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Conclusions
We have considered the EWBG in the UMSSM.

❒ EWPT can be strongly 1st-order due to the doublet-singlet Higgs mixing effects.

❒ In such a case, the Z’ boson has to be less than (150-300) GeV and thus lepto-
phobic. 

❒ Z’-ino can provide the CP-violating source for the sufficient BAU. 

❒ Model building and experimental constraints 

EWPT and sphaleron decoupling condition
❒ If |M’1|≃|μeff|, BAU can be explained by the Z’-ino effect.

Z’-ino driven EWBG

20. Big-Bang nucleosynthesis 3

!"#$"%&

'"#

( ! ' ) * + , - ./.

/0/. /0/( /0/!/0//)

1
2
3

3
3
4

356789:;8:&<8;89%65;=8%η × ././

356789%>#9?=;7%Ω@!(

ABBB
"

/0('

/0(!

/0()

/0(*

/0(+

./−'

./−!

./−)

./−-

./−./

(

)
+C=$"%&

D&

A$"%&

Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
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Baryon Asymmetry of the Universe (BAU) 
❒ Our Universe is baryon-asymmetric.

η ≡ nB

nγ
=

nb − nb̄

nγ
= (5.1− 6.5)× 10−10 (95% CL)

■ If the BAU is generated before T≃1 MeV, the light ele-
ment abundances (D,3He,4He,7Li) can be explained by the 
standard Big-Bang cosmology.
   
 baryogenesis = to generate right η YB =

nB

s
, s/nγ = 7.04.

broken phase

symmetric phase

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]

Electroweak Baryogenesis

Baryogenesis can occur if the EW phase transition (EWPT)
is strongly 1st-order.

B violation: anomalous process at finite temperature (sphaleron)

C violation: chiral gauge interactions

CP violation: CP phase in the CKM matrix and/or other sources beyond the SM

Out of equilibrium: 1st-order EWPT with expanding bubble walls

well-known fact: SM EWBG was ruled out. 
∵ KM phase is too small to generate the BAU, and EWPT is NOT 1st-order for mh=126 GeV.

❒ We consider electroweak baryogenesis (EWBG) in the U(1)’-
extended MSSM.

baryon number

U(1)’-extended MSSM (UMSSM)

2 Higgs sector at the tree level

2.1 Conventions

To begin with, we first introduce the NMSSM superpotential:

WNMSSM = ÛChuQ̂Ĥu + D̂ChdĤdQ̂ + ÊCheĤdL̂ + λŜĤuĤd +
κ

3
Ŝ3 , (2.1)

where Ŝ denotes the singlet Higgs superfield, Ĥu,d are the two SU(2)L doublet Higgs super-
fields, and Q̂, L̂ and ÛC , D̂C, ÊC are the matter doublet and singlet superfields, respectively,

related to up- and down-type quarks and charged leptons. We note that, especially, the last
cubic term with a dimensionless coupling κ respects an extra discrete Z3 symmetry. The

Yukawa couplings hu,d,e are 3×3 complex matrices describing the quark and charged-lepton
masses and mixing. In the expression, for example, the notation ĤuĤd ≡ εαβ(Ĥu)α(Ĥd)β is

implicit. The superpotential leads to the tree-level Higgs potential, which is given by the
sum

V0 = VF + VD + Vsoft, (2.2)

where each term is given by

VF = |λ|2|S|2(H†
dHd +H†

uHu) + |λHuHd + κS2|2,

VD =
g22 + g21

8
(H†

dHd −H†
uHu)

2 +
g22
2
(H†

dHu)(H
†
uHd),

Vsoft = m2
1H

†
dHd +m2

2H
†
uHu +m2

S|S|2 +
(
λAλSHuHd −

1

3
κAκS

3 + h.c.

)
, (2.3)

with the gauge-coupling constants g1 = e/ cos θW and g2 = e/ sin θW . Note the unusual
minus(−) sign for the singlet soft-trilinear term proportional to Aκ

∗.

Parameterizing the component fields of the two doublet and one singlet scalar Higgs
fields and the vacuum expectation values (VEVs) as follows,

Hd =

(
1√
2
(vd + φ0

d + iad)

φ−
d

)

,

Hu = eiθ
(

φ+
u

1√
2
(vu + φ0

u + iau)

)

,

S =
eiϕ√
2
(vS + φ0

S + iaS) , (2.4)

∗One can go back to the usual convention by taking Rκ → −Rκ or φ′
κ
→ φ′

κ
+ π in below.

4

Higgs potential

After imposing the minimum condition, one gets

CP violating source term

r1 ∝ 9kQkT − 5kQkB − 8kT kB = 9 · 6 · 3− 5 · 6 · 3− 8 · 3 · 3 = 0.

kQ = 6 and kT = kB = 3,
[Huet and Nelson, PRD53, 4578 (’96)]

Q = ntL + n
t̃L

+ nbL + n
b̃L

,

T = ntR + n
t̃R

,

B = nbR + n
b̃R

,

H = n
H

+
u

+ nH0
u

+ n
H

+
d

+ nH
0
d

+ n eH+ + n eH0 ,

nb,f = g

�
d3k

(2π)3
� 1
e(ω−µ) ∓ 1

− 1
e(ω+µ) ∓ 1

�

=
T 2µ

6
kb,f

�m

T

� g: d.o.f.,
µ: chemical potential

∂Q(X)
∂tX

+∇X · j
Q

(X) = −Γ+
M

�
T

kT

+
Q

kQ

�
+ Γ−

M

�
T

kT

− Q

kQ

�
+ ΓY

�
T

kT

− H

kH

− Q

kQ

�

− 2Γss

�
2Q

kQ

− T

kT

+
9(Q + T )

kB

�
− S

t̃
,

∂T (X)
∂tX

+∇X · j
T
(X) = Γ+

M

�
T

kT

+
Q

kQ

�
− Γ−

M

�
T

kT

− Q

kQ

�
− ΓY

�
T

kT

− H

kH

− Q

kQ

�

+ Γss

�
2Q

kQ

− T

kT

+
9(Q + T )

kB

�
+ S

t̃
,

∂H(X)
∂tX

+∇X · j
H

(X) = −Γh

H

kH

+ ΓY

�
T

kT

− H

kH

− Q

kQ

�
+ S

H̃
,

Γ±M : particle # changing rate by VEVs,
ΓY : particle # changing rate by Yukawa int.,
Γss: axial # changing rate

ΓY , Γss � Γ±M j = −D∇nḢ − D̄∇2
H + Γ̄H − S̄ = 0

nL = 5Q + 4T = −r1H +O(1/ΓY,ss)

6.5 Baryon number density

It is a formidable task to calculate the baryon number density (nB) from the first principle.
Here, we employ the rather phenomenological approach to estimate nB. The diffusion equation
for nB may take the form

Dqn
′′
B(z̄) − vwn′

B(z̄) − θ(−z̄)RnB(z̄) = θ(−z̄)
Ng

2
Γ(s)

B nL(z̄), (6.134)

where Ng is the number of the fermion generation and Γ(s)
B is the baryon changing rate in the

symmetric phase. After imposing the boundary conditions, nB(z̄ → −∞) → 0 and n′
B(z̄ >

0) = 0, one arrives at

nB(z̄ > 0) =
−NgΓ

(s)
B

2
√

v2
w + 4RDq

∫ 0

−∞
dz′ nL(z′)e−λ−z′ , (6.135)

where

λ− =
1

2Dq

[
vw −

√
v2

w + 4RDq

]
. (6.136)

nL(z̄) is given by

nL = Q + Q1L + Q2L = 5Q + 4T

= −r1H − kHr1δY +
kHkB

a
(5kQ + 4kT )δss. (6.137)

Note that

δss = − 1

Γss

kB

a
(kQ + 2kT )(Ḣ − Dq∇2H). (6.138)

From this it follows that

nL(z̄) = −
[
r1 +

r2v2
w

ΓssD̄

(
1 − Dq

D̄

)]
H(z̄) + O(δY ), H(z̄) = Aevw z̄/D̄, (6.139)

where

r1 =
9kQkT − 5kQkB − 8kT kB

a
=

9kQkT − 5kQkB − 8kT kB

kH(9kQ + 9kT + kB)
, (6.140)

r2 =
kHk2

B(5kQ + 4kT )(kQ + 2kT )

a2
=

k2
B(5kQ + 4kT )(kQ + 2kT )

kH(9kQ + 9kT + kB)2
. (6.141)

With this, it follows that

nB =
Ng

2
Γ(s)

B A
[
r1 +

r2v2
w

ΓssD̄

(
1 − Dq

D̄

)]
2D̄Dq

vw

{
D̄vw + (2Dq − D̄)

√
v2

w + 4RDq

}
+ 4RD̄Dq

.

(6.142)

For v2
w % 4RDq,

nB(z̄ > 0) =
−NgΓ

(s)
B

2

vw

v2
w + 2RDq

∫ 0

−∞
dz′ nL(z′)eRz′/vw

21

B.C. nB(z̄ → −∞) = 0, nB(z̄ > 0) =constant

∂nψ(X)
∂tX

+∇X · jψ(X) = i

� tX

−∞
dz0

� ∞

−∞
d3z tr

�
Σ>(X, z)S<(z,X)− Σ<(X, z)S>(z,X)

− S>(X, z)Σ<(z,X) + S<(X, z)Σ>(z,X)
�
.

CPV source term is calculated from the r.h.s. using the VEV insertion method. 
(perturbation from symmetric phase)

−iΣ<,>

eH0 (x, y) �

Baryon asymmetry

[PDG2012]

S>
αβ(x, y) = �ψα(x)ψ̄β(y)�,

S<
αβ(x, y) = −�ψ̄β(y)ψα(x)�.

Z’-ino-Higgsino inetractions

supergauge equilibrium is assumed

nB =
3
2
Γ(s)

wsA

�
r1 +O(1/Γss)

�
Γ(s)

ws: weak sphaleron rate in the sym. phase.

NOTE: If all squarks are thermally decoupled, 

M.Cvetic et al, PRD56:2861 (’97). 
D.Suematsu et al, Int.J.Mod.Phys.A10 (‘95) 4521.

VF = |λ|2
�

|�ijΦi

d
Φj

u
|2 + |S|2(Φ†

d
Φd + Φ†

u
Φu)

�
,

VD =
g2
2 + g2

1

8
(Φ†

d
Φd − Φ†

u
Φu)2 +

g2
2

2
(Φ†

d
Φu)(Φ†

u
Φd)

+
g�2
1

2
(QHdΦ†

d
Φd + QHuΦ†

u
Φu + QS |S|2)2,

Vsoft = m2
1Φ

†
d
Φd + m2

2Φ
†
u
Φu + m2

S
|S|2 − (�ijλAλSΦi

d
Φj

u
+ h.c.).

Φd =
� 1√

2
(vd + hd + iad)

φ−d

�
,

Φu = eiθ

�
φ+

u
1√
2
(vu + hu + iau)

�
,

S =
1√
2
(vS + hS + iaS).

WUMSSM � �ijλSH
i
uH

j
d ,

Iλ ≡
|λ||Aλ|√

2
sin(δAλ + δλ + θ) = 0.

2 Higgs doublets (Hd, Hu) + 1 Higgs singlet (S)

Q’s: U(1)’ charges, 
QHd + QHu + QS = 0. g�

1 =
�

5/3g1

no CP violation
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Experimental constraints on light Z’ boson 

order of gqqZ0 & 0:2–0:5 for Z0 masses in the range of 130
to 300 GeV.

In Fig. 1, we show the constraints from UA2 and LEP II
on the couplings of a relatively light Z0 to first generation
quarks and electrons, assuming couplings to a single he-
licity. To obtain the UA2 limits, we have computed the
cross section for the process p !p ! Z0 ! 2 jets at a center-
of-mass energy of 630 GeV using MADGRAPH/MADEVENT

[37], and have compared the result to the limits on dijet
production shown in Fig. 2 of Ref. [36]. We see from Fig. 1
that a 130–300 GeV Z0 with roughly equal couplings to
quarks and leptons is constrained by LEP II to have very
small overall gauge coupling and thus will be unlikely to
provide any observable signals at the Tevatron, and possi-
bly even the LHC. Phenomenologically much more inter-
esting is the scenario in which a relatively light Z0 has very
small couplings to electrons and muons (& 0:04), but
sizable (! 0:1–0:3) couplings to quarks. We will focus
on this case throughout the remainder of this paper.

There are also a number of indirect and low energy
constraints that restrict the mass and couplings of Z0 bo-
sons. In particular, mixing between the Z0 and the standard
model Z, which is expected in a wide range of Uð1Þ0
models, can shift the Z mass from its predicted standard
model value, contributing to the T parameter [38]
(although the S, T, U parametrization must be used care-
fully within the context of Z0 models, as the electroweak
corrections are not generally oblique). High precision de-
terminations of the Zmass and other electroweak measure-
ments thus strongly constrain the degree of mixing that is

allowed between the Z and a light Z0 [39,40]. However, the
degree of Z–Z0 mixing expected is highly model depen-
dent, and there is no a priori reason to expect a large
mixing angle. To avoid conflict with electroweak precision
data, we will assume negligible Z–Z0 mixing throughout
this paper.
If the couplings between the Z0 and standard model

quarks are not family universal, tree-level flavor-changing
neutral current processes will be generated [41].
Measurements of neutral K, D, and B meson mixing
restrict couplings among the first two generations and the
b quark to be quite small [41–43]. However, flavor-
changing processes involving the top quark are relatively
unconstrained by experiment, so that couplings such as
!utZ0 may be substantial. We will consider this possibility
and its implications further in Sec. V, within the context of
the t!t forward-backward asymmetry measured at the
Tevatron.

III. W$ þ DIJET EVENTS AT THE TEVATRON

The CDF Collaboration has recently presented the re-
sults of an analysis studying events with a lepton, missing
transverse energy, and a pair of hadronic jets [15]. In the
standard model such events arise predominantly from QCD
processes in which an additional W$ decaying to lþ! or
l& !! is radiated. A smaller contribution is due to the pro-
duction of a W$ plus an additional weak gauge boson
(another W' or a Z) decaying hadronically. When the
number of W$ ! l! plus two jet events is plotted as a
function of the invariant mass of the two jets, mjj, a broad
peak is found at the masses of the W$ and the Z. The
existence of a Z0 with significant couplings to standard
model quarks could lead to the appearance of an additional
peak at the mass of the new boson, through processes such
as those shown in Fig. 2.

FIG. 1. Constraints on the Z0 couplings to light quarks and
leptons as a function of the Z0 mass. Bounds on Z0 couplings to
light quarks were extracted from the results of the UA2
Collaboration [36], whereas the LEP II bounds on couplings to
electrons were derived from Refs. [29,30]. We have assumed
couplings to a single fermion helicity. The constraints on the
couplings of a Z0 to leptons are significantly more stringent than
those on couplings to quarks.

FIG. 2. A representative Feynman diagram contributing to
events containing a lepton, missing transverse energy, and two
jets. When plotted as a function of the invariant dijet mass, this
process will produce a peak at the mass of the Z0.
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❒ Electroweak precision tests (see e.g. Umeda, Cho, 
Hagiwara, PRD58 (1998) 115008) -> In our case, the Z-Z’ 
mixing is assumed to be sufficiently small.

❒ All dijet-mass searches at Tevatron/LHC are limited to 
Mjj>200 GeV.

❒ Z’ boson (<200 GeV) is constrained by the UA2 ex-
periment. (see UA2 Collaborations,NPB400: (1993) 3) 
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�
1
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L � −g
�
1
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�H0(QHdvd(x)e−iδM�

1
/2

PL −QHuvu(x)ei(δ�
λ+δM�

1
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+ �Z �(−QHuvu(x)e−i(δ�
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1
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❒ In the light Z’ (small vS) region, the EWPT can be strong 1st-order due to the doublet-
singlet Higgs mixing effects.
❒ In such a case, Z’ must be leptophobic.

vC = lim
T↑TC

�
v2

d(TC) + v2
u(TC), vSC = lim

T↑TC

vS(TC), vsym
SC = lim

T↓TC

vS(TC)

TC : T at which Veff has the two degenerate minima.

Next step

EW

(0,0)

(190.3 GeV, 393.6 GeV)

(0 GeV, 313.4 GeV)

Tc = 121.5 GeV

M. Buckley et al,PRD83:115013 (2011)

gffZ� f̄L,RγµfL,RZ �
µ

m2
H1,2

=
1
2

�
m2

S
+ |λ|2v2 + 6g�2

1 Q2v2
S
∓

��
m2

S
+ 2g�2

1 Q2(3v2
S
− v2)

�2 + 4v2
�
Rλ − (|λ|2 − 2g�2

1 Q2)vS

�2
�

,

m2
H3

= m2
Z
− |λ|2

2
v2 + 2RλvS ,

m2
A

=
RλvS

vdvu

�
v2 +

v2
d
v2

u

v2
S

�
, m2

H± = m2
W

+
2RλvS

sin 2β
− |λ|2

2
v2, Rλ =

|λ||Aλ|√
2

cos(δAλ + δλ + θ).

Higgs boson masses (tanβ=1, QHd=QHu=Q)

S eZ� eH0(X) = −4g�2
1 QHdQHu |M �

1||µeff(X)|v2(X)∂tX β(X) sin(δλ + δM
�
1
)If

eZ� eH0 .

A ∝
S eZ� eH0�
Γ−

M
+ Γh

,

QHd = QHu = −1/2, tanβ =

�����
QHd

QHu

���� = 1, mH1 = 126 GeV, mH± = 550 GeV.


