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What is classicalization ?

• In QFTs with a cut off (like the Higgsless SM)             
2->2 scattering amplitudes blow up at energies near 
the cut off. Standard (Wilsonian) interpretation =>  
New Physics at these scales. 

• Classicalization is an alternative way of unitarizing 
these amplitudes in some cases.  Inspired by black hole 
physics.

• Take the following simple example of scalar field,

• 2->2 scattering gets suppressed at high energies.          
We get instead 2-> Classicalon                                                                                                                                  

that generalizes the role of gravity in creating the extended objects. The key point is that

the field φ must be sourced by an operator (J) that becomes strong whenever particles

are localized at short distances. In this way, localization of particles is accompanied by

formation of a strong classical field φ, so that short distance scattering is accompanied by

creation of extended classical objects. The characteristic distance scale that serves as a

measure of classicality of a given source will be called here the associated r∗-radius, and it

is a generalization of the Schwarzschild radius for non-gravitational theories. Essentially

the r∗-radius measures the effective extent of the strong classical field φ around the source.

Schematically the phenomenon of classicalization can be understood in the following

general terms. Let us think in terms of a generic Lagrangian,

L(φ, J) = L(φ) +
φ

M∗
J , (3)

where J is a source. This Lagrangian is such that the two-to-two perturbative scattering

amplitude A(s, t) for φ quanta violates unitarity at the UV length-scale L∗, i.e. A(1/L2
∗) =

O(1). For example, an effective Lagrangian (for the simplest case of spin-zero φ quanta)

leading to this violation of unitarity can be of the form,

L(φ) = (∂µφ)
2 +

1

M∗
φ(∂µφ)

2 +
1

M5
∗
φ(∂µφ)

4 + ... (4)

with L∗ = M−1
∗ . The non-linear terms in the above Lagrangian provide an example

of self-sourcing of the φ field. The source at the perturbative level leads to violation of

unitarity for energies
√
s " M∗, but we wish to argue that the same interaction at the

non-perturbative level restores unitarity by classicalization.

Classicalization takes place whenever the strength of a source localized within a region

of size L grows as a positive power of 1/L. In particular, this is the case for the energy-

momentum type sources, and this property is shared by the cubic self-coupling in eq. (4).

For this reason, the scattering of φ particles must classicalize at high energies. In order to

see this, let us consider the scattering of wave packets of the φ field at some center-of-mass

energy
√
s " M∗. In order to scatter with momentum transfer 1/L, the particles have to

come within a distance L. Perturbatively it seems that, as long as L > L∗, such localized

wave-packets are well-described quantum states. However, this is not the case. In fact,
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• If there is no Higgs, WL WL ->WL WL scattering amplitude blows up at 
around 700 GeV.

• If we add appropriate interactions the longitudinal Ws and Zs can 
classicalize. Even more minimal than SM! For eg. lets add a classicalizing 
interaction to Higgsless SM,

• With energy size of classicalon increases (like Black Holes). In theories 
that exhibit classicalization higher scattering energies does not mean 
probing shorter distances.

Unitarizing WW scattering by classicalization
problem. In the presence of self-interactions, perturbative unitarity is violated above the

scale set by mW . In the standard approach one therefore integrates in the Higgs boson in

order to restore unitarity.

We now wish to reconsider this violation of unitarity in the light of classicalization.

We wish to show that self-interactions of the longitudinal Proca field classicalize exactly

above the scale where naive perturbative unitarity is violated. As shown in ref. [1], the

longitudinal Proca field exhibits the r∗-phenomenon, and we will discuss here how this is

essential for classicalization. Let us add a simple self-interaction to the Proca Lagrangian

L = −
1

4
FµνF

µν +
1

2
m2

W WµW
µ +

g4

4
(WµW

µ)2 − gWµj
µ (41)

where jµ is an external source and g is a coupling constant. The new interaction can be

viewed as the first term of an operator expansion. Note that, due to the non-zero mass,

conservation of jµ is no longer mandatory. Instead, the equation of motion implies the

following constraint,

∂µ
[

Wµ

(

m2
W + g4WνW

ν
)]

= g∂µjµ . (42)

The quartic interaction generates the following self-coupling for the longitudinal (Stückelberg)

component,
g4

4m4
W

(∂µφ∂
µφ)2 . (43)

Moreover, an exchange of longitudinal W -bosons induce the interaction

g2∂µjµ∂νjν
m2

W (m2
W +!)

. (44)

The operators in eqs. (43) and (44) violate perturbative unitarity at distances shorter than

L∗ ≡ g/mW . However, the sources classicalize at such a distance. In order to see this,

consider a φ-field created by a point-like source of strength 1/L of the form ∂µjµ = δ(r)/L.

To see the effect of this source we can decouple the transverse gauge field, by taking the

limit g → 0 with L∗ fixed. Equation (42) then becomes the equation of motion for φ,

which takes the form (29) and which we have solved previously. Its solution indicates that

the sources classicalize at the distance r∗ = L∗
√

L∗/L. This classicalization is entirely

due to interactions of longitudinal W -boson and is unrelated to the presence of the Higgs

particle. To see this, we can explicitly rewrite the Lagrangian (41) as the Higgs-decoupling
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The above equations can be easily understood by putting U = 1 in eq 2. Now to compute

the relative number of W s and Zs we take the energy density of each field in the classical

configuration and divide it by the typical energy ω = π/r∗ to obtain,

NW

NZ
=

�∂µW+∂µW−�/ω
�(1/2)∂µZ∂µZ�/ω =

�∂µW 1∂µW 1 + ∂µW 2∂µW 2�
�∂µZ∂µZ� =

ω2(�W 2
1 �+ �W 2

2 �)
ω2�Z2�

=
g2 + g�2

g2
�(Tr(τ1DµU))2�+ �(Tr(τ2DµU))2�

�(Tr(τ3DµU))2� =
2

c2w
. (10)

where �O� is the expectation value or the classical magnitue of the operator O and we assume

all the components Tr(τ1DµU), Tr(τ2DµU) and Tr(τ3DµU) have the same magnitude in the

configuration. The fraction of W -pairs in the classicalon is,

r =
NW

NW +NZ
=

2

2 + c2w
= 0.72. (11)

W µ
L → ∂µφ

mW
(12)

Let us now see how we apply the above equation to classicalons with a small number of quanta.

We have to make sure that electric charge is conserved. So for instance for a neutral classicalon

with energy and radius such that we get N = 5 using eq. 6 the possible compositions are:

ZW+W−W+W−, ZZZW+W− and ZZZZZ. Now the probabilities of having W+W− and

Z pairs are just r and (1− r) where r is given by eq. 11. So we get the following probabilities

for obtaining these different possibilities,

P (ZW+W−W+W−) = r2

P (ZZZW+W−) = 2r(1− r)

P (ZZZZZ) = (1− r)2. (13)

1.2 Signal search strategy and backgrounds

We will consider cross-sections for three different final states: final states with two positive

leptons (l+l++mET + jets), final states with three leptons (3l+mET + jets) and final states

with four leptons (4l+mET +jets). For each of these final states we need to carefully take into

account many combionatric possibilities. Take for instance the 5-particle classicalon with the

composition ZZZW+W− considered previously in eq. 13. Let us compute the contribution

of classicalons with this particular composition to the cross section for 4l final states. As four

leptons can be obtained form either decay of two of the Zs or the decay of two W s and one

of the Zs, we get,

2r(1− r)(3C2z
2
l (1− zl)(1− wl)

2 +3 C1zl(1− zl)
2w2

l )σ (14)

3
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A classicalizing 
interaction which 
gives classicalons 

with radii,

Classicalons at the LHC

Sandeepan July 4, 2011

We will estimate the production cross section for classicalons [1] in two different models,

1 Classicalization of goldstones

The first case we consider is classicalization of the goldstone bosons associated to the longitu-

dinal W and Z bosons in the Standard Model. The classicalizing field here are the goldstones

themselves and the classicalizing interaction in this case is,

α

2
(Tr

�
DµUDµU

†�
)
2

(1)

where U is the SU(2) matrix exp(iπaτa/v) containing the Goldstones πa. Here v = 246 GeV is

the Higgs VEV and τa are the Pauli matrices. The covariant derivative is defined as follows,

DµU = ∂µU +
ig

2

τa
2
W aU − ig�

2
UBY

τ3
2
. (2)

The classicalon radius is given by [1],

r∗ ∼
√
s
1/3

v4/3
. (3)

The experimental constraints on the coupling α come from electroweak precision measure-

ments. α contributes only to the T parameter and not to the S and U parameters [2]. The

contribution to the T - parameter is given by [2],

∆T =
α

8π2αem

�
3g2g�2

2
+

3g�4

4

�
log

Λ

MZ
. (4)

From here we see that for a cut off Λ = v we get ∆T = 0.13 for α = 1, which is perfectly

acceptable for a Higgsless theory. We can thus take α to be an O(1) number. We will thus

take,

r∗ =

√
s
1/3

v4/3
. (5)

The classicalon in this case can be thought of as a classical configuration consisting of many

W s and Zs. Following Ref. [3] we estimate the number of quanta in the classicalon by assuming

that the typical wavelength of a quanta inside is 2r∗ so that the typical momentum is k ≈ π/r∗.

1

the exponent depends on the 
particular interaction, =1 for black 

holes
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• The process we can look for in colliders would 
be:                                               
Weak Boson Fusion->Classicalon->multiple W/Z

• Cross-section is just the geometric cross-
section: σ=!r*2.

• Experimentally relevant question: What 
happens after we produce a classicalon? What 
is the number of particles classicalon decays 
to ? What is the energy distribution of the 
decay products?

How do we make experimental 
predictions ?

unlike black 
holes, these 
classicalons 
would decay 

only to Ws/Zs



• Every possible way of localizing the required energy in the classicalon 
radius r* must form a classicalon, thus classicalons can be formed from 
2,3,4..... Nmax  particles (minimum energy of a particle 1/r* => Nmax ="s/(1/r*)= 
r*"s).

• By time reversal symmetry therefore classicalons can decay into 2,3,4...Nmax 
particles.

• Classicalons would rarely decay to 2 particles as there are many more 
ways of decaying to many particles simply because of combionatrics =>            
2->2 scatterring suppressed. We see how notion of entropy arises for 
classicalon.

Classicalons have thermodynamic properties!
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• By time reversal symmetry therefore classicalons can decay into 2,3,4...Nmax 
particles.

• Classicalons would rarely decay to 2 particles as there are many more 
ways of decaying to many particles simply because of combionatrics =>            
2->2 scatterring suppressed. We see how notion of entropy arises for 
classicalon.

Classicalons have thermodynamic properties!

time reverse



• Every possible way of localizing the required energy in the classicalon 
radius r* must form a classicalon. How do we compute the number of 
possible ways?

• We must ensure,                                                                  
(1) Condition 1: energy conservation,                                                                   
(2) Condition 2: that all the energy gets localized inside,  for eg. 
scattering plane waves would not localize the energy inside r* 

• All possible ways of choosing the momenta ki (without any other 
restriction) respecting energy conservation gives the Bose-Einstein 
distribution, 

• We cannot find the temperature (T= 1/β) and total number of particles 
without knowing the density of states.

Classicalons are Bose Einstein systems

of states that lie with in this shell. For the modes confined in the box we know that that the

density of states is given by,

gωdω =
V ω2

2π2
dω =

1

8π3
Ldω × L2

(4πω2
) (7)

Up to factors of π the first term here is the number of box modes in a particular direction

having energy in the range ω to ω+dω and the second term is the number of allowed directions.

As we are considering wavepackets of width 2r∗ and not L in the longitudinal direction, the

number of wavepackets in a particular direction with energy in the range ω to ω + dω will be

smaller by a factor 2r∗/L so that we get,

gωdω =
1

8π3
(2r∗)dω × L2

(4πω2
) =

Nr3∗ω
2

π2
dω (8)

where we have substitutes L from eq. 6. One must also keep in mind that there are no

wavepackets with energy less than π/r∗ as there are no wavepackets with wavelength greater

than 2r∗. It is useful to write the density of states function also in cartesian coordinates,

g�k d3k =
Nr3∗
4π3

d3k. (9)

2.2 Number of ways for N particle decay for 1 � N � Nmax

We want to count the number of ways to form a classicalon in its rest frame. In this subsection

we will evaluate Γ(
√
s,N), the number of ways in which N incoming particles, where 1 �

N � Nmax, can form a classicalon of a given radius r∗. Note that for our derivation here

we will assume that the in each energy state there is at most one particle which is true for

N � Nmax. The total number of ways of forming a classicalon would be,

Ω(
√
s) =

Nmax�

N=2

Γ(
√
s,N). (10)

We try to find all possible set of four vectors of the N outgoing wavepackets with the only

constraint that energy and momentum are conserved,

|�k1|+ |�k2|....+ | �kN | =
√
s (11)

�k1 + �k2....+ �kN = 0 (12)

For largeN the momentum conservation constraint is not so important simply because the sum

�k1 + �k2....+ �kN−1 is completely unconstrained as we can always fix �kN to ensure that the sum

8

constraints in eq. 17. Let us represent an arbitrary configuration of a particular energy level

as, × × | × |...× where the crosses represent the indistinguishable φ quanta and the space

between two bars is a quantum state. Thus we should have Nω crosses and gω − 1 bars and

the number of ways of arranging these crosses and bars would give us the number of ways of

arranging the particles in a particular energy level. Considering all energy levels, this leads

to the well known expression,

Ω(
√
s) = Πω

(Nω + gω)!

Nω!gω!
(18)

where we have approximated (Nω + gω − 1)! ≈ (Nω + gω)! and (gω − 1)! ≈ gω!. The entropy

of the system is defined as,

S = log(Ω(
√
s)). (19)

We want to maximize S respecting the constraints in eq. 17. We must have,

dS =
�

ln
Nω + gω

gω
= 0 (20)

dE =
�

Nωgωωdω = 0. (21)

where we have used Stirling’s approximation, lnN ! = N lnN − N . Now we maximize S by

using the method of Lagrange multipliers,

dS − βdE = 0 (22)

β being the Lagrange multipliers. Note that it is clear from eq. 22 that by the definition of

temperature, T , β = 1/T . This leads to the Bose-Einstein distribution,

N(ω)dω =
g(ω)dω

eβω − 1
. (23)

Now let us see how we can obtain β and the number of particles in the most probable distri-

bution, N∗, by solving the following equations,

N∗r3∗
π2

�

ω=π/r∗

ω2dω

eβω − 1
= N∗ (24)

N∗r3∗
π2

�

ω=π/r∗

ω3dω

eβω − 1
=

√
s, (25)

Note that the lower limit in the integral is not zero but the minimum allowed frequency for

our wavepackets 2π/2r∗. To obtain β make the substitutions βω = x in eq. 24 to obtain,

�

x=βπ/r∗

x2dx

ex − 1
= (1/π)(βπ/r∗)

3. (26)
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• Every possible way of localizing the required energy in the classicalon 
radius r* must form a classicalon. How do we compute the number of 
possible ways?

• We must ensure,                                                                  
(1) Condition 1: energy conservation,                                                                   
(2) Condition 2: that all the energy gets localized inside,  for eg. 
scattering plane waves would not localize the energy inside r* 

• All possible ways of choosing the momenta ki (without any other 
restriction) respecting energy conservation gives the Bose-Einstein 
distribution, 

• We cannot find the temperature (T= 1/β) and total number of particles 
without knowing the density of states.

Classicalons are Bose Einstein systems
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Density of states

of states that lie with in this shell. For the modes confined in the box we know that that the

density of states is given by,

gωdω =
V ω2

2π2
dω =

1

8π3
Ldω × L2

(4πω2
) (7)

Up to factors of π the first term here is the number of box modes in a particular direction

having energy in the range ω to ω+dω and the second term is the number of allowed directions.

As we are considering wavepackets of width 2r∗ and not L in the longitudinal direction, the

number of wavepackets in a particular direction with energy in the range ω to ω + dω will be

smaller by a factor 2r∗/L so that we get,

gωdω =
1

8π3
(2r∗)dω × L2

(4πω2
) =

Nr3∗ω
2

π2
dω (8)

where we have substitutes L from eq. 6. One must also keep in mind that there are no

wavepackets with energy less than π/r∗ as there are no wavepackets with wavelength greater

than 2r∗. It is useful to write the density of states function also in cartesian coordinates,

g�k d3k =
Nr3∗
4π3

d3k. (9)

2.2 Number of ways for N particle decay for 1 � N � Nmax

We want to count the number of ways to form a classicalon in its rest frame. In this subsection

we will evaluate Γ(
√
s,N), the number of ways in which N incoming particles, where 1 �

N � Nmax, can form a classicalon of a given radius r∗. Note that for our derivation here

we will assume that the in each energy state there is at most one particle which is true for

N � Nmax. The total number of ways of forming a classicalon would be,

Ω(
√
s) =

Nmax�

N=2

Γ(
√
s,N). (10)

We try to find all possible set of four vectors of the N outgoing wavepackets with the only

constraint that energy and momentum are conserved,

|�k1|+ |�k2|....+ | �kN | =
√
s (11)

�k1 + �k2....+ �kN = 0 (12)

For largeN the momentum conservation constraint is not so important simply because the sum

�k1 + �k2....+ �kN−1 is completely unconstrained as we can always fix �kN to ensure that the sum
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• Every possible way of localizing the required energy in the classicalon 
radius r* must form a classicalon. How do we compute the number of 
possible ways?

• We must ensure,                                                                  
(1) Condition 1: energy conservation,                                                                   
(2) Condition 2: that all the energy gets localized inside,  for eg. 
scattering plane waves would not localize the energy inside r* 

• All possible ways of choosing the momenta ki (without any other 
restriction) respecting energy conservation gives the Bose-Einstein 
distribution, 

• We cannot find the temperature (T= 1/β) and total number of particles 
without knowing the density of states.

Classicalons are Bose Einstein systems
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as, × × | × |...× where the crosses represent the indistinguishable φ quanta and the space

between two bars is a quantum state. Thus we should have Nω crosses and gω − 1 bars and

the number of ways of arranging these crosses and bars would give us the number of ways of

arranging the particles in a particular energy level. Considering all energy levels, this leads

to the well known expression,
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(Nω + gω)!
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using the method of Lagrange multipliers,
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β being the Lagrange multipliers. Note that it is clear from eq. 22 that by the definition of

temperature, T , β = 1/T . This leads to the Bose-Einstein distribution,
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Density of states

of states that lie with in this shell. For the modes confined in the box we know that that the

density of states is given by,

gωdω =
V ω2

2π2
dω =

1

8π3
Ldω × L2

(4πω2
) (7)

Up to factors of π the first term here is the number of box modes in a particular direction

having energy in the range ω to ω+dω and the second term is the number of allowed directions.

As we are considering wavepackets of width 2r∗ and not L in the longitudinal direction, the

number of wavepackets in a particular direction with energy in the range ω to ω + dω will be

smaller by a factor 2r∗/L so that we get,

gωdω =
1

8π3
(2r∗)dω × L2

(4πω2
) =

Nr3∗ω
2

π2
dω (8)

where we have substitutes L from eq. 6. One must also keep in mind that there are no

wavepackets with energy less than π/r∗ as there are no wavepackets with wavelength greater

than 2r∗. It is useful to write the density of states function also in cartesian coordinates,

g�k d3k =
Nr3∗
4π3

d3k. (9)

2.2 Number of ways for N particle decay for 1 � N � Nmax

We want to count the number of ways to form a classicalon in its rest frame. In this subsection

we will evaluate Γ(
√
s,N), the number of ways in which N incoming particles, where 1 �

N � Nmax, can form a classicalon of a given radius r∗. Note that for our derivation here

we will assume that the in each energy state there is at most one particle which is true for

N � Nmax. The total number of ways of forming a classicalon would be,

Ω(
√
s) =

Nmax�

N=2

Γ(
√
s,N). (10)

We try to find all possible set of four vectors of the N outgoing wavepackets with the only

constraint that energy and momentum are conserved,

|�k1|+ |�k2|....+ | �kN | =
√
s (11)

�k1 + �k2....+ �kN = 0 (12)

For largeN the momentum conservation constraint is not so important simply because the sum

�k1 + �k2....+ �kN−1 is completely unconstrained as we can always fix �kN to ensure that the sum
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• In order to localize all the energy in the classicalon radius wavepackets 
must have size at most r*  in the longitudinal direction.

• The wavepackets can be much longer in the  transverse direction, of size 
"N r*.  This leads to a Φ∼1/r field outside the classicalon radius r*. Most of 
the energy is still inside the classicalon radius r*.

• For such wavepackets density of states function is:

• Classicalons like massless Bose-einstein system but with different density of 
states from blackbody radiation.

The Density of states

of states that lie with in this shell. For the modes confined in the box we know that that the

density of states is given by,

gωdω =
V ω2

2π2
dω =

1

8π3
Ldω × L2

(4πω2
) (7)

Up to factors of π the first term here is the number of box modes in a particular direction

having energy in the range ω to ω+dω and the second term is the number of allowed directions.

As we are considering wavepackets of width 2r∗ and not L in the longitudinal direction, the

number of wavepackets in a particular direction with energy in the range ω to ω + dω will be

smaller by a factor 2r∗/L so that we get,
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1
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) =
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2
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dω (8)

where we have substitutes L from eq. 6. One must also keep in mind that there are no

wavepackets with energy less than π/r∗ as there are no wavepackets with wavelength greater

than 2r∗. It is useful to write the density of states function also in cartesian coordinates,

g�k d3k =
Nr3∗
4π3

d3k. (9)

2.2 Number of ways for N particle decay for 1 � N � Nmax

We want to count the number of ways to form a classicalon in its rest frame. In this subsection

we will evaluate Γ(
√
s,N), the number of ways in which N incoming particles, where 1 �

N � Nmax, can form a classicalon of a given radius r∗. Note that for our derivation here

we will assume that the in each energy state there is at most one particle which is true for

N � Nmax. The total number of ways of forming a classicalon would be,
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|�k1|+ |�k2|....+ | �kN | =
√
s (11)
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• In order to localize all the energy in the classicalon radius wavepackets 
must have size at most r*  in the longitudinal direction.

• The wavepackets can be much longer in the  transverse direction, of size 
"N r*.  This leads to a Φ∼1/r field outside the classicalon radius r*. Most of 
the energy is still inside the classicalon radius r*.

• For such wavepackets density of states function is:

• Classicalons like massless Bose-einstein system but with different density of 
states from blackbody radiation.

The Density of states
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from blackbody

 radiation
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1
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number of wavepackets in a particular direction with energy in the range ω to ω + dω will be

smaller by a factor 2r∗/L so that we get,

gωdω =
1

8π3
(2r∗)dω × L2

(4πω2
) =

Nr3∗ω
2

π2
dω (8)

where we have substitutes L from eq. 6. One must also keep in mind that there are no

wavepackets with energy less than π/r∗ as there are no wavepackets with wavelength greater

than 2r∗. It is useful to write the density of states function also in cartesian coordinates,

g�k d3k =
Nr3∗
4π3

d3k. (9)

2.2 Number of ways for N particle decay for 1 � N � Nmax

We want to count the number of ways to form a classicalon in its rest frame. In this subsection

we will evaluate Γ(
√
s,N), the number of ways in which N incoming particles, where 1 �

N � Nmax, can form a classicalon of a given radius r∗. Note that for our derivation here

we will assume that the in each energy state there is at most one particle which is true for

N � Nmax. The total number of ways of forming a classicalon would be,

Ω(
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Nmax�

N=2
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|�k1|+ |�k2|....+ | �kN | =
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• With this density of states function and the distribution function we 
obtain the temperature, number of decay particles and entropy.

• For the black hole case we recover the well known proportionality of the 
entropy with the area.

constraints in eq. 17. Let us represent an arbitrary configuration of a particular energy level

as, × × | × |...× where the crosses represent the indistinguishable φ quanta and the space

between two bars is a quantum state. Thus we should have Nω crosses and gω − 1 bars and

the number of ways of arranging these crosses and bars would give us the number of ways of

arranging the particles in a particular energy level. Considering all energy levels, this leads

to the well known expression,

Ω(
√
s) = Πω

(Nω + gω)!

Nω!gω!
(18)

where we have approximated (Nω + gω − 1)! ≈ (Nω + gω)! and (gω − 1)! ≈ gω!. The entropy

of the system is defined as,

S = log(Ω(
√
s)). (19)

We want to maximize S respecting the constraints in eq. 17. We must have,

dS =
�

ln
Nω + gω

gω
= 0 (20)

dE =
�

Nωgωωdω = 0. (21)

where we have used Stirling’s approximation, lnN ! = N lnN − N . Now we maximize S by

using the method of Lagrange multipliers,

dS − βdE = 0 (22)

β being the Lagrange multipliers. Note that it is clear from eq. 22 that by the definition of

temperature, T , β = 1/T . This leads to the Bose-Einstein distribution,

N(ω)dω =
g(ω)dω

eβω − 1
. (23)

Now let us see how we can obtain β and the number of particles in the most probable distri-

bution, N∗, by solving the following equations,

N∗r3∗
π2

�

ω=π/r∗

ω2dω

eβω − 1
= N∗ (24)

N∗r3∗
π2

�

ω=π/r∗

ω3dω

eβω − 1
=

√
s, (25)

Note that the lower limit in the integral is not zero but the minimum allowed frequency for

our wavepackets 2π/2r∗. To obtain β make the substitutions βω = x in eq. 24 to obtain,

�

x=βπ/r∗

x2dx

ex − 1
= (1/π)(βπ/r∗)

3. (26)
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Both the LHS and RHS of the above equation depend on βπ/r∗. While the RHS obviousy

increases with βπ/r∗ the integral in the LHS decreases as the lower limit is raised so it

decreases with βπ/r∗ so we find a unique solution at βπ/r∗ = 1.7. Thus we get the parametric

dependance,

β ∼ r∗ ⇒ T ∼ 1

r∗
. (27)

Now to find N we use eq. 17 again substituting βω = x to get,

N∗r3∗
π2

β−4

�

x=βπ/r∗

x3dx

ex − 1
=

√
s. (28)

Now substituting the solution of eq. 26, βπ/r∗ = 1.7, we get,

N∗ =
1.5

π

r∗
√
s

π
∼ Nmax (29)

Now we can also evaluate the entropy,

S =

�
βd(

√
s) ∼

�
r∗d(

√
s) ∼

� √
s

α

M1+α
∗

d(
√
s) ∼

�√
s

M∗

�1+α

∼ r∗
√
s

⇒ S ∼ N∗ ∼ Nmax. (30)

Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of

decays is Ω(
√
s) = eS so that probability of decays to a few particles, which is a small number

compared to eS, would be exponentially suppressed,

P (Classicalon → few) ∼ 1

Ω(
√
s)

∼ e−S ∼ e−N∗ (31)

in accordance with Ref [4] .

Let us now consider the special case of a black hole for which α = 1, M∗ = Mpl and r∗ is

the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N ∼
√
sr∗ ∼ M2

plr
2
∗ (32)

thus giving the correct parametric dependance.
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the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N∗ ∼
√
sr∗ ∼ M2

plr
2
∗ (32)

thus giving the correct parametric dependance.
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increases with βπ/r∗ the integral in the LHS decreases as the lower limit is raised so it

decreases with βπ/r∗ so we find a unique solution at βπ/r∗ = 1.7. Thus we get the parametric

dependance,

β ∼ r∗ ⇒ T ∼ 1

r∗
. (27)

Now to find N we use eq. 17 again substituting βω = x to get,
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π2
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x=βπ/r∗
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ex − 1
=

√
s. (28)

Now substituting the solution of eq. 26, βπ/r∗ = 1.7, we get,

N∗ =
1.5

π

r∗
√
s

π
∼ Nmax (29)

Now we can also evaluate the entropy,

S =
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βd(
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r∗d(
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s) ∼

� √
s
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s

⇒ S ∼ N∗ ∼ Nmax. (30)

Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of
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thus giving the correct parametric dependance.
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the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N∗ ∼
√
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thus giving the correct parametric dependance.
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  Temperature, decay multiplicity and entropy



• With this density of states function and the distribution function we 
obtain the temperature, number of decay particles and entropy.

• For the black hole case we recover the well known proportionality of the 
entropy with the area.

constraints in eq. 17. Let us represent an arbitrary configuration of a particular energy level

as, × × | × |...× where the crosses represent the indistinguishable φ quanta and the space

between two bars is a quantum state. Thus we should have Nω crosses and gω − 1 bars and

the number of ways of arranging these crosses and bars would give us the number of ways of

arranging the particles in a particular energy level. Considering all energy levels, this leads

to the well known expression,

Ω(
√
s) = Πω

(Nω + gω)!

Nω!gω!
(18)

where we have approximated (Nω + gω − 1)! ≈ (Nω + gω)! and (gω − 1)! ≈ gω!. The entropy

of the system is defined as,

S = log(Ω(
√
s)). (19)

We want to maximize S respecting the constraints in eq. 17. We must have,

dS =
�

ln
Nω + gω

gω
= 0 (20)

dE =
�

Nωgωωdω = 0. (21)

where we have used Stirling’s approximation, lnN ! = N lnN − N . Now we maximize S by

using the method of Lagrange multipliers,

dS − βdE = 0 (22)

β being the Lagrange multipliers. Note that it is clear from eq. 22 that by the definition of

temperature, T , β = 1/T . This leads to the Bose-Einstein distribution,

N(ω)dω =
g(ω)dω

eβω − 1
. (23)

Now let us see how we can obtain β and the number of particles in the most probable distri-

bution, N∗, by solving the following equations,

N∗r3∗
π2

�
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ω2dω

eβω − 1
= N∗ (24)

N∗r3∗
π2

�

ω=π/r∗

ω3dω

eβω − 1
=

√
s, (25)

Note that the lower limit in the integral is not zero but the minimum allowed frequency for

our wavepackets 2π/2r∗. To obtain β make the substitutions βω = x in eq. 24 to obtain,

�

x=βπ/r∗

x2dx

ex − 1
= (1/π)(βπ/r∗)

3. (26)
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Both the LHS and RHS of the above equation depend on βπ/r∗. While the RHS obviousy

increases with βπ/r∗ the integral in the LHS decreases as the lower limit is raised so it

decreases with βπ/r∗ so we find a unique solution at βπ/r∗ = 1.7. Thus we get the parametric

dependance,
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Now substituting the solution of eq. 26, βπ/r∗ = 1.7, we get,
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π
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s
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∼ Nmax (29)

Now we can also evaluate the entropy,

S =
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s) ∼
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Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of

decays is Ω(
√
s) = eS so that probability of decays to a few particles, which is a small number

compared to eS, would be exponentially suppressed,

P (Classicalon → few) ∼ 1

Ω(
√
s)

∼ e−S ∼ e−N∗ (31)

in accordance with Ref [4] .

Let us now consider the special case of a black hole for which α = 1, M∗ = Mpl and r∗ is

the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N ∼
√
sr∗ ∼ M2

plr
2
∗ (32)

thus giving the correct parametric dependance.
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Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of

decays is Ω(
√
s) = eS so that probability of decays to a few particles, which is a small number

compared to eS, would be exponentially suppressed,
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in accordance with Ref [4] .
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the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N∗ ∼
√
sr∗ ∼ M2

plr
2
∗ (32)

thus giving the correct parametric dependance.
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Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of

decays is Ω(
√
s) = eS so that probability of decays to a few particles, which is a small number

compared to eS, would be exponentially suppressed,

P (Classicalon → few) ∼ 1

Ω(
√
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∼ e−S ∼ e−N∗ (31)

in accordance with Ref [4] .

Let us now consider the special case of a black hole for which α = 1, M∗ = Mpl and r∗ is

the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,

S ∼ N∗ ∼
√
sr∗ ∼ M2

plr
2
∗ (32)

thus giving the correct parametric dependance.
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Thus we have found that the classicalon decays to the maximum number of particles it can,

Nmax, with a blackbody spectrum having T ∼ 1/r∗. Thus we see that the total number of

decays is Ω(
√
s) = eS so that probability of decays to a few particles, which is a small number

compared to eS, would be exponentially suppressed,
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√
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in accordance with Ref [4] .

Let us now consider the special case of a black hole for which α = 1, M∗ = Mpl and r∗ is

the Schwarzschild radius. As a black hole does not decay classically the above analysis for the

distribution of the decay products cannot be applied to a black hole. As argued in Ref. [4],

however, classicalization is the first step to the formation of a black hole and this takes place

before the horizon emerges. Thus our calculation of the entropy which is basically a counting

of the number of ways in which a classicalon can be formed should give us the correct black

hole entropy. Indeed, we find for α = 1,
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√
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thus giving the correct parametric dependance.
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For these classicalons 
N* ! (!s)(4/3) whereas 

for black holes,
N* ! (!s)2.



• The final LHC signature would be multiple Ws/Zs ->leptons+jets+mE T. 

• We use the effective W/Z approximation and convolute the geometric cross-section !r* 
2 with 

the W/Z-boson luminosity function to get the final cross-section :

• We find the total number of Ws/Zs a classicalon would decay to by solving for  β and N* the 
equations,

Classicalons at LHC

The classicalon in this case can be thought of as a classical configuration consisting of many

W s and Zs. We find the number of decay particles by solving for β andN∗ the following

equations,

γN∗r
3
∗

�
ω2dω

eβω − 1
= N∗ (7)

γN∗r
3
∗

�
ω3dω

eβω − 1
=

√
s, (8)

where we fix the normalization factor γ above such that for m = 0 we get from eq. 7 the Black

hole result,

β−1
= T =

1

4πr∗
. (9)

For our computations we take m = 91.2 GeV the Z-mass.

At the LHC these classicalons can be produced in the weak boson fusion (WBF) process

pp → jj(WLWL → classicalon). To compute the cross section for their production we use

the effective W approximation. In this approximation the luminosty of longitudinal W bosons

is given by [4],

dL

dτ
=

�
g2

16π2

�2
1

τ
[(1 + τ) ln(1/τ) + 2(τ − 1)] (10)

where τ is the ratio of the squared invariant mass of the W - pair, ŝ, to the squared invariant

mass of the initial quarks. The cross-section is found by convoluting the geometric cross-

section with this luminosity function and the parton density functions as follows,

σ =

� 1

τmin

dτπr∗(ŝ)
2

� 1

τ �

dτ �

τ �

� 1

τ �

dx

x
fi(x, q

2
)fj(τ

�/x, q2)
dL

dξ
(11)

We have taken the factorization scale q2 = M2
W . Here ŝ is the mass of the classicalon, τ = ŝ/s

and ξ = τ �/τ . Also we take i, j = u, d (or vice versa) for the W+W−
initial state, i, j = u, u

for the W+W+
initial state and i, j = d, d for the W−W−

initial state. The contribution from

other quarks is small and has been neglected here.

1.1 Relative number of W s and Zs in a classicalon.

Eq. 9 gives the total number of particles in a given classicalon. To get the signal cross-

section for final states containing specific numbers of leptons and jets along with missing

transverse energy, it is important to know the number of W s and Zs in a particular classicalon.

The classicalons described in the previous subsection are configurations of the matrix valued
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is given by [4],
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initial state, i, j = u, u

for the W+W+
initial state and i, j = d, d for the W−W−

initial state. The contribution from

other quarks is small and has been neglected here.

1.1 Relative number of W s and Zs in a classicalon.

Eq. 9 gives the total number of particles in a given classicalon. To get the signal cross-

section for final states containing specific numbers of leptons and jets along with missing

transverse energy, it is important to know the number of W s and Zs in a particular classicalon.

The classicalons described in the previous subsection are configurations of the matrix valued

2

Ws + Zs → leptons +mET + jets

j

j

W

W



• For Λ= v = 246 GeV these classicalons can be seen even 
with 7 TeV LHC energy:                                                 
2 same sign leptons (multiplicity 5): 3.6 fb                                                         
3 same sign leptons (multiplicity 5): 0.5 fb                                                                            

Results

√
ŝmin Multiplicity Total Cross-section (fb) Signal Background

(GeV) W+W+, W+W−, W−W− l+l+(fb) 3l(fb) 3l+(fb) l+l+(fb)
505 4 477, 490, 121 37 40 3.2 1.4
625 5 276, 270, 65 21 37 2.9 0.3
750 6 168, 160, 38 19 31 2.7 <0.3
875 7 102, 94, 30 14 24 5.2
1000 8 64, 58, 14 8.8 14 3.3

Table 1: Cross-section for classicalon production and multiplicity of final decay products for
different values of the minimum classicalon mass

√
ŝmin at 14 TeV center of mass energy.We

take here (c/v)4 = (1/246 GeV)−4

√
ŝmin Multiplicity Total Cross-section (fb) Signal Background

(GeV) W+W+, W+W−, W−W− l+l+(fb) 3l(fb) 3l+(fb) l+l+(fb)
600 4 57, 56, 14 4.3 4.6 0.5 1.4
740 5 35, 33, 7.8 2.7 4.6 0.4 0.3
870 6 23, 22, 4.8 2.6 4.2 0.4 <0.3
1000 7 16, 14, 3.1 2.2 3.4 0.8 -
1130 8 11, 10, 2.0 1.5 2.4 0.6

Table 2: Cross-section for classicalon production and multiplicity of final decay products for
different values of the minimum classicalon mass

√
ŝmin at 14 TeV center of mass energy. We

take here (c/v)4 = (1/500 GeV)−4

√
ŝmin Multiplicity Total Cross-section (fb) Signal Background

(GeV) W+W+, W+W−, W−W− l+l+(fb) 3l(fb) 3l+(fb) l+l+(fb)
505 4 101, 88, 19 7.5 7.6 0.6 1.4
625 5 49, 40, 8.0 3.6 5.9 0.5 0.3
750 6 24, 19, 3.6 2.6 4.0 0.4 <0.3
875 7 13, 10, 1.7 1.7 2.6 0.7
1000 8 6.8, 4.9, 0.9 0.9 1.4 0.3

Table 3: Cross-section for classicalon production and multiplicity of final decay products for
different values of the minimum classicalon mass

√
ŝmin at 7 TeV center of mass energy. We

take here (c/v)4 = (1/246 GeV)−4.

4

(at 14 TeV with Λ= 500 GeV)
(preliminary)



• For Λ= v = 246 GeV these classicalons can be seen even 
with 7 TeV LHC energy:                                                 
2 same sign leptons (multiplicity 5): 3.6 fb                                                         
3 same sign leptons (multiplicity 5): 0.5 fb                                                                            

Results

√
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ŝmin Multiplicity Total Cross-section (fb) Signal Background

(GeV) W+W+, W+W−, W−W− l+l+(fb) 3l(fb) 3l+(fb) l+l+(fb)
505 4 101, 88, 19 7.5 7.6 0.6 1.4
625 5 49, 40, 8.0 3.6 5.9 0.5 0.3
750 6 24, 19, 3.6 2.6 4.0 0.4 <0.3
875 7 13, 10, 1.7 1.7 2.6 0.7
1000 8 6.8, 4.9, 0.9 0.9 1.4 0.3

Table 3: Cross-section for classicalon production and multiplicity of final decay products for
different values of the minimum classicalon mass

√
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(at 14 TeV with Λ= 500 GeV)

3 same sign leptons !
hardly any background2 same sign leptons 

(preliminary)



Summary

• Classicalization can unitarize WW scattering in the 
absence of the Higgs.

• Classicalons have thermodynamic properties like 
temperature and entropy and their decay products will 
have a Bose-Einstein distribution.

• Prospects for finding these classicalons are good at the 
LHC. Might even see them in the 7 TeV run.


