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Lecture 6: How many health points 4G still has?
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WHY 3 GENERATIONS?
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In Kobayashi-Maskawa model:  
We need THREE generations of quarks to produce ONE irreducible 
complex phase representing for the CP violation and explain the tiny 
difference between matter and antimatter.
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3 Generations

But this model does not limit the number of generations to be exactly 3!

CKM matrix with complex phase



ADDING 4G 
TO THE WORLD
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Adding one more generation of quarks is an obvious extension  
to the SM, and this is not really excluded by the electroweak 
precision data.
Small mass splitting between b’ and t’ is preferred: |Mt’–Mb’|<MW.
Flavor physics data for unitarity triangle provide some 
information regarding the “CKM4” matrix, but it is only weakly 
constrained due to the uncertainties.  

Adding a couple of  
heavy quarks
to the SM?



A BIG MOTIVATION: BAU
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the universe  
starts from  

the big bang matter

antimatter

Pair  
Annihilation

n(B)

n(�)
⇡ 0

n(B)

n(�)
= (5.1+0.3

�0.2)⇥ 10�10

(WMAP)

Although, the known baryon-antibaryon 
asymmetry is already quite small:

The Kobayashi-Maskawa phase  
only contributes ~10-20

 The CP violation in the Standard 
Model is far too small for 

     accommodating the “matter-
dominated” Universe!

     “Something” is definitely necessary to enlarge the asymmetry by O(1010)!



A BIG MOTIVATION: BAU
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If we simply shift the invariant by one generation:
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By inserting M(b’,t’) ~ 300~600 GeV/c2,  
it already gives us a huge boost on J,  
of O(1013~1015)

Replacing the unitary triangle  
contributes a factor of 30.

References:
Jarlskog PRL 55, 1039 (1985)
Hou arXiv: CJP 47, 134 (2009)  

A low cost solution to BAU!

Ingredients of CPV in the Standard Model:
#1: At least THREE generations;

#2: Non-trivial CP phase; Non-trivial unitarity triangle.
#3: Non-degenerate like-charge quarks.

12 CHAPTER II. CP ASYMMETRIES IN b→ s TRANSITIONS
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VcdVcb*

VudVub*
FIGURE II-3: The graphical representation of the uni-
tarity triangle, which follows the unitarity constraint,
VudV∗ub +VcdV∗cb +VtdV∗tb = 0, in the complex plane.
The three angles, φ1 (β), φ2 (α) and φ3 (γ), are asso-
ciated with CP asymmetries.

II.4 CP Violation in B decays
According to the Standard Model, CP violation can occur in the weak interaction and may have large
CP asymmetries in some decays of beauty mesons. The possible interactions are represented by the
third row and the third column of the CKM matrix. Measuring CP asymmetries in various B de-
cays will help people to understand the matrix elements and their relationships. In this section, the
phenomenology of CP Violation in B decays is introduced based on the formalism described in the
previous sections.

II.4.1 B0–B0 Mixing
Mixing of B0B0 mesons proceeds through the second order box diagrams which are shown in Fig-
ure II-4. For a two neutral B0–B0 meson system, the lighter (L) and heavier (H) B meson mass
eigenstates are given by

|BL⟩ = p|B0⟩ + q|B0⟩ , |BH⟩ = p|B0⟩ − q|B0⟩ , (II.47)

with a mass difference ∆m = mH − mL and a decay width difference ∆Γ = ΓH − ΓL. The equations for
time evolution of a pure |B0⟩ or |B0⟩ state are given by

|B0(t)⟩ = g+(t)|B0⟩ −
q
pg−(t)|B

0⟩ , |B0(t)⟩ = g+(t)|B0⟩ −
p
qg−(t)|B

0⟩ , (II.48)

where q/p is given by
q
p =

√√

M∗12 −
i
2Γ
∗
12

M12 − i2Γ12
, (II.49)

with a normalization of |p|2 + |q|2 = 1. The Standard Model predicts
∣
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∼ O
⎛
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m2b
m2t

⎞

⎟⎟⎟⎟⎟⎠
∼ few × 10−3 , (II.50)

thus, the ratio q/p for B0d mesons is approximated by

q
p ≈

√

M∗12
M12

=
V∗tbVtd
VtbV∗td

. (II.51)



FROM DIRECT SEARCHES
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CMS Searches for New Physics Beyond Two Generations (B2G)
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Nothing 
found yet...

The searches for vector-like 
quarks and chiral 4G 
quarks are not really 
different in terms of 

experimental point of view.
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THE CLASSICAL
“DEATH OF 4G”

The PDG after 2010 explicitly states 
that “An extra generation of 
ordinary fermions is excluded at the 
6σ level on the basis of the S 
parameter alone”...



THE FIRST DEATH OF 4G
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The most precise measurements of 
the number of light neutrino 
types, Nν, come from studies of Z 
production:  
 
 
 
Γinv = the invisible partial width; 
determined by subtracting the 
measured visible partial widths  
from the total Z width.
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.

36

N⌫ =
�inv

�`

✓
�`

�⌫

◆

SM

A very precise measurement –– the only issue is that this does not 
exclude the possibility of heavy neutrinos (ie. Mν > MZ/2). 

= 2.984± 0.008



HISTORY OF PDG 
REVIEWS
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1994: “one heavy generation of ordinary fermions is allowed at 
95% CL”.
1998: “an extra generation of ordinary fermions is now excluded at 
the 99.2% CL”
2002: “an extra generation of ordinary fermions is excluded at the 
99.8% CL on the basis of the S parameter alone. [...] This result 
assumes [...] that any new families are degenerate. This restriction 
can be relaxed [...] to 95%.” 
2010: “an extra generation of ordinary fermions is excluded at the 
6σ level on the S parameter alone. This result assumes [...] that any 
new families are degenerate. [...] a fourth family is disfavored but 
not excluded by current data.”



THE CLASSICAL 
“DEATH OF 4G”
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In PDG, the “inaccurate” statement for the exclusion of 4G is based 
on electroweak constraints on the oblique parameter S.
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Four Statements about the Fourth Generation∗

B. Holdom,a W.S. Hou,b T. Hurth,c M. Mangano,c S. Sultansoy,d G. Ünele

Summary of the “Beyond the 3-generation SM in the LHC era” Workshop,
CERN, September 4-5, 2008

aUniversity of Toronto, Canada
bNational Taiwan University, Taiwan
cCERN, Switzerland
dTOBB University of Economics & Technology, Turkey
eUniversity of California at Irvine, USA

Abstract
This summary of the Workshop “Beyond the 3-generation SM in the LHC era” presents a brief discussion of the

following four statements about the fourth generation: 1) It is not excluded by EW precision data; 2) It addresses some
of the currently open questions; 3) It can accommodate emerging possible hints of new physics; 4) LHC has the potential
to discover or fully exclude it.

Introduction
It is now generally accepted that the Standard Model (SM) consists of three fermion families, or generations. However the
number of generations is not fixed by the theory. The asymptotic freedom constraint from QCD only limits the number of
generations to be less than 9. Neutrino counting at the Z pole shows that the number of generations with light neutrinos
(mν ≪mZ/2 ) is equal to 3, but neutrino oscillations suggest a new mass scale that is beyond the SM, and the possibility of
additional heavier neutrinos cannot be excluded. In the era of the LHC, the possibility of the SM with a fourth generation
(SM4) should therefore not be forgotten (for earlier reviews see [1], and for more recent work see for example [2]).

By SM4, we mean a sequential repetition of the existing generation pattern to 4 quark and 4 lepton left-handed doublets
and corresponding right handed singlets. We use the commonly known primed notation, i.e. t ′ and b′ for fourth generation
quarks, and τ ′ and ν ′τ for the heavy charged and neutral leptons. The current 95% CL mass limits from the PDG are [3],

mt′ > 256 GeV; mb′ > 128 GeV (CC decay; 199 GeV for 100% NC decay); (1)
mτ ′ > 100.8 GeV; mν ′τ > 90.3 GeV (Dirac coupling; 80.5 GeV for Majorana coupling) (2)

The following text is a summary of the thematic Workshop “Beyond the 3-generation SM in the LHC era”, on the
physics of the SM with N > 3 fermion generations, held at CERN on 4-5 September [4]. Besides reviewing the theory,
as well as flavour factory, collider and astroparticle/cosmology aspects, the aim was to stimulate discussions by bringing
together theorists and experimentalists working on, or interested in, the subject. The imminent LHC start up placed an
emphasis on collider and flavour physics, especially on the preparation for LHC data exploitation.

Statement 1: The fourth generation is not excluded by EW precision data.
EW precision data
The “oblique parameters” S, T andU provide stringent constraints on SM4 [5]. The PDG states that “An extra generation
of ordinary fermions is excluded at the 6σ level on the basis of the S parameter alone” [3]. The caution that is often not
noted or remembered is that “This result assumes that ... any new families are degenerate”, while “the restriction can be
relaxed by allowing T to vary as well”. 1 The contribution of the 4th generation fermions (much heavier than the Z boson)
to S is

δS =
2

3π
−

1
3π

[

log
mt′
mb′

− log
mν ′τ

mτ ′

]

, (3)

∗CERN-PH-TH/2009-091
1The issue has also been reopened by a recent study [6].

1

This exclusion only works with degenerate 4G and unity CKM4:

VCKM4 = I VCKM4 ≠ I

Introduction Model Constraints Statistics Result Conclusions

Electroweak precision data
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Otto Eberhardt How dead is the SM4? 22 / 45

Not a real  
constraint
any more...



ELECTROWEAK 
CONSTRAINTS
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Note the oblique parameters S and T 
are only applicable if 
- MNP ≫ MZ

- no NP vertex contributions
Also, it is better to use all 
electroweak precision observables.

Introduction Model Constraints Statistics Result Conclusions

Electroweak precision data

Mass differences and
mixing angles are
strongly constrained

4.3 Higgs searches

a lot (cf. Fig. 4.3). The deviations of the W and Z boson mass change the sign, and
while the largest deviations in the SM, i.e. the ones of A0,b

FB and R0
b , are diminished in their

absolute values, the ones of �0
had and A` are increased. There are two major features of

the EWPO fit: The first is that large mass splittings in the fourth generation fermion
doublets are excluded: Fig. 4.1(a) shows that the allowed mass di↵erence �m at 95% CL
is between �75 and 82 GeV for the quarks and between �167 and 109 GeV for the leptons.
This will be important for the combination with the Higgs signal strength fit that I want
to present in the next section. The second important result of the electroweak fit is that
mixing between the fourth generation and the SM quarks is disfavoured. ✓34 is smaller
than 0.16 at 95% CL with a best-fit value of 0, which can be seen in Fig. 4.1(b), where a
p-value scan over ✓34 is shown. Quark mixing between the fourth and the third generation
would even be stronger suppressed if I used a larger central value for Vtb (cf. Table A.1).
The constraints on the other two angles are even stronger.
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Figure 4.1: The mass splitting of the fourth generation SU(2) doublet partners is strongly con-
strained by the EWPO: the absolute quark mass di�erence cannot exceed 82 GeV at 95% CL, while the
lepton mass splitting is somewhat less limited to 167 GeV at most at 95% CL (a). The scan over ✓34

shows that scenarios are favoured where fourth generation quark decays into SM quarks are suppressed.

4.3 Higgs searches

The Higgs content of the SM4 is the same as in the Standard Model: there is one scalar
SU(2) doublet that acquires a non-zero vacuum expectation value by electroweak sym-
metry breaking. The only free parameter of the scalar sector of the SM4 is the Higgs
mass mH . The measured signal strengths are assumed to be the SM4 ones. I consider the
same five production mechanisms as in the SM (ggF, VBF, WH, ZH, ttH), but if m⌫4 is
small enough, we get an additional, invisible decay channel to the five SM decay modes
[75]. From Eqns. (3.9) and (3.10) one can see that in narrow-width approximation the
SM4 signal strength splits up into a production and a decay ratio, if one attributes the
e�ciencies ✏XY to the production part:

µ(X ! H ! Y ) =
�SM4(X ! H) · ✏XY

�SM(X ! H) · ✏XY
· BSM4(H ! Y )

BSM(H ! Y )

40

4.4 Combined analysis
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Figure 4.3: Deviations of the EWPO and the Higgs signal strengths from the best-fit point in the
SM4 (red) and in the SM (blue).

46

4.4 Combined analysis
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Figure 4.3: Deviations of the EWPO and the Higgs signal strengths from the best-fit point in the
SM4 (red) and in the SM (blue).
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4.4 Combined analysis
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Figure 4.3: Deviations of the EWPO and the Higgs signal strengths from the best-fit point in the
SM4 (red) and in the SM (blue).

46

Otto Eberhardt How dead is the SM4? 25 / 45

Introduction Model Constraints Statistics Result Conclusions

Electroweak precision data

Mass differences and
mixing angles are
strongly constrained

4.3 Higgs searches

a lot (cf. Fig. 4.3). The deviations of the W and Z boson mass change the sign, and
while the largest deviations in the SM, i.e. the ones of A0,b

FB and R0
b , are diminished in their

absolute values, the ones of �0
had and A` are increased. There are two major features of

the EWPO fit: The first is that large mass splittings in the fourth generation fermion
doublets are excluded: Fig. 4.1(a) shows that the allowed mass di↵erence �m at 95% CL
is between �75 and 82 GeV for the quarks and between �167 and 109 GeV for the leptons.
This will be important for the combination with the Higgs signal strength fit that I want
to present in the next section. The second important result of the electroweak fit is that
mixing between the fourth generation and the SM quarks is disfavoured. ✓34 is smaller
than 0.16 at 95% CL with a best-fit value of 0, which can be seen in Fig. 4.1(b), where a
p-value scan over ✓34 is shown. Quark mixing between the fourth and the third generation
would even be stronger suppressed if I used a larger central value for Vtb (cf. Table A.1).
The constraints on the other two angles are even stronger.
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Figure 4.1: The mass splitting of the fourth generation SU(2) doublet partners is strongly con-
strained by the EWPO: the absolute quark mass di�erence cannot exceed 82 GeV at 95% CL, while the
lepton mass splitting is somewhat less limited to 167 GeV at most at 95% CL (a). The scan over ✓34

shows that scenarios are favoured where fourth generation quark decays into SM quarks are suppressed.

4.3 Higgs searches

The Higgs content of the SM4 is the same as in the Standard Model: there is one scalar
SU(2) doublet that acquires a non-zero vacuum expectation value by electroweak sym-
metry breaking. The only free parameter of the scalar sector of the SM4 is the Higgs
mass mH . The measured signal strengths are assumed to be the SM4 ones. I consider the
same five production mechanisms as in the SM (ggF, VBF, WH, ZH, ttH), but if m⌫4 is
small enough, we get an additional, invisible decay channel to the five SM decay modes
[75]. From Eqns. (3.9) and (3.10) one can see that in narrow-width approximation the
SM4 signal strength splits up into a production and a decay ratio, if one attributes the
e�ciencies ✏XY to the production part:
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Figure 4.3: Deviations of the EWPO and the Higgs signal strengths from the best-fit point in the
SM4 (red) and in the SM (blue).
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Fig. 11.— The one-dimensional marginalized constraint on the e↵ective number of relativistic species Ne↵ . The standard value of
Ne↵ = 3.046 is shown by the vertical dotted line.

TABLE 6
Constraints on Cosmological Parameters using

SPT+WMAP+H0+BAO+Clusters

⇤CDM ⇤CDM ⇤CDM
+ dns/d ln k + Yp + Ne↵

Primary 100⌦bh
2 2.23± 0.040 2.26± 0.045 2.24± 0.041

Parameters ⌦ch2 0.111± 0.0020 0.111± 0.0020 0.116± 0.0054
100✓s 1.041± 0.0016 1.043± 0.0019 1.040± 0.0017
ns 0.9751± 0.0110 0.9787± 0.0123 0.9757± 0.0116
⌧ 0.0897± 0.015 0.0852± 0.014 0.0821± 0.014

109�2
R 2.33± 0.092 2.35± 0.082 2.37± 0.081

Extension dns/d ln k �0.017± 0.012 — —
Parameters Yp (0.2478± 0.0002) 0.288± 0.029 (0.2526± 0.004)

Ne↵ (3.046) (3.046) 3.42± 0.32
Derived �8 (0.809± 0.014) (0.819± 0.016) (0.823± 0.019)

�2
min 7509.3 7509.3 7510.3

The constraints on cosmological parameters using
SPT+WMAP7+H0+BAO+Clusters, where “Clusters” refers to the local
cluster abundance measurement of Vikhlinin et al. (2009). We report the mean
of the likelihood distribution and the symmetric 68% confidence interval about
the mean. The label “—” signifies dns/d ln k = 0.

e.g. Astrophys.J. 743 (2011) 28

Neff>3 trend was there since WMAP.
Exact numbers depend on the 
cosmological models, the central 
value is around ~4.

Table III. A selection of recent constraints on Ne f f , with 68% (95%) uncertainties. W-5 and W-7 stand for
WMAP 5-year and 7-year data respectively, H0 refers to the constraint H0 = 74.2 ± 3.6 km s�1 from [347],
LRG the halo power spectrum determined from the luminous red galaxy sample of the SDSS data release
7 [348], while CMB denotes a combination of small-scale CMB experiments such as ACBAR, BICEP and
QUaD.

Model Data Ne f f Ref.
Ne f f W-5+BAO+SN+H0 4.13+0.87(+1.76)

�0.85(�1.63) [346]
W-5+LRG+H0 4.16+0.76(+1.60)

�0.77(�1.43) [346]
W-5+CMB+BAO+XLF+ fgas+H0 3.4+0.6

�0.5 [349]
W-5+LRG+maxBCG+H0 3.77+0.67(+1.37)

�0.67(�1.24) [346]
W-7+BAO+H0 4.34+0.86

�0.88 [338]
W-7+LRG+H0 4.25+0.76

�0.80 [338]
W-7+ACT 5.3 ± 1.3 [343]
W-7+ACT+BAO+H0 4.56 ± 0.75 [343]
W-7+SPT 3.85 ± 0.62 [344]
W-7+SPT+BAO+H0 3.85 ± 0.42 [344]
W-7+ACT+SPT+LRG+H0 4.08(+0.71)

(�0.68) [350]
W-7+ACT+SPT+BAO+H0 3.89 ± 0.41 [351]

Ne f f+ f⌫ W-7+CMB+BAO+H0 4.47(+1.82)
(�1.74) [352]

W-7+CMB+LRG+H0 4.87(+1.86)
(�1.75) [352]

Ne f f+⌦k W-7+BAO+H0 4.61 ± 0.96 [351]
W-7+ACT+SPT+BAO+H0 4.03 ± 0.45 [352]

Ne f f+⌦k+ f⌫ W-7+ACT+SPT+BAO+H0 4.00 ± 0.43 [351]
Ne f f+ f⌫+w W-7+CMB+BAO+H0 3.68(+1.90)

(�1.84) [352]
W-7+CMB+LRG+H0 4.87(+2.02)

(�2.02) [352]
Ne f f+⌦k+ f⌫+w W-7+CMB+BAO+SN+H0 4.2+1.10(+2.00)

�0.61(�1.14) [353]
W-7+CMB+LRG+SN+H0 4.3+1.40(+2.30)

�0.54(�1.09) [353]

Because most constraints listed in table III have been obtained using Bayesian statistics, concern
has been raised over their sensitivity to the choice of priors on the model parameters [354, 355].
However, fitting a⇤CDM+Ne f f model to WMAP-7+ACT, the analysis of [355] finds no significant
di↵erence (< 0.1�) in the Ne f f constraints between using a uniform prior on H0, ⌦⇤, or on ✓s.
The di↵erence becomes even smaller when H0 data are also included in the analysis. Similarly,
while prior-independent “frequentist” constraints obtained from profile likelihood ratios tend to
prefer smaller values of Ne f f [354, 355], the shift is only marginal: in the case of WMAP-7+ACT,
roughly 0.4�–0.6�, while for WMAP-7+ACT+H0, < 0.3� [355].18 As future data become even
more constraining, we expect the Bayesian and the frequentist credible/confidence intervals to
converge completely [346, 356]. Thus, we conclude that while the current data do not yet imply a

18The mapping between the profile likelihood ratiosL/Lmaxexp(�1/2) andL/Lmaxexp(�4/2) and the frequentist 1�
and 2� confidence intervals is valid only in the limit Wilks’ theorem is satisfied, i.e., the profile likelihood approaches
a Gaussian distribution. If a mapping cannot be established, then the profile likelihood ratios have no statistical
interpretation.
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which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

P
m⌫. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

P
m⌫ weaken consider-

ably to

X
m⌫ <

8>><
>>:

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
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Fig. 28. Left: 2D joint posterior distribution between Ne↵ and
P

m⌫ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne↵–me↵

⌫, sterile plane, colour-coded by ⌦ch2, in models with one massive
sterile neutrino family, with e↵ective mass me↵

⌫, sterile, and the three active neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⌘ 4nHe/nb for helium-4 and yBBN
DP ⌘ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density !b, the number
of relativistic degrees of freedom parameterized by Ne↵ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne↵ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne↵ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters !b and Ne↵ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⌧n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (!b,Ne↵) and yBBN
DP (!b,Ne↵). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

�(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
�(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to !b, Ne↵ , and YP). We shall see below that
for the base cosmological model with Ne↵ = 3.046 (or even for
an extended scenario with free Ne↵) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e↵ects that will be di�cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes �(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from �(⌧n) = 0.8 s to �(⌧n) = 1.1 s Beringer et al. (2012).
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Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.3 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.4, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does weakly favour the high Ne↵
model (��2 = �1.4) – since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales –
as does the rest of the Planck power spectrum (��2 = �1.8).
The high-` experiments mildly disfavour high Ne↵ in our fits
(��2 = 1.9). Further including the BAO data pulls the central
value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.48)
is lower by 4.2 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.1)
and the H0 data (��2 = �3.3 giving an acceptable �2 = 1.8
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.5). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
to be partially degenerate when large-scale structure data are
used (Hannestad & Ra↵elt 2004; Crotty et al. 2004), but their
impact in the CMB is di↵erent and does not lead to significant
correlations.

Joint constraints on Ne↵ and
P

m⌫ are always model-
dependent: they vary strongly with assumptions about how the

total mass is split between di↵erent species (and they would also
be di↵erent for models in which massive species have chem-
ical potentials or a non-thermal phase-space distribution). We
present here Planck constraints for two di↵erent models and de-
scribe the scenarios that motivate them.

First, as in the previous subsection we assume that the three
active neutrinos share a mass m⌫ =

P
m⌫/3, and may coexist

with extra massless species contributing to Ne↵ . In this model,
when Ne↵ is greater than 3.046, �Ne↵ = Ne↵ � 3.046 gives the
density of extra massless relics with arbitrary phase-space dis-
tribution. When Ne↵ < 3.046, the temperature of the three active
neutrinos is reduced accordingly, and no additional relativistic
species are assumed. In this case, the CMB constraint is

Ne↵ = 3.29+0.67
�0.64P

m⌫ < 0.60 eV

9>>=
>>; (95%; Planck+WP+highL). (78)

These bounds tighten somewhat with the inclusion of BAO data,
as illustrated in Fig. 28; we find

Ne↵ = 3.32+0.54
�0.52P

m⌫ < 0.28 eV

9>>=
>>; (95%; Planck+WP+highL+BAO). (79)

We see that the joint constraints do not di↵er very much from
the bounds obtained when introducing these parameters sepa-
rately. The physical e↵ects of neutrino masses and extra rela-
tivistic relics are su�ciently di↵erent to be resolved separately
at the level of accuracy of Planck.

In the second model, we assume the existence of one mas-
sive sterile neutrino, in addition to the two massless and one
massive active neutrino of the base model. The active neutrino
mass is kept fixed at 0.06 eV. In particle physics, this assump-
tion can be motivated in several ways. For example, there has
recently been renewed interest in models with one light sterile
neutrino in order to explain the MiniBoone anomaly reported
in Aguilar-Arevalo et al. (2012), as well as reactor and Gallium
anomalies (Giunti et al. 2013). The statistical significance of
these results is marginal and they should not be over-interpreted.
However, they do motivate investigating a model with three ac-
tive neutrinos and one heavier sterile neutrino with mass msterile.
If the sterile neutrino were to thermalize with the same tempera-
ture as active neutrinos, this model would have Ne↵ ⇡ 4.

Since we wish to be more general, we assume that the ex-
tra eigenstate is either: (i) thermally distributed with an arbi-
trary temperature Ts; or (ii) distributed proportionally to ac-
tive neutrinos with an arbitrary scaling factor �s in which the
scaling factor is a function of the active–sterile neutrino mix-
ing angle. This second case corresponds the Dodelson-Widrow
scenario (Dodelson & Widrow 1994). The two cases are in fact
equivalent for cosmological observables and do not require sep-
arate analyses (Colombi et al. 1996; Lesgourgues et al. 2013).
Sampling the posterior with flat priors on Ne↵ and msterile would
not be e�cient, since in the limit of small temperature Ts, or
small scaling factor �s, the mass would be unbounded. Hence we
adopt a flat prior on the “e↵ective sterile neutrino mass” defined
as me↵

⌫, sterile ⌘ (94.1!⌫, sterile) eV40. In the case of a thermally-
distributed sterile neutrino, this parameter is related to the true
mass via

me↵
⌫, sterile = (Ts/T⌫)3mthermal

sterile = (�Ne↵)3/4mthermal
sterile . (80)

40The factor of 94.1 eV here is the usual one in the relation between
physical mass and energy density for non-relativistic neutrinos with
physical temperature T⌫.
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Hints from something smells strong...



AN INDIRECT HINT : ΦBs

17

A hint of non-vanished Bs mixing phase has been seen in 2008:

Standard Model value (<2 degree)
Central value ~20 degrees, 3.7σ deviation

Adding 4th generation quarks can pull 
down the ΦBs value from the SM easily!

e.g. add ~500 GeV t’: sin2ΦBs~-0.33  
Hou et. al. PRD 76, 016004 (2007); 
Hou et. al. PRD 82, 036002 (2010)  



IT WAS SOMETHING!

18

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

68% CL
95% CL
99% CL
99.7% CL

HFAG
PDG 09

2.2s from SM

SM

p-value = 0.031

-3 -2 -1 0 1 2 3

CDF  1.35 fb–1 + D     2.8 fb–1

(a)

It was saying that 
probably 4G is the 
best solution to this 
deviation. It was 
very exciting...
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NEVER ESCAPE FROM  
THE SM

19

Fully agree with the SM;
no hint of NP anymore...

world average 2014  
(not yet published)
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http://w
w
w
.nobelprize.org

Finally, it’s the killer 
application – the 
observed “Higgs” 
boson...

http://www.nobelprize.org


THE HIGGS AND SM4

21

Since the new quarks are suppose to be heavy (at least heavier 
than the top quark). Large impact on the Higgs sector is expected:

⇐ t’/b’

Enlarge the Higgs production  
rate by a factor 4~9

If 4G fermions exist, 
the SM Higgs boson should have 

been fully excluded:
Pure 4G ⇔ SM Higgs  

cannot coexist. 
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THE “HIGGS”  
BOSON

22
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The particle at 126 GeV/c2 is 
clearly seen.
Almost all of the properties 
(decays, JPC) are consistent with 
the hypothesis of SM Higgs at 
this moment; contradict to the 
SM4 hypothesis.
If the observed “Higgs” boson is 
pure SM Higgs, then the 
assumption of pure SM4 is 
difficult.



WAIT...CAN WE STILL 
RECOVER IT BACK?
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One can always think of something that might rescue the situation, 
for example, if there is a dark matter (or heavy neutrino) candidate 
that allow Higgs to decay. Since the decay product is basically 
invisible so that we somehow finds the resulting Higgs production is 
very close to the SM (e.g. take over the factor of 4 production rate?)

Introduction Model Constraints Statistics Result Conclusions

Higgs

Best fit region in the parameter space:

4.4 Combined analysis
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Figure 4.2: On the left side I show a scan over the fourth generation neutrino mass (a); the hatched
areas are the regions below the LEP limit on light neutrinos and above mH/2. On the right, the blue-
band plot for the SM and the SM4 including the signal strength information from July 2012 is displayed
(b). It depicts the best-fit discrepancy between the SM and the SM4: While the SM is compatible with
the signal strengths, the �2

min of the SM4 is much larger.

the signal information was used to disfavour non-signal Higgs mass regions: As already
mentioned, the signal strength would be one at the Higgs mass and zero everywhere else,
if the experimental errors were negligible and �SM4

H is small. To find the signal region,
one would have to choose di↵erent Higgs mass bins and check for each bin whether the
signal strength deviates from zero or not. If we attributed this deviation from zero to each
bin, this would translate into a constant shift of the �2. Now we would perform several
hypothesis tests, each comparing two non-nested models which only di↵er in their Higgs
mass values. Assuming the realization of a specific Higgs mass (our hypothesis) we would
have to subtract from the �2 the squared deviation from zero and add the squared signal
strength deviation for the considered mass bin instead. Finally, the hypothesis with the
smallest �2 prevails, which in the Higgs case is the mass bin around 126 GeV. (In a more
thorough analysis of this problem, one would of course rather determine the p-value.)
Since for the calculation of the p-value only the �2 di↵erence with respect to the best-fit
point is important, I simply subtracted the squared deviation from zero at the respective
Higgs mass value. That is why not the total �2, but rather a ��2 depending on mH is
shown in Fig. 4.2(b), approximately reproducing the figure from [12]. In both models, the
SM and the SM4, the best-fit Higgs mass value is about 126 GeV. Therefore, I will only
use the four direct mass measurements from Table A.4 in the following and exclusively
discuss signal strengths at 126 GeV.
Another di↵erence between our publications [12, 91, 92] and this work is that I do not
set ✓34 = 0 here because the bounds have relaxed a bit compared to [92]. Nevertheless, a
qualitatively di↵erent outcome of the fit is not expected; at the best-fit point essentially
no mixing between the fourth generation and the SM quarks is favoured.
The deviations at the best-fit point of the SM4 can be found in Fig. 4.3, where they are
compared to the SM deviations. Again, the signal strengths from Table 3.2 are represented
by the ATLAS 8 TeV quantities. As already mentioned, the EWPO fit is roughly as good
as in the SM. An interesting feature is that the top quark mass has the second largest

44

Otto Eberhardt How dead is the SM4? 32 / 45

Well, it might happen but also 
very limited phase space. The 
heavy neutrino mass must be 

between MZ/2 and MH/2...



A MORE  
“STATISTICAL” VIEW

24

You may want to ask, how 
many “sigma’s” we are able 
to kill the 4G based on the 
pure Higgs results only. 
Based on some statistics 
analysis, the SM4 is roughly 
excluded at 5.3σ. 
[O. Eberhardt, et al, arXiv:1209.1101]

Introduction Model Constraints Statistics Result Conclusions

Result

4

FIG. 1. Deviations of the EWPOs in the Standard Model.
The observables were calculated with ZFitter [42–44]. For an
observable O with experimental value Oexp, experimental er-
ror �Oexp and best-fit prediction Ofit we define the deviation
as (Oexp � Ofit)/�Oexp.

has increased dramatically with the new data and now
exceeds four standard deviations. Furthermore, the SM4
cannot explain an excess in H ! bb̄ searches because
the Higgs production mechanisms for these searches are
HW and HZ associated production, which are not en-
hanced by a factor of 9 like the gluon fusion production
mode. Thus the fit improves significantly if the Tevatron
measurement of the H ! bb̄ signal strength is removed.

Figure 4 shows the minimum �2 values in the SM and
the SM4 as functions of the Higgs mass. The absolute
minimum in the SM4 is at mH = 124.5 GeV and the
minimum �2 value is larger than the one in the SM by
20 units.

To compute the statistical significance at which the
SM4 is ruled out one has to perform a likelihood-ratio
test. This task is complicated by the fact that the SM and
the SM4 are not nested, i.e. the extra parameters in the
SM4 cannot be fixed in such a way that all observables
assume their SM values. As explained in [19], analytical
formulae for p-values are not valid in this case and one
has to rely on numerical simulations. In our analysis
we used the improved simulation methods implemented

FIG. 2. The 68.3%, 95.5% and 99.7% CL regions in the mt-
MW plane using Higgs signal strengths and EWPOs. Also
shown are the experimental values of mt and MW and their
errors. The inner error bars are the statistical errors.
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FIG. 3. Deviations (defined as in Fig. 1) of the Higgs signal
strengths for the SM (blue) and for the SM4 (red) at a fixed
Higgs mass of 126 GeV. For comparison the results of the fit
to pre-ICHEP2012 data from [18] are also shown in green. In
the right column we show, for the SM4 fit to current data,
the change in the minimum �2 value when the corresponding
signal strength is removed from the fit.

in the myFitter package. For performance reasons, we

fixed the SM parameters MZ , mt, ↵s, �↵
(5)
had and mH

to their best-fit values in these simulations. This is a
valid approximation since the SM4 fit is now dominated
by the Higgs signal strengths and their dependence on
the SM parameters is negligible. Table III summarises
the results of the likelihood-ratio tests. If all inputs are
used, the SM4 is excluded at 5.3 standard deviations.
If the Tevatron input for the H ! bb̄ signal strength
is removed the number of standard deviations drops to
4.8. Note that these significances hold for an SM4 with a

µexp � µtheo

�

The SM4 is excluded

at 5.3�.

The SM4 is excluded

at 5.3�.

[OE, G. Herbert, H. Lacker,
A. Lenz, A. Menzel, U. Nierste,
M. Wiebusch in 1209.1101]
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Sequential 4th generation quarks are constrained with EWK 
precision data, but not fully excluded yet; SM4 (pure SM+4G) 
hypothesis is not compatible the SM Higgs, due to its strong 
contribution in the loop.
Pure SM4 is very difficult, but any BSM contribution may “rescue” 
the situation, e.g. getting SUSY also in the consideration.
Other new quark models (such a vector-like quarks, exotic quarks) do 
not have the same constraint. It can be an alternative solution to the 
fine-tuning problem in Higgs sector.
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SUMMARY

In any case, finding new fermions is still a 
“must-done” task at the LHC!
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HISTORY MIGHT  
REPEAT ITSELF?

Mendeleev's 1869  
periodic table

Periodic table today

Finding more particles and 
understand the real picture behind?



BACKUP SLIDES
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