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QED: U(1)em gauge theory, 	


the most accurate theory in science	



At (very) low energies:	



ae = 0.00115965218073(28)
) ↵�1 = 137.035999173(35)

aµ = 0.00116592080(63)

Physics Is Defined at a Scale
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Anomalous magnetic dipole moment (g-2):	





* Weak force well measured at low energy:	



Gµ = 1.1663787(6)⇥ 10�5 GeV�2

) v = 1/(
p

2Gµ)1/2 = 246.22 GeV.

Which defines a new physical scale:  The EW Scale. 	



QED + weak currents è SU(2)L     U(1)Y   gauge theory	


* Near the EW scale:	



⌦

α, GF è g1, g2, v    [trade to MZ, α(MZ,), GF] 	
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Charged current: W±	



	


Neutral current: Z0 	



* At higher energies à new physics!?	



�GFp
2

p̄On ēO0⌫

�GFp
2

⌫̄µO⌫µ ēO0e



The Yang-Mills Gauge Theory

Non-Abelian local gauge theory	

SU(2)	
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(b). Enhanced Electroweak Interactions:

W±,3
T Yang-Mills gauge self-interactions:

LW3 = −ig(∂ρW
3
ν )W+

µ W−
σ [gρµgνσ − gρσgνµ]

−ig(∂ρW
+
µ )W3

ν W−
σ [gρσgµν − gρνgµσ]

−ig(∂ρW
−
σ )W3

ν W+
µ [gρνgµσ − gρµgνσ],

LW4 =
g2

4

[

W+
µ W+

ν W−
σ W−

ρ Qµνρσ − 2W+
µ W3

ν W3
σW−

ρ Qµρνσ
]

,

Qµνρσ ≡ 2gµνgρσ − gµρgνσ − gµσgνρ.

Transversely polarized gauge bosons

ϵµT ∼ (0, cos θ cosφ, cos θ sinφ, sin θ) ⇒ A(WTWT → WTWT ) ∼ O(g2).

Scattering amplitudes well behaved at high energies.

Longitudinally polarized gauge bosons

ϵµL ≈ pµ/MW at high energies.

How would this go?
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Fig. 11. The three and four point-self-interactions of gauge bosons in the standard
electroweak model. The momenta and charges flow into the vertices.
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Fig. 11. The three and four point-self-interactions of gauge bosons in the standard
electroweak model. The momenta and charges flow into the vertices.

Transversely polarized gauge bosons:

✏µ
T = (0, cos ✓ cos �, cos ✓ sin �, sin ✓)

AWT WT (2! 2) ⇠ O(g2)

Well behaved, well predicted!	





EWSB & The Higgs Boson:


But, W/Z are massive!	
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Longitudinally polarized gauge bosons:

✏µ
L ⇡ pµ/MW at MW /E ⌧ 1.

Longitudinally polarized gauge bosons scattering

A(WLWL → WLWL) ∼ ϵ1L · ϵ2L ϵ3L · ϵ4L

Naively, A(WLWL → WLWL) ∼ g2(p2)2/M4
W ∼ g2s2/M4

W,

but miraculously canceled (due to gauge symmetry).

Next, A(WLWL → WLWL) ∼ g2s/M2
W ∼ s/v2,

just like the Nambu-Goldstone boson scattering, no g2!

A(ff̄ !WLWL) ⇠ mf
p

s/v2

Thus lead to “bad high energy behavior”:	


Model-independent!	



Higgs Cancellation in VBS

O(E 4) + O(E 4) + O(E 2) = O(1)

Higgs exchange cancels the E 2 rise exactly (in the SM) and eliminates the
evil scalar polarization: the Higgs Sector.

Consequence
We switch to linearly realized SU(2)L gauge invariance (with Higgs) in
approaches to electroweak physics. All anomalous effect are encoded in
higher-dimensional gauge-invariant operators.

W. Kilian (U Siegen) Resonances in VBS Oct 1 2013 7 / 28

GT February 9, 2012
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Figure 6.24 Feynman rule for Higgs-boson interaction with fermions.

electromagnetic interactions has been achieved. In place of three independent
gauge coupling constants e, g, and g′ associated with the U(1)EM, SU(2)L, and
U(1)Y gauge groups, there are now only two—the electric charge e and the weak
mixing parameter sin2θW. (Further reduction of the number of independent pa-
rameters will be discussed in Chapter 9.) The resulting theory has an improved
high-energy behavior, in that amplitudes corresponding to tree diagrams (Feyn-
man diagrams without loops) are nondivergent, and indeed the theory can be made
renormalizable (cf. §6.8). As we have begun to see, the low-energy phenomenol-
ogy of the model is in excellent accord with experimental findings. An uninvited
guest at these proceedings is the Higgs boson, the massive physical scalar parti-
cle that remains after spontaneous symmetry breaking. This section is devoted
to a first look at the properties of this particle, which is an essential element of
the standard electroweak theory. We shall discuss the interactions of the Higgs
boson with fermions and gauge bosons, examine its role in divergence cancella-
tion, consider prospects for detection of the Higgs boson, and seek constraints on
the Higgs-boson mass. We defer to §8.9 a discussion of dynamical-symmetry-
breaking alternatives to the standard Higgs scenario.

The interaction of the Higgs boson with fermions has already been given
in the Yukawa Lagrangian (6.3.41), which leads to the Feynman rule shown in
Figure 6.24. We may at once calculate the rate for the decay

H→ f f̄ . (6.5.1)

The invariant amplitude is given by

M =−im f (GF
√
2)1/2 ū( f , p1)v( f , p2), (6.5.2)

where the c.m. momenta of the emitted fermions may be written as

p1 = ( 12MH ;qsinθ ,0,qcosθ )

p2 = ( 12MH ;−qsinθ ,0,−qcosθ )

}

, (6.5.3)

where
q=

√
1
4M

2
H−m2f . (6.5.4)

(1 + H/v) mf  ̄f f (v + H)2 g2V µVµModel-dependent!	



* Consistent perturbative theory up to TeV,…Mpl (?)	





The Parameterizations

for New Physics
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Triple Gauge-boson Couplings (TGC)

A conventional parameterization:

Most general structure of Lorentz, EM gauge invariance.

LV

gV
= igV

1

(

W †
µνW

µV ν − W †
µVνW

µν
)

+ iκV W †
µWνV

µν

+ i
λV

m2
W

W †
λµWµ

νV
νλ − gV

4 W †
µWν (∂µV ν + ∂νV µ)

+ gV
5 ϵ

µνλρ
(

W †
µ∂λWν − ∂λW

†
µ Wν

)

Vρ

+ iκ̃V W †
µWνṼ

µν + i
λ̃V

m2
W

W †
λµWµ

νṼ
νλ.

In the SM at tree level:

gV
1 = κV = 1,

λV = λ̃V = κ̃V = gV
4 = gV

5 = 0.

Deviations from the SM often called “anomalous couplings”.

(The operators: gZ
5 is P-odd, gV

4 , λ̃V , κ̃V are CP-odd, λ′s dim-6.)

How large do we expect the deviations to be? See later ...

Pros:	


•  General	


•  Historical	



Cons:	


•  Power counting unclear	


•  Violate unitarity (soon)	


•  Not gauge invariant	



(Hagiwara et al., 1986)	

(1)	





(2). Non-linear realization of gauge symmetry:	
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L0 =
(h + v)2

2
Tr[Dµ

U

†
D

µ
U ], U = exp(i!i

⌧

i
/v)

L4 = `4(
v

⇤
)2[TrV

µ
V

⌫ ]2, V

µ = (Dµ
U)U†

,

L5 = `5(
v

⇤
)2[TrV

µ
Vµ]2.

“Naturally speaking”, 	

⇤ ⇠ 4⇡v, `4,5 ⇠ O(1).

Another convention: ↵4,5 = `4,5(v/⇤)

2.

Remarks: This is equivalent to integrate out h 	


(as a heavy singlet), which is inappropriate 	



in light of the Higgs discovery.	



Appelquist, Bernard, 1980	


Longitano, 1980	





(3). Linear realization of gauge symmetry:	
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Leff =
∑

n

fn
Λ2

On
Buchmuller, Wyler, 1986	


Leung, Love, Rao, 1986	


Hagiwara et al. 1993	


Grzadkowski et al. 2010	



B-L conserving, CP even: 59 operators at dim-6.	


e.g. Higgs & TGC:	



OGG = Φ†Φ Ga
µνG

aµν , OWW = Φ†ŴµνŴ
µνΦ ,

OBB = Φ†B̂µνB̂
µνΦ, OΦ,2 =

1

2
∂µ

(

Φ†Φ
)

∂µ
(

Φ†Φ
)

,

OeΦ,ij = (Φ†Φ)(L̄iΦeRj
) , OdΦ,ij = (Φ†Φ)(Q̄iΦdRj) ,

OW = (DµΦ)
†Ŵµν(DνΦ) , OB = (DµΦ)

†B̂µν(DνΦ) ,

OWWW = Tr[ŴµνŴ
νρŴµ

ρ ] . (3)

∆κγ =
g2v2

8Λ2

(

fW + fB

)

, λγ = λZ =
3g2M2

W

2Λ2
fWWW ,

∆gZ1 =
g2v2

8c2Λ2
fW , ∆κZ =

g2v2

8c2Λ2

(

c2fW − s2fB

)

. (5)

“Naturally speaking”, 	

⇤ ⇠ 4⇡v, fn ⇠ O(1), � ⇠ 10�3.
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Eboli et al., 2006, 2012.	


Quartic couplings w/o modifying triple couplings at dim-8:	



including higher–dimension operators in the Lagrangian. The basic blocks for constructing

the operators which can modify the four gauge boson electroweak vertices are the Higgs

field, its covariant derivative DµΦ, the SU(2)L field strength W i
µν , and U(1)Y field strength

Bµν . The lowest order operators which can be built are of dimension six [23]. However

dimension six operators which modify the four gauge boson vertices, affect either the two or

three gauge boson couplings as well. Consequently they are better searched for, and severely

constrained at present, by looking into those effects.

The lowest dimension operators that modify the quartic boson interactions but do not

exhibit two or three weak gauge boson vertices are dimension 8. The counting is straight

forward: one can get a weak boson field either from the covariant derivative of Φ or from

the field strength tensor. In either case the vector field is either accompanied by a vacuum

expectation value (VEV) of the Higgs field (v) or a derivative. Therefore genuine quartic

vertices are of dimension 8 or higher. There are only two independent dimension 8 operators

without derivatives of the gauge fields (for further details see appendix A)

LS,0 =
f0

Λ4

[

(DµΦ)† DνΦ
]

×
[

(DµΦ)† DνΦ
]

, (7)

LS,1 =
f1

Λ4

[

(DµΦ)† DµΦ
]

×
[

(DνΦ)† DνΦ
]

. (8)

When the Higgs field Φ is replaced by its VEV, (7) and (8) generate four gauge boson

interactions as Eqs. (4) and (6) with

∆cWW
i =

g2v4fi

8Λ4
≡ ∆ci,lin ,

∆cWZ
i =

g2v4fi

16c2
WΛ4

=
∆ci,lin

2c2
W

, (9)

∆cZZ =
g2v2(f0 + f1)

32c4
WΛ4

=
∆c0,lin + ∆c1,lin

4c4
W

.

B. Effective Operators with Non-Linear Realization of the SU(2)L × U(1) Gauge

Symmetry

If the electroweak symmetry breaking is due to a heavy (strongly interacting) Higgs

boson, which can be effectively removed from the physical low-energy spectrum, or to no

fundamental Higgs scalar at all, one is led to consider the most general effective Lagrangian

which employs a nonlinear representation of the spontaneously broken SU(2)L ⊗ U(1)Y

gauge symmetry [24]. The resulting chiral Lagrangian is a non-renormalizable non-linear σ

model coupled in a gauge-invariant way to the Yang-Mills theory. This model independent

approach incorporates by construction the low-energy theorems [25], that predict the general

behavior of Goldstone boson amplitudes irrespective of the details of the symmetry breaking

mechanism. Notwithstanding, unitarity implies that this low-energy effective theory should

5

leading to interactions like 	



II. THEORETICAL FRAMEWORK

In this work we focus on the study of the structure of the weak quartic couplings con-

taining W±’s and/or Z’s. For the sake of simplicity we will consider effective interactions

that do not contain derivatives of the gauge fields. With this requirement there are only two

possible Lorentz invariant structures contributing to each of the four gauge boson vertices

OWW
0 = gαβgγδ

[

W+
α W−

β W+
γ W−

δ

]

, OWW
1 = gαβgγδ

[

W+
α W+

β W−
γ W−

δ

]

,

OWZ
0 = gαβgγδ

[

W+
α ZβW

−
γ Zδ

]

, OWZ
1 = gαβgγδ

[

W+
α W−

β ZγZδ

]

, (3)

OZZ
0 = OZZ

1 ≡ OZZ = gαβgγδ [ZαZβZγZδ] ,

and the Lagrangian for the four gauge boson vertex will be

LV V V ′V ′ ≡ cV V ′

0 OV V ′

0 + cV V ′

1 OV V ′

1 . (4)

In the SM, SU(2)L gauge invariance and renormalizability imply that

cWW
0,SM = −cWW

1,SM =
2

c2
W

cWZ
0,SM = −

2

c2
W

cWZ
1,SM = g2 cZZ

SM = 0 (5)

where cW is the cosine of the weak mixing angle and g is the SU(2)L coupling constant.

Conversely, if the SM is thought of only as an effective low energy theory valid up to

the scale Λ, one expects deviations from Eq. (5) even if we still retain the gauge symmetry

group, the fermionic spectrum, and the pattern of spontaneous symmetry breaking (EWSB)

as valid ingredients to describe Nature at energies E ≪ Λ. In this case one can still write

the Lagrangian for the four gauge boson interactions as Eq. (4) but now the coefficients, c0

and c1 will be in general independent, and we can write

cV V ′

i = cV V ′

i,SM + g2 ∆cV V ′

i . (6)

In the language of effective Lagrangians the deviations ∆ci will be generated by higher

dimension operators parameterizing the low energy effect of the new physics. The order on

the expansion at which these deviations are expected to appear depends on whether the low

energy spectrum still contains a light SM–like Higgs boson responsible of EWSB or, on the

contrary, EWSB is due to a heavy (or not fundamental) Higgs boson.

A. Effective Operators with Linear Realization of the SU(2)L × U(1) Gauge Sym-

metry

We first assume that the low energy spectrum contains a light Higgs boson. In this case

we chose a linear realization of the symmetry breaking in the form of the conventional Higgs

doublet field Φ. In the usual effective Lagrangian language, at low energy we describe the

effects of the new physics – which will manifest itself directly only at scales above Λ – by

4

“Naturally speaking”,	


 dim-8 operators should be suppressed by  	



(v/⇤)2 ⇠ 1/16⇡2.
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Precision EW physics stared at LEP-I:	


(and on …)	



The Test of EW Theory
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“Custodial            symmetry”  	

SU(2)c	


(only broken by gY & mU-mD)	
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Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [168] and YFSWW [161, 167]. The shaded area represents the uncertainty
on the theoretical predictions, estimated as ±2% for

√
s < 170 GeV and ranging from 0.7 to

0.4% above 170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a
significant contribution only at threshold energies.91
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Anomalous triple gauge-boson 	


couplings:  (aTGC)	



At LEP-II:  (and on …)	
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after including identical particle factors and using g = e/ sin ✓W . They are
listed in Table 2 and shown in Figure 11.

The gauge self-interactions are essential probes of the structure and
consistency of a spontaneously-broken non-abelian gauge theory. Even tiny
deviations in their form or value would destroy the delicate cancellations
needed for renormalizability, and would signal the need either for com-
pensating new physics (e.g., from mixing with other gauge bosons or new
particles in loops), or of a more fundamental breakdown of the gauge prin-
ciple, e.g., from some forms of compositeness. They have been constrained
by measuring the total cross section and various decay distributions for
e�e+ !W�W+ at LEP 2, and by observing p̄p!W+W�, WZ, and W�
at the Tevatron. Possible anomalies in the predicted quartic vertices in Ta-
ble 2, and the neutral cubic vertices for ZZZ, ZZ�, and Z��, which are
absent in the SM, have also been constrained by LEP 2.80

The three tree-level diagrams for e�e+ !W�W+ are shown in Figure
12. The cross section from any one or two of these rises rapidly with center
of mass energy, but gauge invariance relates these three-point vertices to
the couplings of the fermions in such a way that at high energies there is
a cancellation. It is another manifestation of the cancellation in a gauge
theory which brings higher-order loop integrals under control, leading to a
renormalizable theory. It is seen in Figure 13 that the expected cancellations
do occur.

�e

W � W +

e� e+

�

W � W +

e� e+

Z

W � W +

e� e+

– Typeset by FoilTEX – 1

Fig. 12. Tree-level diagrams contributing to e+e� !W+W�.

5% level	
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Longitudinal W’s sensitive to new physics.	


Crucial: observe the SM WLWL scattering:	
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•  The existence of a light, weakly coupled 	


     Higgs boson unitarize the amplitude:	



SM: VBS Amplitude unitarized by Higgs

Higgsless Model

AWWZZ = s
v2 +O(1)

SM

AWWZZ = s
v2 � 1

v2
s2

s�Mh
2 +O(1)

500 1000 1500 2000 2500 3000
105
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107

s̀ @GeVD

s
@fbD

W+W-->ZZ

Standard Model

no Higgs

Marco Sekulla (Universität Siegen) Issues of Unitarisation Dresden October 1st 2013 6 / 34

SM: VBS Amplitude unitarized by Higgs

Higgsless Model

AWWZZ = s
v2 +O(1)

SM

AWWZZ = s
v2 � 1

v2
s2

s�Mh
2 +O(1)

500 1000 1500 2000 2500 3000
105

106

107

s̀ @GeVD

s
@fbD

W+W-->ZZ

Standard Model

no Higgs

Marco Sekulla (Universität Siegen) Issues of Unitarisation Dresden October 1st 2013 6 / 34•  New physics still possible, but be “delayed”	


~ (g2/16π2) s/v2	
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Theory of anomalous couplings  Nicolas Greiner, MPI München                      Dresden, 1.10.2013 

Unitarity in the SM
● Famous SM example: longitudinal WW  WW scattering→

– Longitudinal polarization:

– For each diagram:

– Adding photon, Z and 4W vertex: 

– Summing all diagrams:

● In SM unitarity is preserved by gauge cancellations.

● Adding additional terms (dim 6 operators) spoils cancellations 

•  For 1 TeV new physics (v/1 TeV)2 ~ 6%!	





Quantum Numbers

I 0 1 2

J = 0 σ0 . φ−−,φ−,φ0,φ+,φ++

1 . ρ−, ρ0, ρ+ .
2 f 0 . t−−, t−, t0, t+, t++

. . . . . . . . . . . .

! I = 0: resonant in W+W− and ZZ scattering

! I = 1: resonant in W+Z and W−Z scattering

! I = 2: resonant in W+W+ and W−W− scattering

W. Kilian (U Siegen) Resonances in VBS Oct 1 2013 17 / 28

Representative examples:���
Different channels are sensitive to different physics:	
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T y p e o f r e s o n a n c e
L H C 3 0 0 f b − 1 L H C 3 0 0 0 f b − 1

5 � 9 5 % C L 5 � 9 5 % C L

s c a l a r � 1 . 8 T e V 2 . 0 T e V 2 . 2 T e V 3 . 3 T e V

v e c t o r � 2 . 3 T e V 2 . 6 T e V 2 . 9 T e V 4 . 4 T e V

t e n s o r f 3 . 2 T e V 3 . 5 T e V 3 . 9 T e V 6 . 0 T e V



Overall
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* With the Higgs discovery, EW theory is healthier than ever,	


   valid from EW scale possibly to MPL 	


         	



          But the Higgs sector fine-tuned:	


       need more understanding.	



* Perhaps, it’s more likely to observe resonant states: 	


                    W±’, Z’; H±, A0; …  	


            than aTGC (W±’, Z’), aQGC (Higgs-like)	



•  Gauge/Higgs weakly coupled, 	


     e.g. TGC etc. SM-like.	


   WLWL still robust test for EWSB:    	


    compositeness … But sensitivity delayed: gρ/4π.  	




