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Motivations and Model
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Theoretical Motivations for BSM Physics

• Fine-tuning problem:
– Tiny cosmological constant;

– Gauge hierarchy problem;

– Strong CP problem;

– Flavor problem;

– …

• Aesthetic appeal:
– Grand unification;

– Charge quantization;

– Too many free parameters;

– …

• Such considerations on the theory side call for more
fundamental theories.
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Experimental Motivations for BSM Physics

• Nonzero neutrino masses;

• Imperfect fitting in electroweak observables;

• Larger CP violation and sufficiently strong first-order
phase transition for baryogenesis;

• Existence of dark matter & dark energy;

• …

• These indirect evidences indicate the inadequacy of the
SM.
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Extra U(1) Symmetry - I

• Detailed study of Z-pole observables shows both
– a small amount of missing invisible width in Z decays [Nº =

2.9840 ± 0.0082, LEPEWWG (2005), ~ 2¾ below SM], and

– anomalous effective weak charge in atomic parity violation (6%
accuracy, ~ 2.3¾ above SM).

• One simple solution: a U(1)0 model, e.g., ZÂ from
SO(10) → SU(5) £ U(1)Â .

• Fitting result even favors a family nonuniversal Z 0, as
predicted by some superstring
constructions.

• Four electroweak observables
with significant deviations
from experiments.

Erler and Langacker (2000)

PDG 2006
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Extra U(1) Symmetry - II

• In general, models with at least an
extra U(1) symmetry is common in
superstring constructions, 4D
GUTs, higher-dim orbifold GUTs,
as well as models with dynamical symmetry breaking.

• The extra symmetry can forbid an
elementary µ term in SUSY, while
allowing effective µ and Bµ terms to be generated at the
U(1)0 breaking scale (radiatively broken), providing a
low-energy solution to the µ problem.

• Accompanying with the extra symmetry are some extra
fermions to cancel the anomalies and at least one Higgs
singlet for breaking the symmetry.

Cvetic and Langacker (1996);
Kawamura (2000),
Hall and Nomura (2001),
Gogoladze, Mimura, Nandi (2003);
Hill and Simons (2003).

Suematsu and Yamagishi (1995);
Langacker et al (1999).
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The Model

• Gauge group: SU(3)C£SU(2)L£U(1)1£U(1)2 with
couplings gs, g, g1

0, and g2
0, respectively, above the

O(TeV) scale.

• Two-stage symmetry breaking:
– TeV-scale breaking down to U(1)Y by a Higgs singlet

§ ~ (1, 1, 1/2, –1/2);

– EW-scale breaking down to U(1)EM by two Higgs doublets
©1 ~ (1, 2, 1/2, 0) and ©2 ~ (1, 2, 0, 1/2).

– The VEVs of these fields are

mixing angle
between Z and Z 0
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Gauge Boson Spectrum

• After the symmetry breakings, we obtain the usual W
boson mass MW

2 = g2(v1
2 + v2

2)/4 = g2v2/4.

• Neutral gauge bosons in the gauge basis:

• The gauge basis is related to the
mass basis by a rotation matrix R.

• The covariant derivative in the mass basis is then

reduces to SM
when B2 decouples

small expansion paras

give rise to FCNC currents
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Fermions

• Hinted by their heavier masses, third-family fermions
are charged differently from first two families:

• We consider mainly v2>>v1 , i.e., large tan¯.

• The fermion spectrum is anomaly free by construction.

Quarks

Leptons

first two families third family

RH neutrinos
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Yukawa Couplings

• Explicitly, the Yukawa terms in the Lagrangian are

• In the presence of ©1 and ©2, only mixing between first
two families (quarks and leptons) exists.

• Interestingly, bi-maximal neutrino mixing can be
achieved via the mixing in the RH Majorana neutrino
mass matrix MNkl through the usual seesaw mechanism.
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Models With Similar Ideas

• Top-flavor model:
SU(2)1£SU(2)2£U(1)Y → SU(2)L£U(1)Y .

– symmetry breaking achieved using one Higgs field transforming as a bi-
doublet under the two SU(2)’s;

– needs two Higgs doublets to give masses to third-family and first-two-
family fermions, respectively; and

– contains heavy W and Z bosons.

• Top hypercharge-like model:
 also SU(2)L£U(1)1£U(1)2 → SU(2)L£U(1)Y .

– only third-family quarks charged under U(1)2;

– symmetry breaking achieved using one Higgs field transforming under
the two U(1)’s;

– needs only one Higgs doublet for EWSB, as in the SM;

– introduces “spectator quarks” for anomaly cancellation and top-seesaw
mechanism; and

– contains only a heavy Z boson and no charged Higgs boson.

Muller and Nandi (1996)

He, Tait, and Yuan (2000)
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Electroweak and Flavor Constraints
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Z-pole Observables

• Predicted values of the EW observables are computed in
the MS-bar scheme.

• Experimental inputs:
sin2µ ¼ 0.2312, ®-hat(MZ)-1=127.904, and v=246.3 GeV.

• Concentrate on larger tan¯ cases.
• Restrict to MZ 0 ≥ 1 TeV to satisfy the requirement of

small mixing (<~ 10-3) with the regular Z boson.

PDG 2006
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EW Observable Fitting

• 24 observables.

• 2 new paras.

31.9250

31.9220

31.9010

31.875

31.891

32.01SM

Â2
mintan¯
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Allowed Parameter Space

• Illustrate tan¯ = 2 and 50 as two examples.

• No mixing between Z and Z 0 when tanÁ = tan¯, thus
larger Â2-favored region for low tan¯.

• In general, MZ 0 ≥ 2 TeV by EW constraints.
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Fermion Mixing

• No mixing between first two and third families yet.

• Introduce, for example, additional Higgs doublet fields
©3 ~ (1, 2, -1/6, -1/3) and ©4 ~ (1, 2, -1/3, -1/6), the
down-type quark mixing is induced from the Yukawa
terms:

• Similar arrangement can be done to the up sector as
well.

• The mismatch between the flavor eigenstates and mass
eigenstates of the quarks will result in tree-level flavor-
changing Z 0 couplings because the U(1)0 charges of the
third-generation quarks are different from those of the
first two generations.
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FCNC in Down Sector - I

• Reduce uncertainties from the up sector by assuming no
difference between the flavor and mass eigenstates for
the up-type quarks, corresponding to the case where
only the ©3 and ©4 Higgs fields are introduced.

• Universal Z0 charge for RH fermions for simplicity.

• FCNC coupling hierarchy: |BL
sb| > |BL

db| > |BL
ds|.

180o phase

Z 0 charges 

in flavor basis
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FCNC in Down Sector - II

• Dominant off-diagonal Z 0 coupling is between the LH
bottom and strange quarks due to the hierarchical
structure in the CKM matrix

BL
sb = ±LQdLVtbVts

* ,
where ±LQdL = e/(3 sin2Á cosµ) .

• No tan¯ dependence in the FCNC coupling BL
sb.

• Such a coupling can contribute to processes involving
b → s transitions, e.g., |ΔB| = |ΔS| = 2 operators that affect
BS mixing:

same op as in SM

Barger, CWC, Jiang, Langacker (2004)
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B Constraints

• Use both ¢Ms and BR(B → Xs l l) constraints:
¢Ms

exp = 17.77 ± 0.10 ± 0.07 ps-1 ,
¢Ms

SM = 19.52 ± 5.28 ps-1 ,
⇒ ¢Ms

exp / ¢Ms
SM = 0.89 ± 0.24 ;

BR(B → Xs l l) = (4.50 ± 1.02)£10-6.

CDF (2006)

BABAR (2004)
Belle (2005)

LH LH+RH

¢Ms

B → Xs l l

Cheung, CWC, Deshpande,
Jiang (2007)
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Z 
0  Production at LHC,

Dark Matter and Higgs
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Direct Searches at CFD Run II (2006)

• Recent data based on integrated luminosity of 819 pb-1

of the Drell-Yan process at CDF (√s = 1.96 TeV ):
http://www-cdf.fnal.gov/harper/diEleAna.html

The initial LHC reach will be 2 TeV
(with power to discriminate among
models) and can go up to 5 TeV.
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Discovery Reach of Z 
0 at LHC

• The LHC can readily discover an extra neutral gauge
boson with a mass of about 1 TeV cleanly from the Drell-
Yan process. Dittmar, Nicollerat, Djouadi (2004) ; Rizzo (2006)
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Drell-Yan Process - I

• As in other Z 0 models, the Z 0 in our model can be
searched for through the Drell-Yan processes.

• For the mass range we consider, the decay width of the
Z 0 is typically a few hundred GeV.

• Apply simple cuts of requiring:
– pT of the outgoing leptons be larger than 20 GeV,

– absolute value of rapidities of the leptons be less than 2.5, and

– invariant mass of the lepton pair be between MZ0–¡Z0/2 and
MZ0+¡Z0/2.

• After these cuts, SM background becomes negligible
compared to the signal.
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Drell-Yan Process - II

• Total luminosities required for a 5 ¾ discovery of
different cosÁ and MZ 0 in the model.

• With 100 fb-1, the discovery reaches for cosÁ = 0.8, 0.6,
0.4 and 0.2 are about 4.1, 5.0, 5.8 and 6.9 TeV.

• Production cross section has a strong dependence on
cosÁ.
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Dark Matter Candidate - I

• Stability of dark matter is usually achieved using a
discrete global symmetry (e.g., a Z2 symmetry such as
the R parity in SUSY ⇒ LSP).

• However, the global symmetry can be broken by non-
renormalizable higher-dim operators due to quantum
gravity effects if it is not gauged.

• A possible solution: a gauged Z2 symmetry derived from
a continuous local symmetry that is broken at the TeV
scale
⇒ stable particle with mass ~ O(TeV).

Krauss and Wilczek (1989)
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Dark Matter Candidate - II

• Introduce a singlet scalar field Á ~ (1, 1, -1/4, 1/4).

• Relevant Lagrangian for Á and its couplings to § (both
carrying U(1)0 charges) is

• After the U(1)1£U(1)2 → U(1)Y breaking, Á becomes a
stable particle due to the gauged Z2 symmetry under
which Á goes to –Á and the other fields are invariant.

• Interaction with the flavor sector depends on its mixing
with ©1 and ©2.
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Higgs Potential

• Most general CP-conserving, renormalizable Higgs
potential (without Á yet):

Am is dim-1 and chosen to be real, ¸i are dimensionless.

• Two global SU(2) symmetries if we neglect the terms
–[Am©1

†§©2 + h.c.] and ¸4(©1
† ©2)(©2

† ©1).

• In this case, it is always possible to make an
SU(2)1£SU(2)2 rotation so that the left-over U(1)EM

gauge symmetry is unbroken.
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Alignment Issue

• After introducing the two terms into the Higgs potential,
the SU(2)1£SU(2)2 global symmetries is broken down to
the SU(2) global symmetry identified as the SU(2)L .

• For simplicity and without loss of generality, assume
that no CP violation and positive v1, v2 and Am .

• One can make an SU(2)L rotation so that ©2 does not
break the U(1)EM gauge symmetry.

• If Am is around the EW scale and ¸4 ~ O(1), the
magnitude of the -[Am©1

†§©2 + h.c.] terms is much
larger than that of ¸4(©1

†©2)(©2
†©1) because u is much

larger than v1 and v2.

• Therefore, the Higgs potential naturally leads to an
alignment that U(1)EM is not broken.
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Higgs Spectrum

• There are 10 degrees of freedom in the three Higgs
fields.  After SU(2)L£U(1)1£U(1)2 → U(1)EM, there will
be left with 6 physical Higgs fields:

three CP-even ones (H1, H2 and H3),
one CP-odd one (A), and
one charged pair (H±).

• The squared mass of the CP-odd Higgs is proportional to
Amu and tan¯ enhanced.

• The charged Higgses have the squared mass
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Summary

• We construct a model based upon the gauge group of
SU(3)C£SU(2)L£U(1)1£U(1)2 , where an extra heavy Z 0

possibly exists at the TeV scale.

• Fermions in the third family are charged differently
from the first two families under U(1)1£U(1)2 , thereby
inducing tree-level FCNC currents.

• We study constraints on its parameters using
electroweak precision observables and B physics data,
with the former being stronger and more solid.

• We compute its production rate at the LHC.

• We discuss a possible dark matter can didate by gauging
a discrete Z2 symetry.

• Future project: Higgs sector phenomenology.


