YD, + 29n,s + 4vnt) + (!YN?] ) Yz
YNi ? YfIJ ?
! ([Yﬁf] ~[75] ) ome e

dYq) Z = Y@ z YN. 2 Y@ 2
- = - _— —_— L r — ]_ r
dz sH(mpy,) ;:1: ([Yfi;j’] [Y?J (’}‘Z @ T+ ’}‘N;ct-) + Yfrf Yz h| s

dYp_p, 2 [

2
1Yp_p Yn Ye_1
=——— P e SN Il Al
dz sH(mp,) ;(2 vy *@(YM ))f”’** Ve ( O 780 + ) +Z e Th )]
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resonant-leptogenesis

If two right-handed neutrinos have mass differences
comparable fo their decay widths (M22 - Mf ~ M, l'z) ,
self-energy conftribution becomes dominant.

2 2
Im[Y?)2, Milz (M2 - M2)
Y?2|1|Y?2 2 22 22
[Y<[11] |22(M2—M1) + M2r3
1 Im[Y?]3,
2|Y2[11[Y 2|22

€1 canbe even 0O(1).
We fix the second right-handed neutrino mass
M35 = M7 + M,Ty




Casas-lbarra parametrization

J. A. Casas, A. Ibarra,
NPB618 (2001)

m, >~ mDmI_\Tlm% vmi 0 0 My, 0 0
» mp = Upnns 0 yma O O 0 /My, 0
0 0 yms 0 0 vV Mn,

T .
Upnins My Upmng = diag(ma, ma, ms3)

We assume third generation of right-handed neutrino is
DM candidate
= Active neutrinos have one massless state

NH case IH case

my = 0} Mo = Ma2NH,MM3 = M3NH, miy = mirg, Mo = Moyrp, M3 = 0,

0 0 1 cosa sina 0
O = cosa sina 0 |, O=| —sina cosa 0 |,
—sina cosa () 0 0 1




Maximal CP asymmetry

NH case

2
Im [(mDmTD) ]
€1 = ! Y
17 2 (momb), (momb)
it Ji

(m3y g — M3 g) sin(2a,) sinh(2a;)
(maong — manm)? cos(2a,.)% — (mang + manm)? cosh(2a;)?

Mm3NH — TM2NH
~ 2(manyg +moNg)
= 0.353, mon g = 0.00861 eV, manpy = 0.0502 eV

a ==+ + log(l++?2)

IH case

(m?,,; —m2; ) sin(2a,.) sinh(2a;)
(marg — marg)? cos(2a,.)? — (marg + morm )? cosh(2a;)?

le1| =

Moy —MijH — 0.00377

<
= 2(mory +marn)

mMirg — 0.0492 eV,mQIH = 0.0500 eV




Scalar contribution

Log;,(mg/1 GeV)
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Collider




Electron-Positron colliders

LEP Il experiment provide the bound of the following AAB

2
gx — T
Lo = E nap(ey'Pae)(fy.Ppf)
(1+ 5€f)(A£1:J|:B)2 AB=L,R !

AAB INn U(1) models

o+ f et d
Z.’ '
e JE < d
5 2
g ) _
WX_S[e’Y#(JJQPL +2ePr)e|fyu(x s, Pr+ 255 Pr)f] Mz 2 %Mmfcﬁs (AlR)?




= = o
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Hadron collider

» | HC uses Sequential Standard Model(SSM)

®» \We compare the production cross section of
dilepton mode in our model with that of CMS
and ATLAS experiments

4o [ oCMS/ATLAS ) _
gx = gmode Trial value : gmodel
O-rnodel

2 rz ]
groit = 5 5 e [y a0, @) at0.Q) x HEZ 50 2z x BREZ 5 20
3 9,9 Mz
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Results
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Results




Conclusion

» \We consider U(1)x scenario

» \We estimate the bound on mz-gxplane from
resonant leptogenesis

» And from LHC and LEPII

®» Resonant leptogenesis provide stronger bound
compared to those obtained from LHC

formz > 5.8 TeV




Back-up




U(1) models

Fields SU(3). @ SU2)z @ U(1)y U(1)x U(1)yy_rs U(1)gseu
ai (3,2, %) g = tom + te x I

uR (3717%) Ty = §$H+%$q> —1 44z L

dy (3,1,-3) ra=—tem+izs|  1-2 2x

0 (1,2,—%) xg:—%xH—xq, —3x —1

er (1,1,-1) Te = —TH — T 1— 6z —(2tm)
H (1,2,-3) low 1— 3z s

N’ (1,1,0) IN = —Zo —1 S

® (1,1,0) 2 xg 2 2(=4tr)

U(1)x: Linear combination of Y and B-L
U(1),q_p3: X=-1: U(1), from SO(10) GUT, x=4-3gz/g¢: (U(1)g X U(1)5-1)/U(1)y

xq—TR
U(1)g4xu: X=0: ug zero, x=2: dp zero, x=-2: eg zero




U(1)X and U(1)xg-TR3

Fields SU(3)e ® S'LF{Z)L @ U(1)y
qr (3,2, 5)

U (3, %)

i .1 -1)

43 (1,2,-3)

ety (1,1, —1)

z 2D

N7 (1,1,0)

$ (1,1,0)




U(])X Ond U(])q+xu

Fields SU(3)e ® S'LF{Z)L @ U(1)y
qr (3,2, 5)

Uk (3.1, 3)

i o

43 (1,2,-3)

ety (1,1, —1)

z 2D

N7 (1,1,0)

$ (1,1,0)

U(Dx = U(D)g+xu

xcb—>§(x—4)

—(x—1
xH_>3(x )




U(1)x model

Fields SUB).®SUR)L @ U1y U(1),q—r U(1)g+zu
qr (3,2, 5) x 3
wp (3.1.2 —1 +4x s
din (3,1,—3) 1— 2z 2z
3 (1,2 _%) —3x -1
eh (1,1, 1) 1 — 6z —(3x)
H (1,2, —3) 1 -3z S
N7 (1,1,0) —1 =tz
P (1,1,0) 2 —2( =2t




Baryon Asymmeftry

There are baryon asymmetry in universe.

b—n
ny

. )
5.8 1010 < b~ 6.510"10

The origin of baryon asymmetry is mystery.




Sakharov's condition

THE BARYON ASYMMETRY CAN BE DYNAMICALLY
GENERATED (‘BARYOGENESIS’) PROVIDED THAT

1. B VIOLATION
2. Z AND CP VIOLATION
3/ OUT OF THERMAL EQUILIBRIUM




Baryogenesis in SM

Electroweak baryogenesis

= B violation

sphaleron process
» C and CP violafion
CKM mditrix

thermal equilibrium

15t 6rder phase transition



Can electroweak baryogenesis in SM
generate a sufficiently large
asymmetrye $

NO!

The SM fails on two aspects:

1. The Higgs sector does not give a strongly first order PT.

Requirement: LHC:
= myp < (0GeV my = 125.25 GeV
2. CP Violation in CKM is not enough.
Requirement: CKM:
Yg ~ 10710 wn R 1020

npg+ng




Baryogenesis Via Leptogenesis

SM + right-handed Majorana neutrinos

o B violation
L violation by majorana neutrinos decay
Sphaleron process
o C/and CP violation
Neutrino mixing matrix (complex)
Out of thermal equilibrium

Out of equilibrium decay of right-handed
neutrino

38




Baryogenesis Via Leptogenesis

®» | asymmetry is generated due to CP asymmetry that
arises through interference of tree level and one-loop
diagrams.

Sphaleron process convers L usymmetry into B
asymmetry.

39



CP Asymmeiry

> [r (Nl . ejh) T (Nl o eg?h*)]

J J €1 = Zj [I_ (Nl — Ejh> + (Nl — chh*)]

" M. (Vs Im |[(Y3)2. ¥ Y3
ight-handed Majorana = — Z 1 ( S Sj) [ 2 1J} MJ : ‘ 3 ’jj
neutrino can decay into j=23 MjM; \ 2 ‘Yg‘ll ‘Yl%‘ y J i
lepton and anti-lepton. 2
ertex contribution Seli-energy
| ‘contribution
/ M? 2 2 Sj = o ?Mlj
. M? M 2
el o
J

AMZ; = M7 — M7



Hierarchical case

If ight-handed neutrinos have a hierarchical mass
spectrum (M, 3 > M), we can write a CP asymmetry
parameter as

3 ’I’I’L;/M]_ .

M
EEE o SINo ~ 10-6_ "W 1
Tr v

S
0.05eV 1010GeV

€1 ino

The present Baryon asymmetry Y ~ kk ~ 10710
gx

g+ = O(100) is the number of relativistic degrees of freedom.

The efficiency factor (due to wash out)

In The SM ko~ D% 102 (0.0SeV)l-l

my



Majorana mass bound

sing ~ 1010

O.OSeV)O°1 M1

Yr ~ 10710 (
= 1010GeV

my

my ~ \/m2;, ~ 0.05eV

The lightest Majorana mass is
heavier than 101° GeV




Resonant Leptogenesis

The Majorana masses is heavier than 101°Gev It
the spectrum of Majorana masses has hierarchy.

® |f the Majorana mass of right-handed neutrino is
smaller than a few TeV, general leptogenesis can not

-

Resonant-Leptogenesis



CP Asymmetry

r (Nl N ejh) T (Nl ) éjch*)]

| > [
J | / €1 = [

. C'
| | > [T (N1 = ) + T (Ny — (§h*)]
” 242
Right-handed Majorana I M rj Vg 4+ S, Im [(YD 1g] ‘Y2’
neutfrino can decay info Y~ M- M. \2 J ‘Yz‘ ‘Yz‘ LDl
lepton and anti-lepton. 1=2,3 77377 D I M 8
Vertex contribution Self-energy contribution
g 2 2
Mj AMlj

S; =

2
2 2r2
AL M2I A (AME))" + M2T5
i=gpz |\t o9 +Mj2 B AMZ; = M? — M2




Thermal Leptogenesis

Baryon asymmetry is evaluated by Boltzmann
equations with TeV scale 7' boson.

Number % [(Y_N i 1)'+ ((Y_N)2 _ 1)@]
density of dz  sH|\Yy' @ vy

neutrino I, \ &

M
NJ _ z ° = T
"H f il
ryon ngmberdYB_L 2 [1Ys_; Y
generation ~ — T S — . @ .y
P L 2 sH [2 Y, Ya Initial
decgy Y e COMH|@@) =0
o / ™ Yn(z2=0) =Yy
1072 f \\\
1077 f YN \ Yp_r
10-°F \\ \/
10711 \‘
45 r \\,
\

1 L 1 1
0.1 05 1.0 50 10.0



TeV scale Leptogenesis

Ki(z)
dy 2 (Y — 64N/
2 (71w =N ) L
dYn_ z |1Yp_ Y
suppressed by Z' gxchange
+vhl o
Process ; Wash out for inverse
- decay
H
ol - .
Ye 1 .
_EB L without 7
10 3
boson
_'__,.,—'-'_'_____\""'\-\.M L
o-10 f__,f_,_/-f"" - Initial
ﬁ_ff’f conglition=o
p— — eq
..;-r"'T'_T'-TF .............................. lﬂ_E.":_"r'“':- Y"N(Z o 0) a YN
-15 -14 -13 -12 -11 ~10 -0 -
With Z' boson
46 2
lod10Y)

€=0.01

my = 2.5TeV
my = 1TeV
ap_1 = 0.008



Ditferent Majorana Mass

mN

100GeV

500GeV

1TeV

m o = 2.5TeV
dRp_J — 0.008

£=0.01
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