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Factorization
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Field theory question
How this generalizes to the massive case?
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Analogous, but quite different

off-shell W

off-shell W

αw

αw

u

d

g or γ

g or γ

α

α

u

u

Qualitively different

the W is never on-shell
p2

W = (pu − pd )2 < 0 < m2
W

a third polarization mode, �L ∼ E
m

the new mass scale mW

The energy of LHC is finite
σ(pp → WWjj) only few fb
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... you are asking for a beam of W bosons(!)

our source of W is f → f �W ∗

ff → f �f �W ∗W ∗ → XWW f �f �

W of virtuality ∼ pT � QWW

W

u

d of transverse momentum pT

X
YQWW

Effective W Approximation: (Fermi ’24, Weizsäcker,

Williams ’34, Cahn, Chanowitz, Dawson, Gaillard, Kane, Repko, Rolnick ’84-’85 )

each W ∗ has virtuality
V =

�
m2

W − (pf − pf �)2 ∼
�

p2
T + m2

W

W ∗W ∗ → XWW of virtuality QWW ∼ E

thard ∼ 1
QWW

� ∆tW ∼ 1
∆E ∼ E

V 2

V � QWW

for ff → ffWW
pT ,f � � pT ,W out and mW � pT ,W out

that’s pure kinematics!
factorization of a hard (fast) process and a soft (slow) process
expansion in V/QWW � pT ,jet/pT ,Wout
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Why I care so much about processes initiated by W bosons?
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Goldstone scattering: is weak or strong?

L =
v2

4
Tr(DµΣDµΣ)

A(ππ → ππ) ∼ s
v2

a weakly coupled moderator of the growth of the amplitude at high
energy must appear

the Goldstone bosons are strongly coupled

WW → WW is a direct probe of the Goldstone sector

Do the Goldstones experience a strong or a weak force?

WW → WW scattering rather than a complicated qq → qqWW process
(in QCD you don’t want to go back to the proton!)

concentrate all our knowledge of the EWSB sector in the form of a
detailed measurement of the WW → WW cross-section
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Why do I want to know about the details of this factorization?

Factorization in massive gauge theories
The same story of the massless case?

Simplicity of understanding the EWSB sector:
|AWW→WW (s, t)|2 is all that you want

Ideally our knowledge of the EWSB can be encoded in the
behavior of a 2 → 2 scattering process WW → WW

Effectiveness and robustness of LHC data analysis
Where the factorization works best is where the EWSB is more
at display, there you can see WW → WW and nothing else.

Figure 3: The full set of diagrams for qq → WWqq at order g4W . The blob indicates the sum of
all possible WW → WW subdiagrams. It is understood that the bremsstrahlung diagrams (second
and third diagrams) correspond to all possible ways to attach an outgoing W to the quark lines.

−t = O(s). Then, according to the above estimates, in the central region we have

dσLL→LL/dt

dσTT→TT /dt

���
t∼−s/2

= Nh
s2

M4
W

, (3.2)

where Nh is a numerical factor expected to be of order 1. On the other hand, f(t/s) has

simple Coulomb poles in the forward region, due to t- and u-channel vector exchange. Then,

after imposing a cut 3 −s + Q2
min < t < −Q2

min, with M2
W � Q2

min � s, the expectation

for the integrated cross sections is

σLL→LL(Qmin)

σTT→TT (Qmin)
= Ns

sQ2
min

M4
W

. (3.3)

Here again Ns is a numerical factor expected to be of order 1. By the above estimates,

we expect the longitudinal cross section, both the hard one and the more inclusive one, to

become larger than the transverse cross section right above the vector boson mass scale.

In reality the situation is more complicated because, since we do not posses on-shell

vector boson beams, the V ’s have first to be radiated from the colliding protons. Then

the physics of vector boson scattering is the more accurately reproduced the closer to

on-shell the internal vector boson lines are, see Fig. 3. This is the limit in which the

process factorizes into the collinear (slow) emission of virtual vector bosons à la Weizsacker–

Williams and their subsequent hard (fast) scattering [13, 14]. As evident from the collision

kinematics, the virtuality of the vector bosons is of the order of the pT of the outgoing

quarks. Thus the interesting limit is the one where the transverse momentum of the two

spectator jets is much smaller than the other relevant scales. In particular when

pTjet � pTW MW � pTW (3.4)

where pTW and pTjet respectively represent the transverse momenta of the outgoing vector

bosons and jets. In this kinematical region, the virtuality of the incoming vector bosons can

be neglected with respect to the virtuality that characterizes the hard scattering subdia-

grams. Then the cross section can be written as a convolution of vector boson distribution

3The offshellness of the W ’s radiated by the quarks in fact provides a natural cut on |t| and |u| of the
order of p4Tjet/s. Nevertheless, the total inclusive cross section is dominated by soft physics and does not

probe the dynamics of EW symmetry breaking.
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Status of the EWA: at cross-section level σ =
� dσ

dφjet
dφjet

surprisingly no complete and clear statement
ff → ffWW only for heavy Higgs boson or Higgless (Kunstz,Soper ’88)

ff → ff h

that’s pure kinematics!
factorization of a hard (fast) process and a soft (slow) process
expansion in V/QWW � pT ,jet/pT ,Wout
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The EWA from the expansion of the exact amplitude
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f X → f Y WW : Enhanced diagrams (from dimensional analysis)

scattering ⇔ non-scattering

w1

w2

X
Y

f
f

f f

X

w1 w2

Y

w1

w2

X
Y

f
f

f f

X

w1 w2

Y

reattaching W lines a non-scattering diagram
becomes a scattering with the same couplings

different numbers of fermionic and W
propagators, and of gWWW and gqqW
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f X → f Y WW : Enhanced diagrams (from dimensional analysis)

scattering ⇔ non-scattering

w1

w2

X
Y

f
f �(pT )

f f �(pT )

X

w1 w2

Y

1/pT

w1

w2

X
Y

f
f �(pT )

f f �(pT )

X

w1 w2

Y

1/pT

reattaching W lines a non-scattering diagram
becomes a scattering with the same couplings

different numbers of fermionic and W
propagators, and of gWWW and gqqW

away from singular regions

Anon-scattering ∼ gv
�

1
E

�k

Ascattering ∼ gv 1
pT,f

�
1
E

�k−1
+ ...

gauge invariant kinematical enhancement

irrespectively of the nature of h and of mh
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f X → f Y WW : Enhanced diagrams (from dimensional analysis)

scattering ⇔ non-scattering

w1

w2

X
Y

f
f �(pT )

f f �(pT )

X

w1 w2

Y

1/pT

w1

w2

X
Y

f
f �(pT )

f f �(pT )

X

w1 w2

Y

1/pT

away from singular regions

Anon-scattering ∼ gv
�

1
E

�k

Ascattering ∼ gv 1
pT,f

�
1
E

�k−1
+ ...

gauge invariant kinematical enhancement

irrespectively of the nature of h and of mh

in the EWA region: pT � Qww ∼ E

Aexact = Ascattering(1 +O( pT
Qww

))

subleading terms are expected

Ascattering ⊃ Acontact-scattering
E
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Anatomy of a scattering amplitude

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Ascattering =
ı

V 2

�
Jµ�∗T ,µ�T ,νAν

Txy

+ Jµ�∗0,µ�0,νAν
0xy

1 +
q2

L
m2

1 +
q2

L
q2

+ Jµ�∗0,µ�gAgxy

�
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Anatomy of a scattering amplitude

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Ascattering =
ı

V 2

�
Jµ�∗T ,µ�T ,νAν

Txy

+ Jµ�∗0,µ�0,νAν
0xy

�
1 +

V 2

m2

�

+ Jµ�∗0,µ�gAgxy

�

=
1

V 2 (Ascattering-diag +Ascattering-mix)

+ Acontact-scattering

Acontact-scattering

it is representative of the size
of the non-scattering diagrams

it is a correction to ATxy not to
Agxy
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Surgery on a scattering amplitude

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Ascattering =
ı

V 2

�
Jµ�∗T ,µ�T ,νAν

Txy

+ Jµ�∗0,µ�0,νAν
0xy

�
1 +

V 2

m2

�

+ Jµ�∗0,µ�gAgxy

�

to make contact with on-shell

qµ =
��

q2 + |q̄|2, q̄
�
→

qµ =
��

m2 + |q̄|2, q̄
�

kinematical corrections
δq0
q0

� V 2

|q̄|2 ≡ κ2

δ�µ
�µ

, δJ·�
J·� and δA

A ∼ κ2
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Surgery on a scattering amplitude

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Ascattering =
pT

V 2 e±ıφg±(x)�± · Aon
±xy

+
m
V 2 g0(x)

�
�g · Aon

gxy +
m
qL

�̃0 · Aon
0xy

�

+
1
qL

g0(x)�̃0 · Aon
0xy +O(κ2)

to make contact with on-shell
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��
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Surgery on a scattering amplitude

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Ascattering =
pT

V 2 e±ıφg±(x)�± · Aon
±xy

+
m
V 2 g0(x)

�
�g · Aon

gxy +
m
qL

�̃0 · Aon
0xy

�

+
1
qL

g0(x)�̃0 · Aon
0xy +O(κ2)

=
1

V 2 AEWA +O(∆T ) +O(κ2)

to make contact with on-shell

qµ =
��

q2 + |q̄|2, q̄
�
→

qµ =
��

m2 + |q̄|2, q̄
�

kinematical corrections
δq0
q0

� V 2

|q̄|2 ≡ κ2

δ�µ
�µ

, δJ·�
J·� and δA

A ∼ κ2

non-scattering corrections
∆T ≡ V

qL
∼ κ

w.r.t Ascattering-diag
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Two lessons from the explicit computation

Goldstone bosons and transverse vectors have parametrically
different amplitudes (different Feynman rules)

X
Y Y

X

u(E)
d(pT , x · E)

u(E)
d(pT , x ·E)

q2 = m2 + V 2 q2 = m2 + V 2

g

Two sources of error:

Kinematical (put the internal W on-shell) O(
p2

T ,jet

p2
T ,Wout

)

Diagrammatical (from the strahlung-like diagrams) O( pT ,jet
pT ,Wout

)

w.r.t the Transverse scattering
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The approximated amplitude

AEWA = f±(pT ,m, x)A±
scattering-diag + f0(pT ,m, x)Ascattering-mix

Aexact =
1

V 2 AEWA
�
1 +O(∆T ) +O(κ2)

�
+Anon-scattering

Anon-scattering is comparable to the O(∆T ) correction to Ascattering-diag

Ascattering-mix
Ascattering-diag

≡ ρ

ρ depends on the model and on the external states
in typical cases ρ � κ±1
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The approximated amplitude

AEWA = f±(pT ,m, x)A±
scattering-diag + f0(pT ,m, x)Ascattering-mix

Aexact =
1

V 2 AEWA
�
1 +O(∆T ) +O(κ2)

�
+Anon-scattering

Anon-scattering is comparable to the O(∆T ) correction to Ascattering-diag

Ascattering-mix
Ascattering-diag

≡ ρ

ρ depends on the model and on the external states
in typical cases ρ � κ±1

e.g. in the Higgs model: Φ =

�
π±

v + h+ıπ√
2

�

v → −v , h → −h, π → −π, π± → −π± is a symmetry
A(πa

1 ...π
b
2k ...) ∼ v2n ⇒ A(LL → LL) ∼ v2k

A(πa
1 ...π

b
2k+1...) ∼ v2n+1 ⇒ A(LT → LL) ∼ v2k+1

Roberto Franceschini May 29th 2012@Planck2012 14/ 27



Factorization EWSB Motivations summary Current Status Gauge choice EWA and Corrections EWA vs. Exact Conclusions

The approximated amplitude

AEWA = f±(pT ,m, x)A±
scattering-diag + f0(pT ,m, x)Ascattering-mix

Aexact =
1

V 2 AEWA
�
1 +O(∆T ) +O(κ2)

�
+Anon-scattering

Anon-scattering is comparable to the O(∆T ) correction to Ascattering-diag

When the exchange of transverse bosons dominates the scattering

Aexact = AEWA +O(pT ,jet/pT ,Wout )

When the exchange of Goldstone bosons dominates the scattering

Aexact = AEWA +O(p2
T ,jet/p2

T ,Wout
)
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Factorization of the amplitude
irrespective of the mass of the Higgs in the limit of a soft jet
emission compared to the hard scattering factorization holds for
the amplitude (previous statements were about the
cross-section σ =

� dσ
dφjet

dφjet )
dσ

dφjet
now predictable with gEWA

several sources of corrections have been identified (κ,∆, ...)

Quantitatively we check the validity of the approximation:
evaluating the (integratal of) the exact amplitude and the EWA
amplitude in fixed points of the phase space to study the
behavior of the corrections
using the approximated Aexact � 1

V 2 AEWA to generate LHE events
with a parton level MC (http://code.google.com/p/ewangelion) and comparing
kinematical distributions to those from the exact amplitude
(MadGraph)
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Numerical Results
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uW+
h1

→ dW+
h2

W−
h3

: EWA Amplitude vs. Exact Amplitude (FeynArts+FormCalc)

u d

W+

W−W−
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uW+
h1

→ dW+
h2

W−
h3

: EWA Amplitude vs. Exact Amplitude (FeynArts+FormCalc)

A(h1h2h3)
exact = f0A(0)

(h1h2h3)
+ f+A(+)

(h1h2h3)
+ f−A(−)

(h1h2h3)
+ corrections

u

d

W+

W−W−

h = + +
u

d

W+

W−W−

h = − +
u

d

W+

W−W−

h = 0
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uW+
h1

→ dW+
h2

W−
h3

: EWA Amplitude vs. Exact Amplitude (FeynArts+FormCalc)

A(h1h2h3)
exact = f0A(0)

(h1h2h3)
+ f+A(+)

(h1h2h3)
+ f−A(−)

(h1h2h3)
+ corrections

u

d

W+

W−W−

h = + +
u

d

W+

W−W−

h = − +
u

d

W+

W−W−

h = 0

h1 = 0, h2 = 0, h3 = 0:
3 longitudinal external states

f± = pT e±ıφ

V 2 g±(x)

f0 = m
V 2 g0(x)

A(0)
000 = O(1) + ...

A(±)
000 = v

E O(1) + ...

Agreement in the amplitude at O(p2
T /E2)
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pT � m behavior

effects of the massive propagator

A ∼ f±,0
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dσ
dφjet

from A(h1h2h3)
exact = f0A(0)

(h1h2h3)
+ f+A(+)

(h1h2h3)
+ f−A(−)

(h1h2h3)
+ corrections

(PRELIMINARY)

Amplitude means interference
f0 = m

V 2 g0(x)

f± = pT e±ıφ

V 2 g±(x)

Ahλ(W−
in)→λ(W+)λ(W−) λ(W−

in) λ(W+) λ(W−) dσ/dφ

h = 0 h = −1 h = 1
1 � � 0 0 0 1 + � [sinφ+∆ · f(φ)]
� �2 �2 0 0 1 1 + � [sinφ+∆ · f(φ)]
� �2 �2 0 0 −1 1 + � [sinφ+∆ · f(φ)]
� 1 �2 0 1 0 1 + � sinφ+∆ · f(φ)
�2 � �3 0 1 1 1 + � sinφ+∆ · f(φ)
1 � � 0 1 −1 1 + � [sinφ+∆ · f(φ)]
� �2 1 0 −1 0 1 + � sinφ+∆ · f(φ)
1 � � 0 −1 1 1 + � [sinφ+∆ · f(φ)]
�2 �3 � 0 −1 −1 1 + sinφ+∆ · f(φ)
� �2 1 1 0 0 1 + � sinφ+∆ · f(φ)
1 � � 1 0 1 1 + � [sinφ+∆ · f(φ)]
�2 �3 � 1 0 −1 1 + � sinφ+∆ · f(φ)
�2 � � 1 1 0 1 + sin 2φ+∆f(φ) + � sinφ
� 1 �2 1 1 1 1 + � sinφ+∆ · f(φ)
� �2 1 1 1 −1 1 + � sinφ+∆ · f(φ)
�2 �3 � 1 −1 0 1 + � sinφ+∆ · f(φ)
� �2 1 1 −1 1 1 + � sinφ+∆ · f(φ)
�3 �4 �2 1 −1 −1 1 + � sinφ+∆ · f(φ)
� 1 �2 −1 0 0 1 + � sinφ+∆ · f(φ)
�2 � �3 −1 0 1 1 + � sinφ+∆ · f(φ)
1 � � −1 0 −1 1 + � [sinφ+∆ · f(φ)]
�2 � �3 −1 1 0 1 + � sinφ+∆ · f(φ)
�3 �2 �4 −1 1 1 1 + � sinφ+∆ · f(φ)
� 1 �2 −1 1 −1 1 + � sinφ+∆ · f(φ)
�2 � � −1 −1 0 1 + sin 2φ+∆f(φ) + � sinφ
� 1 �2 −1 −1 1 1 + � sinφ+∆ · f(φ)
� �2 1 −1 −1 −1 1 + � sinφ+∆ · f(φ)

Table 2: Power of the vev of the WW scattering amplitudes with three external
states.
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uW+ → dW+W− :
�

dφ|AEWA|2 vs.
�

dφ|Aexact |2

so far p̄W ,virtual = p̄u − p̄d

Aexact =
pT

V 2 e±ıφg±(x)�± · Aon
±xy

+
m
V 2 g0(x)

�
�g · Aon

gxy +
m
qL

�̃0 · Aon
0xy

�

+
1
qL

g0(x)�̃0 · Aon
0xy +O(κ2)

A ∼ pT e±ıφA± +A0�
dφ e±ıφA±A∗

0 + h.c. = 0
|A|2 = |A±|2 + |A0|2 =
|AEWA|2 +O(κ2)
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uc̄ → ds̄W+W−

The process studied so far, uW+ → dW+W−, is only a toy, but
displays all the interesting physics (even more indeed), of the
“interesting” process qq → qqWW .

fixed jets angles
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EWA vs. MadGraph: dσ/dpT ,W+ for uW− → dW+W− at
√

ŝ=2 TeV (PRELIMINARY)

in the SU(2) Higgs model (mh=160 GeV) in the region 30 GeV < pT ,d < 60 GeV, 0.3 < x < 0.4, mWW > 400 GeV

dσ/dpT ,W EWA versus Exact
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Figure 3: dσ/dpW
±

T for the channel -100
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Figure 4: dσ/dpW
±

T for the channel 110
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Figure 7: dσ/dpW
±

T for the channel 011

6

significant variance of the accuracy
at fixed cuts
useful to check the sensitivity of the
WW scattering analysis to the
physics of EWSB (not W-strahlung!)

Figure 3: The full set of diagrams for qq → WWqq at order g4W . The blob indicates the sum of
all possible WW → WW subdiagrams. It is understood that the bremsstrahlung diagrams (second
and third diagrams) correspond to all possible ways to attach an outgoing W to the quark lines.

−t = O(s). Then, according to the above estimates, in the central region we have

dσLL→LL/dt

dσTT→TT /dt

���
t∼−s/2

= Nh
s2

M4
W

, (3.2)

where Nh is a numerical factor expected to be of order 1. On the other hand, f(t/s) has

simple Coulomb poles in the forward region, due to t- and u-channel vector exchange. Then,

after imposing a cut 3 −s + Q2
min < t < −Q2

min, with M2
W � Q2

min � s, the expectation

for the integrated cross sections is

σLL→LL(Qmin)

σTT→TT (Qmin)
= Ns

sQ2
min

M4
W

. (3.3)

Here again Ns is a numerical factor expected to be of order 1. By the above estimates,

we expect the longitudinal cross section, both the hard one and the more inclusive one, to

become larger than the transverse cross section right above the vector boson mass scale.

In reality the situation is more complicated because, since we do not posses on-shell

vector boson beams, the V ’s have first to be radiated from the colliding protons. Then

the physics of vector boson scattering is the more accurately reproduced the closer to

on-shell the internal vector boson lines are, see Fig. 3. This is the limit in which the

process factorizes into the collinear (slow) emission of virtual vector bosons à la Weizsacker–

Williams and their subsequent hard (fast) scattering [13, 14]. As evident from the collision

kinematics, the virtuality of the vector bosons is of the order of the pT of the outgoing

quarks. Thus the interesting limit is the one where the transverse momentum of the two

spectator jets is much smaller than the other relevant scales. In particular when

pTjet � pTW MW � pTW (3.4)

where pTW and pTjet respectively represent the transverse momenta of the outgoing vector

bosons and jets. In this kinematical region, the virtuality of the incoming vector bosons can

be neglected with respect to the virtuality that characterizes the hard scattering subdia-

grams. Then the cross section can be written as a convolution of vector boson distribution

3The offshellness of the W ’s radiated by the quarks in fact provides a natural cut on |t| and |u| of the
order of p4Tjet/s. Nevertheless, the total inclusive cross section is dominated by soft physics and does not

probe the dynamics of EW symmetry breaking.
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bosons and jets. In this kinematical region, the virtuality of the incoming vector bosons can

be neglected with respect to the virtuality that characterizes the hard scattering subdia-

grams. Then the cross section can be written as a convolution of vector boson distribution

3The offshellness of the W ’s radiated by the quarks in fact provides a natural cut on |t| and |u| of the
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“all purpose” method for the
assessment of the irreducible
background to WW scattering
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Conclusions

on-shell WW scattering:
direct probe of the EWSB sector
simple to understand (compared to qq → qqWW )

EWA:
(re)-established the EWA as an expansion in pT ,jet/pT ,Wout

assessed the origin and predicted the size of the corrections to EWA
A correct up to O(p2

T /E2) when WL dominate
A correct up to O(pT /E) when WT dominate
�

dφ|A|2 up to O(p2
T /E2) in all cases

pT � m has been investigated (different from the massless case)
numerical checks of our prediction with analytic amplitudes

prediction of dσ
dφjet

(sensitive to the polarization of the W )

EWA generator for partonic collisions
Roberto Franceschini May 29th 2012@Planck2012 23/ 27



Factorization EWSB Motivations summary Current Status Gauge choice EWA and Corrections EWA vs. Exact Conclusions

Roberto Franceschini May 29th 2012@Planck2012 24/ 27



Factorization EWSB Motivations summary Current Status Gauge choice EWA and Corrections EWA vs. Exact Conclusions

The example of the scalar as moderator (Higgs-like model)

L =
v2

4
Tr(DµΣDµΣ)

A(ππ → ππ) ∼ s
v2
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The example of the scalar as moderator (Higgs-like model)

L =
v2

4
Tr(DµΣDµΣ)

�
1 + a

h
v
+ b

h2

v2

�

A(ππ → ππ) ∼ s
v2
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1 − a2�

A(ππ → hh) ∼ s
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a2 − b

�
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The example of the scalar as moderator (Higgs-like model)

L =
v2

4
Tr(DµΣDµΣ)

�
1 + a

h
v
+ b

h2

v2

�

A(ππ → ππ) ∼ s
v2

�
1 − a2�

A(ππ → hh) ∼ s
v2

�
a2 − b

�

an interpolator
a = b = 0 corresponds to the strongly coupled Goldstones
a = b = 1 corresponds to weakly coupled Goldstones, i.e. the SM

L = |DµΦ|2 with Φ =
1√
2

�
π1 + ıπ2

v + h + ıπ3

�
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The example of the scalar as moderator (Higgs-like model)

L =
v2

4
Tr(DµΣDµΣ)

�
1 + a

h
v
+ b

h2

v2

�
+ mf ψ̄LψR

�
1 + c

h
v

�

A(ππ → ππ) ∼ s
v2

�
1 − a2�

A(ππ → hh) ∼ s
v2

�
a2 − b

�

A(ππ → ψψ) ∼
√

smf

v2 (1 − ac)

an interpolator
a = b = 0 corresponds to the strongly coupled Goldstones
c =a = b = 1 corresponds to weakly coupled Goldstones, i.e. the SM

L = |DµΦ|2 with Φ =
1√
2

�
π1 + ıπ2

v + h + ıπ3

�

Roberto Franceschini May 29th 2012@Planck2012 25/ 27



Factorization EWSB Motivations summary Current Status Gauge choice EWA and Corrections EWA vs. Exact Conclusions

on-shell WW scattering: a SM process that knows BSM

WLWL → WLWL

WL described by the Goldstone’s bosons

Σ ≡ e ıπaσa/v

a scalar h coupled to the Goldstones

L =
1
2
(∂h)2 − V (h)

+
v2

4
Tr (DµΣDµΣ)

�
1 + a h

v
+ b h2

v2 + ...

�

+ mψ̄RΣψL

�
1 + c h

v

�
+ h.c.

A grows with the energy

A (ππ → ππ) = (1 − a2) s
v2 + ...

Strong or Weak coupling

a,b,c are in principle free
parameters

a: WLWL → WLWL

b: WLWL → hh
c: WLWL → f f̄
Strong if a=0 or b=0 or c=0

SM is a=b=c=1

The Higgs is part of new physics

whatever breaks the EW symmetry

measuring a,b,c tells about
EWSB (and tells what is h)
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Status of the EWA: at cross-section level σ =
� dσ

dφjet
dφjet

surprisingly no complete and clear statement
ff → ffWW only for heavy Higgs boson or Higgless (Kunstz,Soper ’88)

ff → ff h
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Checks of the EWA: at cross-section level σ =
� dσ

dφjet
dφjet

surprisingly no complete and clear statement
ff → ffWW only for heavy Higgs boson or Higgless (Kunstz,Soper ’88)

ff → ff h

Higgs:
total rate: ff → ff h in agreement up to O(10%) (Cahn ’85, Altarelli et al. ’87)

WW:
dσ/dmWW easily off by a factor O(1) (Gunion et al. ’86, Accomando et al. ’06)

dσ/dpT ,jetdpT ,jet easily off by a factor O(1) (Accomando et al. ’06)
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Checks of the EWA: at cross-section level σ =
� dσ

dφjet
dφjet

surprisingly no complete and clear statement
ff → ffWW only for heavy Higgs boson or Higgless (Kunstz,Soper ’88)

ff → ff h

Higgs:
total rate: ff → ff h in agreement up to O(10%) (Cahn ’85, Altarelli et al. ’87)

WW:
dσ/dmWW easily off by a factor O(1) (Gunion et al. ’86, Accomando et al. ’06)

dσ/dpT ,jetdpT ,jet easily off by a factor O(1) (Accomando et al. ’06)

validity of the EWA has been questioned
the goal is not to compute the rate
most of the attention was on the total cross-section
cuts were not selecting the region V � QWW
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