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Outline

• General extra vector bosons:                            
a model-independent description

• Electroweak limits 

• Consequences: Higgs and tt FB asymmetry

• Direct searches



General Extra Vector Bosons

• New spin 1 particles (often gauge bosons, but no necessarily)

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

• Candidates for early discovery at LHC

• Constrained by electroweak precision tests, direct searches 
and flavour



General Extra Vector Bosons

My (mild) Assumption in this talk:  
Single production is possible  (No R/T/KK parity)

Model independent description

Use full SU(3)xSU(2)xU(1)
gauge symmetry 

Simple, general 
and convenient 

parameterization

F. del Aguila, J. de Blas, MPV, 2010 
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Leptoquarks Hadrophilic color sextets
W. Buchuller , R. Ruckl, D. Wyler, 1987
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Example: Sequential Z’ 

Many collider searches use as a reference model the 
sequential Z’, with the same couplings as the Z boson.

But it cannot be any of the irreps above! 
(it breaks SU(2)   gauge invariance)

Does it make any sense?

L



Example: Sequential Z’ 

It can only arise as a mixture of an isosinglet      and and 
isotriplet       (after electroweak symmetry breaking) 

B
W

Sequential     comes together with a     and a γ′Z ′ W ′

Many collider searches use as a reference model the 
sequential Z’, with the same couplings as the Z boson.



Impact on EW precision tests90 Chapter 4 New interactions: Extra spin-1 particles

Vector Z pole MW CKM ν-N DIS NC APV PV in LEP 2
e+e− → f̄f νe→ νe e−e− → e−e− e+e− → f̄f

Bµ ! ! ! ! ! ! ! !
Wµ ! ! ! ! ! ! ! !
Gµ

Hµ

B1
µ ! ! ! ! ! ! ! !

W1
µ ! ! ! ! ! ! !

G1
µ

Lµ ! !
U2

µ ! ! ! !
U5

µ ! !
Q1

µ ! ! !
Q5

µ ! ! !
Xµ ! ! ! !
Y1

µ

Y5
µ

Table 4.3: Experimental data constraining (directly or indirectly) the couplings of the vector
bosons.

which sets of data can constrain each kind of vector boson. We see that five types of vectors, G,
H, G1, Y1 and Y5, are invisible to all the precision observables, as they couple to quarks only.
These vectors could in principle be produced at hadron colliders, and the non-observation of the
corresponding resonances at Tevatron places limits on their masses. In the following we focus on
EWPD, so we restrict our attention to the cases that can modify these data.

All parameters are assumed to be real, as is the case in known models. On the other hand, for
general coupling matrices, FCNC are induced (except for W1, which does not couple to fermions).
These give, generally, bounds much stronger than the ones derived from EWPD. Avoiding these
bounds requires fine tuning, or some mechanism that imposes a certain structure on the coupling
matrices.

The hypothesis of diagonal and universal couplings is sufficient to avoid all FCNC for the vector
fields that connect each fermion multiplet with its adjoint, i.e. B and W. For the other types of
vectors with couplings to fermions, universality does not guarantee the absence of FCNC. Another
possibility is that the new vectors couple to just one family of fermions, in the fermion basis with
maximally diagonal Yukawas (before electroweak breaking). In this case, there are still FCNC
if the vector leptoquarks couple to LH quarks (in the up sector, for our choice of qL basis), but
they are suppressed by CKM off-diagonal entries. In particular, the FCNC are under control if
the vectors couple to the third family of quarks only, as in the examples of Section 4.4.1. This
particular structure of couplings is fine-tuned, since it breaks the U(3)5 flavor symmetry of the
SM, which allowed us to choose freely the fermion basis. Nevertheless, it can be explained by some
mechanism in the complete theory. For instance, warped extra dimensions with bulk fermions
incorporate a GIM-like mechanism in a natural manner [138].

In the fits of this section, we assume diagonal, universal couplings for B, W and B1. For
the representations in which this flavor structure would generate dangerous FCNC, we assume
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92 Chapter 4 New interactions: Extra spin-1 particles

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
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
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Limits on General Extra Vectors G ∼ g
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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 2: (Left) 95% C.L. confidence regions in the MZ′

I
-MZ′

η
parameter space from

the 2-Z ′ fit with and without including the scalars ϕ and ∆ (yellow and brown solid
regions, respectively). (Right) The same in the MZ′

I
-(λee

∆/M∆)−1 plane from the fit to
the Z ′

I plus the scalar ∆ (green solid region) and the fit where we also include the Z ′
η

and ϕ (yellow solid region).

PARAGRAPH on RESULTS:
Different models
PARAGRAPH on FUTURE EXPERIMENTAL STRATEGY:
If something is found at LHC below the EW limits:
1) Revise fits adding new contributions.
2) Identify further new particles cancelling the new effects due to the observed

particles, which should be balanced to maintain the good present agreement of EWPD
with the minimal SM.
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How robust are EW limits? 
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Figure 3: (Left) (Right) 95% C.L. confidence regions in the gY /MZ′
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parameter space for the minimal Z ′ model. Different regions correspond to the fit to
all EWPD (small green oval region), EWPD without LEP 2 e+e− → f̄ f data (vertical
yellow band) and to LEP 2 data only (diagonal blue band). Solid lines correspond to
the extensions including also the pair of scalars ϕ and ∆, or a B1 together with a Z ′

with “mirror” hypercharge couplings.
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Assume there are special additional vectors and/or scalars 

Two Examples:

F. del Aguila, J. de Blas, P. Langacker, MPV, 2011 (to appear) 

Minimal models (see
Salvioni,Villadoro,Strumia,Zwirner, 2009)  

Combination of  two E  popular models 6 



 asymmetry vs tail cross sectiontt̄

Can be already seen/excluded by 2010 LHC data!

J.A. Aguilar-Saavedra, MPV, 2011 (today)

representations are presented in Fig. 1. (For B1
µ, G

1
µ, Q

1
µ and Y1

µ the regions are one-

dimensional because there is only one coupling involved.) There are several interesting

conclusions which can be drawn from these plots:
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Figure 1: Allowed regions for the Tevatron tt̄ asymmetry and the tt̄ tail at LHC for a

single vector boson in each representation.

1. For Wµ and Hµ the allowed regions are inside the corresponding ones for Bµ, Gµ,

respectively. This is expected because the interactions of the former correspond

to a particular case of the latter, with only left-handed couplings.

2. For new colour-singlet neutral bosons Bµ, Wµ the linear terms have negative

coefficients and decrease AFB, which can only reach the experimental value for

8
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Axigluon more difficult to exclude

J.A. Aguilar-Saavedra, MPV, 2011 (today)

representations are presented in Fig. 1. (For B1
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1
µ and Y1
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Figure 1: Allowed regions for the Tevatron tt̄ asymmetry and the tt̄ tail at LHC for a

single vector boson in each representation.

1. For Wµ and Hµ the allowed regions are inside the corresponding ones for Bµ, Gµ,

respectively. This is expected because the interactions of the former correspond

to a particular case of the latter, with only left-handed couplings.

2. For new colour-singlet neutral bosons Bµ, Wµ the linear terms have negative

coefficients and decrease AFB, which can only reach the experimental value for
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Collider searches/limits

Assuming couplings of electroweak strength,

✦ EW limits depend on the ratio g/M
✦ Direct collider limits have different dependence on g and M

Z’ hadron collider limits:

• Tevatron: 

• LHC: 
5.4fb−1, 1.96 TeVD0,

CMS, 40pb−1, 7 TeV

Z’ EWPT limits  (without 
cancellations)

MZ′ ! 600− 1600 GeV
MZ′ ! 1.0 TeV

MZ′ ! 1.14 TeV



LHC searches/limits

Assuming couplings of electroweak strength,

✦ EW limits depend on the ratio g/M
✦ Direct collider limits have different dependence on g and M

W’ hadron collider limits:

• Tevatron: 

• LHC: 
CDF,

CMS,

   ’ EWPT limits  (without 
cancellations)

5.3 fb−1 , 1.96 TeV

36 pb−1 , 7 TeV

W

MW ′ ! 1.1 TeV
MW ! 2.5 TeV

MW ′ ! 1.58 TeV



Conclusions

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

With mild assumptions, explicit model 
independent Lagrangians can be written.

✓Simple parametrization
✓Direct contact with models and collider physics

Similar analysis with general extra leptons in
F. del Aguila, J. de Blas, MPV, 2008 




