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SM with a Light Higgs

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957
σhad [nb]σ0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21586
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.374
ΓW [GeV]ΓW [GeV] 2.140 ± 0.060 2.091
mt [GeV]mt [GeV] 170.9 ± 1.8 171.3

[LEP EWWG, summer ‘07]
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∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
mLimit = 144 GeV

input:  mt = 170.9 ± 1.8 GeV

best fit:   mh = 76 +36- 24 GeV
one-sided 95% CL:  mh < 144 GeV

precision measurements + direct search 
limit:   mh < 182 GeV

SM with a light Higgs works pretty well!



SM with a Light Higgs
• SM prediction for Mw:     input α, Mz, GF, MH  → predict MW

W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

χ2/DoF: 1.1 / 1

TEVATRON 80.429 ± 0.039

LEP2 80.376 ± 0.033

Average 80.398 ± 0.025

NuTeV 80.136 ± 0.084

LEP1/SLD 80.363 ± 0.032

LEP1/SLD/mt 80.360 ± 0.020

5

Understanding Higgs Limit

Theory:  Input MZ, GF, !, Mh

! Predict MW

Run II

2009

Jan, 07[LEP EWWG, summer ‘07]

4. Electroweak Precision Observables in the SM

1.) MW :

Theoretical prediction for MW in terms of MZ, α, Gµ,∆r:

M2
W

(

1 −
M2

W

M2
Z

)

=
π α√
2Gµ

(1 + ∆r)

#
loop corrections

Evaluate ∆r from µ decay ⇒ MW

One-loop result for MW in the SM:

[A. Sirlin ’80] , [W. Marciano, A. Sirlin ’80]

∆r1−loop = ∆α − c2W
s2W

∆ρ + ∆rrem(MH)

∼ log MZ
mf

∼ m2
t ∼ log(MH/MW)

∼ 6% ∼ 3.3% ∼ 1%

Sven Heinemeyer, Lepton Photon 2007, Daegu, 08/13/2007 29
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Precision Measurements in the SM

• At tree level, muon decay related to input parameters:

• One loop corrections included in parameter !r

• Where:
µ

"µ

"e

e

W



Problems with SM with a Light Higgs
• Gauge hierarchy problem

• model independent analysis on dim-6 operators:

• tension bt EWPT and scale required for New Physics solution to gauge 
hierarchy problem 

• global fit to some 21 flavor and CP conserving operators show certain 
directions loosely constrained  [Han, Skiba, ‘04]
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 → new physics at ~ 1 TeV
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Figure 4. Feynman diagrams contributing to the pro-
cess W+W− → W+W− with the Higgs boson re-
moved from the theory.

is forbidden by the gauge symmetry. A Higgs
doublet, Φ, with a vacuum expectation value,
v, generates a mass term of the required form,

Lmass ∼
mf

v

(

ψLΦψR + ψRΦ†ψL

)

. (4)

The second important role of the Stan-
dard Model Higgs boson is to unitarize the
gauge boson scattering amplitudes. The
J = 0 partial wave amplitude for the process
W+W− → W+W− (Fig. 4) grows with en-
ergy when the Higgs boson is not included in
the amplitude and violates partial wave uni-
tarity at an energy around E ∼ 1.6 TeV .3

The Higgs boson has just the right couplings
to the gauge bosons to restore partial wave
unitarity as long as the Higgs boson mass is
less than around MH < 800 GeV . With a
Higgs boson satisfying this limit, the Stan-
dard Model preserves unitarity at high ener-
gies and is weakly interacting.

3 Problems in Paradise

The Standard Model is theoretically unsatis-
factory, however, because when loop correc-
tions are included, the Higgs boson mass con-
tains a quadratic dependence on physics at
some unknown higher energy scale, Λ. When
the one-loop corrections to the Higgs boson

Table 1. Representative limits (90 % c.l.) on the scale
of new dimension-6 operators corresponding to L =
Oi/Λ2[4].

Operator, Oi Λmin (TeV )

LEP H†τHW a
µνBµν 10

LEP-2 eγµelγµl 5

Flavor H†dRσµνqLFµν 9

mass, δM2
H , are computed we find,

δM2
H =

GF Λ2

4
√

2π2

(

6M2
W + 3M2

Z + M2
H − 12M2

t

)

∼ −
(

Λ

.7 TeV
200 GeV

)2

. (5)

In order to have a light Higgs boson as re-
quired by the precision electroweak measure-
ments, the scale Λ must be near 1 TeV . The
quantum corrections thus suggest that there
must be some new physics lurking at the TeV
scale.

We therefore need new physics at the
1 TeV scale to get a light Higgs boson. How-
ever, much of the possible new physics at
this scale is already excluded experimentally.
A model independent analysis which looked
at various dimension-6 operators found that
typically new physics cannot occur below a
scale Λ > 5 TeV . A representative sam-
pling of limits on possible dimension-6 oper-
ators is shown in Table 1 and a more complete
list can be found in Ref.[3]. This tension be-
tween needing a low scale Λ for new physics
in order to get a light Higgs boson and the
experimental exclusion of much possible new
physics at the TeV scale has been dubbed the
“little hierarchy problem”. However, a global
fit to 21 flavor- and CP- conserving operators
found that there are certain directions in pa-
rameter space where the limit on Λ can be
lowered considerably5 (even to below 1 TeV )
raising the possibility that in specific models
the “little hierarchy problem” may not be a
problem at all.

In recent years, there have been a vari-

For Publisher’s use

Figure 4. Feynman diagrams contributing to the pro-
cess W+W− → W+W− with the Higgs boson re-
moved from the theory.

is forbidden by the gauge symmetry. A Higgs
doublet, Φ, with a vacuum expectation value,
v, generates a mass term of the required form,

Lmass ∼
mf

v

(

ψLΦψR + ψRΦ†ψL

)

. (4)

The second important role of the Stan-
dard Model Higgs boson is to unitarize the
gauge boson scattering amplitudes. The
J = 0 partial wave amplitude for the process
W+W− → W+W− (Fig. 4) grows with en-
ergy when the Higgs boson is not included in
the amplitude and violates partial wave uni-
tarity at an energy around E ∼ 1.6 TeV .3

The Higgs boson has just the right couplings
to the gauge bosons to restore partial wave
unitarity as long as the Higgs boson mass is
less than around MH < 800 GeV . With a
Higgs boson satisfying this limit, the Stan-
dard Model preserves unitarity at high ener-
gies and is weakly interacting.

3 Problems in Paradise

The Standard Model is theoretically unsatis-
factory, however, because when loop correc-
tions are included, the Higgs boson mass con-
tains a quadratic dependence on physics at
some unknown higher energy scale, Λ. When
the one-loop corrections to the Higgs boson

Table 1. Representative limits (90 % c.l.) on the scale
of new dimension-6 operators corresponding to L =
Oi/Λ2[4].

Operator, Oi Λmin (TeV )

LEP H†τHW a
µνBµν 10

LEP-2 eγµelγµl 5

Flavor H†dRσµνqLFµν 9

mass, δM2
H , are computed we find,

δM2
H =

GF Λ2

4
√

2π2

(

6M2
W + 3M2

Z + M2
H − 12M2

t

)

∼ −
(

Λ

.7 TeV
200 GeV

)2

. (5)

In order to have a light Higgs boson as re-
quired by the precision electroweak measure-
ments, the scale Λ must be near 1 TeV . The
quantum corrections thus suggest that there
must be some new physics lurking at the TeV
scale.

We therefore need new physics at the
1 TeV scale to get a light Higgs boson. How-
ever, much of the possible new physics at
this scale is already excluded experimentally.
A model independent analysis which looked
at various dimension-6 operators found that
typically new physics cannot occur below a
scale Λ > 5 TeV . A representative sam-
pling of limits on possible dimension-6 oper-
ators is shown in Table 1 and a more complete
list can be found in Ref.[3]. This tension be-
tween needing a low scale Λ for new physics
in order to get a light Higgs boson and the
experimental exclusion of much possible new
physics at the TeV scale has been dubbed the
“little hierarchy problem”. However, a global
fit to 21 flavor- and CP- conserving operators
found that there are certain directions in pa-
rameter space where the limit on Λ can be
lowered considerably5 (even to below 1 TeV )
raising the possibility that in specific models
the “little hierarchy problem” may not be a
problem at all.

In recent years, there have been a vari-

For Publisher’s use

Figure 4. Feynman diagrams contributing to the pro-
cess W+W− → W+W− with the Higgs boson re-
moved from the theory.

is forbidden by the gauge symmetry. A Higgs
doublet, Φ, with a vacuum expectation value,
v, generates a mass term of the required form,

Lmass ∼
mf

v

(

ψLΦψR + ψRΦ†ψL

)

. (4)

The second important role of the Stan-
dard Model Higgs boson is to unitarize the
gauge boson scattering amplitudes. The
J = 0 partial wave amplitude for the process
W+W− → W+W− (Fig. 4) grows with en-
ergy when the Higgs boson is not included in
the amplitude and violates partial wave uni-
tarity at an energy around E ∼ 1.6 TeV .3

The Higgs boson has just the right couplings
to the gauge bosons to restore partial wave
unitarity as long as the Higgs boson mass is
less than around MH < 800 GeV . With a
Higgs boson satisfying this limit, the Stan-
dard Model preserves unitarity at high ener-
gies and is weakly interacting.

3 Problems in Paradise

The Standard Model is theoretically unsatis-
factory, however, because when loop correc-
tions are included, the Higgs boson mass con-
tains a quadratic dependence on physics at
some unknown higher energy scale, Λ. When
the one-loop corrections to the Higgs boson

Table 1. Representative limits (90 % c.l.) on the scale
of new dimension-6 operators corresponding to L =
Oi/Λ2[4].

Operator, Oi Λmin (TeV )

LEP H†τHW a
µνBµν 10

LEP-2 eγµelγµl 5

Flavor H†dRσµνqLFµν 9

mass, δM2
H , are computed we find,

δM2
H =

GF Λ2

4
√

2π2

(

6M2
W + 3M2

Z + M2
H − 12M2

t

)

∼ −
(

Λ

.7 TeV
200 GeV

)2

. (5)

In order to have a light Higgs boson as re-
quired by the precision electroweak measure-
ments, the scale Λ must be near 1 TeV . The
quantum corrections thus suggest that there
must be some new physics lurking at the TeV
scale.

We therefore need new physics at the
1 TeV scale to get a light Higgs boson. How-
ever, much of the possible new physics at
this scale is already excluded experimentally.
A model independent analysis which looked
at various dimension-6 operators found that
typically new physics cannot occur below a
scale Λ > 5 TeV . A representative sam-
pling of limits on possible dimension-6 oper-
ators is shown in Table 1 and a more complete
list can be found in Ref.[3]. This tension be-
tween needing a low scale Λ for new physics
in order to get a light Higgs boson and the
experimental exclusion of much possible new
physics at the TeV scale has been dubbed the
“little hierarchy problem”. However, a global
fit to 21 flavor- and CP- conserving operators
found that there are certain directions in pa-
rameter space where the limit on Λ can be
lowered considerably5 (even to below 1 TeV )
raising the possibility that in specific models
the “little hierarchy problem” may not be a
problem at all.

In recent years, there have been a vari-



Problems with SM with a Light Higgs

• Why do we need a Higgs anyway?

• Unitarity 

• Give gauge invariant masses to the fermions and W, Z bosons

• to agree with precision electroweak measurements

• Any new models for EWSB must also do the same

Who Needs a Higgs Anyways?

2

2
2

WM

E
gA !

Reason #2: SM Higgs has just the right couplings 

so amplitudes don’t grow with energy

2

2
2

WM

E
gA "!

Terms which grow 

with energy cancel 

for E >> MH

This cancellation 

requires MH < 800 GeV

2

2
2

WM

E
gA !

No unitarity violation: SM is weakly interacting



EWPT Constraining New Physics

• new physics contributions 

→ oblique corrections: S, T, U

• SM reference point:  S=T=U=0

• low mH: 

∆S ~ 0.2 provided ∆S ~ ∆T

• high mH:

∆S ~ 0.1 provided ∆T ~ ∆S + 0.2 

6

Limits on Higgs Mass ASSUME Standard

Model

! It’s easy to construct a

model which evades Higgs

mass limits

! All you need is large !"= #!

T  mt = 170.9 ± 1.8 ;  mH = (114 - 1000) GeV



Making the Higgs Heavier?

• SM Higgs predicted to be light, yet we have not found it!

• There are several ways to evade the lower bound from LEP data:

                         ∆T > 0,      ∆S < 0       [Peskin, Wells,  ‘01]

• Specific models that have been looked at

- ∆T > 0

★ 2 Higgs doublet model   [Chankowski et al, ...]

★ 4th generation model [Dobrescu & Hill; Kribs, Plehn, Spannowsky, Tait; ...]

- ∆S < 0

★ extra singlet Majorana fermions [Gates & Turning]

★ extra SU(2) × SU(2) multiplets [Dugan & Randall]

• models with extended Higgs sector...



Possible New Physics

motivated by gauge hierarchy problem:

• MSSM

• Extra Dimensions

• gauge-Higgs unification

• Higgsless

• Little Higgs

• Fat Higgs, Composite Higgs, Twin Higgs...

• Strongly coupled Higgs Sector (Techni-color, top-color, etc...)

motivated by gauge coupling constant unification:

• models with an extended Higgs sector (GUT’s, etc...): 

                   specifically models with a SU(2)L triplet Higgs

• fourth generation model



MSSM
Salient features:

• solution to gauge hierarchy problem

• gauge coupling constant unification

• DM candidate (LSP)

• doubling of particle spectrum

• New Contributions to W and Z self-energies:

Slight disadvantage: 

Higgs mass in MSSM: 

LEP limit: mH > 114 GeV, stop needs to be heavy

“little hierarchy problem” (not a severe problem!)

9
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Figure 8. ∆χ2 curve derived from all
EWPO measured at LEP, SLD, CDF and
D0, as a function of MSM

H , assuming the SM
to be the correct theory of nature [14].

6. EWPO in the MSSM

As compared to the SM there are new
additional contributions to EWPO in the
MSSM that can be sizable:

1. While in the SM the leading correc-
tions to e.g. the ρ parameter (i.e. to
gauge boson self-energies) arise from
t/b loops, in the MSSM large correc-
tions can arise from t̃/b̃ loops (V =
Z, W±):

V V

t,b

V V

t̃,b̃

2. New CP-violating effects can arise
from new complex parameters, see
Sect. 4.

3. Yukawa corrections∼ m4
t log

(

mt̃1
mt̃2

m2
t

)

can give large contributions.

4. Corrections from the b/b̃ sector are
enhanced by tanβ and can become
sizable, see also Sect. 3.

now Tevatron LHC

δ sin2 θeff(×105) 16 — 14–20

δMW [MeV] 25 20 15

δmt [GeV] 1.8 1.2 1.0

δMSM
H /MSM

H [%] 37 28

ILC ILC with GigaZ

δ sin2 θeff(×105) — 1.3

δMW [MeV] 10 7

δmt [GeV] 0.2 0.1

δMSM
H /MSM

H [%] 16

Table 2
Current and anticipated future experimen-
tal uncertainties for sin2 θeff , MW and mt.
Also shown is the relative precision of the
indirect determination of MSM

H [20]. Each
column represents the combined results of
all detectors and channels at a given col-
lider, taking into account correlated sys-
tematic uncertainties, see Refs. [93–96] for
details.

5. In general SUSY corrections are rel-
evant if the new mass scales are
(relatively) small. On the other
hand, non-decoupling SUSY effects
∼ log MSUSY

MW
can become important

for large values of MSUSY.

The example of the W boson mass has
been discussed in Sect. 2. In the same spirit
also the sin2 θeff has been evaluated in the
MSSM and compared to the SM predic-
tion [97]. A parameter scan similar to the
one shown in Fig. 1 reveals no preference
for either model. This result, as the not too
low best-fit value for MSM

H is largely driven
by the measurement of Ab

FB, while Ae
LR has

a clear preference for the MSSM prediction.

Another EWPO in the MSSM is the mass
of the lightest Higgs boson, Mh. In the
MSSM two Higgs doublets are required, re-
sulting in five physical Higgs bosons: the
light and heavy CP-even h and H , the CP-

Supersymmetry (MSSM version)

• Many positive aspects

– Gauge coupling unification

– Dark Matter candidate (LSP)

– Predicts light Higgs boson

• MH < 140 GeV

– Agrees with precision EW 

measurements

Heinemeyer, Hollik, Weiglein, hep-ph/0412214

MSUSY=2 TeV

Supersymmetry

• Negative things

– Where is it?

– Light Higgs—Mstop problem

LEP limit: MH>114 GeV

• Stop needs to be heavy so that lightest Higgs mass satisfies LEP 
bound

• Minimizing Higgs potential

• SUSY particles are naturally light
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unbroken supersymmetry, these contributions would cancel. Since the super-
symmetry has been broken by splitting the masses of the fermions and their
scalar partners, the neutral Higgs boson masses become at one- loop,30

M2
h,H =

1

2

{

M2
A + M2

Z +
εh

sin2 β
±

[(

M2
A − M2

Z) cos 2β +
εh

sin2 β

)2

+

(

M2
A + M2

Z

)2

sin2 2β

]1/2}

(70)

where εh is the contribution of the one-loop corrections,

εh ≡
3GF√
2π2

M4
T log

(

M̃2

M2
T

)

. (71)

We have assumed that all of the squarks have equal masses, M̃ , and have
neglected the smaller effects from the mixing parameters, Ai and µ. In Fig. 5,
we show the lightest Higgs boson mass as a function of the pseudoscalar mass,
MA, and for two values of tanβ. For tanβ > 1, the mass eigenvalues increase
monotonically with increasing MA and give an upper bound to the mass of the
lightest Higgs boson,

M2
h < M2

Z cos2 2β + εh . (72)

The corrections from εh are always positive and increase the mass of the lightest
neutral Higgs boson with increasing top quark mass. From Fig. 5, we see
that Mh always obtains its maximal value for rather modest values of the
pseudoscalar mass, MA > 300 GeV . The radiative corrections to the charged
Higgs mass-squared are proportional to M2

T and so are much smaller than the
corrections to the neutral masses.

There are many analyses 30 which include a variety of two-loop effects,
renormalization group effects, the effects of large mixing in the squark sector,
etc., but the important point is that for given values of tanβ and the squark
masses, there is an upper bound on the lightest neutral Higgs boson mass.
The maximum value of the lightest Higgs mass is shown in Fig. 6 including
2-loop and renormalization group effects and we see that there is still a light
Higgs boson even when radiative corrections are included. From Figures 5
and 6, we see that including 2-loop effects, SUSY particle threshold effects,
and renormalization group group improvements lowers the upper bound on
the neutral Higgs boson mass. For large values of tanβ the limit is relatively
insensitive to the value of tanβ and with a squark mass less than about 1 TeV ,
the upper limit on the Higgs mass is about 110 GeV if mixing in the top squark
sector is negligible (AT ∼ 0). For large mixing, this limit is raised to around
130 GeV .
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Figure 2: Higgs mass renormalization from a fermion loop.

The minus sign is the consequence of Fermi statistics and will be quite impor-
tant later. Integrating with a momentum space cutoff as above we find the
contribution to the Higgs mass, (δM2

h)a ≡ ΣS(m2
S),

(δM2
h)a = −

λ2
F

8π2

[

Λ2 + (m2
S − 6m2

F ) log

(

Λ

mF

)

+(2m2
F −

m2
S

2
)

(

1 + I1

(

m2
S

m2
F

))]

+ O
(

1

Λ2

)

, (12)

where I1(a) ≡
∫ 1
0 dx log(1−ax(1−x)). The Higgs boson mass diverges quadrat-

ically! The Higgs boson thus does not obey the decoupling theorem and this
quadratic divergence appears independent of the mass of the Higgs boson. Note
that the correction is not proportional to Mh. This is because setting the Higgs
mass equal to zero does not increase the symmetry of the Lagrangian. There
is nothing that protects the Higgs mass from these large corrections and, in
fact, the Higgs mass wants to be close to the largest mass scale in the theory.

Since we know that in the Standard Model, the physical Higgs boson mass,
Mh, must be less than around 1 TeV (in order to keep the WW scattering
cross section from violating unitarity), we have the unpleasant result,

M2
h = M2

h,0 + δM2
h + counterterm, (13)

where the counterterm must be adjusted to a precision of roughly 1 part in
1015 in order to cancel the quadratically divergent contributions to δM2

h . This
adjustment must be made at each order in perturbation theory. This is known
as the “hierarchy problem”.

Of course, the quadratic divergence can be renormalized away in exactly
the same manner as is done for logarithmic divergences by adjusting the cut-
off. There is nothing formally wrong with this fine tuning. Most theorists,

5

h h

!
1
,!
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Figure 3: Higgs mass renormalization from scalar loops.

however, regard this solution as unattractive. On the other hand, if the calcu-
lation is performed in dimensional regularization, one obtains only 1/ε singu-
larities which are absorbed into the definitions of the counterterms. Hence, the
problem of quadratic divergences does not become apparent when using dimen-
sional regularization. It arises only when one attempts to import a physical
significance to the cut-off Λ.

The effect of scalar particles on the Higgs mass renormalization is quite
different from that of fermions. We introduce two complex scalar fields, φ1

and φ2, interacting with the Standard Model Higgs boson, h, (the reason for
introducing 2 scalars is that with foresight we know that a supersymmetric
theory associates 2 complex scalars with each fermion – we could just as easily
make the argument given below with one additional scalar and slightly different
couplings),

L = | ∂µφ1 |2 + | ∂µφ2 |2 −m2
s1

| φ1 |2 −m2
s2

| φ2 |2

+λS | φ |2
(

| φ1 |2 + | φ1 |2
)

+ Lφ . (14)

From the diagram of Fig. 3, we find the contribution to the Higgs mass
renormalization,

(δM2
h)b = −λS

∫

d4k

(2π)4

[

i

k2 − m2
s1

+
i

k2 − m2
s2

]

=
λS

16π2

{

2Λ2 − 2m2
s1

log

(

Λ

ms1

)

− 2m2
s2

log

(

Λ

ms2

)}

+O
(

1

Λ2

)

. (15)
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MSSM
• favor MSSM over SM!

• MSSM band above SM 
band:                          
generic for MSSM even at sub-
leading orders: 

stop and sbottom loops give 
Mw upward shift

[Heinemeyer, Hollik, Stockinger, Weber, Weiglein, ‘06]

160 165 170 175 180 185

m
t
 [GeV]

80.20

80.30

80.40

80.50

80.60

80.70

M
W

 [
G

e
V

]

SM

MSSM

MH
 = 114 GeV

MH
 = 400 GeV

light SUSY

heavy SUSY

SM

MSSM

both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’07

experimental errors 68% CL:

LEP2/Tevatron (today)

Tevatron/LHC

ILC/GigaZ

!1000 !500 0 500 1000
Μ!GeV"

200

400

600

800

1000

M
2
!
G
e
V
"

1. MeV

1.2 MeV

1.2 MeV

1.5 MeV

1.5 MeV

2. MeV

2. MeV

3. MeV

3. MeV

5. MeV
5. MeV

10. MeV
10. MeV

Figure 23: Difference between the result for MW in the MSSM and the SM for large scalar
fermion masses. The SUSY parameters are Mf̃ = 3000 GeV, At,b = 2 Mf̃ , mg̃ = 300 GeV,
MA = 2000 GeV and tan β = 10.

4.2.5 MSSM parameter scans

Finally, we analyse the overall behaviour of MW in the MSSM by scanning over a broad range
of the SUSY parameter space. The following SUSY parameters are varied independently of
each other, within the given range, in a random parameter scan:

sleptons : MF̃ ,F̃ ′ = 100 . . . 2000 GeV

light squarks : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

t̃/b̃ doublet : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

At,b = −2000 . . . 2000 GeV

gauginos : M1,2 = 100 . . . 2000 GeV

mg̃ = 195 . . . 1500 GeV

µ = −2000 . . . 2000 GeV

Higgs : MA = 90 − 1000 GeV

tanβ = 1.1 . . . 60 (46)

We have taken into account the constraints on the MSSM parameter space from the LEP
Higgs searches [72, 73] and the lower bounds on the SUSY particle masses from Ref. [35].
Apart from these constraints no other restrictions on the MSSM parameter space were made.

27

light Higgs mass constrained:   
mH < 130 GeV



CMSSM

• CMSSM: all EWPO included

• minimum @  

• SM:   mh = 76 +36- 24 GeV

[Buchmueller, Cavanaugh, De Roeck, Heinemeyer,  
Isidori, Paradisi, Ronga, Weber, Weiglein, ‘07]
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Figure 3. Left: Scan of the lightest Higgs boson mass versus ∆χ2 = χ2 − χ2
min. The curve is the result

of a CMSSM fit using all of the available constraints listed in Table 1, except the limit on mh. The
red (dark gray) band represents the total theoretical uncertainty from unknown higher-order corrections,
and the dark shaded area on the right above 127 GeV/c2 is theoretically inaccessible (see text). Right:
Scan of the Higgs boson mass versus ∆χ2 for the SM (blue/light gray), as determined by [45] using all
available electroweak constraints, and for comparison, with the CMSSM scan superimposed (red/dark
gray). The blue band represents the total theoretical uncertainty on the SM fit from unknown higher-order
corrections.

where the first, asymmetric uncertainties are ex-
perimental and the second uncertainty is theo-
retical (from the unknown higher-order correc-
tions to mh [26]). The result obtained here is
in good agreement with the previous results in
Ref. [18], where a simpler χ2 analysis has been
performed. The fact that the minimum in Fig. 3
is sharply defined is a general consequence of the
MSSM, where the neutral Higgs boson mass is
not a free parameter. After including radiative
corrections [26,34,70,71,72], mh is a well-defined
function of the gauge couplings, mt, mZ and
soft SUSY-breaking parameters. The theoreti-
cal upper bound mh

<
∼ 135(127) GeV/c2 in the

(C)MSSM explains the sharper rise of the ∆χ2

at large mh values and the asymmetric uncer-
tainty. In the SM, mH is a free parameter and
only enters (at leading order) logarithmically in
the prediction of the precision observables. In
the (C)MSSM this logarithmic dependence is still

present, but in addition mh depends on mt and
the SUSY parameters, mainly from the scalar top
sector. The low-energy SUSY parameters in turn
are all connected via RGEs to the GUT scale pa-
rameters. The sensitivity on mh in the present
analysis is therefore the combination of the indi-
rect constraints on the four free CMSSM param-
eters and the fact that mh is directly predicted
in terms of these parameters. This sensitivity
also gives rise to the fact that the fit result in
the CMSSM is less affected by the uncertainties
from unknown higher-order corrections in the pre-
dictions of the electroweak precision observables.
While the theoretical uncertainty of the CMSSM
fit (red/dark gray band in Fig. 3) is dominated by
the higher-order uncertainties in the prediction
for mh, the theoretical uncertainty of the SM fit
(blue/light gray band in Fig. 3) is dominated by
the higher-order uncertainties in the prediction
for the effective weak mixing angle, sin2 θeff [73].

uncertainty in higher order corrections

6

left plot of Fig. 1 displays a two parameter con-
tour in the (tanβ, M0) plane and illustrates the
68% (dotted) and 95% (solid) confidence level re-
gions. A corridor with two distinct minima is
observed along the diagonal. The globally pre-
ferred minimum corresponds to small tanβ and
small M0, while the second, less preferred mini-
mum (∆χ2 ≈ 1.8 between the two minima) cor-
responds to large tanβ and relatively larger M0.
For completeness, the right plot of Fig. 1 displays
the contours in the (M1/2, A0) plane. In addition
to LEP experimental limits that are included in
the fit, the sparticle spectrum is checked to be
compatible with the latest limits from searches
at the Tevatron [69]. The CMSSM parameters
at the globally preferred minimum are listed in
Table 2, together with their 1-sigma error. The
corresponding sparticle mass spectrum is shown
in Fig. 2, just for illustrative purposes.

CMSSM parameter Preferred value

M0 (85+40
−25) GeV/c2

M1/2 (280+140
−30 ) GeV/c2

A0 (−360+300
−140) GeV/c2

tan β 10+9
−4

sgn(µ) +1 (fixed)
Table 2
Values of the CMSSM parameters at the glob-
ally preferred χ2 minimum, and corresponding 1-
sigma errors. The lower limit of Eq. 2 is included.

Other studies [18,22] have found qualitatively
similar behaviour. Because this work uses a tra-
ditional χ2 fit, however, the χ2 probability can
be used to estimate how well the CMSSM de-
scribes the experimental data. At the global min-
imum, the CMSSM describes the experimental
data rather well, giving a χ2 of 17.34 per 14 de-
grees of freedom, which corresponds to a fit prob-
ability of 24%. For comparison, the SM describes
the same electroweak experimental data (with the
LEP bound on mH imposed; excluding the flavour
physics observables, aµ and the CDM constraint)
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Figure 2. Mass spectrum of super-symmetric par-
ticles at the globally preferred χ2 minimum. Par-
ticles with mass difference smaller than 5 GeV/c2

have been grouped together.

with a χ2 of 19.4 per 14 degrees of freedom, or a
fit probability of 15% [45].

Now we turn to the case where the bound on
mh from direct Higgs boson search at LEP are
not incorporated and the preferred mh values in
the CMSSM can be derived. The main result of
this study is given as a one parameter scan in the
lightest Higgs boson mass, presented in Fig. 3.
The χ2 is minimized with respect to all CMSSM
parameters for each point of this scan. Therefore,
∆χ2 = 1 represents the 68% confidence level un-
certainty on mh. Since the direct Higgs boson
search limit from LEP is not used in this scan
(unlike other studies [22,25]) the lower bound on
mh arises as a consequence of indirect constraints
only.

Several interesting features are worth noting.
There is a well defined minimum, leading to a
prediction of the light neutral Higgs boson mass
of

mCMSSM
h = 110+8

−10 (exp.) ± 3 (theo.) GeV/c2 (3)



Little Higgs Models

• alternative to SUSY as a solution to the gauge hierarchy problem

• minimal realization: littlest Higgs model 

          non-linear σ model based on SU(5)/SO(5) 

• Higgs as a pseudo-Goldstone boson:

global:     SU(5)    →   SO(5)

gauged:   [SU(2)×U(1)]1 × [SU(2) × U(1)]2 → [SU(2) × U(1)]SM

• Higgs spectrum

<∑> 

The Higgs as a Goldstone Boson

• Little Higgs models

• Basic idea:  

– Break continuous global symmetry spontaneously

– Higgs is Goldstone boson of broken symmetry

– Many variants

• Littlest Higgs model:  non-linear ! model based on 

SU(5)/SO(5)

– Global SU(5) " Global SO(5) with #$%

– Gauged [SU(2) x U(1)]1 x [SU(2) xU(1)]2

"SU(2) x U(1)SM

&$'($
) fie /2

General feature: Extra gauge bosons



Little Higgs Models

• quadratic contributions to the Higgs mass cancelled at one-loop 
by new states with same spin-statistics:

• collective symmetry breaking:

- opposite signs
- equality between coupling constants

March 31, 2007 8:12 WSPC/INSTRUCTION FILE lh-review
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where the mixing angle s is s = g2√
g2
1+g2

2

and s′ = g2√
g2
1+g2

2

while c =
√

1 − s2

and c′ =
√

1 − s′2. The two massless eigenstates, WL and BL are identified as
the weak gauge bosons in the SM. The two massive eigenstates, WH and BH , are
the additional gauge bosons having masses of the order of f . The gauge coupling
constants of the unbroken subgroup, SU(2)L and U(1)Y , are given by,

g =
g1g2

√

g2
1 + g2

2

, g′ =
g′1g

′
2

√

g′21 + g′22
. (19)

The quartic couplings of the Higgs boson to the gauge bosons arise from the
next-to-leading order terms in the expansion in Eq. (3),

LΣ →
1

2
Tr

∣

∣

∣

∣

∑

j=1,2

[

gjWj(QjΠΣ0 + ΠΣ0Q
T
j ) + g′jBj(YjΠΣ0 + ΠΣ0Y

T
j )

]∣

∣

∣

∣

2

(20)

→
1

4
(g1g2W1W2 + g′1g

′
2B1B2)H

†H + ...

=
1

4

[

g2(WLWL − WHWH) + g′2(BLBL − BHBH)

]

H†H + .....

Thus the quartic couplings H†HWLWL and H†HWHWH are of equal magnitude
but opposite signs. The opposite signs come about because the WL and WH gauge
bosons are orthogonal to each other. The cancellation of quadratic divergences
among diagrams shown in Fig. 1 at one loop thus ensues.

In the fermion sector, to cancel the top loop contribution to the radiative cor-
rections to the Higgs boson mass, one needs to introduce a vector-like pair of the
color triplet and iso-singlet heavy tops, t̃ and t̃′. The field t̃ then form a triplet,
together with (b t), under the SU(3)1 global symmetry, χT = (b t T ). The Yukawa
interactions take the following form,

LY uk =
1

2
λ1fεijkεxyχiΣjxΣkyu′

3 + λ2f t̃t̃′ + h.c. . (21)

The first term in this Yukawa Lagrangian preserves the SU(3)1 global symmetry and
breaks the SU(3)2 global symmetry, while the mass term of the vector-like quarks
preserves the SU(3)2 and breaks SU(3)1. Due to the SU(3)1 global symmetry, the

WL WH

g
2

-g
2

Fig. 1. The cancellation of the quadratic contributions to Higgs mass square at one loop in the
gauge sector.
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couplings of t3 to h0u′
3 and t̃u′

3, and the quartic coupling h0h0∗t̃u′
3 are related,

LYuk → −iλ1

[√
2h0t3 + if t̃ − ih0h0∗ t̃

f

]

u′
3 + h.c. . (22)

These relations lead to the cancellation of the quadratic divergences among diagrams
shown in Fig. 2 in the fermion sector at one-loop.

Because of the non-abelian transformation, h → h + ε, the quadratic contribu-
tions to mH can only arise at the two-loop level, due to the following scalar and
fermion interactions,

Ls =
a2

2
f4

{

g2
j

∑

a

Tr

[(

Qa
j Σ

)

+

(

Qa
j Σ

)∗]

+ g′2j Tr

[(

YjΣ

)

+

(

YjΣ

)∗]}

(23)

Lf = −
a′

4
λ2

1f
4εwxεyzε

ijkεkmnΣiwΣjxΣ∗myΣ∗nz , (24)

where the parameters a and a′ are the coefficients that parametrize the unknown
UV physics. The scalar potential arises by integrating out the heavy top, T , as well
as the heavy gauge bosons,

VCW = λΦ2f2Tr(Φ†Φ) + λHΦHf(HΦ†H) − µ2HH† + λH4 (HH†)2 , (25)

where

µ2 ∼ a
f2

16π2
(26)

4λH4 = λΦ2 =
a

2

[

g2

s2c2
+

g′2

s′2c′2

]

+ 8a′λ2
1 (27)

λHΦH = −
a

4

[

g2(c2 − s2

s2c2
+

g′2(c′2 − s′2)

s′2c′2

]

+ 4a′λ2
1 . (28)

The complete Feynman rules of the littlest Higgs model has been presented in
Ref. 8. Various collider phenomenology of the littlest Higgs model has been discussed
extensively in Ref. 8, 9, and the flavor sector in this model has been studied in
Ref. 10, including the generation of fermion masses11.

2.1.2. Littlest Higgs with T-parity

As we will see in the next section, the littlest Higgs model is severely constrained
by the precision electroweak data. The most stringent one comes from the tree level

t

t

t

t

t t’

Fig. 2. The cancellation of the quadratic contributions to Higgs mass square at one loop in the
top quark sector.

   W, Z, B ↔  W’, Z’, B’

t  ↔  T

H   ↔   ϕ

quadratic contributions to Higgs mass only at two-loop



Little Higgs Models

• naturalness requires f~ (1-2) TeV

• mixing with W’ and Z’ breaks custodial symmetry at tree level

• tree level constraints:  f ~ (3-4) TeV

• one-loop contributions important

• tree level corrects (higher order terms in ChPT) ~ 

one-loop radiative corrections ~ 

for f ~ few TeV: 

heavy particles (heavy top, triplet Higgs) contributions 
important

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

1

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

1

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

1

[M-CC, Dawson, ‘03]



Little Higgs Models

• cancellations between tree and one-loop contributions can occur

• low cutoff scale f ~ 2 TeV is allowed by Mw 

[M.-C.C, Dawson, ‘03]

contributions from heavy scalar fields:

contributions from heavy top:  ~ log



Little Higgs Models

[M-CC, Dawson, ‘03]



Little Higgs Models

• Mixing of SM gauge bosons with heavy gauge bosons of the 
littlest Higgs model gives strong constraint on f 

• Imposing T-parity:  new particles must be pair produced

• tree level custodial symmetry preserved 

• scale can be as low as f ~ 500 GeV

• lightest neutral gauge boson AH can be DM candidate

[Cheng, Low, ‘04]

Little Higgs Models and Precision EW 

Measurements

• Mixing of SM gauge bosons with heavy gauge 
bosons of little Higgs models gives strong constraints 
on scale, f > 1- 4 TeV

• Introduce symmetry (T parity) so new particles must 
be produced in pairs
– Eliminates tree level constraints

– Scale can be lower, f ~ 500 GeV

– Lightest neutral gauge boson, AH, could be dark matter 
candidate

WH
ZH

H.Cheng and I. Low, hep-ph/0409025, J. Hubisz and P. Meade, hep-ph/0411264



Little Higgs Models

excluded at  99.9%,   99%,   95% CL
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Figure 7: Exclusion contours in terms of the Higgs mass mh and the symmetry breaking
scale f . From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence
level exclusion. Contours of constant values of the fine-tuning parameter F are also shown;
the solid and dashed lines correspond to F = 10 and F = 100, respectively.

SM upper bound, currently about 250 GeV. This possibility is illustrated in Fig. 7, where
we fix R = 2, δc = 0, and plot the constraints in the f − mh plane. Remarkably, values of
mh as high as 800 GeV are allowed at 95% confidence level. (Note that the approximation
made in Eq. (3.35), where the corrections of order v/f in the Higgs contribution to the
oblique parameters have been neglected, is justified in the region of interest, since f is still
of order 1 TeV.) Thus, the LH model provides an explicit, well-motivated example of a
theory in which the SM upper bound on the Higgs mass is avoided. Moreover, from the
point of view of fine tuning in the Higgs potential, the high values of mh are more natural
in the context of this model [25]. For example, let us use the ratio of the one-loop top
contribution to m2

h to the full m2
h,

F =
3λ2

t m
2
T+

4π2m2
h

log
Λ2

m2
T+

, (4.43)

as a quantitative measure of the fine tuning. (Larger values of F correspond to higher
degree of fine tuning.) Plotting the contours of constant F indicates that, in the region
of the parameter space consistent with precision electroweak constraints, the degree of fine
tuning increases with the decreasing Higgs mass. Large values of mh are clearly preferred
from the point of view of naturalness in the Higgs potential.

If T parity is an exact symmetry (including the theory completing the description

to T also occurs in top seesaw models [23]; see Ref. [24]. We are grateful to Bogdan Dobrescu for bringing
this paper to our attention.
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F = 100 
(more fine-tuned)
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Figure 7: Exclusion contours in terms of the Higgs mass mh and the symmetry breaking
scale f . From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence
level exclusion. Contours of constant values of the fine-tuning parameter F are also shown;
the solid and dashed lines correspond to F = 10 and F = 100, respectively.

SM upper bound, currently about 250 GeV. This possibility is illustrated in Fig. 7, where
we fix R = 2, δc = 0, and plot the constraints in the f − mh plane. Remarkably, values of
mh as high as 800 GeV are allowed at 95% confidence level. (Note that the approximation
made in Eq. (3.35), where the corrections of order v/f in the Higgs contribution to the
oblique parameters have been neglected, is justified in the region of interest, since f is still
of order 1 TeV.) Thus, the LH model provides an explicit, well-motivated example of a
theory in which the SM upper bound on the Higgs mass is avoided. Moreover, from the
point of view of fine tuning in the Higgs potential, the high values of mh are more natural
in the context of this model [25]. For example, let us use the ratio of the one-loop top
contribution to m2

h to the full m2
h,

F =
3λ2

t m
2
T+

4π2m2
h

log
Λ2

m2
T+

, (4.43)

as a quantitative measure of the fine tuning. (Larger values of F correspond to higher
degree of fine tuning.) Plotting the contours of constant F indicates that, in the region
of the parameter space consistent with precision electroweak constraints, the degree of fine
tuning increases with the decreasing Higgs mass. Large values of mh are clearly preferred
from the point of view of naturalness in the Higgs potential.

If T parity is an exact symmetry (including the theory completing the description

to T also occurs in top seesaw models [23]; see Ref. [24]. We are grateful to Bogdan Dobrescu for bringing
this paper to our attention.
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Figure 8: In this plot, the lines of constant relic density of the LTP are superimposed upon
the constraints from the precision electroweak observables in the f − mh plane. In the
narrow bands between the pairs of dashed lines, the LTP relic density is within 2σ of the
central value provided by the WMAP collaboration [26]. For the detailed analysis of the
LTP relic density, see Ref. [13].

above the scale Λ), the lightest T-odd particle (LTP) is stable. Generically, the LTP is the
T-odd partner of the hypercharge gauge boson, which is electrically neutral and can play
the role of WIMP dark matter. The LTP relic density has been computed in Ref. [13], and
a region in the parameter space where the LTP can account for all of the observed dark
matter has been identified. In Fig. 8, the 2 sigma contours on the dark matter relic density
are superposed over a plot of the precision electroweak constraints where R = 2, δc = 0,
and mh and f are allowed to vary. There is a region of the allowed parameter space in
which the LTP can account for all of the dark matter.

In Figs. 5–8, the contribution of the T-odd fermions to the T parameter is neglected.
This approximation is justified as long as the T-odd fermions are sufficiently light: for
example, for T-odd fermion mass of 300 GeV, their total contribution to the T parameter
is very small, and does not have any noticeable effect on the fits. On the other hand,
heavier T-odd fermions can have a substantial effect. This is illustrated in Fig. 9, where
the T-odd fermion contribution has been assumed to have the maximal size consistent with
the constraint from four-fermi interactions, Eq. (3.41). (This corresponds to the T-odd
fermion masses saturating the upper bound in Eq. (3.39).) While the constraints in this
case are more severe, consistent fits can still be obtained for values of f below 1 TeV.
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F = 10

Heavy Higgs allowed in littlest Higgs 
model with T-parity!

LTP relic density within 2σ 
of WMAP central value

Lightest T-odd Particle can be 
DM candidate

[Hubisz, Meade, Noble, Perelstein, ‘05]



Models with a Triplet Higgs
• triplet Higgs present in many models:

• LR SU(2)L x SU(2)R symmetric model, SO(10) GUT...

• littlest Higgs model

• SM + triplet Higgs

• what is a triplet Higgs good for?

• gauge coupling unification without SUSY (no proton decay, 
though no predictivity either)

Table 1: Choices of Higgs representations that allow for coupling constant unification without any other
extension of the SM. NT,Y is the number of representations with indicated T and Y . The tabulated
αs(mZ) values are those that allow for unification at the tabulated MU scales.

N1/2,1 N1/2,3 N0,2 N0,4 N1,0 N1,2 αs(mZ) MU (GeV)
1 0 0 2 0 0 0.106 4 × 1012

1 0 4 0 0 1 0.112 7.7 × 1012

1 0 0 0 0 2 0.120 1.6 × 1013

2 0 0 0 1 0 0.116 1.7 × 1014

2 0 2 0 0 2 0.116 4.9 × 1012

2 1 0 0 0 2 0.112 1.7 × 1012

3 0 0 0 0 1 0.105 1.2 × 1013

moderate light A0 (roughly mA0 <∼
1
2mh0) and SM-like h0 one finds

∆ρ =
α

16πm2
W c2

W

{
c2
W

s2
W

m2
H± − m2

H0

2
− 3m2

W

[

log
m2

h0

m2
W

+
1

6
+

1

s2
W

log
m2

W

m2
Z

]}

(1)

from which we see that the first term can easily compensate the large negative contribution
to ∆ρ from the log(m2

h0/m2
W ) term. In Fig. 1, the blobs correspond to 2HDM parameter

choices for which: (a) mh0 =
√

s (either 500 GeV or 800 GeV) of a linear e+e− collider

Figure 1: The outer ellipses show the 90% CL region from current precision electroweak data in the
S, T plane for U = 0 relative to a central point defined by the SM prediction with mhSM

= 115 GeV.
The blobs of points show the S, T predictions for 2HDM models with a light A0 and with tanβ such
that the A0 cannot be detected in bbA0 or ttA0 production at either the LC or the LHC; the mass of the
SM-like h0 is set equal to

√
s = 500 GeV (left) or 800 GeV (right) and mH± and mH0 have been chosen

to minimize the χ2 of the full precision electroweak fit. The innermost (middle) ellipse shows the 90%
(99.9%) CL region for mhSM

= 115 GeV after Giga-Z LC operation and a ∆mW <∼ 6 MeV threshold
scan measurement. The stars to the bottom right show the S, T predictions in the case of the SM with
mhSM

= 500 GeV (left) or 800 GeV (right). This figure is from [12].

3
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Models with a Triplet Higgs
• what is a triplet Higgs good for:

• generating neutrino masses

• fij:  ∆++ → l+ l+         measure neutrino properties at colliders

• leptogenesis:  ∆++ → l+ l+    

• leptogenesis:   

• Higgs spectrum of model with a doublet and a triplet:

• two neutral Higgses

• one charged Higgs

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

(g, g′, v, v′)→ (Gµ, MZ , α, s2
θ)

ρ $= 1

4s2
θ − 1 ≡ Re(g2

v)
Re(ge

A)

LH: 4s2
θ − 1 = 4s2

w +
v2

f2
(.....)

fijL
T
i,L∆LLj,L → fij(∆0

Lνi,Lνj,L +
1
2
∆+

L [νi,Lej,L + ei,Lνj,L] + ∆++
LL ei,Lej,L)

1

2

The W boson mass is given by,

M2
W =

g2

4
(v2 + v′2) , (3)

leading to the relationship v2
SM = (246 GeV)2 = v2 +v′2.

There are four physical Higgs bosons in the spectrum:
two neutral Higgs bosons, H0 and K0, and a charged
Higgs boson, H±. The mixing between the two neutral
Higgs bosons is described by an angle γ,

(

H0

K0

)

=

(

cγ sγ

−sγ cγ

) (

φ0

η0

)

. (4)

The charged Higgs bosons H± are linear combinations of
the charged components in the doublet and the triplet,
with a mixing angle δ,

(

G±

H±

)

=

(

cδ sδ

−sδ cδ

) (

φ±

η±

)

, (5)

where G± are the Goldstone bosons corresponding to the
longitudinal components of W±.

In terms of the custodial symmetry violating parame-
ter, ρ, the relation between the W and Z boson masses
is modified from the SM relationship, ρ = 1, to be,

ρ =
M2

W

M2
Z cos2 θW

=
1

cos2 δ
. (6)

where v′ = 1
2
v tan δ .

The symmetry breaking in this model is described by
the following scalar potential,

V (H, Φ) = µ2
1

∣

∣H
∣

∣

2
+

1

2
µ2

2Φ
2 + λ1

∣

∣H
∣

∣

4
+

1

4
λ2Φ

4

+
1

2
λ3

∣

∣H
∣

∣

2
Φ2 + λ4H

†σαHΦα , (7)

where σα denotes the Pauli matrices. This
model has six parameters in the scalar sector,
(

µ2
1, µ

2
2, λ1, λ2, λ3, λ4

)

. Equivalently, we can choose
(

MH0 , MK0 , MH± , v, tan δ, tanγ
)

as the independent
parameters. Two of these six parameters, v and tan δ,
contribute to the gauge boson masses. The six inde-
pendent parameters in the scalar sector, along with the
gauge couplings, g and g′ completely describe the theory.
We can equivalently choose the muon decay constant,
Gµ, the Z-boson mass, MZ , the effective leptonic mixing
angle, sθ ≡ sin2 θeff, and the fine structure constant
evaluated at MZ , α(MZ), as our input parameters, along
with MH0 , MK0 , and MH± and tan γ and the fermion
masses, mf .

From the minimization conditions, we obtain,

4µ2
2tδ + λ2v

2t3δ + 2λ3v
2tδ − 4λ4v = 0 (8)

µ2
1 + λ1v

2 +
1

8
λ3v

2t2δ −
1

2
λ4vtδ = 0 , (9)

where tδ ≡ tan δ. Consider the case when there is no
mixing in the neutral sector,

∂2V

∂φ0∂η0
=

1

2
λ3v

2tδ − λ4v = 0 , (10)

the condition tan δ = (2λ4/λ3v) then follows. In the ab-
sence of the neutral mixing, γ = 0, in order to take the
charged mixing angle δ to zero while holding λ4 fixed, one
thus has to take λ3 to infinity. In other words, for the
triplet to decouple requires a dimensionless coupling con-
stant λ3 to become strong, leading to the breakdown of
the perturbation theory. Alternatively, the neutral mix-
ing angle γ can approach zero by taking µ2

2 → ∞ while
keeping λ3 and λ4 fixed. In this case, the minimization
condition implies that the charged mixing angle δ has to
approach zero. This corresponds to the case where the
custodial symmetry is restored, as the triplet VEV van-
ishes, v′ = 0. However, severe fine-tuning is needed to
satisfy the minimization condition. Another way to get
δ → 0 is to have λ4 → 0. This corresponds to a case in
which the model exhibits tree level custodial symmetry.
So unless one imposes by hand a symmetry to forbid λ4,
four input parameters are always needed in the renor-
malization. As the neutral mixing angle, γ, does not
contributes to the gauge boson masses, it is assumed to
be zero hereafter and thus the scalar sector consists only
five parameters. Having a non-zero value for γ does not
change our conclusions. The effects on the heavy scalar
masses in the presence of a non-zero γ can be found in
Ref. [10].

The effective leptonic mixing angle is defined through
the vector and axial vector parts of the effective 1-loop
Zee coupling, ge

V and ge
A, as,

1 − 4 sin2 θeff =
Re(ge

V )

Re(ge
A)

, (11)

while the counter term for sin2 θeff is given by [16],

δs2
θ

s2
θ

= Re

{

cθ

sθ
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ge 2
V 0 − ge 2

A0

2sθcθge
A0

Σe
A(me) +

ΣγZ(MZ)
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Z

−
ge

V 0

2sθcθ

(

ΛZee
V (MZ)

ge
V 0

−
ΛZee

A (MZ)

ge
A0

)]}

. (12)

Here ge
V 0 and ge

A0 are the tree level vector and axial vector
parts of the Zee coupling, Σe

A is the axial part of the elec-
tron self-energy, ΛZee

V,A are the un-renormalized Zee vertex

corrections, and ΣγZ is the γ−Z two point mixing func-
tion. Experimentally, the measured values for these in-
put parameters are [12], Gµ = 1.16637(1)×10−5 GeV−2,
MZ = 91.1876(21) GeV, MW = 80.410(32) GeV,
sin2 θeff = 0.2315(3) and α(MZ) = 1/128.91(2).

We emphasize that the case considered here is different
from the model considered by Chankowski et al. in [13].
In the present example, a triplet Higgs which has a VEV
that breaks the electroweak symmetry is present, while in
the model of Ref. [13], additional scalar fields except the
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1. Introduction: One of the major goals of the
LHC is uncovering the mechanisms of electroweak sym-
metry breaking and the generation of fermion masses. In
the Standard Model (SM) of particle physics, the masses
of gauge bosons and fermions are generated by the in-
teractions with a single scalar field. After spontaneous
symmetry breaking, a neutral CP-even Higgs boson, h,
remains as a physical particle and the fermion and gauge
boson masses arise through couplings to the Higgs bo-
son. Discovering the Higgs particle and measuring its
properties is central to an understanding of electroweak
symmetry breaking.

Measurements at LEP, SLD, and the Tevatron have
been extensively used to restrict the parameters of the
Standard Model. In the SM, the mass of the Higgs bo-
son is strongly constrained by precision electroweak mea-
surements. If there are new particles or new interactions
beyond those of the SM, a global fit to the experimental
data can yield information about the allowed parameters
of the model.

In models which contain more Higgs bosons than the
SU(2)L doublet of the SM, there are more parameters
in the gauge/Higgs sector than in the Standard Model.
If these additional Higgs bosons are in SU(2)L represen-
tations other than singlets and doublets, the SM rela-
tion, ρ = M2

W /(M2
Z cos2 θW ) = 1 does not hold at tree

level. This has the implication that when the theory is
renormalized at one-loop, extra input parameters beyond
those of the SM are required [1, 2, 3, 4, 5, 6].

In this letter we consider a simple model with ρ != 1 at
tree level, the Standard Model with a Higgs doublet and
an additional Higgs triplet. Higgs triplets are an essential
ingredient of the Little Higgs (LH) class of models and
so have received significant attention recently [7].

LH models [7] are a new approach to understanding
the hierarchy between the TeV scale of possible new
physics and the electroweak scale, v = 246 GeV =
(
√

2GF )−1/2. These models have an expanded gauge
structure at the TeV scale which contains the Standard
Model SU(2)× U(1) electroweak gauge groups. The LH
models are constructed such that an approximate global
symmetry prohibits the Higgs boson from obtaining a

quadratically divergent mass until at least two loop order.
The Higgs boson is a pseudo-Goldstone boson resulting
from the spontaneous breaking of the approximate global
symmetry and so is naturally light. The Standard Model
then emerges as an effective theory which is valid below
the scale f associated with the spontaneous breaking of
the global symmetry. LH models contain weakly cou-
pled TeV scale gauge bosons from the expanded gauge
structure, which couple to the Standard Model fermions.
In addition, these new gauge bosons typically mix with
the Standard Model W and Z gauge bosons. Modifica-
tions of the electroweak sector of the theory, however, are
severely restricted by precision electroweak data and re-
quire the scale of the little Higgs physics, f , to be in the
range f > 1−6 TeV [8], depending on the specifics of the
model. The LH models also contain expanded Higgs sec-
tors with additional Higgs doublets and triplets, as well
as a new charge 2/3 quark, which have important im-
plications for precision electroweak measurements [5]. In
Ref. [5] we found that by including the one-loop contribu-
tions from the heavy scalars, the scale f can be lowered.
We have also observed the non-decoupling behaviour of
the triplet. The non-decoupling of the scalar fields in
models with additional scalar fields that acquire elec-
troweak breaking VEV was first pointed out in Ref. [9].

The effects of the prediction for the W−boson mass in
a Higgs triplet model were considered in Ref. [6] and here
we present a global fit to the electroweak observables in
this model.

2. The Triplet Model: We consider the Standard
Model with an additional Higgs boson which transforms
as a real triplet under the SU(2)L gauge symmetry. The
SU(2)L Higgs doublet is identical to that of the SM,

H =

(

φ+

1√
2
(v + η0 + iφ0)

)

, (1)

while the real triplet is

Φ =





η+

v′ + η0

η−



 . (2)
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1. Introduction: One of the major goals of the
LHC is uncovering the mechanisms of electroweak sym-
metry breaking and the generation of fermion masses. In
the Standard Model (SM) of particle physics, the masses
of gauge bosons and fermions are generated by the in-
teractions with a single scalar field. After spontaneous
symmetry breaking, a neutral CP-even Higgs boson, h,
remains as a physical particle and the fermion and gauge
boson masses arise through couplings to the Higgs bo-
son. Discovering the Higgs particle and measuring its
properties is central to an understanding of electroweak
symmetry breaking.

Measurements at LEP, SLD, and the Tevatron have
been extensively used to restrict the parameters of the
Standard Model. In the SM, the mass of the Higgs bo-
son is strongly constrained by precision electroweak mea-
surements. If there are new particles or new interactions
beyond those of the SM, a global fit to the experimental
data can yield information about the allowed parameters
of the model.

In models which contain more Higgs bosons than the
SU(2)L doublet of the SM, there are more parameters
in the gauge/Higgs sector than in the Standard Model.
If these additional Higgs bosons are in SU(2)L represen-
tations other than singlets and doublets, the SM rela-
tion, ρ = M2

W /(M2
Z cos2 θW ) = 1 does not hold at tree

level. This has the implication that when the theory is
renormalized at one-loop, extra input parameters beyond
those of the SM are required [1, 2, 3, 4, 5, 6].

In this letter we consider a simple model with ρ != 1 at
tree level, the Standard Model with a Higgs doublet and
an additional Higgs triplet. Higgs triplets are an essential
ingredient of the Little Higgs (LH) class of models and
so have received significant attention recently [7].

LH models [7] are a new approach to understanding
the hierarchy between the TeV scale of possible new
physics and the electroweak scale, v = 246 GeV =
(
√

2GF )−1/2. These models have an expanded gauge
structure at the TeV scale which contains the Standard
Model SU(2)× U(1) electroweak gauge groups. The LH
models are constructed such that an approximate global
symmetry prohibits the Higgs boson from obtaining a

quadratically divergent mass until at least two loop order.
The Higgs boson is a pseudo-Goldstone boson resulting
from the spontaneous breaking of the approximate global
symmetry and so is naturally light. The Standard Model
then emerges as an effective theory which is valid below
the scale f associated with the spontaneous breaking of
the global symmetry. LH models contain weakly cou-
pled TeV scale gauge bosons from the expanded gauge
structure, which couple to the Standard Model fermions.
In addition, these new gauge bosons typically mix with
the Standard Model W and Z gauge bosons. Modifica-
tions of the electroweak sector of the theory, however, are
severely restricted by precision electroweak data and re-
quire the scale of the little Higgs physics, f , to be in the
range f > 1−6 TeV [8], depending on the specifics of the
model. The LH models also contain expanded Higgs sec-
tors with additional Higgs doublets and triplets, as well
as a new charge 2/3 quark, which have important im-
plications for precision electroweak measurements [5]. In
Ref. [5] we found that by including the one-loop contribu-
tions from the heavy scalars, the scale f can be lowered.
We have also observed the non-decoupling behaviour of
the triplet. The non-decoupling of the scalar fields in
models with additional scalar fields that acquire elec-
troweak breaking VEV was first pointed out in Ref. [9].

The effects of the prediction for the W−boson mass in
a Higgs triplet model were considered in Ref. [6] and here
we present a global fit to the electroweak observables in
this model.

2. The Triplet Model: We consider the Standard
Model with an additional Higgs boson which transforms
as a real triplet under the SU(2)L gauge symmetry. The
SU(2)L Higgs doublet is identical to that of the SM,
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and the bi-doublet acquire VEV’s, we obtain the following mass terms for
the leptons

Me = κ′eiακ′ Pij + κRij , MDirac
ν = κPij + κ′e−iακ′ Rij (1.171)

MRR
ν = vRfij , MLL

ν = vLeiαLfij . (1.172)

The effective neutrino mass matrix, M eff
ν , which arises from the Type-II

seesaw mechanism, is thus given by

M eff
ν = M II

ν − M I
ν = (feiαL −

1

β
PT f−1P )vL , (1.173)

M I
ν = (MDirac

ν )T (MRR
ν )−1(MDirac

ν ) (1.174)

= (κP + κ′e−iακ′ R)T (vRf)−1(κP + κ′e−iακ′ R)

"
vL

β
PT f−1P ,

M I
ν = vLeiαLf . (1.175)

Consequently, the connection between CP violation in the quark sector and
that in the lepton sector, which is made through the phase ακ′ , appears
only at the sub-leading order, O (κ′/κ), thus making this connection rather
weak. We will neglect these sub-leading order terms, and there is thus only
one phase, αL, that is responsible for all leptonic CP violation.

The three low energy phases δ, α21, α31, in the MNS matrix are there-
fore functions of the single fundamental phase, αL. Neutrino oscillation
probabilities depend on the Dirac phase through the leptonic Jarlskog in-
variant, which is proportional to sinαL, J$

CP ∝ sin αL. There are two ways
to generate lepton number asymmetry. One is through the decay of the
SU(2)L triplet Higgs, ∆∗ → % + %, and the corresponding asymmetry is
given by,

ε =
Γ(∆∗

L → % + %) − Γ(∆L → % + %)

Γ(∆∗
L → % + %) + Γ(∆L → % + %)

. (1.176)

The asymmetry can also be generated through the decay of the lightest RH
neutrinos, N1 → % + H†, and the asymmetry in this case is,

ε =
Γ(N1 → % + H†) − Γ(N1 → % + H)

Γ(N1 → % + H†) + Γ(N1 → % + H)
. (1.177)

Whether N1 decay dominates or ∆L decay dominates depends upon if N1 is
heavier or lighter than ∆L. As the mass of the triplet Higgs is typically at
the scale of the LR breaking scale, it is naturally heavier than the lightest
RH neutrino. As a result, N1 decay dominates. With the particle content
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Fig. 1.15. Diagrams in the minimal left-right model that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos.

of this model, there are three diagrams at one loop that contribute to
leptogeiesis, as shown in Fig. 1.15. The contribution from diagram (a) and
(b) mediated by charged lepton and Higgs doublet, which appear also in
standard leptogenesis with SM particle content, is given by [60],

εN1 =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M I

ν

)∗ MT
D

)

11

(MDM†
D)11

. (1.178)

Now, there is one additional one-loop diagram, Fig. 1.15 (c), mediated by
the SU(2)L triplet Higgs. It contributes to the decay amplitude of the
right-handed neutrino into a doublet Higgs and a charged lepton, which
gives an additional contribution to the lepton number asymmetry [60],

ε∆L =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M II

ν

)∗ MT
D

)

11

(MDM†
D)11

, (1.179)

where MD is the neutrino Dirac mass term in the basis where the RH
neutrino Majorana mass term is real and diagonal,

MD = ORMD, fdiag = ORfOT
R . (1.180)

Because there is no phase present in either MD = Pκ or M I
ν or OR, the

quantity MD

(
M I

ν

)∗ MT
D is real, leading to a vanishing εN1 . This state-

ment is true for any chosen unitary transformations UL and UR defined in
Eq. (1.167). On the other hand, the contribution, ε∆L , due to the diagram
mediated by the SU(2)R triplet is proportional to sinαL.

As all leptonic CP violation in this model come from one single origin,
that is, the phase in the VEV of the LH triplet, 〈∆L〉, strong correlation
between leptogenesis and low energy CP violating processes can thus be
established. In particular, both J"

CP and ε are proportional to sinαL.

Minimal LR model with SCPV: 
leptogenesis ↔ neutrino oscillation

[M-CC, Mahanthappa ‘05]



Models with a Triplet Higgs
• SM: three fundamental parameters in gauge-fermion sector

• in the presence of a (relatively light)  SU(2)L triplet Higgs:

valid renormalization scheme requires 4 input parameters

• LEP definition

(g, g′, v)→ (Gµ, MZ , α)

1

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

1

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

(g, g′, v, v′)→ (Gµ, MZ , α, s2
θ)

1

[Blank, Hollik ‘98]

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

(g, g′, v, v′)→ (Gµ, MZ , α, s2
θ)

ρ $= 1

1

relation bt Mw & Mz

(g, g′, v)→ (Gµ, MZ , α)

ρ = 1 =
M2

W

M2
Zc2

θ

√
2Gµ =

πα

M2
W s2

θ

(1 + ∆r)

v2

f2

1
16π2

∼ v2

f2
∼ a few %

(g, g′, v, v′)→ (Gµ, MZ , α, s2
θ)

ρ $= 1

4s2
θ − 1 ≡ Re(g2

v)
Re(ge

A)

1
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• fixing Mw using µ-decay

•
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Models with a Triplet Higgs
• SM + a triplet Higgs
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MW in the TM model still agrees with the experimental 1σ limits. Fig. 4 shows the
prediction for MW as a function of MH0 for various values of MK0 and MH± . For
small M2

K0−M2
H± , the lightest neutral Higgs boson mass can range from MH0 = 100

GeV to a TeV and still satisfy the experimental prediction for MW . This agrees with
our conclusion in Sec. 3 that to minimize the scalar contribution to ∆rtriplet, the
mass splitting M2

K0−M2
H± has to be small and that when the mass splitting is small,

cancellations can occur between the contributions of the lightest neutral Higgs and
those of the additional scalar fields. This has new important implications for the
Higgs searches.
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Fig. 3. Prediction for the W mass in the TM as a function of the top quark mass for scalar
masses, MH0 , MK0 and MH± , varying independently between (a) 1− 3 TeV, (b) 300− 600 GeV,

and (c) 500 − 600 GeV. The data point represents the experimental values with 1σ error bars1.
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6. Conclusion

We have considered the top quark contribution to muon decay at one loop in the
SM and in two models with ρ != 1 at tree level: the SM with an addition real scalar
triplet and the minimal left-right model. In these new models, because the ρ param-
eter is no longer equal to one at the tree level, a fourth input parameter is required
in a consistent renormalization scheme. These models illustrate a general feature
that the mt dependence in the radiative corrections ∆rtriplet becomes logarithmic,
contrary to the case of the SM where ∆rSM depends on mt quadratically. One
therefore loses the prediction for mt from radiative corrections. On the other hand,
due to cancellations between the contributions to the radiative corrections from the
SM Higgs and the triplet, a Higgs mass MH0 as large as a few TeV is allowed by
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Fig. 4. Prediction for the W mass in the TM as a function of the lightest neutral Higgs boson
mass, MH0 , for various values of MK0 and MH± . The area bounded by the two horizontal lines

is the 1σ allowed region for MW
1.

1σ limit 
on Mw

[M-CC, Dawson, Krupovnickas ‘05]Heavy Higgs allowed by Mw 
measurement alone
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FIG. 2: Prediction for MW as a function of mt for MH0 =
120, 500 and 1000 GeV[6]. The masses for MH+ and MK0

are taken to be 300 GeV. The error bars on the data point
represent the 1σ experimentally allowed region.

to the W mass alone. However, if we include the con-
straint from the ΓZ measurement, the best fit to the
data then occurs for a light Standard Model like Higgs
boson with 100 GeV < MH0 < 200 GeV and degener-
ate MH± = MK0 , as illustrated in Fig. 3. Note that the
fit is not sensitive to the mass of the degenerate Higgs
bosons. This is consistent with the reults of Ref. [4]. We
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FIG. 3: The allowed parameter space in the MH0 and MH+

plane for various χ2 values with and without the constraint
from ΓZ . The mass MK0 is taken to be equal to MH0 . The
top quark mass is taken to be mt = 172.7 GeV.

have also investigated the case where a mass splitting be-
tween MH+ and MK0 is present, as shown in Fig. 4. In
this case, there are large contributions proportional to
differences in the scalar masses. When the mass split-
ting is large, the contributions from the heavy scalars
can be significant. It is found that the case in which
the charged Higgs is heavier than the additional neutral
Higgs, i.e. MH+ ! MK0 , is disfavored, while the cases
of MH+ ∼ MK0 and MH+ # MK0 are allowed.
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FIG. 4: The allowed parameter space in the MH0 and MH+

plane for various χ2 values. Here we consider mass splitting
between MK0 and MH+ . Three possible cases are considered:
(i) MH+ − MK0 > 300 GeV; (ii)

∣

∣MH+ − MK0

∣

∣ < 300 GeV;
(iii) MK0 − MH+ > 300 GeV. The top quark mass is taken
to be mt = 172.7 GeV.

The reason why ΓZ plays such an important role in the
global fit in the triplet model can be understood in the
following way. The asymmetries in the triplet case do not
receive corrections up to O(( 1

16π2 )2). Thus the only ob-
servables in the triplet model that are sensitive to mt and
MH0 are MW and ΓZ . As a result, ΓZ plays an impor-
tant role in the χ2 fit and can significantly constrain the
allowed parameter space for MH0 . On the other hand,
all the observables considered in the global fit in the SM
are sensitive to mt and MH0 . The constraint on ΓZ alone
therefore does not have such a large effect. This also has
the implication that the χ2/dof value for the global fit in
the SM is not as good as that in the triplet model.

We comment that even though in the triplet model
many observables exhibit only very mild logarithmic or
no dependence on mt up to O( 1

16π2 ), the Z-width ΓZ still
depends on mt quadratically, as can be seen in Fig. 5.
Furthermore, in the triplet model, ΓZ decreases as mt

increases, while in the SM case, ΓZ increases as mt. Due
to this strong dependence on mt through ΓZ , it is still

[M-CC, Dawson, Krupovnickas ‘06]

3

Observable Experimental Value
MW 80.410 ± 0.032 GeV
ΓZ 2.4952 ± 0.0023 GeV
RZ 20.767 ± 0.025
Rb 0.21629 ± 0.00066
Rc 0.1721 ± 0.0030

ALR 0.1465 ± 0.0032
Ab 0.923 ± 0.020
Ac 0.670 ± 0.027

A0,l
F B 0.01714 ± 0.00095

A0,b
F B 0.0992 ± 0.0016

A0,c
F B 0.0707 ± 0.0035

TABLE I: Precision data included in the global fit [11].

SM Higgs boson acquire VEVs that break the electroweak
symmetry. In their case the effects of the additional Higgs
multiplets can be decoupled from the SM predictions.

3. Global fit: Here we present a global fit to the
suite of electroweak precision measurements shown in Ta-
ble 1. The observables in the triplet Higgs model are
calculated at 1-loop order using the results of Refs. [2]
and [6]. Due to the presence of the extra Higgs bosons,
the theoretical predictions are different from those of the
Standard Model.

The effective vector and axial vector couplings of the
fermion f to the Z boson, gf

V and gf
A, are determined at

one loop in the triplet model,

gf
V =

(

ρ
1 − ∆r̃

1 + Π̂Z(M2
Z)

)1/2

(13)

·
[

gf
V 0 + 2sθcθQf Π̂γZ(M2

Z) + FZf
V (M2

Z)

]

gf
A =

(

ρ
1 − ∆r̃

1 + Π̂Z(M2
Z)

)1/2

·
[

gf
A0 + FZf

A (M2
Z)

]

.(14)

They completely determine the observables of Table 1.
Using the one-loop corrected effective couplings gf

V and

gf
A, we can then calculate various Z-pole observables.

The on-resonance asymmetries Af are determined by the
effective coupling constants via the following relation,

Af =
2gf

V gf
A

(gf
V )2 + (gf

A)2
. (15)

Specifically, the left-right asymmetry is defined as ALR =
Ae, and the forward-backward asymmetry of the fermion
as Af

FB = 3
4
AeAf . The dependence of the asymmetries

on the scalar masses and mt appears only at O(( 1
16π2 )2)

in the Higgs triplet model. As a result, predictions for
various asymmetries, ALR, Ab, Ac, A0$

FB, A0,b
FB and A0,c

FB,
are relatively insensitive to mt and to the scalar masses,
MH0 , MK0 , and MH+ . The prediction for the left-right
asymmetry, ALR, is shown in Fig. 1.

The partial width of Z decay to the fermion pair ff is
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FIG. 1: Prediction for the left-right asymmetry, ALR = Ae,
as a function of mt.The scalar masses, mH0 , mK0 and mH+

are taken to be equal and are allowed to vary between 60 GeV
to 1 TeV. The error bars on the data point represent the 1σ
experimentally allowed region.

given by [2],

Γf = Γ0

(

(gf
V )2 + (gf

A)2
(

1 −
6m2

f

M2
Z

))

(16)

·
(

1 + Q2
f
3α

4π

)

+ ∆Γf
QCD ,

where Γ0 =
√

2Nf
CGµM3

Z

12π , Nf
C = 1 (3) for leptons (quarks),

and ∆Γf
QCD summarizes the QCD corrections [2]. Note

that gf
V and gf

A are the one-loop effective coupling con-
stants, determined by Eq. 13 and 14. The factor (1 +
3αQ2

f/4π) includes the corrections to the prefactor in
the partial decay width. The total Z width is the sum of
the fermion partial widths, ΓZ =

∑

f Γf . Various ratios
at the Z-pole are included in the fit and are defined as,
RZ = Γhad/Γe, Rc = Γc/Γhad, and Rb = Γb/Γhad.

A numerical fit to just the W mass showed that there
were large cancellations between the various contribu-
tions in the Higgs triplet model and the lightest neutral
Higgs boson could be heavy, as shown in Fig. 2. (All
of our fits take γ = 0). This has been observed previ-
ously in generic models where ρ "= 1 at tree level [2, 6].
Furthermore, the prediction for M2

W exhibits a logarith-
mic dependence, rather than a quadratic one, on mt. In
other words, the m2

t dependence in the case with a triplet
Higgs has been absorbed into the definition of sin2 θeff (or
equivalently, the definition of ρ.)

It is interesting to note the pivotal role of ΓZ in the
fit. In the global fit without including the constraint
from the experimental value of ΓZ , the allowed param-
eter space for MH0 is rather broad, ranging from 100
GeV to 1 TeV. This is consistent with the fit obtained

observables included in the fit: 

Total Z-width:  Γz = ∑ Γf

  excluded Γz: mH = (100-1000) GeV
  included Γz:  mH = (100-200) GeV

   ⇒  global fit important!
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• importance of  Γz in triplet model:

• no corrections to asymmetries up to  

• observables most sensitive to mt or mH are Mw and Γz

• compared to SM case: all observables sensitive to mt or mh 

• Γz ~ (mt)2   :  can still place bound on mt

4

m
t
 (GeV)

M
W

 (
G

e
V

)

m H
0 = 1000 GeV

m H
0 = 500 GeV

m H
0 = 120 GeV

m
H

+ = m
K

0 = 300 GeV

80.32

80.34

80.36

80.38

80.4

80.42

80.44

80.46

100 120 140 160 180 200 220 240

FIG. 2: Prediction for MW as a function of mt for MH0 =
120, 500 and 1000 GeV[6]. The masses for MH+ and MK0

are taken to be 300 GeV. The error bars on the data point
represent the 1σ experimentally allowed region.

to the W mass alone. However, if we include the con-
straint from the ΓZ measurement, the best fit to the
data then occurs for a light Standard Model like Higgs
boson with 100 GeV < MH0 < 200 GeV and degener-
ate MH± = MK0 , as illustrated in Fig. 3. Note that the
fit is not sensitive to the mass of the degenerate Higgs
bosons. This is consistent with the reults of Ref. [4]. We
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FIG. 3: The allowed parameter space in the MH0 and MH+

plane for various χ2 values with and without the constraint
from ΓZ . The mass MK0 is taken to be equal to MH0 . The
top quark mass is taken to be mt = 172.7 GeV.

have also investigated the case where a mass splitting be-
tween MH+ and MK0 is present, as shown in Fig. 4. In
this case, there are large contributions proportional to
differences in the scalar masses. When the mass split-
ting is large, the contributions from the heavy scalars
can be significant. It is found that the case in which
the charged Higgs is heavier than the additional neutral
Higgs, i.e. MH+ ! MK0 , is disfavored, while the cases
of MH+ ∼ MK0 and MH+ # MK0 are allowed.
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FIG. 4: The allowed parameter space in the MH0 and MH+

plane for various χ2 values. Here we consider mass splitting
between MK0 and MH+ . Three possible cases are considered:
(i) MH+ − MK0 > 300 GeV; (ii)

∣

∣MH+ − MK0

∣

∣ < 300 GeV;
(iii) MK0 − MH+ > 300 GeV. The top quark mass is taken
to be mt = 172.7 GeV.

The reason why ΓZ plays such an important role in the
global fit in the triplet model can be understood in the
following way. The asymmetries in the triplet case do not
receive corrections up to O(( 1

16π2 )2). Thus the only ob-
servables in the triplet model that are sensitive to mt and
MH0 are MW and ΓZ . As a result, ΓZ plays an impor-
tant role in the χ2 fit and can significantly constrain the
allowed parameter space for MH0 . On the other hand,
all the observables considered in the global fit in the SM
are sensitive to mt and MH0 . The constraint on ΓZ alone
therefore does not have such a large effect. This also has
the implication that the χ2/dof value for the global fit in
the SM is not as good as that in the triplet model.

We comment that even though in the triplet model
many observables exhibit only very mild logarithmic or
no dependence on mt up to O( 1

16π2 ), the Z-width ΓZ still
depends on mt quadratically, as can be seen in Fig. 5.
Furthermore, in the triplet model, ΓZ decreases as mt

increases, while in the SM case, ΓZ increases as mt. Due
to this strong dependence on mt through ΓZ , it is still
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FIG. 5: Prediction for ΓZ as a function of mt for MH0 =
120, 500 and 1000 GeV. The masses for MH+ and MK0 are
taken to be 300 GeV. The error bars on the data point rep-
resent the 1σ allowed region.

possible to place limits on mt using the precision data in
the Higgs triplet model.

It is interesting to note that in the littlest Higgs model
with T-parity, a SM-like Higgs boson as heavy as 800
GeV is allowed by the global fit [14] (in this case, as tree
level custodial symmetry is preserved, a three-parameter
global fit is appropriate). This is because the new heavy
top quark which exists in this model gives a positive con-
tribution to the ρ parameter which cancels the large neg-
ative contribution from the heavy Higgs boson.

4. Understanding the Triplet VEV: It is interest-
ing to interpret our results as a limit on the triplet VEV,
v′. We calculate v′ from the relationship,

ρ = 1 +
4v′ 2

v2
=

M2
W

M2
Zc2

θ

=
1

cos2 δ
(17)

where v2
SM = v2 + v′ 2 = (246 GeV)2. We note that v′

depends only on MW and not on the other observables
of the global fit. In Fig. 6 we show the prediction for
v′ as a function of mt at one-loop. By comparison with
Fig. 2, we see that for MK0 = MH± , the value of v′

which correctly reproduces the experimental value of MW

ranges from v′ = 12.85 GeV for MH0 = 120 GeV to
v′ = 13.6 GeV for MH0 = 1 TeV. Figures 7 and 8 show
the predictions for MW and v′ for non-degenerate MK0

and MH± , the experimental value of MW can be obtained
for v′ ∼ 12 GeV. The mixing angle in the neutral Higgs
sector, δ, can be extracted using Eq. 17. It is found to
be δ ∼ 6o.

It is interesting to compare our results with the tree
level results of Erler and Langacker to the parameters of
the triplet model contained in Ref. [12]. In this refer-
ence they found that the best fit was obtained with ρ "
ρ0(1 + ρt) " 1.0096, where ρ0 includes the new physics
contributions and ρt = 0.00935 (mt/172.7 GeV)2. This

corresponds to v′ = 12.03 GeV for mt = 172.7 GeV.
This tree level bound on the triplet VEV, v′, is smaller
than the bound we found at one-loop. The difference be-
tween this result and our results can be attributed to the
important effects of the scalar loops.
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FIG. 6: Prediction for the triplet VEV, v′, as a function of
mt for MH0 = 120, 500 and 1000 GeV. The masses MH+ and
MK0 are taken to be 300 GeV. The band represents the 1σ
experimentally allowed region for mt.
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5. Conclusion: In models with a triplet Higgs bo-
son, an extra input parameter is required for a consistent

[M-CC, Dawson, Krupovnickas ‘06]
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• simplest extension of the SM: adding a fourth 

sequential family 

• gauge coupling constant unification without 
SUSY

• some models of dynamical symmetry breaking 
would work better with a heavier top quark

• constraints from flavor changing processes

• unitarity of the 4x4 CKM matrix

• non-observation of µ→eγ: mixing bt 1st/2nd & 
4th generations < 0.02 for Dirac neutrinos

• limits on t’(→Wb) ~ 265 GeV (with 1fb-1)

• limits on b’ (→Wj, Wt) ~ 300 GeV
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FIG. 7: The minimum scale at which new physics enters into
the Higgs potential to avoid either a too short–lived vacuum or
to avoid a Landau pole in λ. These two constraints are qual-
itatively distinct: meta–stability can be restored by weakly
coupled physics below a TeV scale, whereas the Landau pole
signals a strongly interacting Higgs sector. The dashed curve
reproduces the SM triviality bound.

is important because weakly coupled physics with par-
ticles obtaining their mass through e.g. supersymmetry
breaking, not electroweak breaking, will hardly affect our
Higgs results.

The second constraint is potentially a stronger one.
Requiring that the quartic remain perturbative, λ(µ) !
4π, we find that the upper bound on the cutoff scale
of the theory rapidly becomes small as the Higgs mass
is increased. We show this constraint as well as the
meta-stability constraint in Fig. 7. We find that for our
choices of fourth–generation masses, the Yukawa inter-
actions remain perturbative to slightly beyond the Higgs
meta-stability/triviality bounds for all considered Higgs
masses. The “chimney” region, in which the effective
theory of the Standard Model with mHSM

∼ 200 GeV
remains valid to MPl, closes off. We find the maximal
cutoff scale before new physics of any kind enters oc-
curs for Higgs masses in the neighborhood of 300 GeV.
Much lower Higgs masses, in particular mH < 2MW ,
imply other new physics must enter to prevent develop-
ing a deeper minimum away from the electroweak break-
ing vacuum. Nevertheless, we emphasize that this new
physics can be weakly coupled below a TeV with little
effect on Higgs physics itself.

Conversely, to resolve the physics of the cutoff scale in
the case where the quartic (or the Yukawas) encounter a
Landau pole undoubtedly requires physics directly con-
nected to electroweak symmetry breaking. This new
physics could be stronger-coupled supersymmetry, tech-
nicolor, topcolor, or a little Higgs construction.

VI. DISCUSSION

We have considered the constraints on a fourth gen-
eration and its effects on Higgs physics in the Standard
Model. If Nature does indeed have a fourth generation,
it is amusing to speculate on the rich series of new phe-
nomena expected at colliders now operating and about
to begin. The ordering of discoveries could proceed by
Tevatron discovering the Higgs, with an unusually large
production cross section, or in mass range that was previ-
ously thought to be undetectable in the Standard Model.
Subdominant decays of the Higgs may reveal a new sec-
tor. Direct production of fourth generation neutrinos or
leptons may also be possible at Tevatron, but relies on a
more detailed understanding the background. Once the
LHC turns on, the fourth generation quarks should be
readily produced and found. The Higgs can be found us-
ing the golden mode for a wide range of mass, and for
most of this range, it will be found very quickly with
a small integrated luminosity (due to the large enhance-
ment of the gluon fusion channel). Given measures of the
cross section for Higgs production as well as branching
ratios of Higgs into subdominant modes, the LHC will
be able to rapidly verify that a fourth chiral generation
does indeed exist.

While our focus has been on the effects of a fourth gen-
eration, there is also the possibility that a fourth genera-
tion could alleviate or solve some of the pressing problems
addressed by other models of new physics. One amusing
possibility is to employ a variation of the mechanism of
Ref. [56] to revive electroweak baryogenesis in the (four-
generation) Standard Model. Another possibility is to
impose a parity symmetry to stabilize the fourth genera-
tion lepton to serve as cold dark matter. This is naively
ruled out by direct detection, however there are mecha-
nisms [57, 58] to avoid these bounds by either splitting
the neutrino eigenstates with a small Majorana mass or
otherwise invoking additional physics such as a Z ′ cou-
pling to U(1)B−L. A detailed study of these issues is in
progress and will be reported on elsewhere.
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In the light of the LHC, we revisit the implications of a fourth generation of chiral matter. We
identify a specific ensemble of particle masses and mixings that are in agreement with all current
experimental bounds as well as minimize the contributions to electroweak precision observables.
Higgs masses between 115-315 (115-750) GeV are allowed by electroweak precision data at the 68%
and 95% CL. Within this parameter space, there are dramatic effects on Higgs phenomenology:
production rates are enhanced, weak–boson–fusion channels are suppressed, angular distributions
are modified, and Higgs pairs can we observed. We also identify exotic signals, such as Higgs decay
to same-sign dileptons. Finally, we estimate the upper bound on the cutoff scale from vacuum
stability and triviality.

I. INTRODUCTION

New physics that affects the observability of the Higgs
boson of the Standard Model (SM) is of utmost impor-
tance to study. One the simplest kinds of new physics is
a sequential replication of the three generations of chiral
matter [1]. Such a fourth generation has been considered
and forgotten or discarded many times, wrongly leaving
the impression that it is either ruled out or highly disfa-
vored by experimental data (for instance, see Ref. [2]).

The status of four generations is more subtle [3].
Ref. [4] analyzed the contributions of one (and more)
extra generations to the oblique parameters and explic-
itly found that one generation can be perfectly consis-
tent with a heavy (500 GeV) Higgs. These significant
results are primarily based on numerical scans, with em-
phasis on the role of a lighter neutrino (50 GeV) to min-
imize the contributions to the oblique parameters (see
also Ref. [5]). However, a neutrino with mass of 50 GeV,
if unstable, is ruled out by LEP II bounds, while if it
exactly stable, may be ruled out by dark matter direct
search experiments [6]. Correlations of the mass param-
eters leading to viable spectra are certainly not trans-
parent, making it hard to determine how to parse their
results against present experimental bounds.

Subsequent analyses [7, 8] studied the relationships
among fourth generation parameters, but their analysis
was performed using a global (numerical) fit to 2001 elec-
troweak data and again emphasized a 50 GeV neutrino.
Electroweak data has since been refined (in particularly
MW ), so these results no longer obviously apply, in par-
ticular if we incorporate a heavier neutrino. The impact
of a chiral fourth generation on Higgs physics has been
briefly discussed [9, 10, 11], however the range of masses
that were considered were not necessarily correlated to
the fourth generation mass spectra and Higgs mass ap-
propriate to satisfy current direct search bounds and elec-
troweak precision constraints. Moreover, in cases where
there is overlap, our results do not always agree; we point
out the differences below.

In this paper, we first systematically determine the al-
lowed parameter space of fourth generation masses and
mixings. We find quite simple mass relations that mini-
mize the precision electroweak oblique parameters, so our
analysis can easily be extended to future refinements in
electroweak measurements. We then use typical spectra
to compute the consequences for fourth generation par-
ticle production and decay, as well as the effects on the
Higgs sector of the Standard Model. We find that a wide
range of Higgs masses is consistent with electroweak data,
leading to significant modifications of Higgs production
and decay. We outline the major effects, identifying the
well-known effects from others that (to our knowledge)
are new.

There are in addition spectacular signals of the fourth
generation itself. Given that direct searches at LEP II
and Tevatron have already constrained the masses some-
what, we can expect future searches at Tevatron will
continue to push the limits up, but will not rule out
four generations. The LHC is able probe heavy quarks
throughout their mass range. Many of the signals have
been recently considered (albeit in somewhat different
mass ranges and context from what we consider here) in
Refs. [12, 13], to which we refer the interested reader.

II. FOUR GENERATIONS

The framework we consider is to enlarge the Standard
Model to include a complete sequential fourth generation
of chiral matter (Q4, u4, d4, L4, e4) as well as a single
right-handed neutrino ν4. Yukawa couplings and right-
handed neutrino masses are given by

L = yu
pqQpHuq + yd

pqQpH
†dq + ye

pqLpH
†eq

+ yν
pqLpHνq +

1

2
Mpqν

c
pνq + h.c. . (1)

The generation indices are p, q = 1, 2, 3, 4 while we re-
serve i, j = 1, 2, 3 for the Standard Model. SU(2) con-
tractions are implicit. Light neutrino masses can arise

from either a hierarchy in neutrino Yukawa couplings
yν

ij ! y44 or right-handed neutrino masses Mij " M44

or some combination. (For an amusing combination,
see Ref. [14]). We mainly consider two possibilities
for the fourth–generation neutrino mass: purely Dirac
(M44 = 0) and mixed (M44 ∼ yν

44v).
There are four obvious restrictions on a fourth gen-

eration: (1) The invisible width of the Z; (2) Direct
search bounds; (3) Generational mixing; (4) Oblique elec-
troweak effects. We now discuss them one-by-one.

Once a fourth–generation neutrino has a mass mν !
MZ/2, the constraint from the invisible Z width becomes
moot. Assuming non-zero mixings yi4 or Mi4, the fourth–
generation quarks, charged lepton, and neutrino decay,
and thus there are no cosmological constraints from sta-
ble matter. (We will briefly comment on neutrino dark
matter at the end the paper.)

A robust lower bound on fourth–generation masses
comes from LEP II. The bound on unstable charged lep-
tons is 101 GeV, while the bound on unstable neutral
Dirac neutrinos is (101, 102, 90) GeV for the decay modes
ν4 → (e, µ, τ) + W . These limits are weakened only by
about 10 GeV when the neutrino has a Majorana mass.
Because the small differences in the bounds between dif-
ferent flavors, charged versus neutral leptons, and Majo-
rana versus Dirac mass do not affect our results, we apply
the LEP II bounds as mν4,"4,u4,d4

! 100 GeV throughout.
The Tevatron has significantly greater sensitivity for

fourth–generation quarks [15]. The strongest bound is
from the CDF search for u4u4 → qqW+W−, obtaining
the lower bound mu4

> 258 GeV to 95% confidence level
(CL). [16]. No b-tag was used, so there is no dependence
on the final–state jet flavor, and hence this limit applies
independent of the CKM elements Vu4i. There is no anal-
ogous limit on the mass of d4. If md4

> mt + mW and
|Vtd4

| " |Vud4
|, |Vcd4

|, then the dramatic d4d4 → ttWW
signal may be confused into the top sample. If the de-
cay proceeds through a lighter generation, then the pro-
duction rate and signal are the same as for u4, and
so we expect a bound on the mass of d4 similar to
that on u4. If md4

< mt + mW , then d4 decay could
proceed through a “doubly-Cabbibo” suppressed tree–
level process d4 → cW or through the one-loop process
d4 → bZ. The relative branching ratios depend on de-
tails [17, 18]. In particular, taking BR(d4 → bZ) = 1,
CDF obtains the bound md4

> 268 GeV at 95% CL [19]
We choose to adopt the largely CKM-independent bound
mu4,d4

> 258 GeV throughout.

The off-diagonal elements Vu4i, Vjd4
of the CKM ma-

trix V = yuyd† are constrained by flavor physics. As in
the Standard Model, the flavor-violating neutral current
effects occur in loops and are automatically GIM sup-
pressed. Rough constraints on the mixing between the
first/second and fourth generation can be extracted re-
quiring unitarity of the enlarged 4×4 CKM matrix. The
SM 3 × 3 sub-matrix is well tested by a variety of SM

processes [2]. The first row of the matrix, combined with
measurements of Vud, Vus, and Vcb, yields

|Vud4
|2 = 1− |Vud|2− |Vus|2− |Vub|2 ' 0.0008±0.0011 .

(2)
For the second row we can use the hadronic W branching
ratio to obtain

|Vcd4
|2 = 1 − |Vcd|2 − |Vcs|2 − |Vcb|2 ' −0.003± 0.027 .

(3)
Similarly, the first column of the matrix allows one to
infer,

|Vu4d|2 = 1− |Vud|2 − |Vus|2 − |Vub|2 ' −0.001± 0.005 .
(4)

If we require the above relations be satisfied to 1σ, we
obtain

|Vud4
| "0.04

|Vu4d| "0.08

|Vcd4
| "0.17 (5)

which are, nevertheless, still significantly larger than the
smallest elements in the CKM matrix |Vub|,|Vtd|. The
remainder of the elements (Vtd4

, Vu4s, Vu4b, and Vu4d4
)

could be constrained through a global fit to the 4 × 4
CKM matrix, including the contributions of the fourth–
generation quarks to specific observables in loops (for ex-
ample [20]), but this is beyond the scope of this work.
Similarly there are two additional CP-violating phases in
the 4 × 4 CKM matrix, but since their effects are pro-
portional to the unknown (real parts) of the off-diagonal
CKM mixings, we ignore their effects.

The least constrained sector is the mixing between the
third and fourth generations. The observation of single
top production [21, 22] can be used to obtain a lower limit
Vtb > 0.68 at 95% C.L. [21], which still allows for large
third/fourth generation mixing. Thus it seems likely that
fourth generation charged-current decays will be mostly
into third generation quarks, provided the mass differ-
ence is large enough to permit two-body decays.

The new elements in the PMNS matrix U = yνye†

also have constraints from lepton flavor violation in the
charged and neutral sectors. The most stringent con-
straint is the absence of µ → eγ. For weak–scale purely
Dirac neutrinos this constraint [23] implies |Ue4Uµ4| "
4×10−4. This suggests that first/second generation mix-
ings with the fourth generation should be smaller than
about 0.02. Other generational mixings can also be con-
strained from the absence of lepton flavor violating ef-
fects, where again third/fourth generation mixings are
(as expected) the most weakly constrained.

There is, however, a significant constraint from neu-
trinoless double beta decay on |Ui4| in the presence of a
weak–scale Majorana mass M44. Such a decay can be
mediated by a very light neutrino mixing with a weak–
scale (partly) Majorana neutrino. Using Ref. [24] and

2

• A fourth generation contains states Q4, u4, d4, L4, e4, (and perhaps a right-
handed neutrino !4).

• Masses come from electroweak symmetry breaking.  Higgs couplings at 
tree level are m / v.

• Because all of the new states have the same representations as the SM 
matter, no flavor-changing neutral currents are induced.  Flavor-violation is 
per the charged currents, described by a 4x4 unitary “CKM” matrix:

• The Neutrino mass(es) could come either from a dimension 5 operator, a 
Dirac mass, or a “seesaw”-like structure:

                  from single top at D0
still allows sizeable 3-4 mixing.

Parameters

|Vu4|2 = 0.0008 ± 0.0011
|Vc4|2 = −0.003 ± 0.027
|V4d|2 = −0.001 ± 0.005

|Vtb| ! 0.68

D0, PRL98, 181802 (2007)

PDG

L ⊂ yν
4AΦ̃L̄4ν4R + M ν̄c

4Rν4R

[Hung ‘98;  Frampton, Hung, Sher ‘99]



4th Generation Model

• allowed range for Higgs mass

mh = (115-315) GeV @ 68% CL

mh = (115-750) GeV @ 95% CL

parameter set mu4
md4

mH ∆Stot ∆Ttot

(a) 310 260 115 0.15 0.19

(b) 320 260 200 0.19 0.20

(c) 330 260 300 0.21 0.22

(d) 400 350 115 0.15 0.19

(e) 400 340 200 0.19 0.20

(f) 400 325 300 0.21 0.25

TABLE I: Examples of the total contributions to ∆S and
∆T from a fourth generation. The lepton masses are fixed
to mν4

= 100 GeV and m"4 = 155 GeV, giving ∆Sν" =
0.00 and ∆Tν" = 0.05. The best fit to data is (S, T ) =
(0.06, 0.11) [28]. The Standard Model is normalized to (0, 0)
for mt = 170.9 GeV and mH = 115 GeV. All points are within
the 68% CL contour defined by the LEP EWWG [28].

fer slightly between each group, presumably due to slight
updates of data (the S-T plot generated by the 2006
LEP EWWG is one year newer than the plot included
in the 2006 PDG). A larger difference concerns the use
of the Z partial widths and σh. The LEP EWWG ad-
vocate using just Γ!, since it is insensitive to αs. This
leads to a flatter constraint in the S-T plane. The PDG
include the αs-sensitive quantities ΓZ , σh, Rq as well as
R!, and obtain a less flat, more oval-shaped constraint.
Additional lower–energy data can also be used to (much
more weakly) constrain S and T , although there are sys-
tematic uncertainties (and some persistent discrepancies
in the measurements themselves). The LEP EWWG do
not include lower–energy data in their fit, whereas the
PDG appear to include some of it. In light of these sub-
tleties, we choose to use the LEP EWWG results when
quoting levels of confidence of our calculated shifts in the
S-T plane. We remind the reader, however, that the ac-
tual level of confidence is obviously a sensitive function
of the precise nature of the fit to electroweak data.

In Table I we provide several examples of fourth–
generation fermion masses which yield contributions to
the oblique parameters that are within the 68% CL el-
lipse of the electroweak precision constraints. We illus-
trate the effect of increasing Higgs mass with compen-
sating contributions from a fourth generation in Fig. 2.
More precisely, the fit to electroweak data is in agree-
ment with the existence of a fourth generation and a light
Higgs about as well as the fit to the Standard Model alone
with mH = 115 GeV. Using suitable contributions from
the fourth–generation quarks, heavier Higgs masses up
to 315 GeV remain in agreement with the 68% CL limits
derived from electroweak data. Heavier Higgs masses up
to 750 GeV are permitted if the agreement with data is
relaxed to the 95% CL limits.

Until now we have focused on purely Dirac neutri-
nos. However, there is also a possible reduction of Stot

when the fourth–generation neutrino has a Majorana
mass comparable to the Dirac mass [29, 30]. Using the
exact one-loop expressions of Ref. [30], we calculated the
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FIG. 2: The 68% and 95% CL constraints on the (S, T ) pa-
rameters obtained by the LEP Electroweak Working Group
[27, 28]. The shift in (S, T ) resulting from increasing the
Higgs mass is shown in red. The shifts in ∆S and ∆T from a
fourth generation with several of the parameter sets given in
Table I are shown in blue.

contribution to the electroweak parameters with a Majo-
rana mass. Given the current direct–search bounds from
LEP II on unstable neutral and charged leptons, we find
a Majorana mass is unfortunately not particularly help-
ful in significantly lowering S. A Majorana mass does,
however, enlarge the parameter space where S ! 0. For
example, given the lepton Dirac and Majorana masses
(mD, M44) = (141, 100) GeV, the lepton mass eigen-
states are (mν1

, mν2
, m!) = (100, 200, 200) GeV, and con-

tributions to the oblique parameters of (∆Sν , ∆Tν) =
(0.01, 0.04). It is difficult to find parameter regions with
∆S! < 0 without either contributing to ∆U! ! −∆S!,
contributing significantly more to ∆T!, or taking mν1

<
100 GeV which violates the LEP II bound for unstable
neutrinos.

Let us summarize our results thus far. We have
identified a region of fourth–generation parameter space
in agreement with all experimental constraints and
with minimal contributions to the electroweak precision
oblique parameters. This parameter space is character-
ized by

m!4 − mν4
! 30 − 60 GeV

mu4
− md4

!
(

1 +
1

5
ln

mH

115 GeV

)

× 50 GeV

|Vud4
|, |Vu4d| ! 0.04

|Ue4|, |Uµ4| ! 0.02 , (9)

4

parameter set mu4
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mH ∆Stot ∆Ttot

(a) 310 260 115 0.15 0.19

(b) 320 260 200 0.19 0.20

(c) 330 260 300 0.21 0.22

(d) 400 350 115 0.15 0.19

(e) 400 340 200 0.19 0.20

(f) 400 325 300 0.21 0.25

TABLE I: Examples of the total contributions to ∆S and
∆T from a fourth generation. The lepton masses are fixed
to mν4

= 100 GeV and m"4 = 155 GeV, giving ∆Sν" =
0.00 and ∆Tν" = 0.05. The best fit to data is (S, T ) =
(0.06, 0.11) [28]. The Standard Model is normalized to (0, 0)
for mt = 170.9 GeV and mH = 115 GeV. All points are within
the 68% CL contour defined by the LEP EWWG [28].
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vocate using just Γ!, since it is insensitive to αs. This
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include the αs-sensitive quantities ΓZ , σh, Rq as well as
R!, and obtain a less flat, more oval-shaped constraint.
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tleties, we choose to use the LEP EWWG results when
quoting levels of confidence of our calculated shifts in the
S-T plane. We remind the reader, however, that the ac-
tual level of confidence is obviously a sensitive function
of the precise nature of the fit to electroweak data.

In Table I we provide several examples of fourth–
generation fermion masses which yield contributions to
the oblique parameters that are within the 68% CL el-
lipse of the electroweak precision constraints. We illus-
trate the effect of increasing Higgs mass with compen-
sating contributions from a fourth generation in Fig. 2.
More precisely, the fit to electroweak data is in agree-
ment with the existence of a fourth generation and a light
Higgs about as well as the fit to the Standard Model alone
with mH = 115 GeV. Using suitable contributions from
the fourth–generation quarks, heavier Higgs masses up
to 315 GeV remain in agreement with the 68% CL limits
derived from electroweak data. Heavier Higgs masses up
to 750 GeV are permitted if the agreement with data is
relaxed to the 95% CL limits.

Until now we have focused on purely Dirac neutri-
nos. However, there is also a possible reduction of Stot
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contribution to the electroweak parameters with a Majo-
rana mass. Given the current direct–search bounds from
LEP II on unstable neutral and charged leptons, we find
a Majorana mass is unfortunately not particularly help-
ful in significantly lowering S. A Majorana mass does,
however, enlarge the parameter space where S ! 0. For
example, given the lepton Dirac and Majorana masses
(mD, M44) = (141, 100) GeV, the lepton mass eigen-
states are (mν1

, mν2
, m!) = (100, 200, 200) GeV, and con-

tributions to the oblique parameters of (∆Sν , ∆Tν) =
(0.01, 0.04). It is difficult to find parameter regions with
∆S! < 0 without either contributing to ∆U! ! −∆S!,
contributing significantly more to ∆T!, or taking mν1

<
100 GeV which violates the LEP II bound for unstable
neutrinos.

Let us summarize our results thus far. We have
identified a region of fourth–generation parameter space
in agreement with all experimental constraints and
with minimal contributions to the electroweak precision
oblique parameters. This parameter space is character-
ized by

m!4 − mν4
! 30 − 60 GeV

mu4
− md4

!
(

1 +
1

5
ln

mH

115 GeV

)

× 50 GeV

|Vud4
|, |Vu4d| ! 0.04

|Ue4|, |Uµ4| ! 0.02 , (9)

4

[Kribs, Plehn, Spannowsky, Tait, ‘07]



4th Generation Model

new contributions from u4 and d4 
to H-g-g operator 
⇒ enhanced production cross-section  

[Kribs, Plehn, Spannowsky, Tait, ‘07]

Higgs Production
• The H-g-g operator 

receives new contributions 
from u4 and d4.

• In the asymptotic limit of 
large quark masses 
compared to mH, this 
provides an enhancement 
of about a factor of nine.

• The H-!-! operator, 
instead, is reduced because 
the new fermions interfere 
with the dominant W loop 
contribution.
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Higgs Decays

Modified HDecay

SM Higgs BRs

HDecay



Conclusion

• precision measurements slight prefer MSSM over SM

• best fit value for CMSSM: mh = 110 GeV

• cf. SM: mh = 76 GeV

• in presence of new custodial violating physics, one has to be 
careful when extracting EW limits

• global fit important: specific example in SM + (light) triplet

excluded Γz: mH = (100-1000) GeV

    included Γz:  mH = (100-200) GeV

• heavy Higgs possible: specific example in littlest Higgs with T-
parity, 4th generation model, ...


