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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



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

General Extensions of the SM



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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General Extra Vector Bosons

• 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



All  Types of Extra Vectors
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Types of Extra Vector Bosons
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Examples of Symmetry Breaking Patterns86 Chapter 4 New interactions: Extra spin-1 particles

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.



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



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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New Vector Bosons Limits Improving the SM? Summary of results LHC
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-1 -0.5 0 0.5 1
G l
B [TeV−1]

-1

-0.5

0

0.5

1

G
e B

[T
eV
−

1
]

-1 -0.5 0 0.5 1
G l
B [TeV−1]

-1

-0.5

0

0.5

1

G
e B

[T
eV
−

1
]

-0.4 -0.2 0 0.2 0.4
Gφ
B [TeV−1]

-1

-0.5

0

0.5

1

G
l B

[T
eV
−

1
]

-0.4 -0.2 0 0.2 0.4
Gφ
B [TeV−1]

-1

-0.5

0

0.5

1

G
l B

[T
eV
−

1
]

Le
pt

on
 a

nd
 H

ig
gs

 c
ou

pl
in

gs

Without LEP 2 All Observables



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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Implications on the Higgs mass
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Triplet (lepton and Higgs couplings)
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Solving the A   anomaly with Extra VectorsFB
b

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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determined by the corrections to the Zb̄LbL coming from a singlet B and a triplet W.
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“Custodial” protection of Z → bb̄

Cancel singlet against triplet contributions:

No cancellatio
n for 

Z →
tt̄

simultaneously 



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!

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

• Hadronic couplings can be large

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

• Correlations with value of Higgs mass

Constraints on New Vector Bosons from 
Precision Electroweak Data 
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LHC searches

Drell-Yan dilepton resonance V → l l (neutral vectors)

• Only possible for B and W
• Requires large enough lepton couplings

• EWPT + Tevatron → Little space for discovery at 7 TeV, 100 pb−1

• Better at 14 TeV, 100 fb−1

V → lν (charged vectors)

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

• Similar considerations

V → jj , V → t̄t, V → tb, . . .

• Required for leptophobic vector bosons

• Plenty of room for discovery

Pair production through gluon couplings

• Leptoquarks (decay via trilinear couplings)

• Exotic vectors without linear interactions
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