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•  BSM:    many models  +  unexpected
•  At any rate,  new particles ! 

Present constraints on masses and couplings: 
Flavour, Tevatron, EW Precision Tests

Restrict parameter space Check consistency

DiscoverySearches ☺

New Physics @ LHC



• Z-pole observables: mass, partial decay widths, left-
right and forward-backward asymmetries 

• W properties: mass, width, leptonic branching 
ratios 

• Muon decay

• Low-energy neutrino scattering: neutrino-nucleon 
DIS and neutrino-electron scattering 

• Parity violation in atoms and in Møller scattering.

• Unitarity constraints on CKM (1st row)

• Fermion pair production off Z-pole at LEP 2

Electroweak Precision Data



14 Chapter 1 Effective field theories: The Standard Model and beyond
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Figure 1.1: Pulls for the SM theoretical predictions for some of the most representative observables
included in the fit.
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Effective Description of BSM

Leff = L4 +
1
Λ
L5 +

1
Λ2
L6 + . . .

SM

Scale of 
New Physics

Suppressed at
low energies

Ld =
Nd∑

i=1

α[d]
i O

[d]
i

Dimensionless coefficients

Gauge-invariant operators
 built with SM fields



1.2 The effective Lagrangian approach for the description of new physics 25
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Table 1.1: Dimension five and six operators arising from the integration of heavy scalars, vector
bosons or fermions at tree level. We also include the dimension-four operator Oφ4 and the loop-
level generated dimension-six operator OWB for notational purposes. Transposition of the second
SU(2)L doublet is understood in the first four LRLR operators. σa and λA stand for the Pauli and
Gell-Mann matrices, respectively, and εABC is the totally antisymmetric tensor for color indices
(A, B, · · · = 1, 2, 3 in this case).

Operators of 
dimension 6

Unique 
Operator of 
dimension 5

(lepton number 
violating)



2.3 Electroweak precision constraints on dimension-six operators 55

Operator Z pole W data Low Energy LEP 2 Global fit
coefficient 95% C.L. limits [TeV−2]
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Λ2 [−0.006, 0.006] [−0.019, 0.001] [0.007, 0.068] [−0.155, 0.017] [−0.006, 0.004]

Table 2.2: 95% C.L. limits on (90% central confidence interval of) the operator coefficients in
Table 4.3, considering only one operator at a time and for each data set. Limits are in units of
TeV−2. The different columns show the results for different fits depending on the observables
included.
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Operator Z pole W data Low Energy LEP 2 Global fit
coefficient 95% C.L. limits [TeV−2]

L
L
L
L

α(1)
ll
Λ2 - - [−0.033, 0.245] [−0.089, 0.024] [−0.065, 0.040]

α(3)
ll
Λ2 [−0.010, 0.012] [−0.007, 0.009] [−0.088,−0.007] [−0.046, 0.041] [−0.007, 0.006]

α(1)
lq

Λ2 - - [−0.027, 0.020] [−0.007, 0.433] [−0.024, 0.022]
α(3)

lq

Λ2 - [−0.007, 0.009] [−0.003, 0.090]
[
−6·10−4, 0.056

]
[−0.003, 0.012]

R
R

R
R

αee
Λ2 - - [−0.257, 0.031] [−0.057, 0.011] [−0.060, 0.006]
αeu
Λ2 - - [−0.040, 0.057] [−0.195, 0.001] [−0.057, 0.030]
αed
Λ2 - - [−0.041, 0.048] [−0.002, 0.260] [−0.025, 0.059]

L
R

R
L

αle
Λ2 - - [−1.146, 1.132] [−0.059, 0.101] [−0.059, 0.101]
αlu
Λ2 - - [−0.090, 0.100] [−0.005, 0.947] [−0.070, 0.116]
αld
Λ2 - - [−0.078, 0.098] [−1.263, 0.007] [−0.089, 0.085]
αqe

Λ2 - - [−0.052, 0.041] [−0.006, 0.561] [−0.044, 0.048]

S
V

F

α(1)
φl

Λ2 [−0.004, 0.009] - [−0.023, 0.072] [−0.037, 0.170] [−0.003, 0.010]
α(1)

φq

Λ2 [−0.021, 0.033] - [−0.025, 0.023] [−0.014, 1.149] [−0.013, 0.022]
α(1)

φe

Λ2 [−0.011, 0.006] - [−0.147, 0.053] [−0.233, 0.103] [−0.012, 0.006]
α(1)

φu

Λ2 [−0.054, 0.066] - [−0.035, 0.060] [−0.076, 2.796] [−0.026, 0.048]
α(1)

φd

Λ2 [−0.130, 0.032] - [−0.060, 0.046] [−3.727, 0.101] [−0.049, 0.028]
α(3)

φl

Λ2 [−0.007, 0.006] [−0.009, 0.006] [ 0.010, 0.068] [−0.151, 0.008] [−0.005, 0.004]
α(3)

φq

Λ2 [−0.008, 0.011] [−0.009, 0.007] [−0.090,−0.003] [−0.002, 0.305] [−0.007, 0.006]
αφud

Λ2 - [−0.015, 0.018] [−0.006, 0.208] - [−0.012, 0.020]

O
b
li
q
u
e

α(3)
φ

Λ2 [−0.031, 0.019] [−0.041, 0.003] [0.024, 0.174] [−0.344, 0.033] [−0.031, 0.008]
αWB
Λ2 [−0.006, 0.006] [−0.019, 0.001] [0.007, 0.068] [−0.155, 0.017] [−0.006, 0.004]

Table 2.2: 95% C.L. limits on (90% central confidence interval of) the operator coefficients in
Table 4.3, considering only one operator at a time and for each data set. Limits are in units of
TeV−2. The different columns show the results for different fits depending on the observables
included.

EW
 li

m
its

 o
n 

co
ef

fic
ie

nt
s



2.3 Electroweak precision constraints on dimension-six operators 55

Operator Z pole W data Low Energy LEP 2 Global fit
coefficient 95% C.L. limits [TeV−2]

L
L
L
L

α(1)
ll
Λ2 - - [−0.033, 0.245] [−0.089, 0.024] [−0.065, 0.040]

α(3)
ll
Λ2 [−0.010, 0.012] [−0.007, 0.009] [−0.088,−0.007] [−0.046, 0.041] [−0.007, 0.006]

α(1)
lq

Λ2 - - [−0.027, 0.020] [−0.007, 0.433] [−0.024, 0.022]
α(3)

lq

Λ2 - [−0.007, 0.009] [−0.003, 0.090]
[
−6·10−4, 0.056

]
[−0.003, 0.012]

R
R

R
R

αee
Λ2 - - [−0.257, 0.031] [−0.057, 0.011] [−0.060, 0.006]
αeu
Λ2 - - [−0.040, 0.057] [−0.195, 0.001] [−0.057, 0.030]
αed
Λ2 - - [−0.041, 0.048] [−0.002, 0.260] [−0.025, 0.059]

L
R

R
L

αle
Λ2 - - [−1.146, 1.132] [−0.059, 0.101] [−0.059, 0.101]
αlu
Λ2 - - [−0.090, 0.100] [−0.005, 0.947] [−0.070, 0.116]
αld
Λ2 - - [−0.078, 0.098] [−1.263, 0.007] [−0.089, 0.085]
αqe

Λ2 - - [−0.052, 0.041] [−0.006, 0.561] [−0.044, 0.048]

S
V

F

α(1)
φl

Λ2 [−0.004, 0.009] - [−0.023, 0.072] [−0.037, 0.170] [−0.003, 0.010]
α(1)

φq

Λ2 [−0.021, 0.033] - [−0.025, 0.023] [−0.014, 1.149] [−0.013, 0.022]
α(1)

φe

Λ2 [−0.011, 0.006] - [−0.147, 0.053] [−0.233, 0.103] [−0.012, 0.006]
α(1)

φu

Λ2 [−0.054, 0.066] - [−0.035, 0.060] [−0.076, 2.796] [−0.026, 0.048]
α(1)

φd

Λ2 [−0.130, 0.032] - [−0.060, 0.046] [−3.727, 0.101] [−0.049, 0.028]
α(3)

φl

Λ2 [−0.007, 0.006] [−0.009, 0.006] [ 0.010, 0.068] [−0.151, 0.008] [−0.005, 0.004]
α(3)

φq

Λ2 [−0.008, 0.011] [−0.009, 0.007] [−0.090,−0.003] [−0.002, 0.305] [−0.007, 0.006]
αφud

Λ2 - [−0.015, 0.018] [−0.006, 0.208] - [−0.012, 0.020]

O
b
li
q
u
e

α(3)
φ

Λ2 [−0.031, 0.019] [−0.041, 0.003] [0.024, 0.174] [−0.344, 0.033] [−0.031, 0.008]
αWB
Λ2 [−0.006, 0.006] [−0.019, 0.001] [0.007, 0.068] [−0.155, 0.017] [−0.006, 0.004]

Table 2.2: 95% C.L. limits on (90% central confidence interval of) the operator coefficients in
Table 4.3, considering only one operator at a time and for each data set. Limits are in units of
TeV−2. The different columns show the results for different fits depending on the observables
included.

EW
 li

m
its

 o
n 

co
ef

fic
ie

nt
s



Problems

• Ignores relations among coefficients

• No clear lessons about New Physics or direct 
relation with Specific Models

• No direct connection to Collider Searches

We would like to be more 
specific but retain, as far as 

possible, model independence 



“Particle” approach

Explore all possible extensions of the 
SM with new particles (fields) that 
can give observable contributions

• Need to be systematic

• Need sensible assumptions

• Direct connection to particle searches

• Simple relation to Models



General Extensions of the SM

Impose Symmetries! • Classify particles
• Restrict interactions

Lorentz Invariance

SU(3)xSU(2)xU(1)
Gauge Invariance

Scalar
s

Spinors
Vectors

Coloured

EW singlets,
doublets, triplets

 Hypercharged



Sizable effects

• New Physics enters at Tree Level

• Renormalizable Interactions

(Theories with R-, T-, KK-... parity 
not studied here) 

It is possible to write a general 
Lagrangian

+

Symmetrie
s

Condition:



General Extra Leptons

• Spin       uncoloured particles

• Vectorlike

• GUT,  Xdims,  seesaw

• Contribute to EWPT via mixing with SM leptons, 
induced by Yukawa couplings 

1
2
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∑
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All  Types of Extra Leptons
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3.1 Extending the Standard Model with vector-like fermions

As emphasized, many models of new physics beyond the SM include extra fermions, and these
are usually vector-like to avoid the problems inherent to the addition of new chiral matter. It is,
therefore, interesting to study the impact of new vector-like fermions at the TeV scale on low-energy
observables, and the limits implied on their couplings and masses. To give sizable contributions to
EWPD, the new fermions must mix at tree level with the SM ones. This condition together with
renormalizability and the fact that the theory must be invariant under the SM gauge group restrict
the new particles quantum numbers. The different possible additions are gathered in Tables 3.1
and 3.2, which also settles our notation for the extra multiplets.

Leptons N E

„
N
E−

« „
E−

E−−

« 0

@
E+

N
E−

1

A

0

@
N
E−

E−−

1

A

Notation ∆1 ∆3 Σ0 Σ1

SU(3)c ⊗ SU(2)L ⊗ U(1)Y (1, 1)0 (1, 1)−1 (1, 2)− 1
2

(1, 2)− 3
2

(1, 3)0 (1, 3)−1

Dirac Dirac
Spinor or Dirac Dirac Dirac or Dirac

Majorana Majorana

Table 3.1: Lepton multiplets mixing with the SM leptons through Yukawa couplings to the SM
Higgs.
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D
Y

« 0

@
X
U
D
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Notation Ξ1 Ξ7 Ξ5 Ω2 Ω1

SU(3)c ⊗ SU(2)L ⊗ U(1)Y (3, 1) 2
3

(3, 1)− 1
3

(3, 2) 1
6

(3, 2) 7
6

(3, 2)− 5
6

(3, 3) 2
3

(3, 3)− 1
3

Table 3.2: Quark multiplets mixing with the SM leptons through Yukawa couplings to the SM
Higgs. In this case the spinor field describing the fermions can be only of Dirac type.

We consider a generic renormalizable extension of the SM including these vector-like fermions.
After diagonalizing the fermionic kinetic terms and the corresponding mass matrices before EWSB,
the Lagrangian of the theory can be split into three pieces:

L = L! + Lh + L!h. (3.1)

L! is the SM Lagrangian and contains only light fields (with no RH neutrinos). As stated in
Chapter 1, we choose to work in the basis in which the leptonic and d quark Yukawa terms are
diagonal. Then, the fermionic sector is given by

L! ⊃ liL i!!D liL + qi
L i!!D qi

L + ei
R i!!D ei

R + ui
R i!!D ui

R + di
R i!!D di

R−

−
(
ye

ii liLφei
R + yd

ii qi
Lφdi

R + V †
ijy

u
jj qi

Lφ̃uj
R + h.c.

)
.

(3.2)

Seesaw 
Messengers

Type I    ➜  singlet N

Type III  ➜  triplet {
Σ0



Global Fits
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−∆χ2
min (χ2

min/d.o.f.)

Coupling nnew
par N E ∆1 ∆3 Σ0 Σ1

General 3 1.2 (1.11) 0.2 (1.13) 1.7 (1.09) 1.7 (1.09) 1.1 (1.11) 0 (1.14)

Universal 1 0.2 (0.94) 0 (0.94) 0 (0.94) 0.4 (0.93) 0.5 (0.93) 0 (0.94)

Only with e 1 0.4 (1.07) 0 (1.08) 0 (1.08) 0.9 (1.06) 0.8 (1.06) 0 (1.08)

Only with µ 1 0.1 (1.08) 0.2 (1.08) 1.7 (1.04) 0 (1.08) 0 (1.08) 0 (1.08)

Only with τ 1 1 (1.06) 0 (1.08) 0 (1.08) 0.5 (1.07) 0.4 (1.07) 0 (1.08)

Table 3.10: Decrease in χ2
min with respect to the SM minimum, χ2

SM = 44.32 (χ2
SM = 30.23 with

lepton universality), obtained by adding to the SM the different leptons. The number of degrees
of freedom is obtained as N − 5− nnew

par , where nnew
par is the number of independent lepton mixings

and N = 47 is the number of observables (N = 38 for the universal case). In parenthesis we write
the value of χ2

min/d.o.f., which for the SM is 1.06 (0.92 with lepton universality).

• Three leptons, each coupled to one (different) SM family with independent couplings (“Gen-
eral”).

• Three leptons, each coupled to one (different) SM family with the same coupling (“Univer-
sal”).

The universal case requires an extra assumption. When we do the fit with universal couplings, we
use this assumption of universality also for data. This means that the set of data is different and
hence the comparison with the other fits is not straightforward. The observables included in the
fit for this case, with their current experimental values and the SM predictions, are collected in
Table A.2 in Appendix A.
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The only fit with χ2/d.o.f. smaller than in the SM is obtained for the SM-like doublet coupled to
the second family, (∆1)µ. Even if the improvements are marginal at best, it is interesting that in
some cases the minima occur for significant values of the mixings, as can be seen in Table 3.11.
Let us also mention the biggest changes in individual observables at the global minima. First, σhad
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to 2.3 but increases the discrepancy in Ae up to 2.3. This multiplet is another example where we
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µ

from 1.4 to 0.1. From the fits, we can also extract limits on the values of the mixings U and s in
Tables 3.4 and 3.5, respectively. We give the 95% C.L. upper bounds on the absolute value of U
in Table 3.11. We stress again that these limits incorporate the information from the direct Higgs
searches.

In Figs 3.1 to 3.6 we show the 95% C.L. regions in the |U | −MH parameter space. In these
plots we display the contour of the 95% probability region of the fit without any restriction on
MH , and the 95% confidence region when we include the direct MH limits (the solid region). The
effect of these limits has a dramatic impact reducing the allowed regions. This is not only because
of the LEP 2 lower bound but also because in almost all cases the contours are bounded below

Quality of the fit   (compared to SM)

Marginal improvement at best
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Coupling N E ∆1 ∆3 Σ0 Σ1

Only with e |U | < 0.051 0.020 0.020 0.028 0.020 0.016

|Umin| = 0.023 0 0 0.019 0.012 0

Only with µ |U | < 0.031 0.029 0.048 0.028 0.018 0.024

|Umin| = 0.012 0.014 0.033 0 0 0.005

Only with τ |U | < 0.087 0.033 0.035 0.045 0.030 0.029

|Umin| = 0.056 0 0 0.027 0.016 0

Universal |U | < 0.028 0.019 0.020 0.025 0.017 0.013

|Umin| = 0.013 0 0 0.014 0.010 0

Table 3.11: Upper limit at 95 % C.L. on the absolute value of the mixings in Table 3.5 and their
value at the minimum. The first three rows are obtained by coupling each new lepton with only one
SM family. The last one corresponds to the case of lepton universality. All numbers are computed
including the MH constraints from Higgs direct searches at LEP 2 and Tevatron.

MH = 200 GeV and then only the small window allowed by LEP 2 and Tevatron survives in the
region obtained from all data.

As it is apparent in the plots, in some cases there is a correlation between the mixing and MH .
In particular, we can see in Fig. 3.1 a strong positive correlation for the singlet N , as long as it
mixes with the first family of SM leptons. As a result, the preferred Higgs mass is larger than in
the SM6. This is in fact responsible for part of the (small) improvement in the χ2 in this case. We
analyze the interplay between the Higgs mass and the mixing of neutrino singlets in more detail
in next section. In Table 3.12 we give the 95% C.L. upper limits that we find in the different
scenarios. These limits take into account the bounds from direct searches. The limits with some
of the extra singlets are significantly weaker than in the SM, MH ≤ 228 GeV at 95% C.L. for Ne.

3.3.2 Large neutrino mixing and the Higgs mass

From Table 3.11, we see that the less constrained extra leptons are the neutrino singlets. These
fields can play the role of see-saw messengers, although as we have mentioned their contribution
to α5 must be suppressed or cancelled by another contribution. In this section we analize this case
in detail, emphasizing the role of the Higgs boson.

The mixing of new leptons with the light neutrinos modifies the invisible width of the Z, Γinv.
This shifts the prediction for σhad in the opposite direction, since

σhad = 12π
ΓeΓhad

M2
ZΓ2

Z

, (3.13)

and ΓZ = Γl +Γhad +Γinv (with the leptonic width Γl = 3Γe in the universal case). For the singlets
N , the invisible width is smaller and the shift in σhad is positive, so the pull in this quantity is

6This effect has been discussed before by Loinaz et al. in [84]. In that reference, a much heavier Higgs is allowed
because the constraint from MW is not enforced (or it is compensated by unknown new physics). We discuss the
differences between our analysis and the one in [84] below.

U ∼ yv

M



Constraints on Mixings  
3.3 The global fit for extra leptons 73

Coupling N E ∆1 ∆3 Σ0 Σ1

Only with e |U | < 0.051 0.020 0.020 0.028 0.020 0.016

|Umin| = 0.023 0 0 0.019 0.012 0

Only with µ |U | < 0.031 0.029 0.048 0.028 0.018 0.024

|Umin| = 0.012 0.014 0.033 0 0 0.005

Only with τ |U | < 0.087 0.033 0.035 0.045 0.030 0.029

|Umin| = 0.056 0 0 0.027 0.016 0

Universal |U | < 0.028 0.019 0.020 0.025 0.017 0.013

|Umin| = 0.013 0 0 0.014 0.010 0

Table 3.11: Upper limit at 95 % C.L. on the absolute value of the mixings in Table 3.5 and their
value at the minimum. The first three rows are obtained by coupling each new lepton with only one
SM family. The last one corresponds to the case of lepton universality. All numbers are computed
including the MH constraints from Higgs direct searches at LEP 2 and Tevatron.

MH = 200 GeV and then only the small window allowed by LEP 2 and Tevatron survives in the
region obtained from all data.

As it is apparent in the plots, in some cases there is a correlation between the mixing and MH .
In particular, we can see in Fig. 3.1 a strong positive correlation for the singlet N , as long as it
mixes with the first family of SM leptons. As a result, the preferred Higgs mass is larger than in
the SM6. This is in fact responsible for part of the (small) improvement in the χ2 in this case. We
analyze the interplay between the Higgs mass and the mixing of neutrino singlets in more detail
in next section. In Table 3.12 we give the 95% C.L. upper limits that we find in the different
scenarios. These limits take into account the bounds from direct searches. The limits with some
of the extra singlets are significantly weaker than in the SM, MH ≤ 228 GeV at 95% C.L. for Ne.

3.3.2 Large neutrino mixing and the Higgs mass

From Table 3.11, we see that the less constrained extra leptons are the neutrino singlets. These
fields can play the role of see-saw messengers, although as we have mentioned their contribution
to α5 must be suppressed or cancelled by another contribution. In this section we analize this case
in detail, emphasizing the role of the Higgs boson.

The mixing of new leptons with the light neutrinos modifies the invisible width of the Z, Γinv.
This shifts the prediction for σhad in the opposite direction, since

σhad = 12π
ΓeΓhad

M2
ZΓ2

Z

, (3.13)

and ΓZ = Γl +Γhad +Γinv (with the leptonic width Γl = 3Γe in the universal case). For the singlets
N , the invisible width is smaller and the shift in σhad is positive, so the pull in this quantity is

6This effect has been discussed before by Loinaz et al. in [84]. In that reference, a much heavier Higgs is allowed
because the constraint from MW is not enforced (or it is compensated by unknown new physics). We discuss the
differences between our analysis and the one in [84] below.

U ∼ yv

M



Constraints on Mixings  
3.3 The global fit for extra leptons 73

Coupling N E ∆1 ∆3 Σ0 Σ1

Only with e |U | < 0.051 0.020 0.020 0.028 0.020 0.016

|Umin| = 0.023 0 0 0.019 0.012 0

Only with µ |U | < 0.031 0.029 0.048 0.028 0.018 0.024

|Umin| = 0.012 0.014 0.033 0 0 0.005

Only with τ |U | < 0.087 0.033 0.035 0.045 0.030 0.029

|Umin| = 0.056 0 0 0.027 0.016 0

Universal |U | < 0.028 0.019 0.020 0.025 0.017 0.013

|Umin| = 0.013 0 0 0.014 0.010 0

Table 3.11: Upper limit at 95 % C.L. on the absolute value of the mixings in Table 3.5 and their
value at the minimum. The first three rows are obtained by coupling each new lepton with only one
SM family. The last one corresponds to the case of lepton universality. All numbers are computed
including the MH constraints from Higgs direct searches at LEP 2 and Tevatron.

MH = 200 GeV and then only the small window allowed by LEP 2 and Tevatron survives in the
region obtained from all data.

As it is apparent in the plots, in some cases there is a correlation between the mixing and MH .
In particular, we can see in Fig. 3.1 a strong positive correlation for the singlet N , as long as it
mixes with the first family of SM leptons. As a result, the preferred Higgs mass is larger than in
the SM6. This is in fact responsible for part of the (small) improvement in the χ2 in this case. We
analyze the interplay between the Higgs mass and the mixing of neutrino singlets in more detail
in next section. In Table 3.12 we give the 95% C.L. upper limits that we find in the different
scenarios. These limits take into account the bounds from direct searches. The limits with some
of the extra singlets are significantly weaker than in the SM, MH ≤ 228 GeV at 95% C.L. for Ne.

3.3.2 Large neutrino mixing and the Higgs mass

From Table 3.11, we see that the less constrained extra leptons are the neutrino singlets. These
fields can play the role of see-saw messengers, although as we have mentioned their contribution
to α5 must be suppressed or cancelled by another contribution. In this section we analize this case
in detail, emphasizing the role of the Higgs boson.

The mixing of new leptons with the light neutrinos modifies the invisible width of the Z, Γinv.
This shifts the prediction for σhad in the opposite direction, since

σhad = 12π
ΓeΓhad

M2
ZΓ2

Z

, (3.13)

and ΓZ = Γl +Γhad +Γinv (with the leptonic width Γl = 3Γe in the universal case). For the singlets
N , the invisible width is smaller and the shift in σhad is positive, so the pull in this quantity is

6This effect has been discussed before by Loinaz et al. in [84]. In that reference, a much heavier Higgs is allowed
because the constraint from MW is not enforced (or it is compensated by unknown new physics). We discuss the
differences between our analysis and the one in [84] below.

U ∼ yv

M
M ≥ 340GeV − 3.4TeV for y = 0.1− 1



New Vector Bosons Limits Improving the SM? Summary of results LHC

SM extensions with New Vector Bosons

1. Gauge invariant under SU(3)C × SU(2)L × U(1)Y
2. Renormalizable
3. Interactions linear in the new fields

• Can be singly produced
• Contribute to electroweak precision data:
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V µ

f ′

f ′

(a)

W a
µ , Bµ

Φ†

φ

V µ
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φ
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µ , Bµ
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Φ†

φ
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(c)

General Extra Vectors

• Spin 1 particles

• GUT,  Xdims,  Technicolor, Little Higgs, ...

• Candidates for early discovery at LHC

• Contribute to EWPT via mixing with SM gauge bosons and 
four fermion operators

Four fermion

Trilinear

Oblique
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Types of Extra Vector Bosons

Vector Bµ B1
µ Wµ W1

µ Gµ G1
µ Hµ Lµ

Irrep (1, 1)0 (1, 1)1 (1, Adj)0 (1, Adj)1 (Adj, 1)0 (Adj, 1)1 (Adj, Adj)0 (1, 2)− 3
2

Vector U2
µ U5

µ Q1
µ Q5

µ Xµ Y1
µ Y5

µ

Irrep (3, 1) 2
3

(3, 1) 5
3

(3, 2) 1
6

(3, 2)− 5
6

(3, Adj) 2
3

`
6̄, 2

´
1
6

`
6̄, 2

´
− 5

6

Quantum numbers determine possible couplings. For instance,

L ⊃ B1
µ

[(
gdu
B1

)

ij
d i
Rγµuj

R + gφ
B1 iD

µφT iσ2φ

]

All  Types of Extra Vectors
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Quantum numbers determine possible couplings. For instance,

Electroweak breaking:

B1

W

Pair of Charged vectors

One neutral vector +
Pair of Charged vectors{

...
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Vector Model

Bµ U(1)′, Extra Dimensions
B1

µ SU(2)R ⊗ U(1)X → U(1)Y

Wµ SU(2)1 ⊗ SU(2)2 → SU(2)D ≡ SU(2)L, Extra Dimensions
W1

µ SU(4)→ U(1)⊗ (SU(3)→ SU(2))
Gµ SU(3)1 ⊗ SU(3)2 → SU(3)D ≡ SU(3)c, Extra Dimensions
G1

µ SO(12)→ (SO(8)→ SU(3))⊗ (SU(2)⊗ SU(2)→ SU(2)D → U(1)Y )
Hµ SU(6)→ SU(3)⊗ SU(2)
Lµ G2 → SU(2)⊗ (SU(2)→ U(1)Y )

U2
µ, U5

µ SU(4)→ SU(3)⊗ U(1)
Q1

µ, Q5
µ SU(5)→ SU(3)c ⊗ SU(2)L ⊗ U(1)Y

Xµ SU(6)→ U(1)⊗ SU(3)⊗ (SU(3)→ SU(2))
Y1

µ, Y5
µ F4 → SU(3)⊗ (SU(3)→ SU(2)⊗ U(1))

Table 4.2: Examples of symmetry breaking patterns giving rise to each type of vectors bosons
in Table 4.1 [134]. Generating the right Weinberg angle and accommodating the matter fields
requires, in some cases, an extension of the gauge groups in this table and a more involved pattern
of symmetry breaking.

as in Eq. (1.1). We use matrix notation to write the singlet product of two objects in a given
representation and its complex conjugate: in the product A†B, A† and B are row and column
vectors, respectively, made out of the components of A† and B in some orthonormal basis of
the vector space for their representation. Finally, [.]R denotes a projection into the irreducible
representation R. When we give the currents coupled to each of the vector bosons we shall be
more explicit and use color and isospin indices.

The SM part of the Lagrangian can be read from Eq. (1.7). We have assumed a minimal Higgs
sector, as we are not considering extra scalars here3.

The quadratic terms for the new vector bosons are given by4

LV = −
∑

V

ηV

(
1
2
DµV †

ν DµV ν − 1
2
DµV †

ν DνV µ +
1
2
M2

V V †
µ V µ

)
, (4.2)

The sum is over all new vectors V , which can be classified into the different irreducible represen-
tations of Table 4.1. We set ηV = 1 (2) when V is in a real (complex) representation, in order
to use the usual normalization. Even though the kinetic terms of the extra vectors incorporate
SM covariant derivatives to keep manifest gauge invariance, the corresponding interactions among
SM gauge bosons and two new vectors could be moved to the “nonlinear” terms of Eq. (4.1). On

3Only the vev of the scalar is relevant for the new couplings that enter precision tests. Therefore, all our equations
but Eq. (1.7) are valid for a completely general symmetry breaking sector. However, we have used the assumption
of a single elementary scalar doublet in the SM loop corrections that enter our fits.

4Note that the most general kinetic term is DµV †
ν DµV ν+βDµV †

ν DνV µ, with β an arbitrary parameter. However,
in this chapter we restrict ourselves to spin-1 degrees of freedom. Then we must take β = −1, for otherwise ∂µV µ

would propagate as an independent scalar field.
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Vector −∆χ2
min Parameter Best Fit Bounds C.L.

Vµ (χ2
min/d.o.f.) Gk

V ≡ gk
V /MV [TeV−1] [TeV−1]

Bµ 7.35 Gφ
B −0.045 [−0.098, 0.098] 95%

(0.77) Gl
B 0.021 [−0.210, 0.210] 95%

Gq
B −0.89 - -

Ge
B 0.048 [−0.300, 0.300] 95%

Gu
B −2.6 - -

Gd
B −6.0 - -

Wµ 1.51 Gφ
W 0.002 [−0.12, 0.12] 1 σ

(0.79) Gl
W 0.004 [−0.26, 0.26] 95%

Gq
W −9.6 - -

B1
µ 0.16 Gφ

B1 6 ·10−4 [−0.11, 0.11] 95%
(0.79) Gdu

B1 6.6 - -

W1
µ 0.65 |Gφ

W1 | 0.18 < 0.50 95%
(0.78)

Lµ 0
(0.79)

|Gel
L | 0 <




0.29 0.33 0.39
0.34 - -
0.39 - -



 95%

U2
µ 0

(0.79)
|Ged
U2 | 0 <




0.21 0.49 0.49

- - -
- - -



 95%

|Glq
U2 | 0 <




0.12 0.29 0.29
0.56 0.65 -

- - -



 95%

U5
µ ≤ 2.77

(0.77)
|Geu
U5 | 0.43

[1, 2]
<




0.25 0.62 -

- - -
- - -



 95%

Q1
µ ≤ 0.45

(0.79)
|Gul
Q1 | 0.27

[1, 2]
<




0.22 0.54 -
0.57 - -

- - -



 95%

Q5
µ ≤ 3.36

(0.78)
|Gdl
Q5 | 0.87

[1, 1]
<




1.06 0.58 -
1.07 - -
1.07 - -



 95%

|Geq
Q5 | 0.64

[1, 1]
<




0.78 1.0 1.2

- - -
- - -



 95%

Xµ ≤ 2.86
(0.77)

|Glq
X | 0.65

[1, 2]
<




0.27 0.93 0.57
1.04 1.40 -

- - -



 95%

Table 4.4: Results of the fit to EWPD for the extra vector bosons. We give ∆χ2
min = χ2

min − χ2
SM

values, together with the best fit values and bounds on the interactions of the new vectors. The
results for the last six representations are obtained from a fit to each of the entries of the coupling
matrices at a time. [i, j] refers to the entries in the family matrices that give the best fit. See text
for more details.

Limits on General Extra Vectors G ∼ g

M
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Table 4.4: Results of the fit to EWPD for the extra vector bosons. We give ∆χ2
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values, together with the best fit values and bounds on the interactions of the new vectors. The
results for the last six representations are obtained from a fit to each of the entries of the coupling
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4.3 Limits on new vector bosons 95

95% C.L. Electroweak Limits on
sin θZZ′

[
×10−4

]
MZ′ [TeV]

Model EWPD LEP 2 All Data EWPD LEP 2 All Data
(no LEP 2) (no LEP 2)

Z ′
χ [−10, 7] [− 80, 118] [−11, 7] 1.123 0.772 1.022

Z ′
ψ [−19, 7] [−196, 262] [−19, 7] 0.151 0.455 0.476

Z ′
η [−22, 25] [−150, 164] [−23, 27] 0.422 0.460 0.488

Z ′
I [− 5, 9] [−144, 96] [− 5, 10] 1.207 0.652 1.105

Z ′
N [−14, 6] [−165, 223] [−14, 6] 0.635 0.421 0.699

Z ′
S [− 9, 5] [− 85, 129] [−10, 5] 1.249 0.728 1.130

Z ′
R [−17, 7] [−166, 177] [−15, 5] 0.439 0.724 1.130

Z ′
LR [−13, 5] [−147, 189] [−12, 4] 0.999 0.667 1.162

Table 4.5: Comparison of 95% C.L. limits on sin θZZ′ and MZ′ obtained for several popular Z ′

models from a fit to standard EWPD without LEP 2, to LEP 2 cross sections and asymmetries, and
to all data. The gauge coupling constants are taken equal to the GUT-inspired value,

√
5/3 g′ ≈

0.46.

O(3)
φ . Therefore, there is an extra flat direction in the Higgs coupling for vanishing couplings to the

fermions. This is illustrated in Figure 4.5, where we plot several confidence regions in the plane
spanned by the lepton and Higgs couplings.

Note also that the χ2 at the minimum, which is placed over both flat directions, is less than
2 units smaller than for the SM. Thus, any value of the Higgs and quark couplings is allowed
by EWPD at that confidence level. For Gφ

W , the 1 σ interval is finite, as reported in Table 4.4,
whereas there are no limits on Gq

W . As in the case of the singlet B, there is a preference for large
values of the quark coupling.

4.3.3 Charged singlet: B1

This complex isosinglet vector has electric charge ±1. After EWSB, it mixes with the SM charged
bosons, with the mixing proportional to the Higgs coupling. With our assumption that the new
vector is heavier than the W boson, this mixing decreases MW , and gives a negative contribution
to the ρ parameter. In the effective formalism, this effect is clear from the positive sign of the
contribution of this vector to the operator O(3)

φ . Therefore, the presence of this vector with a
nonvanishing scalar coupling favors a value for the Higgs mass yet lower than in the SM, in contrast
with the case of singlets of zero hypercharge, B. The LEP 2 lower bound on the Higgs mass then
forces the Higgs coupling to be very small. The other parameter in this scenario is the coupling of
the B1 to the RH quarks. This coupling induces RH CC, via the operator Oφud. Unfortunately,
there are no direct experimental constraints on these quark currents (our fits do not incorporate
the possible hints from kaon physics described in Ref. [146]). At any rate, taking into account the
preference for small Higgs coupling, the electroweak data are blind to these RH quark couplings.

Popular Z’ Models
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Figure 4.4: 95% C.L. contour in the MZ′ - sin θZZ′ plane for the Z ′
R model (left) and Z ′

ψ (right). The
different contours correspond to the fit to EWPD without LEP 2 cross sections and asymmetries
(solid line), to LEP 2 cross sections and asymmetries (dashed line), and to all data (solid region).

4.3.4 Fermiophobic triplet: W1

The triplet with hypercharge 1 contains two real neutral vectors, which mix with the Z boson
upon EWSB, a complex vector of charge ±1, which mixes with the W , and a complex vector of
charge ±2, which gives no observable effect. The characteristic feature of this representation is
that it cannot couple to any SM fermions. Hence, its only visible effects are oblique. Moreover,
the net contribution to the ρ parameter is positive, which makes EWPD consistent with a heavy
Higgs. Therefore, the fit prefers a nonzero value of the coupling, in order to compensate the effect
on EWPD of the direct LEP lower bound on the Higgs mass. The interplay with the Higgs mass
is further discussed in Section 4.5.

4.3.5 Leptophilic vector: L
This representation contains complex vectors of charges ±1 and ±2. Since it does not couple to
the Higgs, the charge ±1 components do not mix with the W boson at tree level. The vector
field is coupled to a ∆L = 2 current mixing the LH and RH lepton multiplets. Despite this, no
trace of lepton number violation remains in the effective Lagrangian, thanks to the absence of any
other couplings. This fact allows to recover this symmetry by assigning lepton number L = 2 to
the field L. There can be, however, lepton flavor violation, even for diagonal couplings, as these
create (destroy) two same-flavor anti-leptons (leptons), allowing for processes like e−e− → µ−µ−.
The only operator in the effective Lagrangian for this vector is the four-lepton interaction Ole.
This can contribute to νµe scattering as well as to e+e− → $+$− data at LEP 2. There are no
restrictions from parity violating observables measured in Møller scattering, since Ole does not
contribute to V-A couplings. In the case of couplings to only one flavor per SM multiplet, the
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Figure 3.1: 95% confidence region in the
∣∣UeN

L

∣∣−MH parameter space for the N singlet coupled to
the first, second and third family (blue, green and orange solid regions, respectively). The last plot
corresponds to the universal case (gray solid region). In all cases the corresponding 95% confidence
region excluding Higgs direct searches from the fit is delimited by the solid line.

the direct limit and compatible with the event excess observed by LEP 2 and Tevatron. From
Eq. (3.14) one would expect the same for mixing with muon neutrinos but these are stringently
constrained by the good agreement of data with unitarity of the first row of the CKM matrix.
This explains the different limits compared to the case of mixing with electron flavor, for which
the CKM constraints are much weaker. We must emphasize that Eqs. (3.14) and (3.15) do not
extend to all observables and, in particular, to MW . Indeed, unlike the shift in GF , a genuine T
parameter from new oblique physics would give additional direct contributions to MW (for fixed
MZ). These are not included in our Teff , and in general cannot be generated by any kind of new
leptons at tree level. A heavy Higgs gives the complete T -like contributions (in addition to S-like
and suppressed U -like contributions). Therefore, singlet mixing can only cancel a part of the T -like
Higgs effects. This prevents the Higgs from being too heavy, and the lepton mixings from being
too large.

Let us also note that the net contribution of the new singlets to neutrino–nucleon deep inelastic

Extra neutrino 
singlet, coupled 

to electron

Contributes to muon decay

Changes Δr

Extraction of G
F
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New Vector Bosons Limits Improving the SM? Summary of results LHC

Solving the Ab
FB anomaly

(should it be a problem)

SM with MH = 115 GeV → Pull[Ab
FB] = −2.6

SM with extra neutral (and charged) singlet vector bosons
coupling to 3rd family:

B B + B1

Free Gb
B ≡ 1 MH =200GeV MH =500GeV Free Gb

B ≡ 1

−∆χ2
min 8.2 2.7 14.1 47.7 8.2 8.2

Pull[Ab
FB ] -0.5 -2.5 -0.4 -0.4 -0.5 -0.5

Gb
B [TeV−1] 6.4 1 3.8 2.4 3.2 1

Gφ
B [TeV−1] 0.082 0.078 0.13 0.19 0.16 0.53

Gφ

B1 [TeV−1] - - - - 0.20 0.73
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Figure 4.7: Allowed regions of the B couplings to the RH bottom and to the Higgs at 1 σ (solid
regions) and at 95% C.L. (regions between lines) from the nonuniversal B fit (blue, dotted) and
the B + B1 fit (orange, solid).
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Conclusions

New particles can be classified into 
irreps of SM full gauge symmetry

With mild assumptions, explicit general 
Lagrangians can be written

Direct contact with models and with collider  physics



Conclusions

• EWPT place limits on couplings/masses         
Different dependence at hadron colliders !

• Mixings of extra leptons and SM leptons constrained 
enough to make difficult to observe heavy neutrino 
singlets at LHC

• Leptonic couplings of new vectors small (LEP 2), or 
large masses

• Hadronic couplings can be large

• Cancellations of the effects of different new particles 
can open new regions in parameter space

• Correlations with the Higgs mass value 

Constraints from Precision Electroweak Data 



Conclusions

Drell-Yan dilepton resonance V ➝ ll (neutral vectors) 

• Only for B and W 

• Requires large enough couplings 

• EWPT + Tevatron ➝ Little space for discovery at 7 
TeV and 1 fb−1 (better at 14 TeV and 30 fb−1)        

V ➝ lν (charged vectors)

• Only for W (or B1 if light RH neutrinos)

• Similar considerations but larger backgrounds

V ➝ jj,  V ➝ tt,  V ➝ tb, ...

• Main signals for leptophobic vector bosons

• Less stringent mass limits

LHC searches

Corfú 2010


