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Baryon Asymmetry of the Universe
❒ Our universe is baryon asymmetric.

❒ SM cannot explain the BAU. (CPV & strong 1st PT, X)

❒ EWBG in the MSSM (light stop scenario) is in tension with the LHC 
data.

- Higgs signal strength is not consistent with the data.
-> viable window is getting closing.

In this talk, we discuss a possibility of the EWBG in the UMSSM.

Extensions of the MSSM
- Next-to-MSSM (NMSSM), 
- U(1)’-MSSM (UMSSM), 
- Triplet-MSSM (TMSSM), etc.

New Physics is 
needed!
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U(1)’-extended MSSM (UMSSM)

superpotential:
2 Higgs doublets (Hd, Hu) + 1 Higgs singlet (S)
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where vd = vu = vS �= 0 is assumed.

CP is conserved at the tree level.Iλ = 0.
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Higgs boson masses
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Vacuum structures
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- Smallest mmax
H± is realized for tan β = 1.

- In this case, mH± � 1 TeV for vS � 640 GeV.

mmax
H±

|λ| = 0.8, QHd = −0.5, QHu = QHd/ tan2 β



Z’ boson mass:

Input parameters

mH1 = 126 GeV mH± mZ�
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Neutral gauge boson masses

(QS = −QHd −QHd = 1)

stop loop

From EW precision tests,

mq̃ = mt̃R
= 1.5 TeV, At = mq̃ + |µeff |/ tanβ, (µeff = λvS/

√
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αZZ� < O(10−3) =⇒ tanβ =
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.
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Electroweak phase transition
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❒ TC and Higgs VEVs at TC are determined by Veff.

Effective potential:

❒ gauge bosons, top/bottom, stop/sbottom loops are taken into account.



❒ sphaleron energy gives the dominant effect.

Esph = 4πvE/g2 (g2: SU(2) gauge coupling),

After the EWPT, the sphaleron process has to be decoupled.

Γ(b)
B (T ) � (prefactor)e−Esph/T

< H(T ) � 1.66
√

g∗T
2
/mP

❒ log corrections are subleading. (typically 10% correction)

g∗ massless dof, 106.75 (SM) mP Planck mass ≃ 1.22x1019 GeV

Sphaleron decoupling

v

T
>

g2

4πE

�
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�
≡ ζsph

B-changing rate in the broken phase < Hubble constant



1st and 2nd order EWPTs

❒ order parameter
= Higgs VEV

[From K. Funakubo’s slide]

❒ EWBG requires
“1st-order” PT  

This is what the 1st- and 2nd-order PTs look like.
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1st and 2nd order EWPTs

❒ order parameter
= Higgs VEV

[From K. Funakubo’s slide]

❒ A negative
contributions is 
necessary.

❒ EWBG requires
“1st-order” PT  

This is what the 1st- and 2nd-order PTs look like.

e.g.
Bosonic thermal loop

V (boson)
1 � −|const| · |m(v)|3T
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TC and Higgs VEVs

vC = lim
T↑TC
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d(TC) + v2
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vS(TC), vsym
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vS(TC).

TC : T at which Veff has degenerate minima.

❒ Such a Z’ must be leptophobic to be phenomenologically viable.

❒ In the light Z’ (small vS) region, the EWPT can be strong 1st order due 
to the doublet-singlet Higgs mixing effects.
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Experimental constraints on light leptophobic Z’ 

❒ Z’ boson (<200 GeV) is constrained by the UA2 experiment. RAPIDCOMMUNICATION

18 UA2 Collaboration / Searchfor new intermediate vector bosons

0.8 ~ UA2
0
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0 ‘ I,,,,I,,,H I,,
140 160 180 200 220 240 260 280 300

M~/(GeV)
Fig. 5. Excluded region to 90% for Z’ —. ~q, (excluded region is hatched). The branching ratio is
given as a fraction of standard model branching ratio. The solid line shows a branching ratio of 1

for Z’ —~c~qwhilst the dashed line shows a branching ratio of 0.7.

TABLE 4
Mass response, R, a and efficiency of the fitting procedure for excited quarks.

R a 6fi1 6a11
(GeV) (GeV) (Mjj/Mx) (%) (%) (%)

150 5.9 0.90 ±0.03 11.2 ±2.1 82.9 ±21.9 21.9 + 5.2
200 8.0 0.907 ±0.008 9.2 + 1.0 81.8 ±36.5 23.7 + 10.7
250 10.0 0.924 ±0.005 9.0 + 1.4 71.2 ±25.6 23.7 ±8.7
300 11.9 0.913 + 0.004 8.2 ±0.3 72.2 + 27.0 23.9 ±9.1

vector bosons (see tables 2 and 4). This is caused by the differences between
the line shape of the excited quark (see fig. 6) and the line shape of Z’ two-
jet decays. The number of events in the low-mass tail is greatly reduced since
the excited quarks can only decay into their ground state counterparts. Only jets
caused by the productionof gluons, up quarks and down quarks are produced by
the decays of u* and d* quarks whilst vector bosons also decay to heavy quarks
which in turn decay into leptons and neutrinos leading to a low-mass tail.

UA2 bounds on mZ’
UA2 Collaborations,NPB400: (1993) 3

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, no constraint since Z-Z’ mixing is assumed to be small.
❒ All dijet-mass searches at Tevatron/LHC are limited to Mjj>200 GeV.

gffZ� f̄L,RγµfL,RZ �
µ
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❒ sphaleron decoupling condition is satisfied for mZ’≲220 GeV.
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Using the CTP formalism, we evaluate SCPV and Γ 

BAU

nB =
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Γ(s)
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√
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r1

Under the reasonable assumptions, one may get

Γ(s)
B : B-changing rate in the symmetric phase

SCPV : CP-violating source terms
Γ : CP-conserving chirality changing terms

Lw : wall width
D̄ : diffusion constant
r1 : numerical factor

vw

Lw
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Z’-ino driven EWBG

❒ If M’1≃μeff, BAU can be explained by the Z’-ino effect.
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Summary
❒ We have revisited the possibility of EWBG in the UMSSM
in light of mh=126 GeV.

❒ Doublet-singlet Higgs mixings existing in the tree-level Higgs 
potential can induce the strong 1st-order EWPT, which leads to

❒ Sufficient BAU may be generated by the Z’-ino effects.

- leptophobic light Z’ boson

outlook

- precise knowledge of bubble wall profiles (wall velocity&width)
- collider phenomenology

Next step is

- reduction of the H1VV coupling


