
Baryogenesis in a U(1) Gauge Extension of the MSSM

• Beyond the MSSM

• A TeV Scale U(1)′

• A (string-motivated) model

• Electroweak baryogenesis
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Beyond the MSSM

Even if supersymmetry holds, MSSM may not be the full story

Most of the problems of standard model remain, new ones introduced
(FCNC, EDM)

µ problem introduced: Wµ = µĤu · Ĥd, µ = O(electroweak)

Ingredients of 4d GUTs hard to embed in string, especially large
Higgs representations, Yukawa relations

Remnants of GUT/Planck scale physics may survive to TeV scale

Specific string constructions often have extended gauge groups,
exotics, extended Higgs/neutralino sectors (Defect or hint?)

Important to explore alternatives/extensions to MSSM
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Remnants Physics from the Top-Down

• Z′ or other gauge

• Extended Higgs/neutralino (doublet, singlet)

• Quasi-Chiral Exotics

• Non-standard ν mass (enhanced symmetries)

• Quasi-hidden (Strong coupling? SUSY breaking? Composite family?)

• Charge 1/2 (Confinement?, Stable relic?)

• Time varying couplings

• LED (TeV black holes, stringy resonances)

• CPTV, LIV, VEP (speed, decays, (oscillations) HE γ, e, gravity wave, (ν))
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A TeV-Scale Z′

• Strings, GUTs, DSB, little Higgs, LED often involve extra Z′

• Typically MZ′ > 600 − 900 GeV (Tevatron, LEP 2, WNC);
|θZ−Z′| < few × 10−3 (Z-pole)
(CDF di-electron: 850 (Zseq), 740 (Zχ), 725 (Zψ), 745 (Zη))

• Discovery to MZ′ ∼ 5 − 8 TeV at LHC, ILC,
(pp→µ+µ−, e+e−, qq̄) (depends on couplings, exotics, sparticles)

• Diagnostics to 1-2 TeV (asymmetries, y distributions, associated
production, rare decays)

KICP, November 2007 Paul Langacker (IAS)



Implications of a TeV-scale U(1)′

• Natural Solution to µ problem W ∼ hSHuHd→ µeff = h〈S〉
(“stringy version” of NMSSM)

• Extended Higgs sector

– Relaxed upper limits, couplings, parameter ranges (e.g., tanβ
can be close to 1)

– Higgs singlets needed to break U(1)′

– Doublet-singlet mixing→ highly non-standard collider signatures

• Large A term and possible tree-level CP violation (no new EDM

constraints) → electroweak baryogenesis
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• Extended neutralino sector

– Additional neutralinos, non-standard couplings, e.g., light
singlino-dominated, extended cascades

– Enhanced possibilities for cold dark matter, gµ − 2 (small tanβ)

• Exotics (anomaly-cancellation)

– Decay by mixing; diquark or leptoquark coupling; or quasi-stable

• Constraints on neutrino mass generation

• Z′ decays into sparticles/exotics

• Flavor changing neutral currents (for non-universal U(1)′ charges)

– Tree-level effects in B decay competing with SM/MSSM loops

• Z′ mediation of supersymmetry breaking (PL, G. Paz, L. T. Wang,

I. Yavin, 0710.1632.)
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• Experimental LEP SM and MSSM bounds may be relaxed by
singlet-doublet mixing (also by nonstandard decays)

• Theoretical upper bound ∼ 135 GeV relaxed by F and D terms
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FIG. 3: (a) LEP limit [34] on ξZZHi =
(
gZZHi/g

SM
ZZh

)2
= ΓZ→ZHi/Γ

SM
Z→Zh, the scaled ZZHi

coupling in new physics, versus the light Higgs mass. The solid black curve is the observed limit

with a 95% C. L. Points falling below this curve pass the ZZHi constraint. (b) cos2(β −α) versus

MA2
in the MSSM. The hard cutoff shown by the solid green line at MA2

= 93.4 GeV is due to

the constraint on σ(e+e− → AiH1) discussed in Section IIIA.

state due to global U(1) symmetries discussed in Section VA. In these models, the CP-odd

masses extend to zero since the mixing of two CP-odd states allow one CP-odd Higgs to be

completely singlet and avoid the constraints discussed above.

d. Higgs Boson Searches

The focus of Higgs searches is most commonly the lightest CP-even Higgs boson. In the

models that we consider, the lightest CP-even Higgs boson can have different couplings than

in the SM. In Fig. 3a, we show the present limits from LEP on the scaled ZZHi coupling.6

Mixing effects can lower the ZZHi coupling and, in the MSSM, this occurs if MA2
is low,

as seen in Fig. 3b where the ZZHi coupling is lowest for cos2(β − α) = 1. However, an

additional limit is placed on the mixing via the e+e− → AiH1 cross section discussed in

Section IIIA, eliminating low mass CP-even Higgs bosons in the MSSM, as seen in Fig. 3b.

In extended-MSSM models, additional mixing may occur with the singlet fields. Due to this

mixing and the subsequent evasion of the LEP limit on the ZZHi coupling, the lightest CP-

even Higgs may then have a mass smaller than the SM Higgs mass limit. Indeed, attempts

6 For clarity, in all the plots that follow we sample the passed points in the results from the random scans.
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• Reduced ZZHi coupling

ξZZHi = (Ri1+ cosβ+Ri2+ sinβ)2

• Also, Z→HA, Z width, χ±

mass, Z − Z′ mixing,
V minimum, RGE
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SUSY-breaking scale models (Demir et al)

• MZ′ ∼MZ, leptophobic

• MZ′
>∼ 10MZ by modest tuning
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Superpotential : W = hSHuHd

Potential : V = VF + VD + Vsoft

VF = h2 (|Hd|2|Hu|2 + |S|2|Hd|2 + |S|2|Hu|2
)

VD =
G2

8

(
|Hu|2 − |Hd|2

)2
+

g2
Z′

2

(
QS|S|2 +QHd|Hd|2 +QHu|Hu|2

)2
Vsoft = m2

Hd
|Hd|2 +m2

Hu
|Hu|2 +m2

S|S|
2 − (AhhSHuHd + H.C.)

where G2 = g2
1 + g2

2, MZ′ ∼
√

2gZ′Qs〈S〉

• Ah term can give strong first order EWPT, but no tree-level CP
violation in Higgs sector
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Flat directions

• Two SM singlets charged under U(1)′. If no F terms,

V (S1, S2) = m2
1|S

2
1|+m2

2|S
2
2|+

g′2Q′2

2
(|S2

1| − |S
2
2|)

2

Break at EW scale for m2
1 + m2

2 > 0, at intermediate scale for
m2

1 +m2
2 < 0 (stabilized by loops or HDO)

• Small Dirac neutrino (or other fermion) masses from

W ∼ ĤuL̂Lν̂
c
L

(
Ŝ

M

)PD

• Secluded sector: lift F -flatness by small (∼ 0.05) singlet Yukawa
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Secluded sector models (Erler, PL, Li)

• Approximately flat direction, broken by small (∼ 0.05) Yukawa

• Z′ breaking decoupled from effective µ term

• Four SM singlets: S, S1,2,3, doublets H1,2

• Off-diagonal Yukawas

• Can be consistent with minimal gauge unification
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Superpotential : W = hSHuHd + λS1S2S3

Potential : V = VF + VD + Vsoft

VF = h2 (|Hd|2|Hu|2 + |S|2|Hd|2 + |S|2|Hu|2
)

+ λ2 (|S1|2|S2|2 + |S2|2|S3|2 + |S3|2|S1|2
)

VD =
G2

8

(
|Hu|2 − |Hd|2

)2
+

1

2
g2
Z′

(
QS|S|2 +QHd|Hd|2 +QHu|Hu|2 +

3∑
i=1

QSi|Si|
2

)2

where G2 = g2
1 + g2

2,
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Vsoft = m2
Hd
|Hd|2 +m2

Hu
|Hu|2 +m2

S|S|
2 +

3∑
i=1

m2
Si
|Si|2

− (AhhSHuHd +AλλS1S2S3 + H.C.)

− (m2
SS1
SS1 +m2

SS2
SS2 +m2

S1S2
S†1S2 + H.C.)

• 〈Si〉 ∼ mSi/λ large for small λ, along D(U(1)′) ∼ 0

• Smaller 〈S〉, 〈Hi〉, dominated by hAh: tanβ ∼ 1, 〈S〉 ∼ 〈Hi〉

• Large doublet-singlet mixing

• Two sectors nearly decoupled

• Mixed soft terms break two global symmetries (constrains charges)

• Tree-level CP breaking in S, Si sector in general (Important for

baryogenesis; little effect on EDMs)
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Electroweak Baryogenesis

(J. Kang, PL, T. Li, T. Liu)

• Secluded model implemented in anomaly-free E6-type U(1)′

model, consistent with gauge unification

E6 → SO(10)× U(1)ψ→SU(5)× U(1)χ× U(1)ψ (1)

Q′ = cos θ Qχ + sin θ Qψ, tan θ =

√
15

9
(2)

(S1,2→S∗, S3→N̄∗)

• U(1)′ charges of all quarks, leptons, Higgs, exotics specified

KICP, November 2007 Paul Langacker (IAS)



SO(10) SU(5) 2
√

10Qχ 2
√

6Qψ 2
√

15Q′

16 10 (u, d, ū, ē) –1 1 −1/2
5̄ (d̄, ν, e) 3 1 4

1N̄ –5 1 –5
10 5 (D,H ′u) 2 –2 1

5̄ (D̄,H ′d) –2 –2 −7/2
1 1 SL 0 4 5/2

Decomposition of the E6 fundamental 27 representation under SO(10), SU(5),

and the U(1)χ, U(1)ψ and U(1)′ charges.

h Ah λ Aλ m2
SS1
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Three sets of typical parameter values (a,b,c). The energy units are 65 GeV, 80

GeV and 93 GeV, corresponding to m2
H0
u

= 2, 4 and 6, respectively.
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The Electroweak Phase Transition

• Effective potential at finite T

Veff(φ, T ) = V0(φ) + V1(φ, 0) + ∆V1(φ, T ) + ∆Vdaisy(φ, T )

• Assume no charge/color breaking→ 10 physical variables
(complex VEVs of H0

1,2, S, S1,2,3 minus 2 gauge dof)

• MZ′ ∼ 1 TeV �MZ ⇒

– S1,2,3 VEVs � those of H1,2, S

– First phase transition breaks U(1)′, second breaks SU(2)×U(1)
– Magnitude of S VEV changes during SU(2)×U(1) transition,

inducing phase changes
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Figure 1: The Higgs VEVs versus temperature. The VEVs of H0
u,d and S are multi-

plied by 5.

18

The Higgs VEVs versus temperature. The VEVs of H0
u,d and S are multiplied by 5.
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• Can obtain strong first order transition, even with large t̃ masses,
e.g., v(Tc)/Tc = 1.3 with Tc = 120 GeV
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Tree-Level CP Violation in Higgs Sector

• 6 neutral Higgs, 4 gauge invariant phases → can choose
Ahh,Aλλ,m

2
SS1
,m2

SS2
real and positive, and m2

S1S2
= |m2

S1S2
|eiγ

V Hsoft = m2
H0
d
|H0

d|
2 +m2

H0
u
|H0

u|
2 +m2

S|S|
2 +

3∑
i=1

m2
Si
|Si|2

−2Ahh|S||H0
d||H

0
u| cosβ3 − 2Aλλ|S1||S2||S3| cosβ4

−2m2
SS1
|S||S1| cosβ1 − 2m2

SS2
|S||S2| cosβ2

−2|m2
S1S2
||S1||S2| cos(−β1 + β2 + γ)

• Tree-level: minimum for β3,4 = 0, β1,2 6= 0

• EWPT: Si ∼ constant, H0
u,d change→ S changes→ β1,2 change
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• New contributions to quark, electron, atomic EDMs negligible (need

3 Yukawas and 3 soft mass-squares)
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Electroweak baryogenesis

Utilize the electroweak (B-violating) tunneling to generate the
asymmetry at time of electroweak phase transition (Kuzmin, Rubakov,

Shaposhnikov)

Off the wall scenario (Cohen, Kaplan, Nelson)

• Strong first order phase transition
from electroweak symmetry
unbroken (massless W , Z,
fermions) to broken phase
(massive W , Z, fermions)
proceeds by nucleation and
expansion of bubbles 0 φ

critφ

T = T C

Veff

T = T  < TC1

T = T  > TC2

(Figures: W. Bernreuther, hep-ph/0205279)
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• CP violation by asymmetric reflection of quarks and leptons (or
squarks/charginos/neutralinos) from the wall

• Electroweak B violation in unbroken phase outside wall

• Scenario requires strong first order transition, v(Tc)/Tc >∼ 1−1.3
and adequate CP violation in expanding bubble wall

broken phase

becomes our world

unbroken phase

v
Wall

= 0φ

>> H

0CP CP_~Γ
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Sph
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• For τ lepton use thin wall approximation (justified)

• For reasonable parameters, can obtain adequate asymmetry, even
for large t̃ mass, from τ alone

nB

s
= 540γ3(〈vτL〉+ vw)

DτLmτ(∞)2δ∆θ1h(δ, Tc)Γws
(2π)4vwg∗T 3

c
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• Under investigation

– Contributions from squarks/neutralinos/charginos (may be large

but very sensitive to spectrum)

– Full spectrum with all experimental constraints

– Cold Dark Matter (light singlino-Higgsino LSP)

– First (U(1)′) transition (gravity waves?)
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Conclusions

• Important to explore alternatives to MSSM

• Top-down string constructions very often contain extra Z′ and SM
singlets S

• Elegant solution to µ problem (string-motivated version of
NMSSM)

• Many implications, including nonstandard Higgs spectrum/couplings,
CDM, gµ − 2, efficient EW baryogenesis, Bs − B̄s mixing, rare B
decays, neutrino masses

• But, must observe Z′
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