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CEPC & SPPC
What is the use of this huge mechiane? 

What big scientific questions that it can 
answer: (Question motivated) 
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Natural Moose Models

4D Composite Higgs

Little Higgs (with collective 
symmetry breaking)

RS with gauge Higgs unification 
(deconstructed)

Higgs as a pNGB from G/H: 
Higgs properties based on 

G/H

Minimal Composite Higgs Model (MCHM)

E

-   Λ

-   f SO(5)/SO(4)

Loop corrections of elementary SM fields, will generate a 
potential for the modulus of the NGB 4-vector, which 
will get a vev:             . 

vacuum is arbitrary and one can suitably set θ = 0 (so that SO(4)� = SO(4)). With this
choice, the four NG bosons of SO(5)/SO(4) transform as a a complex doublet of the gauged
SU(2)L, and none of them is eaten. Loop corrections will however generate a potential for
the NG bosons and can lead to a non-vanishing vev for the modulus of the NG 4-vector:
�π� �= 0 (see Fig. 1). As a result, SO(4) is spontaneously broken to (a custodial) SO(3), and
three of the original NG bosons are eaten. The field Φ can be recast in the form of eq.(12)
by identifying θ = �π�/f and the field h(x) as the fluctuation of the modulus of the NG
4-vector around its vev. One can thus think of the electroweak symmetry breaking as a two-
step process: a first spontaneous breaking, SO(5) → SO(4), occurs at the scale f , giving
rise to an SU(2)L doublet of NG bosons; at a lower scale v = f sin(�π�/f) ≡ f sin θ the
electroweak symmetry is spontaneously broken, SO(4) → SO(3), leaving an approximate
custodial symmetry.

A simple way to derive the SO(5)/SO(4) chiral lagrangian at O(p2) is by adopting the
basis of fields {χi, h} and making use eq.(12). One has (see Appendix C):

L(2) =
f 2

2
(DµΦ)

T (DµΦ)

=
1

2
(∂µh)

2 +
f 2

4
Tr

�
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�
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�
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h(x)

f

�
,

(14)

where Σ ≡ exp(iσiχi/v), and σi are the Pauli matrices. No covariant derivative acts on h,
as one could have anticipated by noticing that the fluctuations parametrized by this field
are SO(4)�-invariant. Choosing the unitary gauge, Σ = 1, and expanding around θ, one
immediately finds the relation m2

W = (g2f 2 sin2 θ)/4, which determines the value of the
electroweak scale v = f sin θ, and the value of the Higgs couplings to the vector bosons.

The same expression for L(2) can be obtained by using the CCWZ formalism. At the
level of two derivatives, there is only one operator which can be formed:

L(2) =
f 2

4
Tr[dµd

µ] . (15)

The equivalence with eq.(14) is proved in Appendix C, but it can be quickly checked, for
example, by monitoring the mass terms for the vector bosons. In the case of eq.(15) these
arise from the component of the gauge fields along the broken generators contained in dµ.
From eq.(1) and (9), after setting Π(x) =

√
2T â(θ)πâ(x)/f , one finds:

d
â
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â
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Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1

2g2ζ

�
∂µ

A
aL
µ

�2
, (58)

it is easy to derive the Feynman rules for the gauge propagator and vertex:

Gµν =
i

Π0(q
2)
(PT )µν − ζ

ig2

q2
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iΓµν =
iΠ1(q

2
)

4
sin

2
(h/f)(PT )µν

where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:

V (h) =
9

2

�
d4Q

(2π)4
log

�
1 +

1

4

Π1(Q
2
)

Π0(Q
2)

sin
2
(h/f)

�
(59)

where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
µ(q)J

a
ν (−q)� = Π0(q

2
)(PT )µν (60)

where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,

24

At tree level one can set ! = 0  "  SO(4)’= SO(4)

-  v = f sin(!π"/f)
SO(4)/SO(3)

This generates a vacuum misalignment as  ! = !π"/f .

EWSB arises from vacuum misalignment. 

All the explicit breaking of SO(5) comes from the
SM gauging and fermions

sabato 29 ottobre 2011
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Spin-one ResonancesMinimal Composite Higgs Model (MCHM)

E

-   Λ

-   f SO(5)/SO(4)

Loop corrections of elementary SM fields, will generate a 
potential for the modulus of the NGB 4-vector, which 
will get a vev:             . 

vacuum is arbitrary and one can suitably set θ = 0 (so that SO(4)� = SO(4)). With this
choice, the four NG bosons of SO(5)/SO(4) transform as a a complex doublet of the gauged
SU(2)L, and none of them is eaten. Loop corrections will however generate a potential for
the NG bosons and can lead to a non-vanishing vev for the modulus of the NG 4-vector:
�π� �= 0 (see Fig. 1). As a result, SO(4) is spontaneously broken to (a custodial) SO(3), and
three of the original NG bosons are eaten. The field Φ can be recast in the form of eq.(12)
by identifying θ = �π�/f and the field h(x) as the fluctuation of the modulus of the NG
4-vector around its vev. One can thus think of the electroweak symmetry breaking as a two-
step process: a first spontaneous breaking, SO(5) → SO(4), occurs at the scale f , giving
rise to an SU(2)L doublet of NG bosons; at a lower scale v = f sin(�π�/f) ≡ f sin θ the
electroweak symmetry is spontaneously broken, SO(4) → SO(3), leaving an approximate
custodial symmetry.

A simple way to derive the SO(5)/SO(4) chiral lagrangian at O(p2) is by adopting the
basis of fields {χi, h} and making use eq.(12). One has (see Appendix C):
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where Σ ≡ exp(iσiχi/v), and σi are the Pauli matrices. No covariant derivative acts on h,
as one could have anticipated by noticing that the fluctuations parametrized by this field
are SO(4)�-invariant. Choosing the unitary gauge, Σ = 1, and expanding around θ, one
immediately finds the relation m2

W = (g2f 2 sin2 θ)/4, which determines the value of the
electroweak scale v = f sin θ, and the value of the Higgs couplings to the vector bosons.

The same expression for L(2) can be obtained by using the CCWZ formalism. At the
level of two derivatives, there is only one operator which can be formed:

L(2) =
f 2

4
Tr[dµd

µ] . (15)

The equivalence with eq.(14) is proved in Appendix C, but it can be quickly checked, for
example, by monitoring the mass terms for the vector bosons. In the case of eq.(15) these
arise from the component of the gauge fields along the broken generators contained in dµ.
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Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1
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it is easy to derive the Feynman rules for the gauge propagator and vertex:
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where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:
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where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
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a
ν (−q)� = Π0(q
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where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,
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At tree level one can set ! = 0  "  SO(4)’= SO(4)

-  v = f sin(!π"/f)
SO(4)/SO(3)

This generates a vacuum misalignment as  ! = !π"/f .

EWSB arises from vacuum misalignment. 

All the explicit breaking of SO(5) comes from the
SM gauging and fermions

sabato 29 ottobre 2011

strong but perturbative

The theory make sense up to  Λ = 4 π f

We assume that a given number of resonances in 
the composite sector are lighter than    so that it 

appears in the effective action.
Λ

``Vector Resonances” ``Axial Resonances”

1 � gρ, ga � 4 π

Consider Spin-1 resonances in the                            .             
representation

SU(2)L × SU(2)R

ρL: (3,1) ρR: (1,3) a: (2,2)
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Nonlinear parametrization 

Consider the most general Goldstone interaction 
which has a custodial symmetry

(only the gauge sector) SU(2)L × SU(2)R

Consider a physical singlet scalar h

Σ(x) = exp(iσaχa(x)/v)

L =
v2

4
Tr[(DµΣ)

†DµΣ]

Goldstone interaction

LH =
1

2
(∂µh)

2 + V (h) +
v2

4
Tr[(DµΣ)

†(DµΣ)](1 + 2a
h

v
+ b

h2

v2
+ ...)

− v√
2
Σ[1 + cj

h

v
+ · · · ]

�
yuiju

j
R

ydijd
j
R

�
+ h.c.
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Higgs from EFT

Some times I use a different 
parametrization variable

Everything should be parametrized by 
effective theory.

Integrating out particles 
heavier than higgs

top already in cg, cgammma
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Higgs properties
Universal Higgs properties at the leading order 

Starting from eq.(48) it is simple to derive the couplings of the physical Higgs boson

to the gauge fields. By expanding around the vev �h�,

h
â
=





0

0

�h�+ h

0



 , (54)

one has

f
2
sin

2 h

f
=f

2

�
sin

2 �h�
f

+ 2 sin
�h�
f

cos
�h�
f

�
h

f

�

+

�
1− 2 sin

2 �h�
f

��
h

f

�2

+ . . .

�

=v
2
+ 2v

�
1− ξ h+ (1− 2ξ)h2

+ . . .

(55)

where, with a slight abuse of notation, h stands for

√
hâhâ on the left hand side, while

it denotes the physical Higgs boson on the right hand side. Compared to their SM

prediction, the couplings of the composite Higgs to the gauge bosons V = W,Z are

thus modified as follows:

gV V h = g
SM
V V h

�
1− ξ , gV V hh = g

SM
V V hh(1− 2ξ) . (56)

If one compares with the effective Lagrangian for a generic scalar eq.(16), one finds

that the SO(5)/SO(4) theory predicts

a =

�
1− ξ , b = 1− 2ξ . (57)

Using the results of section 2.1 on theWW scattering, we deduce that both theWW →
WW and WW → hh scattering amplitudes grow as ∼ (E/v)2ξ at large energies,

violating perturbative unitarity at a scale Λ ≈ 4πv/
√
ξ. This is a factor

√
ξ larger

than what we found for a theory with no Higgs.

We see that the composite Higgs only partly unitarizes the scattering amplitudes,

simply postponing the loss of perturbative unitarity to larger scales. In the limit ξ → 0

(with v fixed) one recovers the standard Higgs model: the resonances of the strong

sector become infinitely heavy and decouple, while the Higgs boson fully unitarizes the

theory. For ξ → 1, on the other hand, the Higgs contribution vanishes and unitarity

in WW → WW scattering is enforced solely by the strong resonances. Furthermore,

f = v and there is no gap of scales in theory: in this limit the strong dynamics behaves

quite similarly to a minimal Technicolor theory, although a light scalar exists in the

spectrum. In the general case, for ξ small enough the strong resonances can be made

sufficiently heavy and their correction to the electroweak observables sufficiently small

to pass the LEP precision tests. We will illustrate this point in detail later on, in

23

W & Z boson mass

modification of hVV 
coupling 

Similarly for fermions.

Since the W boson mass mW = g2v2/4 = g2h2 sin2(h/f)/4 in our model, there is vaccue shifted

effect here which would account for the overall normalization of the higgs bosons ((cH contribution

in the SILH Lagrangian [12])). Therefore, sin(h/f) → v/f and the effective ggh coupling ratio is

gMCHM

ggh

gSM
ggh

=
cos(2h/f)

cos(h/f)
=

(1− 2ξ)√
1− ξ

, (152)

where ξ = (v/f)2 = sin
2 �h�/f . Therefore, we have the production rate ratio [13]

σMCHM5
(gg → h)

σSM (gg → h)
=

(1− 2ξ)2

1− ξ
, (153)

which agrees with Ref. ( [11,13]) in our setup with top partners.

Now we go to the case of model 10 (type one), in this case, the fermions are embedded according

to Eq. (67), then we have the following top mass matrix in the basis (t, Q−+, Q+,−,φ0,χ0)

Mt =
1

2





0 c∗
Q
(1− cos(h/f)) c∗

Q
(1 + cos(h/f)) −c∗

T
sin(h/f) c∗

T
sin(h/f)

−cQ sin(h/f) m̃Q 0 0 0

cQ sin(h/f) 0 m̃Q 0 0

cT (1 + cos(h/f)) 0 0 m̃T 0

cT (1− cos(h/f)) 0 0 0 m̃T




PR + h.c.(154)

and the determinant of the top mass matrix is

Det(Mt) =
1

32
M̃QM̃T

�
m̃Q|cT |2 − m̃T |cQ|2

�
sin(2h/f) (155)

Therefore, the production rate would be the same as Eq. (153) in model 5.

10.2 Constrain on Higgs production at the LEP and LHC

In the unitarity gauge where Σ = (sinh/f, 0, 0, 0, cosh/f), the leading order Goldstone interaction

in Eq. (3) give us the higgs gauge interactions

LKin =
1

2
∂µh∂

µ
h+m

2
W (h)

�
WµW

µ
+

1

2 cos2 θW
ZµZ

µ

�
with mW =

gf

2
sin

h

f
. (156)

Expanding Eq. (156) in powers of the Higgs field, we obtain the Higgs couplings to the gauge fields

gHV V = g
SM
HV V

�
1− ξ . (157)

Similarly, in the model 5, where SM fermions transforming as fundamental representations of SO(5),

the interactions of the Higgs to the fermions take the following form

LYuk = −mf (h)f̄f with mf (h) ∝ sin

�
2h

f

�
. (158)

We then obtain

gHff = g
SM
Hff

1− 2ξ√
1− ξ

. (159)

27

a =
√
1− ξ b = 1− 2ξ

c =
√
1− ξ

c = 1−2ξ√
1−ξ 5, 10

Spinorial 4mf (h) ∝ sin

�
h

f

�
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Higgs properties

Higgs production Higgs decay
MCHM5 in 240 GeV CEPC
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The S parameter
How about the precision 
electroweak constraints?

Only the S parameter gives a (roughly) 
universal bound on the rho meson mass

Integrate out the spin one state, the S parameter is:
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The S parameter
The Weinberg sum rule regulate the UV 

behavior of the Higgs potential (the form factor)

Finite form factor (log div Higgs potential) 

Form factor falls faster than 1/p^2 
(finite Higgs potential) 

valid for most 
SD

Only for 
QCD, not 
CFT, etc
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The S parameter
Consider one rho, this reduce to the 

S ∼ 4πv2/m2
ρ

Multi-resonances gives order one (always 
bigger than 1) difference for normal spectra

axel-resonances heavier than the 
vector resonances
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The S parameter

95% C. L.

S < 0.25
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Composite Higgs 
Naturalness 
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Other operators

How about the tuning of the Higgs potential:

The basic tuning, of course is to obtain 
the correct EWSB vev, naturally           .v ∼ f

Therefore, naively one should at least have a 
minimal tuning of order    .ξ
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Other operators

The real tuning is actually more since we 
have discovered a light 125 GeV Higgs 

This means it requires additional 
cancellation in the Higgs potential. 

How this will influence the spectra? 
especially the top partner?
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Other operators

Neglect this 
sub-leading part:

Consider the general Higgs potential: 

For tops: 

a, b are the O(1) coefficients

MCHM5
: mixing parameter between 

tops and top partners
ξ
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Other operators
One has to tune the Higgs mass term of 

order     instead of     . �4 �2

Higgs mass:

Tuning of Higgs potential:
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Other operators
Further suppression of Higgs mass requires a 

light lightest top partner:

However, the tuning on the other hand, is still related to 
the (roughly) the overall top partner mass 

Even see a light t’ does not mean the tuning is small !!!
Seach for heavier top partners at the SPPC learn the tuning!
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Other operators
Barbieri & Giudice fine tuning parameter

Light Higgs, light lightest top partner, large fine-tuning
Wednesday, August 13, 2014



Spin 1/2

Top / Light fermion partners

Heavy states pair 
produced at 
SppC (much 

better than LHC)
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Heavy rho meson search 
at the SPPC
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Other aspects
Production:       

Decay:  G’ into top pair    
                      Z‘ into W, Z, tops pair.  

For a color singlet Z’ particle, the Landau-Yang 
theorem forbids the gluon fusion process.

The most important one is the Drell-Yan process:

However, for a color octet G’, the additional color 
factor f^abc allows gluon fusion and become very 

important at the SPPC
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Production Rate

Drell-Yan Production: for 3 to 12 TeV KK 
gluons for future giant colliders
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Gluon Fusion
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Gluon Fusion

Feel free to let me know.

For the boosted W, Z, top tagging at the 
SPPC, i need to know more about it. 
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WW scattering & 
unitarity
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Other aspects

WW scattering measurements is always 
a tough thing at the LHC

At the SPPC, not only we can do VVVV,  VVff,  VVhh, 
etc can also be put into the lists of consideration

There is actually a new strong dynamics 
EWSB measurements that can be done 

and better doable at the SPPC
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Other aspects

WW scattering measurements is always 
a tough thing at the LHC

At the SPPC, not only we can do VVVV,  VVff,  VVhh, 
etc can also be put into the lists of consideration

There is actually a new strong dynamics 
EWSB measurements that can be done 

and better doable at the SPPC
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Phase shift in strong dynamics!

Unitarity circle
Elastic scattering, unitarity 

condition is simply

Inelastic scattering

Typically have large strong 
phase when deviated from 0

If strong, then S is far from one!
δS far from zeroS ∼ ei2δS
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Looking at the pi pi scattering

How to parametrize the phases at high energy

Let’s look at the pi pi scattering

LHE behaviorδIJ ∼ s
close to pi

Pass the rho 
meson 

resonancesQCD data
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Rescattering process

Only applies to J=1 channels
WW channel

Large SM WW/Z backgrounds 
(good if one use interference)

All parton energy goes 
to WW/Z system

WWJJ channel. 
WL suppressed by the effective W luminosity

Two forward jets suppress some 
backgrounds

Irreducible backgrounds for WT is still 
there anyway
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How to measure the phase?

M(pp → VLVL) ∼ Meiδ(s)

M1: production 
amplitude

M2, M3: decay 
amplitude

M(θ1, φ1) = M(θ1, 0)e
isZφ

: V1 helicity λ1

: V2 helicity λ2
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How to measure the phase?

Looking at the interference term on            and (0,0)(λ1, λ2)

nonzero δ

distributions
Wednesday, August 13, 2014



Interference:

(+,−)
(−,+)

(0, 0)

(+, 0)
(−, 0)

(0,+)
(0,−)

√
s = 1TeV

��,����,��

�0,0�
��,0���,0��0,�� �0,��

�1.0 �0.5 0.5 1.0 cos�

�0.5

�0.4

�0.3

�0.2

�0.1

0.1

M1

Interference:

(0, 0)

sin(φ1 + φ2)

(0, 0)

sin(φ1)

sin(φ2)

5 to 10 times larger
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Cuts

2

The production and decay amplitudes are as follows:

M1 : u(k1,−) d̄(k2,+) → W
+
(q1,λ1) Z(q2,λ2), M2 :

W
+
(q1,λ1) → ν(p1,−) l

+
1 (p2,+) and M3 : Z(q,λ2) →

l
−
2 (p3, h) l

+
3 (p4,−h). The parameters in the parenthe-

sis are the particle momentum and helicity respectively.

The phase space of the above processes have five angles

which are defined as follows: the production angle Θ is

the u quark direction to the W
+

direction. For both W

and Z decays, the polar angles are from the W
+
momen-

tum direction to the positive charged lepton direction

and the azimuthal angle are the rotations about the W
+

momentum direction from the production plane n̂ to the

decay planes n̂W , n̂Z . The three planes are defined as

n̂ ∼ k1 × q1, n̂W ∼ p1 × p2 and n̂Z ∼ p4 × p3. All

kinematics are presented in FIG 1.

To see how the phase shift δ in W
+
L ZL production en-

ters into the azimuthal angle correlation from the W
+
Z

decay, recall that W
+
Z produces an azimuthal angular

dependence exp(iszφ), where sz and φ are the spin pro-

jection and azimuthal angle rotation about the pW direc-

tion. For a given interference term between (λ1,λ2) and

(0,0) helicity, focusing only on the φ dependence term, we

have
��a1ei(λ1φ1−λ2φ2) + a2e

iδ
��2 ∼ cos(λ1φ1−λ2φ2+ δ) ∼

sin(λ1φ1−λ2φ2) sin δ. Therefore, those sin(λ1φ1−λ2φ2)

mode in the azimuthal angle correlation unambitious sug-

gest the existence of strong dynamcis.

For the W
+
Z production, we obtain the full produc-

tion amplitude for different W
+
Z helicity combinations

(λ1,λ2) and the results are presented in FIG 2. Among

nine different combinations, there are three leading con-

tributions from (−,+), (0, 0) and (+,−) which scales as

γ0
. The four remaining (−, 0) ≈ (0,+) and (+, 0) ≈

(0,−) are scaled as ∼ 1/γ. The (+,+) or (−,−) combi-

nations are too small to affect the kinematics. We can see

that (a): (−,+)/(+,−) dominate at Θ → 0 or π because

of the t-channel production and (1+cosΘ) or (1−cosΘ)

factor. (b): (0, 0) regulated by sinΘ (c): Numerically

the difference between (−, 0) and (0,+) or (+, 0) and

(0,−) is negligible. We parametrize the them as (suppose

I integrate out some scattering angle) M1(−,+) = A,

M1(0, 0) = Be
iδ
, M1(−,+) = C. M1(−, 0) = D

M1(+, 0) = E M1(0,+) = F M1(0,−) = G. Similar

behavior has been pointed out in e
+
e
− → W

+
W

−
[1]

more comments

The full amplitude can be obtained from the expression

�

h

������

�

λ1,λ2

Mλ1λ2
1 (Θ)Mλ1

2 (θ1,φ1)Mλ2
3 (h, θ2,φ2)

������

2

(3)

The W
+
, Z decay amplitudes are

Mλ1
2 (θ1,φ1) = gW |q|dλ1(θ1)e

iλ1φ1 ,

Mλ2
3 (h, θ1,φ1) = g

−
Z |q|dλ2 [θ2 + (h− 1)π/2]e−iλ2φ2(4)

where we we use the approximation g
+
Z ≈ −g

−
Z for the

Z charged leptonic decays. The polar anglar dependent

u dW+

Z

!"

φ#

!"

φ$

! -

ν
θ

θ1

θ2

FIG. 1: The kinematics of W+Z production and decays.

function d±(θ) =
�

1
2 (1 ± cos θ), d0(θ) = sin θ. If we in-

tegrate over both polar angle θ1 and θ2, there is a cancel-

lation in the sin(φ1+φ2) and sin(φ2) correlation between

cos θ2 > 0 and cos θ2 < 0 due to g
+
Z ≈ −g

−
Z . Therefore,

we only integrate over cos θ2 > 0 and cos θ2 < 0 for θ2:

(2π)2dσ±
σdφ1dφ2

=
1

2

�
1 +

B sin δ

H2

�
3π

64
(±4(A+ C) + 3π�(A− C))

sin(φ1 + φ2) +
3
√
2π(E −D)

8
sinφ1

+
±4(F +G) + 3π�(F −G)

4
√
2

sinφ2 + · · ·
��

.(5)

where � = ((g
−
Z )

2 − (g
+
Z )

2
)/((g

−
Z )

2 − (g
+
Z )

2
) ≈ 0.22 and

ellipsis refer to the interference term with a cosφ de-

pendence which neither contribute to the observables re-

lated to δ nor the total cross section. The σ± stands

for σ(cos θ2
>
< 0) and H is overall background H

2
=

(A
2
+B

2
+ C

2
+D

2
+ E

2
+ F

2
+G

2
).

We can estimate the relative size of different sinφ cor-

relations. Around cosΘ ⊂ (0.1, 0.9) at
√
s = 1 TeV, in

average we have (A+ C) ≈ 5(E −D) ≈ 10(F +G). No-

tice that E−D has a relative enhancement comparing to

A + C and F + G on each individual helicity amplitude

because of the sign of those amplitudes. Therefore, the

largest sinφ correlation exists in sin(φ1 + φ2) while the

size of sinφ1 correlation is slightly more than one half of

it and sinφ2 is considerably smaller.

We simulate the pp → W
+
Z → l

+νl+l− with the

form factor Eq.(1) in the (0, 0) helicity channel using the

HELAS [8] program at the parton level which is suffi-

cient for the purely leptonic decays. The cuts are used

as follows:

• ∆r > 0.4 between leptons and lepton and quarks.

• pT > 20 GeV and η < 2.5 cuts on the leptons.

• Z-reconstruction cut. We require that two opposite

sign leptons reconstruct to give the Z mass.

• MET cut > 20 GeV.

3
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FIG. 2: The production amplitude M1(ud̄ → W+Z) vesus
scattering angle cosΘ at

√
s = 1 TeV. The (+,+) and (−,−)

combinations are numerically too small so we ignore them in
the plot.

• Invariant mass cut of the W Z system between M−
Γ and M + Γ.

• 0.1 < cosΘ < 0.9 on the W momentum in the CM
frame to maximize the interference.

When we reconstruct the events, there are two misiden-
tification issues and our solutions are

• The initial direction of the u-quark momentum.
We choose the u-quark momentum direction as the
W+Z boost direction.

• There is a two folder ambiguity regarding the ν mo-
mentum solution. We choose the one which has a
smaller ∆R to the closest lepton since their mother
particle W+ is highly boosted.

The issue is not the one which is the
The two misidentification issue is the XXX.
a two fold ambiguity regarding the

HADRONIC MODE OF W/Z DECAY ???

EVENT RECONSTRUCTION

We seek to reconstruct each event from the observed
lab frame kinematics and case in the form shown in figure
(...). For each event we wish to cast it in the center of
mass frame in the form of

• The u-quark going in the +z direction

• The W+ has transverse momentum purely in the
+x direction.

Each even is now characterized by 5 angles. The pro-
duction angle θ, the decay angles of the lepton from the
W+ in the W+ rest frame θ1,φ1. The decay angles of
the lepton from Z-decay in the Z-rest frame θ2,φ2. Note

that φ1 and φ2 are the same in the CM frame as well as
the W,Z rest frames.
The helicity amplitudes are characterized by (h1, h2)

where h1 is the helicity of the W and h2 is the helicity of
the Z. The amplitudes for various helicity combinations
of the W+ and Z are shown in figure... .
At very high energies, the dominant helicity combina-

tions that are produced are (+,−), (−,+) and (0, 0). The
interference between the (+,−) and (0, 0) helicity ampli-
tudes leads to a sin(φ1 − φ2) dependence of the differ-
ential crosssection. The interference between the (−,+)
and (0, 0) helicity amplitudes gives rise to a sin(φ2 − φ1)
dependence of the differential crosssection. These two de-
pendencies turn out to have the opposite sign and wash
out the sin(φ1 − φ2) behaviour that is characteristic of
the strong dynamics.
One possible way to isolate the two interference terms

separately, is to look at positive cos θ and negative cos θ
regions separately. From figure (...) we can see that in
the positive cos θ region we dominantly pick out (+,−)
and (0, 0) interference. Whereas, we pick up the (−,+)
and (0, 0) interference for negative cos θ. However, iden-
tifying events with positive and negative cos θ, requires
that we reconstruct the u-quark direction accurately. If
we misidentify the u-quark direction φ1 → π + φ1 and
φ2 → π + φ2 and hence the coefficient of sin(φ1 − φ2) is
unchanged. However, if we misidentify the u-quark direc-
tion cos θ → − cos θ as shown in figure... If we had placed
a cut to restrict cos θ > 0 to pick out (+,−) and (0, 0)
interference, then we would accidentally pick out events
with cos θ < 0 and hence (−,+) and (0, 0) interference
which would seriously dilute our signal. One could tag
the u-quark direction using the boost direction of the
event in the lab frame. This gives approximately an 80%
identification of the u-quark direction. This means that
our signal is diluted to almost 60% of its original value.
The preceding discussion was without accounting for the
ambiguity in the true-false kinematics which leads to a
further dilution in the coefficient of sin(φ1 − φ2). For
these reasons, we choose to look at a different interfer-
ence term, which although sub-leading turns out to have
a much better scope for detection.

We focus on the sinφ1 interference term arising from
the interference between the (+, 0) and (0, 0) helicity
combinations as well as the (−, 0) and (0, 0) interference
terms. If we do not impose a cos θ cut, we pick out both
interference terms and again this leads to an approxi-
mate cancelation of the coefficient of sinφ1. However, we
can pick out (+, 0) and (0, 0) interference by requiring
cos θ > 0 and conversely we can pick out (−, 0) and (0, 0)
interference by requiring cos θ < 0. Now, we are in for a
pleasant surprise. If we impose a selection cut cos θ > 0
to pick out (+, 0) and (0, 0) interference and we misiden-
tify the u-quark direction we will pick out events with
cos θ > 0 and (−, 0) and (0, 0). However, in this case we
will also mistake − sinφ1 for + sinφ1 and hence instead

We use the cuts as follows:
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Final results

Hadronic W tagging, multi-variable 
methods, multi-resonances, I=2 channel, etc 
will also greatly helps for the significance
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