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Abstract: It is usually expected that quantum gravity corrections will modify somehow the symmetries
of special relativity. In this paper, we point out that the possibility of very low-energy (with respect
to the Planck energy) modifications to special relativity in the framework of a deformed relativistic
theory is not ruled out, and that, depending on the value of that scale, such a possibility could be
tested in accelerator physics. In particular, we take a simple example of a relativistic kinematics
beyond special relativity from the literature, and obtain a remarkable effect: two correlated peaks
(twin peaks) associated with a single resonance. We analyze this phenomenology in detail, use present
experimental data to put constraints of the order of TeV on the scale of corrections to special relativity,
and note that such an effect might be observable in a future very high-energy proton collider.
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1. Introduction

Special relativity (SR) is a fundamental ingredient of quantum field theory (QFT),
which constitutes the theoretical framework for the description of interactions in particle physics.
However, it is well known that when one wants to put together gravity with QFT, one finds
non-renormalizable infinities. In particular, Feynman showed [1] that if one considers an interaction
mediated by a spin 2 particle, one obtains the same equations as in general relativity (GR), where the
gravitational interaction is introduced by going from a quantum field theory in flat spacetime to
curved spacetime (see Ref. [2] for the formulation of quantum field theory in curved spacetime,
and also Ref. [3] for the Bogoliubov transformations relating the Fock spaces of accelerated and inertial
observers). Such theory, however, turns out to be non-renormalizable for energies comparable with
the Planck scale.

There have been many attempts to avoid the problems of inconsistency between GR and
QFT, including string theory [4-6], loop quantum gravity [7,8], supergravity [9,10], or causal set
theory [11-13]. In most of these theories, a minimum length appears [14-16], which is normally
associated with the Planck length ¢p ~ 1.6 x 10733 cm. Qualitatively speaking, at such a distance,
quantum effects should replace the continuum spacetime by some sort of “space-time foam” [17,18].
While we do not fully understand yet this regime, the previous arguments suggest that the symmetry
of a continuum spacetime, that is, Poincaré invariance, is only a low-energy symmetry, so that it seems
reasonable to expect that special relativity will be modified at a certain energy scale by the new physics.
It is then interesting to try to figure out the phenomenological windows where these modifications
could be perceived. In Feynman’s words [19]: Today we say that the law of relativity is supposed to be true
at all energies, but someday somebody may come along and say how stupid we were. We do not know where we
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are “stupid” until we “stick our neck out,” and so the whole idea is to put our neck out. And the only way to
find out that we are wrong is to find out what our predictions are. It is absolutely necessary to make constructs.

Signals from a modification of SR may be envisaged in two different frameworks: as a Lorentz
invariance violation (LIV) [20], in which there is a privileged system of reference, or as a deformation
of special relativity (DSR) [21], where there is still a relativity principle. The possible phenomenology
and constraints [22,23] are quite different in these two cases: while LIV includes very sensitive effects,
such as large modifications in thresholds of reactions or energy-loss mechanisms through decay
channels which are forbidden in SR, the existence of a relativity principle suppresses or even inhibits
such effects for DSR, leaving time of flight studies as the only relevant phenomenological window
identified up to now in the DSR case [22,24].

Thinking of SR as a low-energy symmetry of Nature, a natural way to modify it is through
corrections parametrized by a high-energy scale A. Quantum gravity arguments suggest that A would
not be far from the energy scale associated with the Planck length, the Planck energy (or mass; we will
work in natural units, ¢ = i = 1) Ep ~ 1.2 x 10! GeV. In this case, astrophysics at very high energies
would be the best suited place to look for such corrections [22,23].

However, if indeed SR is valid only at low energies, one can ask whether modifications to SR could
start much earlier than at the Planck scale. In fact, this would be a natural scenario in theories with
large extra dimensions, in which the Planck energy is an effective four-dimensional scale, whereas the
fundamental scale of the gravitational interaction might be just a few orders of magnitude above the
electroweak scale [25-28]. While there have been attempts to observe a number of consequences from
the existence of extra dimensions in the Large Hadron Collider (LHC) results (for a review, see the
Extra Dimensions Searches section in Ref. [29]), little attention has been paid up to now to the possibility
of observing modifications to SR in accelerator physics. The main reason is the strong constraints for
LIV coming from a number of precision experiments and astrophysical observations (see, e.g., [22,23],
and the recent work [30] exploring possible violations to SR in neutrino physics).

These strong bounds, which apply to the LIV scenario and in some cases put the scale A close to,
or even exceeding, the Planck scale, also include the analysis of possible photon time delays [31-37].
However, there is a recent discussion on the consistency of such constraints in DSR models [24,38],
which increases the possibility to have scenarios compatible with a relativity principle (and therefore
immune to most of the LIV limits) that do not contain photon time delays. This means that the existence
of a relativistic generalization of SR driven by a mass scale A many orders of magnitude below the
Planck mass is not phenomenologically absurd, and opens up the opportunity to test it in high-energy
particle physics experiments.

In the present work, we will work out a simplified approach to such an analysis and consider
the possible signals in the production of a resonance by making use of a DSR-based model for the
modifications to the SR formula of the Breit-Wigner distribution. We will see that a remarkable possible
outcome is the apparition of a correlated double peak which is associated with a single resonance,
a phenomenon that we have dubbed Twin Peaks. The theoretical analysis of this effect will be the
objective of Section 2, where some technical details are left for the Appendix. Then, in Section 3,
we will apply the previous result to the case of a resonance in the scattering of two particles, taking Z
production at the Large Electron-Positron collider (LEP) as the prominent example, and to the case of
multi-scattering resonance production in a hadron collider, extracting a lower limit estimate of the
scale A and considering the prospects for future searches at a very high energy proton-proton collider.

Sections 2 and 3 contain the main message and results of the paper, which are based on the
qualitative model for the Breit-Wigner formula in a relativistic extension of SR. We have included
however a more careful analysis in Section 4 of the total cross section for the simple process
fifi—X— f]f] (two-particle production and decay of a resonance X), which essentially confirms the
model used in Section 2. Finally, we will discuss the results and conclude in Section 5.
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2. Twin Peaks

As explained in the Introduction, our objective in this section will be to consider a DSR-inspired
model for deviations of SR at an energy scale A which could be much smaller than the Planck energy,
A < Mp, and try to identify a possible signal in the production of a resonance at a particle accelerator.
We will indeed see that the production of a new resonance has unexpected signals if the mass of the
particle is of the order of this scale.

Our departure point to introduce the corrections produced by a deformed relativistic kinematics
will be the standard relativistic expression of the Breit-Wigner distribution

K
(9% — M%)? + M3T%’

f(d) = 6)

where ¢? is the squared of the four-momentum of the resonance X, Mx and T'y are its mass and decay
width, respectively, and K is a kinematic factor that can be taken approximately constant in the region
q* ~ M% (that s, K is a smooth function of 4% near M%).

For a resonance produced by the scattering of two particles, or which decays into two particles,
7% will be the squared of the invariant mass of the two-particle system. In SR, the squared of the
invariant mass for a two-particle system with four-momenta p and p is

m* = (p+P)ulp+ )"

=(p+pi—L(p+p)i
- ()
— E2+FE*42EE— szz — Zﬁlz — 2ppcosf ~ 2EE(1 — cos9),
i i

with 6 the angle formed between the directions of the particles, and the last expression appears in the
ultra-relativistic limit (E ~ p).

In DSR theories, the kinematics of SR is modified by, in general, a deformation of the standard
relativistic dispersion relation, E2 = p? + m?, together with a modified composition law (MCL) for
the energy and momentum of a system of particles. The necessity to incorporate an MCL as an
ingredient of the generalized kinematics is in fact the main characteristic feature of DSR, in contrast to
the LIV approach. The reason is that the relativity principle, through the existence of new nonlinear
deformed Lorentz transformations in DSR, relates the modifications in the dispersion relation and in
the composition law [39,40]. This is also the source of the differences in the phenomenology of LIV
and DSR models [24].

Our ansatz will be to maintain the form of the Breit-Wigner distribution, Equation (1), in the new
kinematics beyond SR (BSR), while modifying the expression of the square of the invariant mass of
the two-particle system, Equation (2); that is, the deformation of the kinematics will be introduced
through a modified relationship between the momentum of the resonance 4 and the momenta p
and p. This choice amounts to consider a deformed relativistic kinematics in which the dispersion
relation is the standard one of SR, while the total momentum of the two-particle system is a nonlinear
combination of the two momenta of the particles.

It turns out that it is indeed possible in DSR to have an MCL together with a standard dispersion
relation. In fact, from the point of view of Hopf algebras [41], which is the mathematical language
of DSR (the MCL is viewed as the coproduct in this language [40,42]), one can always make a change
of basis in momentum space and work in the so-called classical basis [43,44], in which the Casimir
of the algebra (the dispersion relation) is the standard one. A particularly simple case (although it
does not correspond to any coproduct of Hopf algebras) in which this situation is realized is when the
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MCL is covariant [45], that is, invariant under standard (linear) Lorentz transformations. The simplest
example is

2. =\2 4,2 mfZ
H —(P@P) =m <1+€A2>/ (3)

where 12 is the new expression for the squared of the invariant mass of the two-particle system,
which modifies the expression in SR, m?, by the dimensionless quantity em?/ A%, where the parameter
€ = =£1 takes into account the two possible signs of the correction.

The expression of the Breit-Wigner distribution, Equation (1), as a function of m?2, will then change
from fsg = f(q% = m?) to fasr = f(4*> = u?). (This simple form of the Breit-Wigner distribution is
due to the assumption that the dispersion relation is not modified in the example we are considering.
In general, the dispersion relation in DSR will be modified and there will be in correspondence a
modification of the Breit-Wigner form of the resonance.) In the absence of a full dynamic framework,
the fact that an MCL generates such a change in the Breit-Wigner distribution as a function of m? is at
this point an ansatz or an educated guess, although we will propose a specific cross section calculation
with such an assumption in Section 4. We therefore have

K

fsr (m?) = : 4)
[12(m2) — ME]* + M3 TS
In Appendix A, it is shown that the choice € = —1 leads to a double peak at
1/2
A? M3,
m’jf:7 1i<1—4A§> , (5)
with widths A
Mg T
M= XX (6)
mi? (1 —4M5/A?)
This equation reveals a relationship between the widths of the two peaks,
2 * 2
L= @

% 2 x 27
| el m

which will be crucial in the distinction between the phenomenology of this double peak (twin peaks) in
a BSR scenario and the presence of two different resonances.

In the next section, we will consider this situation and apply it to the case of the Z-boson physics,
which will allow us to put a lower bound on the scale A, and to the case of scattering in a very high
energy hadron collider.

3. Searches for BSR Resonances in Colliders

3.1. Bounds on A Using LEP Data

The main argument to take the Z boson as our object of study is the precision achieved in the
determination of its mass and decay width at the LEP collider [29]:

M7;? =91,1876 £0.0021GeV, TP =2.4952 4 0.0023GeV, (8)

where the symbols of mass and width include the superscript “exp” to remark that these are the values
that are obtained from a fit to a standard Breit-Wigner distribution, but that, in the presence of BSR,
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corrections would be different from the true values Mz and I'z. M2 is the value of 2, and (MeZXp)z,

the value of m2, at the peak of the Breit-Wigner distribution. Then, one has, according to Equation (3):
. ( MeXP ) 2
M2 = (MEZP)Z <1+€I<2 . (9)

The new value of My extracted from LEP data must be consistent with other determinations
of Mz, which can be used to put an upper bound to A. It is not trivial to calculate the maximum
modification (My = M;Xp + 0Mz) of the Z mass without spoiling the SM framework, but one can
nevertheless put limits to this scale given some guess for this modification.

1/2
Mexp 1/2
A>Ag=MP ( z —3,55 (30 Mev) TeV. (10)

20My SMy

In the derivation of the bound on A, we are just comparing LEP data on the energy dependence of
the cross section with the approximation around the first of the peaks in the generalized Breit-Wigner
distribution. We have neglected the tiny effects of the tail of the second peak, which could be
incorporated in a more systematic statistical analysis. Uncertainties in the modifications due to the
dynamics make such analysis not worthwhile at present.

Note that an energy scale of a few TeV, which is indeed within reach of future particle accelerators,
is compatible with the bounds from LEP data. In the following subsection, we will turn our attention
to a future very high energy (VHE) hadron collider and will give a more detailed implementation of
the idea for this case.

3.2. Searches for BSR Resonances in a VHE Hadron Collider

LEP observations of the Z boson do not show effects from the possible modification of SR
considered in the previous model. A way to understand it in the context of the model is that the mass
of the Z boson is not close enough to the scale of new physics to show these effects. From the limits on
the BSR scale (see Equation (10)), one can see that the LHC does not have sufficient energy to produce
a particle with a mass that is large enough to allow for the identification of the new physics.

Given the lower bound on A from LEP (a few TeVs), we can anticipate that the energy of a future
electron-positron collider like ILC will not be enough to observe the two peaks of a new high-mass
resonance from physics beyond the Standard Model. Let us then suppose some future VHE hadron
(proton—proton, pp) collider which were able to observe the two peaks of a new resonance at m? = m*.?
(we consider the interesting case € = —1), and let us assume that the resonance is produced through
the annihilation of a quark and an antiquark of momenta p and p, respectively, and that decays to two
fermions of momenta g and g, although there will be of course many more particles in the final state as
a result of the hadron scattering. From Equation (A10), the differential cross section with respect to the
variable m? = (g +7)? would be

do Ki

—%}}sm*z
dm?2 (r :t)(mz_m*iZ)z_i_mjtertZ

(11)

at each of the peaks, where the function F (s, m% %) can be determined through the parton model in
the following way.
We will make use of the conventional Mandelstam variable s of the proton—proton
relativistic system,
s = (P+P)?> =2EE(1 — cos ) = 4EE, (12)
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where P and P are the four-momenta of the two protons in the initial state, and we have used 6 = 7.
We can write

Pt = ?(1,0,0,1), Pl = %(1,0,0,—1), (13)

for the four-momenta of the protons, and
pt = xP*, Pt =xP", (14)

(0 < x,x < 1) for the four-momenta of the quark—antiquark pair that produce the resonance, which
carry a certain fraction of the momentum of each one of the protons.
The squared of the invariant mass in SR of the quark-antiquark system is again, according to
Equation (2),
m? = (p+P)* = 4E,Ep = 4xXEE = x7s, (15)

where we have used the same symbol (m?) at the initial and final states because it is a conserved
quantity, that is, (p + p)?> = (g + §)? even though the MCL would be associated with a different
conservation law, (p ©7)? = (q®7)?, that s, the conservation of 4. The reason is that the conservation
of 2 guarantees, through Equation (3), the conservation of m?.

The relation m? = xxs from Equation (15) allows us to write the functions F (s, m*2) as

1 ,1 % 2
Fils,mi?) = /0 /O dx d¥ fo(x,m*?) fq(x,m*iz)(5<xx— ) (16)

where f,(x, m’* %) is the parton distribution function, which is defined as the probability density to find
a parton (quark) in a hadron (proton) with a fraction x of its momentum when probing the hadron at
an energy scale m? ~ m’ %, where m* ? is given by Equation (A16).

The K+ factors in Equation (11) include the dependence of the couplings and every detail of the
quark-antiquark annihilation. The previous expressions can be used to estimate the expected number
of events for different pp colliders, different resonance mass values (Mx) and different values of the
scale of new BSR physics (A). On the other hand, the observation of the double peak would allow for
extracting the true mass and width of the resonance through Equations (A17) and (A21).

4. Cross-Section Calculation in a Quantum-Field-Theory Approach beyond SR

As commented on above, the main objective of this work was to remark on the possibility to
explore scenarios beyond SR in accelerator physics, and to give some intuition on the expected signals
from a simple model. In Section 2, we considered a DSR model with a covariant MCL, and obtained
the nontrivial result that a resonance may produce a pair of twin peaks in a cross-section distribution.
This result, however, was based on the ansatz expressed by Equation (4).

In the present section, we will try to make plausible this ansatz through an explicit cross-section
calculation, taking the paradigmatic process e~ (k)e* (k) — Z — u~ (p)u" (P) as an example, and with
an MCL taken from the literature of DSR. To carry out the computation, we will use modified Feynman
rules in such a way that they incorporate the modified kinematics through the substitution of the
standard composition of momenta in the Mandelstam variables by the new composition given by
the MCL. A few other ambiguities or ad hoc prescriptions like this one will also be unavoidable,
since a calculation from first principles would require a full dynamic QFT theory compatible with DSR
kinematics, which is unknown at the moment. Nevertheless, this example will help to understand
Equation (4) as a reasonable guess, as well as to illustrate the problem of channels, which is generically
present in a modification of the standard kinematics through a nonlinear composition law.
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4.1. Phase-Space Momentum Integrals

Let us first see the generalization of the two-particle phase-space integral in SR for the
massless case:

4 4=
P2 = [ Gs0()0(0) (3l 0(F0(Fy) 20k + B (p+ ). (17)

We will consider a BSR kinematics based on a noncommutative Lorentz covariant spacetime
(Snyder algebra, Ref. [45]), for which an MCL for momenta appears, given by

2 1 1
logl =11+ L + M(I-q)+q" =1 +q"+—=I"(1-q), 18
& q] \/ A <1+ 1+12/A2) (Iq)+q "+ = (I q) (18)

where squared terms are neglected because we are considering relativistic particles. When one
computes (I @ q)? from Equation (18), one gets the same expression obtained in Section 2 with
€ = +1. The negative parameter € = —1 can be also considered in Equation (18) if in the Snyder

commutator of space-time coordinates we add both possibilities: [x*, x"] = £]J*/ A’. From now on,
we will use Equation (18). Note also that Equation (3) is recovered with A? = 2A°. We have then a
justification of the introduced model based on the simplest choice of a noncommutative spacetime.
Another example of DSR kinematics very much studied in the literature, known as x-Minkowski
spacetime (Ref. [46]), has associated with it a noncovariant composition law, which would make the
computation more difficult.

The generalization of the phase-space integral in the particular case of BSR where one has
the dispersion relation of SR is defined by the MCL. For a non-symmetric MCL, there are four
different possible conservation laws and then four different ways (channels) in which the process
e~ (k)et (k) = Z — u=(p)u* (p) can be produced. For each channel (x = 1,2,3,4), one has a
generalized phase space integral

4 4— 7
7y = [ g bao0Re) (5 D100 2m)'ald (6o, ), 19

8k kpp) = 0Dkl —- pop)l,  Skkpp) =D kek - (popl (0
M kkpp) =sWkak) - Fep), o kkpp =sYkek - Fep)l @)

4.2. Choice of the Dynamical Factor with an MCL

Since the scattering takes place in a collider, we can assume that the particles in the initial
state come from opposite directions, and we will make use of the ultra-relativistic limit (masses can
be neglected):

ky = (EO, E) Ky = (EO, —E), with Eg = |K. (22)

The SR cross section at lowest order is given by a kinematic factor from the initial state, times the
two-particle phase-space integral with an integrand which is a product of the squared modulus of
the (unstable) Z-boson propagator and a dynamical factor A from the coupling of the Z boson to the
particles in the initial and final states:

1 1

g = —PSQ
8EF [(s — MZ)? + T M7]

(23)
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The dynamical factor is given by [47]:

A= 251n49;v4cos4gw ({c%,Jrcir l<é)2+(124>2 —4C2CY [(;)2_ (1;)2]) (24)

in terms of the corrections to the vector (Cy) and axial (C4) weak charges, the Weinberg angle (6yy)
and the Mandelstam variables

s= (k+8) = (p P2, (25)
t=(—p=(p-F), 26)
u:(k—ﬁ)Zz(p—E)z. (27)

We do not have a generalization of relativistic QFT compatible with the MCL and then we do
not know what is the generalization of the SR cross section (23). All we can do is a guess for such
generalization compatible with Lorentz invariance which reduces in the limit (Ey/A) — 0 to the
SR cross section ¢ in Equation (23). The generalization of the two-particle phase-space integral in
Equation (19) leads to considering

CAE (. — (28)
3 2
(5= M2)2 + T7 My

= Q2
8E2

for each channel &. Note that the generalization of the squared total mass based on our choice for the
MCL is the same for all of the channels:

(kok? = (kok?=(pop)?’=(pop)’ =5 (29)

In order to illustrate the uncertainty due to the lack of a dynamic framework, we consider two
different guesses for the dynamical factor A,:

1. The simplest option is to assume that the dynamical factor written in terms of the invariants
t, u is independent of the MCL, A, = A. However, the MCL implies that (k — p) # (7 — k),
(k —P) # (p — k); then, one has to consider

t= 3 [-pP+ G- =k p-E-p, (30)
w= g [(k=p2+(p—RP] = =k p—F-p, G

2. Another possibility is to consider a generalization of A based on the replacement of the Mandelstam
variables t, u by new invariants f, . We cannot find a prescription to associate new invariants for
each channel; we are then led to consider a channel independent (A, = A) dynamical factor which
is obtained from A by the replacement of the Mandelstam variables ¢, # by

. 7 )2 k-7)2
E=1[(k@ﬁ)2+(?®@2} :—k-p—k-?Jr(kfz) +(kfz) ’ (32)
2 2A 2N
A L5)2 k-p)2
ﬂzl[(keﬁ)zﬂp@@z}:—k-?—?iﬂr(kfz) +<kfz) (33)
2 2A 2A

(note that in this example the squared of a composition of two momenta is symmetric even though
the MCL is not symmetric), where we have used the notation antipode p for the momentum whose
composition with p is zero (see Ref. [46]). For the particular case of MCL given by Equation (18),
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and neglecting masses, p corresponds to a momentum whose components are the same as those
of p, but with reversed sign. Indeed,

2 2
p p .

popl=po-pf=p"{4/1+5 -
AR (1+\/1+p2/1\2)
A <\/1 +p2 /A +1) + NP2 /R - p?
= pl‘
A2 (1 /14 p2/A2>

We do not know the channel that produces each final state. Then, in the comparison of the BSR
model with the distribution of data as a function of E%, we have to average over all channels and

-1, =0.

consider a cross section

Ql

1l
:1;@, (34)

with 7, in Equation (28). In fact, one has two guesses for such cross section corresponding to the two
choices discussed previously for the generalized dynamical factor A

1 1 __

1) _ Ps\ A(t,u), (35)
2 [ wp o]

2 1 ! Y PS AL, 7). (36)

3B} [(5 - My)2 +T7 M| =

We proceed to calculate the final expressions of the cross sections for these two cases in the
following subsection.

4.3. Cross Sections with an MCL

To determine the cross section of the process e~ (k)et (k) — Z — u~ (p)ut(p) with an MCL,
one needs the two-particle phase space integral

F@ (Ey) = PSSVE(K K, p, 7) 47

for different Lorentz invariant functions F of the four momenta k, k, p, p- A first step is to use the Dirac
delta function (5,&4) (k,k; p, ) corresponding to the conservation law for each channel to express p as a

function ﬁ(“) (k,k, p) of the remaining three momenta k, k, p. Then, we have

o [ 8008 (P20 E ) 0 (A (6 E ) Rk Ep), 69

F(Ep) =

where B B B
Fy(k,k, p) = F(k, %, p, ') (k. p)). (39)

Next, we can integrate over pg and |g| with the remaining two Dirac delta functions

- 1 E@ (k,k, p) -
FOED) = gz [ a0 Fulk K P mpo=r ) (40)

90 |po=E® (R p)
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where EW@ (k,k, p) is the positive value of py such that ?(”‘) 2 = 0. Rotational invariance and the choice

k = —k can be used to show that E(® is a function of the energy Eq of the particles in the initial state
and the angle 0 between the directions of k and 7. Then, we have

E@ (Ey, cos )

~ 1 —
F(‘X) (E()) = E /dCOSG B?(“)z Fa(k/k/ p)|\ﬁ|:Po:E<"‘>(Eo,Cosﬂ) . (41)
9po |P0:E(“)(Eo,cos9)

We have to use now the explicit form of the conservation law in each channel to determine

a*(fv)z
E®(Eg,cos0) and | ZT |p0:E(a) (Eg,cos6)

For the first channel, we have k & k = p & 7, and then

z kK PP
o p P RS2 Pr

This implies that B

2N

and, neglecting terms proportional to (1/ K4), one has

k-k (k-p+k-p)

D =k, +k, — =k —
p + Pu+ — — Pur (44)
W T R Iz ZAZH A2 H
and

_ - - k-k)?  (k-k)(k- k-p+k-p)?

A A A
_ - k-p+k-pk-
k-p(l):k~k—k~p—( P PP (46)
2A
_ o T)2 T Ry
k-?(l):k~k—k~p+(kl{2) _ K f”ff)k P (47)
2A 2A

In the reference frame where k;, = Eo(1, l%), E}, = Eo(1, —IAc), one has

4 3 2
AE} 2B} 4E2 ,

U2 = 4E% — 4Eopy + —2 — =2 po(1 —cosf) — —2p3, (48)
AT A A
1 2 E3
k-7 = 2E% — Egpo(1 — cos ) — K—gpo(l—cost‘)), (49)
k-7 =2F2 — Egpo(1 0 2By _E o 1 0 50
P = 2Ej — Egpo( +C05)+?—?P0( +cos9). (50)
From the expression of ﬁ(l) 2 one finds

op(12 2E3 8E2 E2
gpo — —4F)— =01 — cos6) — —0py, EW = Fy(1- =% (1—cosb) |. (51

A A 2A

A similar analysis can be made for the other three channels.
To calculate the cross section, we need to consider four invariant functions

Fe=f+u’=(k-p+k-p>+(k-P+k-p) (52)
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|
H_

Fo =P = [k p+E-pP = (k- p+E-7) (k- p + (-57] /5]

-z B — = -2
[k p+E-p)? = (k- p+E-p) (k- P2+ (k-p)?] /A,
and the corresponding phase-space integrals I?j(f) (Eo), ?f : (Ep). The cross sections with an MCL for
the two guesses for the dynamical factor A described in Section 4.2 are:

(53)

4
o) = - L C2 +C2)2 Y F —4C3 A Y EY(E 54
256 sin' By cos* O Ej [ (s — M7)? +r§m§] R ALEF)] G0

4
2 = - ! S+ APy Eo) —4C3C% f( 55
256sin’ Oy cos* OwEG | (5 — M7 )2 + T M| oy ) ALE =

Upon substitution of the results for the phase-space integrals I?j([“) (Eo), ?(ﬁ ) (Ep), obtained by
applying Equation (41) to the four invariants in Equations (52) and (53), we get the final results for
these cross sections:

7 = ! B ((c + c2) 1— E D (56)
4 4 _ —9\2 oy 2A2 ’
487 sin” Oy cos™ by [(4E3(1+E§/A2) —Mé) +FéM§} I

4 E2 2E3
72 — : 4€ - 0 5 ((c +C%)? 1—A2D. (57)
487 sin” Oy cos® O [(4E3(1+E3/A2)—MZZ> +F§MZZ} i

4.4. Constraints to A

Let us now see the restrictions imposed by the cross section, taking into account the Particle Data
Group (PDG) data [29]. We require that there is a value of Mz and ', in an interval +30 MeV around
their central values given by the PDG, making the cross section o compatible with data. (One can see
that bigger values for My and 6T’z do not vary significantly the constraint for A.) Given the success
of the Standard Model, we take the SR cross section, with the PDG values of My and I'z at one or two
standard deviations, as a good approximation to the data.

We show the results in Table 1, where we denote by (7( ) the cross section taking i standard deviations
in the data. Notice that the results in Table 1 are mdependent from the choice of sign in the MCL.

Table 1. Bounds on the scale of new physics A from LEP data of the Z boson.

M 0 L0 L0

Constraints o

A [TeV] 22 18 25 18

From the presented numerical values in the previous table, we conclude that, in spite of the fact
that the detailed calculations carried out in this last section allows us to understand better the new
physics beyond SR in the framework of QFT, a good estimate is to take the simple approximation used
in Section 2 (Equation (3)), since the constraints imposed by that composition law barely differ from
the ones given by the whole cross section.

5. Conclusions

In this work, we have presented the attractive idea that footprints of a modification of SR driven
by a low enough energy scale could be observed in accelerator physics experiments. As an example,
a very simple model of MCL appearing in relativistic extensions of SR may show, depending on the
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sign of the correction to SR, a peculiar (and easily identifiable) signal (a pair of “twin peaks”) which
would show up in the study of new high-energy resonances.

The specific model studied in this work (Section 2) takes as a departure point the Breit-Wigner
distribution, which is maintained in the relativistic generalization of the kinematics of SR. The deformation
of SR is introduced at the level of a modified composition law of momenta, which gives a new relation
between the momentum of the resonance g and the momenta (k, k) of the particles that produce the
resonance, g = (k @ k), or with the momenta p, 7 of the particles in which the resonance decays, ¢ = p & 7.

For a composition law such that (I ®¢)? = (I +¢)%[1 — (I +q)?/ (2K2)], the Breit-Wigner
distribution presents, as a function of (I + g)?, two poles whose positions and widths are determined by
the mass My and width I'y of the resonance, and the scale A of new physics. There is then a relationship
between the position of the poles (m?%, m? ) and the widths (I';,T_). It is this relation, m I = m_T_
(Equation (7)), which defines the unexpected (in SR) new kinematic effect (“twin peaks”).

In the case of production of a resonance in two-particle scattering, the cross section will present
the double peak as a function of m? = (k + k)?. In the case of observation of a resonance (which is
produced together with a number of other particles), through its decay to two particles of momenta
p and p, the double peak will appear in the differential cross section, expressed as a function of
m? = (p + p)?. The first case is relevant in the study of limits to the scale A, which can be extracted
from LEP data on the Z boson (Section 3.1). The second case would be relevant in the search for effects
from a deformed relativistic kinematics in a future hadron (pp) collider at 100 TeV (Section 3.2).

Sections 2 and 3 contain the main results of this paper. In Section 4, we have also offered a specific
cross-section calculation in the framework of QFT. The computation is, however, not free of some ad
hoc prescriptions, which is something unavoidable in the absence of a full dynamic QFT approach,
which should be consistent with the deformed kinematics. In the present work, we have assumed that
the standard description of the production of resonances in relativistic QFT, given by the relativisic
Breit-Wigner distribution, can be extended to a deformation compatible with relativistic invariance in
which all the effect of the deformation is contained in the deformed expression of the energy-momentum
of the resonance in terms of the momenta of the particles producing the resonance, or of the momenta
of the particles produced in the decay of the resonance. The absence of a well-defined deformation of
relativistic quantum field theory does not allow one to give a proof of the validity of such assumption,
for which ideas of integrability [48] might offer a guiding principle. Such an extension of relativistic
quantum field theory should be the objective of future development in the domain of DSR theories.
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Appendix A. BSR Extension of the Breit-Wigner Distribution

From Equation (4),

K
fosr(m?®) = : (A1)
[12(m?) — MR]" + M3TS
It is convenient to introduce the dimensionless variables
2 1"2 2
T:= m—z v = —)é = A—z, (A2)
My My My
so that, once they are replaced in Equation (A1), one gets the expression
K
fosr(m?) = ———, (A3)
M%F(t)
where )
T
F(1) := [r (1 + eX) - 1} + (A4)
for the simplest choice of a BSR modified kinematics Equation (3).
In order to have a resonance, we need y < 1, so the condition of a peak is
T
T(1+ex)—1—0, (A5)
with solutions N 2
«_ N £
=2 [11(1+4/\) } (A6)

The distribution for values of m? close to the peaks can be analyzed by making a Taylor expansion
at 7*. Evaluating the derivatives of F(7) up to second order

dF * T € _« —
I {r <1+e)\) 1] (1 +25T ) —0, (A7)
d*F € \? €
ﬁm*_z(uzf) _2(1+4X), (A8)
one obtains .
F(t)= v+ (1 +4X> (T—1%)?, (A9)

that, substituted in Equation (A3), and using Equation (A2), leads to

1 K
fosr(m?) ~ : —, (A10)
M5 (1+4eM3 /%) (m2 — m2)? + MRT2 (1 + 4eM% /A2) "
where "
2 2
2 a2 N My

We see that the maximum value of the distribution (A10) is reached at m? = m*2, and one has
then to consider separately if the parameter € of the correction in Equation (3) is positive or negative.
The choice € = +1 leads to a unique solution for the pole

1/2
2 A M% !
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The form of the distribution (A10) is the same as in SR, but the position of the peak (m? = m*?)

does not give us the squared mass of the resonance. It is easy to check from Equation (A12) that, when
the resonance mass is much smaller than the scale of new physics, Mx < A,

MZ
m*? 14+2=X — 1] = M%, (A13)

2
2 A2

and we recover the peak of the SR distribution.
From Equation (A10), the width of the peak will be (compare with the Breit-Wigner
distribution (1)):
M3T% 2M% / A?
e = ) v 2 =T% ! 1/2 ’ (Ald)
m? (14 4M5 / A?) (1+4M3 /%) [(1+4M3/02)1 2 1]

which also approaches the decay width of the resonance when M2 < A2.

The € = —1 case turns out to be much more interesting. Assuming that
MZ

1— 4A—§ >0, (A15)

that is, that the condition Mx < A/2 is satisfied, Equation (A11) gives us two solutions for which
m*? > 0,

1/2
A? M3
mh? = 5 1% (1 - 4A§> . (A16)

This means that we have two peaks (at m? = m* ?) in the squared mass distribution instead of
one. From the position of these two peaks, we can get A? and M% using Equation (A16):

) ) ) ) miZm* 2
AN =(m " +m* "), My = ———-. Al17
( + ) (mj_z + m*_z) ( )
As in Equation (A14), the widths of the two peaks are
M5T
ry?=—5 XX . (A18)
mi? (1 —4M%/ A2)
Using the expressions of M% and A? in Equation (A17), we get the combination
M2 *2 % 2\2
s (A19)
A (m*=4m*?)
Substitution in Equation (A18) gives then
* 2 x 2\ x 2
2 =12 ('”**;Lm**);”j . (A20)
(mi*—m**)
Reversing Equation (A20), one can compute the decay width of the resonance X:
2
ooz (A g (TR g gy | o (A21)
X+ 20 % 2 x2\ 20 % 2 x2\ - * 2 * 2
m® = (m " 4+ m*”) m = (m " 4 m™ ) myT 4 m
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In the limit M3 < A2, the expressions for the poles (Equation (A16)) and the widths
(Equation (A18)) become

2 2
» A M
mi® ~ S |1 (1 —2A§> , (A22)
2M2% /A2
2 ~T% x/ (A23)

1+ (1-2M%/A2)]’
so that in this limit
mi2 = A2, T2 ~TIMR/A?,

A24
miZ%Mg(/ rile—%(/ ( )

and we see that one of the peaks (—) reproduces the result of SR, while the other one (+) is displaced
by a factor A/ My, and its width reduced by a factor Mx /A, with respect to the SR peak.

It is interesting to note that for Mx > A/2 we do not have any peak, since the term in the square
root in Equation (A16) gets negative. This would be the case of an “invisible” resonance. If the limit
Myx — A/2is taken in the previous expressions, the two poles coincide, but their width tends to
be infinite.

In the previous discussion, we have not included the dependence on m? of the K factor that takes
into account the mechanism of production of the resonance and the decay width in the two particles
that are observed. We are assuming that the analysis is valid in a small enough region around the
peaks, where K ~ K(m*?), and the variation of K with respect to 12 can be neglected.

References

Feynman, R.P. Feynman Lectures on Gravitation; CRC Press: Boca Raton, FL, USA, 1996.
Birrell, N.D.; Davies, PC.W. Quantum Fields in Curved Space; Cambridge Monographs on Mathematical
Physics; Cambridge University Press: Cambridge, UK, 1984. [CrossRef]

3. Bogoliubov, N.; Shirkov, D. Quantum Fields; Addison-Wesley: Boston, MA, USA, 1982.

4. Mukhi, S. String theory: A perspective over the last 25 years. Class. Quantum Gravity 2011, 28, 153001.
[CrossRef]

5. Aharony, O. A Brief review of ‘little string theories’. Class. Quantum Gravity 2000, 17, 929-938. [CrossRef]

6. Dienes, K.R. String theory and the path to unification: A Review of recent developments. Phys. Rep. 1997,
287,447-525. [CrossRef]

7. Sahlmann, H. Loop Quantum Gravity-A Short Review. In Foundations of Space and Time: Reflections on
Quantum Gravity; STIAS: Cape Town, South Africa, 2010; pp. 185-210.

8. Dupuis, M,; Ryan, ].P; Speziale, S. Discrete gravity models and Loop Quantum Gravity: A short review.
SIGMA 2012, 8, 052. [CrossRef]

9.  Van Nieuwenhuizen, P. Supergravity. Phys. Rep. 1981, 68, 189-398. [CrossRef]

10. Taylor, J].G. A Review of Supersymmetry and Supergravity. Prog. Part. Nucl. Phys. 1984, 12, 1-101.
[CrossRef]

11.  Wallden, P. Causal Sets Dynamics: Review & Outlook. J. Phys. Conf. Ser. 2013, 453, 012023. [CrossRef]

12.  Wallden, P. Causal Sets: Quantum Gravity from a Fundamentally Discrete Spacetime. ]. Phys. Conf. Ser.
2010, 222, 012053. [CrossRef]

13.  Henson, J. The Causal set approach to quantum gravity. In Approaches to Quantum Gravity: Towards a New
Understanding of Space, Time and Matter; Cambridge University Press: Cambridge, UK, 2009; pp. 393-413.

14. Gross, D.J.; Mende, PE. String Theory Beyond the Planck Scale. Nucl. Phys. B 1988, 303, 407-454. [CrossRef]

15.  Amati, D.; Ciafaloni, M.; Veneziano, G. Can Space-Time Be Probed Below the String Size? Phys. Lett. B 1989,
216, 41-47. [CrossRef]

16. Garay, L.J. Quantum gravity and minimum length. Int. ]. Mod. Phys. A 1995, 10, 145-166. [CrossRef]

17.  Wheeler, J.A. Geons. Phys. Rev. 1955, 97, 511-536. [CrossRef]

18. Ng, Y.J. Various Facets of Spacetime Foam. In Proceedings of the 3rd International Conference, TAM2010,
Budva, Montenegro, 4-8 October 2010; pp. 103-122.


http://dx.doi.org/10.1017/CBO9780511622632
http://dx.doi.org/10.1088/0264-9381/28/15/153001
http://dx.doi.org/10.1088/0264-9381/17/5/302
http://dx.doi.org/10.1016/S0370-1573(97)00009-4
http://dx.doi.org/10.3842/SIGMA.2012.052
http://dx.doi.org/10.1016/0370-1573(81)90157-5
http://dx.doi.org/10.1016/0146-6410(84)90002-4
http://dx.doi.org/10.1088/1742-6596/453/1/012023
http://dx.doi.org/10.1088/1742-6596/222/1/012053
http://dx.doi.org/10.1016/0550-3213(88)90390-2
http://dx.doi.org/10.1016/0370-2693(89)91366-X
http://dx.doi.org/10.1142/S0217751X95000085
http://dx.doi.org/10.1103/PhysRev.97.511

Symmetry 2018, 10, 432 16 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Feynman, R.P;; Leighton, R.B.; Sands, M. The Feynman Lectures on Physics; Basic Books: New York, NY, USA,
1963; Volume 1.

Kostelecky, V.A.; Russell, N. Data Tables for Lorentz and CPT Violation. Rev. Mod. Phys. 2011, 83, 11-31.
[CrossRef]

Amelino-Camelia, G. Quantum-Spacetime Phenomenology. Living Rev. Relativ. 2013, 16, 5.

Mattingly, D. Modern tests of Lorentz invariance. Living Rev. Relativ. 2005, 8, 5. [CrossRef] [PubMed]
Liberati, S. Tests of Lorentz invariance: A 2013 update. Class. Quantum Gravity 2013, 30, 133001. [CrossRef]
Carmona, ].M.; Cortés, ].L.; Relancio, ].J. Observers and their notion of spacetime beyond special relativity.
Symmetry 2018, 10, 231. [CrossRef]

Arkani-Hamed, N.; Dimopoulos, S.; Dvali, G.R. The Hierarchy problem and new dimensions at a millimeter.
Phys. Lett. B 1998, 429, 263-272. [CrossRef]

Antoniadis, I.; Arkani-Hamed, N.; Dimopoulos, S.; Dvali, G.R. New dimensions at a millimeter to a Fermi
and superstrings at a TeV. Phys. Lett. B 1998, 436, 257-263. [CrossRef]

Sundrum, R. Compactification for a three-brane universe. Phys. Rev. D 1999, 59, 085010. [CrossRef]
Arkani-Hamed, N.; Dimopoulos, S.; March-Russell, J. Stabilization of submillimeter dimensions: The New
guise of the hierarchy problem. Phys. Rev. D 2001, 63, 064020. [CrossRef]

Tanabashi, M.; Hagiwara, K.; Hikasa, K.; Nakamura, K.; Sumino, Y.; Takahashi, F.; Tanaka, J.; Agashe, K,;
Aielli, G.; Amsler, C.; et al. Review of Particle Physics. Phys. Rev. D 2018, 98, 030001. [CrossRef]

Aartsen, M.G.; Ackermann, M.; Adams, J.; Aguilar, J.A.; Ahlers, M.; Ahrens, M.; Samarai, I.A.; Altmann, D.;
Andeen, K.; Anderson, T.; et al. Neutrino Interferometry for High-Precision Tests of Lorentz Symmetry with
IceCube. Nat. Phys. 2018. [CrossRef]

Albert, J.; Aliu, E.; Anderhub, H.; Antonelli, L.A.; Antoranz, P.; Backes, M.; Baixeras, C.; Barrio, J.A.; Bartko,
H.; Bastieri, D.; et al. Probing Quantum Gravity using Photons from a flare of the active galactic nucleus
Markarian 501 Observed by the MAGIC telescope. Phys. Lett. B 2008, 668, 253-257. [CrossRef]

Martinez, M.; Errando, M. A new approach to study energy-dependent arrival delays on photons from
astrophysical sources. Astropart. Phys. 2009, 31, 226-232. [CrossRef]

Abdo, A.A.; Ackermann, M.; Ajello, M.; Asano, K.; Atwood, W.B.; Axelsson, M.; Baldini, L.; Ballet, J.;
Barbiellini, G.; Baring, M.G.; et al. A limit on the variation of the speed of light arising from quantum gravity
effects. Nature 2009, 462, 331-334. [CrossRef] [PubMed]

Abramowski, A.; Acero, F.; Aharonian, F.; Akhperjanian, A.G.; Anton, G.; Barnacka, A.; De Almeida, U.B;
Bazer-Bachi, A.R.; Becherini, Y.; Becker, J.; et al. Search for Lorentz Invariance breaking with a likelihood fit
of the PKS 2155-304 Flare Data Taken on MJD 53944. Astropart. Phys. 2011, 34, 738-747. [CrossRef]
Nemiroff, R.J.; Connolly, R.; Holmes, J.; Kostinski, A.B. Bounds on Spectral Dispersion from Fermi-detected
Gamma Ray Bursts. Phys. Rev. Lett. 2012, 108, 231103. [CrossRef]

Vasileiou, V.; Jacholkowska, A.; Piron, F.; Bolmont, J.; Couturier, C.; Granot, J.; Stecker, EW.; Cohen-Tanugji, J.;
Longo, F. Constraints on Lorentz Invariance Violation from Fermi-Large Area Telescope Observations of
Gamma-Ray Bursts. Phys. Rev. D 2013, 87, 122001. [CrossRef]

Vasileiou, V.; Granot, J.; Piran, T.; Amelino-Camelia, G. A Planck-scale limit on spacetime fuzziness and
stochastic Lorentz invariance violation. Nat. Phys. 2015, 11, 344-346. [CrossRef]

Carmona, ].M.; Cortes, J.L.; Relancio, J.J. Does a modification of special relativity imply energy dependent
photon time delays? Class. Quantum Gravity 2018, 35, 025014. [CrossRef]

Carmona, ].M.; Cortés, ].L.; Mercati, F. Relativistic kinematics beyond Special Relativity. Phys. Rev. D 2012,
86, 084032. [CrossRef]

Carmona, ].M.; Cortes, J.L.; Relancio, ].J. Beyond Special Relativity at second order. Phys. Rev. D 2016,
94, 084008. [CrossRef]

Majid, S.; Ruegg, H. Bicrossproduct structure of kappa Poincare group and noncommutative geometry.
Phys. Lett. B 1994, 334, 348-354. [CrossRef]

Carmona, J.M.; Cortes, J.L.; Relancio, J.J. Spacetime from locality of interactions in deformations of special
relativity: The example of x-Poincaré Hopf algebra. Phys. Rev. D 2018, 97, 064025. [CrossRef]

Borowiec, A.; Pachol, A. Classical basis for kappa-Poincare algebra and doubly special relativity theories.
J. Phys. A 2010, 43, 045203. [CrossRef]

Kowalski-Glikman, J.; Nowak, S. Doubly special relativity theories as different bases of kappa Poincare
algebra. Phys. Lett. B 2002, 539, 126-132. [CrossRef]


http://dx.doi.org/10.1103/RevModPhys.83.11
http://dx.doi.org/10.12942/lrr-2005-5
http://www.ncbi.nlm.nih.gov/pubmed/28163649
http://dx.doi.org/10.1088/0264-9381/30/13/133001
http://dx.doi.org/10.3390/sym10070231
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://dx.doi.org/10.1103/PhysRevD.59.085010
http://dx.doi.org/10.1103/PhysRevD.63.064020
http://dx.doi.org/10.1103/PhysRevD.98.030001
http://dx.doi.org/10.1038/s41567-018-0172-2
http://dx.doi.org/10.1016/j.physletb.2008.08.053
http://dx.doi.org/10.1016/j.astropartphys.2009.01.005
http://dx.doi.org/10.1038/nature08574
http://www.ncbi.nlm.nih.gov/pubmed/19865083
http://dx.doi.org/10.1016/j.astropartphys.2011.01.007
http://dx.doi.org/10.1103/PhysRevLett.108.231103
http://dx.doi.org/10.1103/PhysRevD.87.122001
http://dx.doi.org/10.1038/nphys3270
http://dx.doi.org/10.1088/1361-6382/aa9ef8
http://dx.doi.org/10.1103/PhysRevD.86.084032
http://dx.doi.org/10.1103/PhysRevD.94.084008
http://dx.doi.org/10.1016/0370-2693(94)90699-8
http://dx.doi.org/10.1103/PhysRevD.97.064025
http://dx.doi.org/10.1088/1751-8113/43/4/045203
http://dx.doi.org/10.1016/S0370-2693(02)02063-4

Symmetry 2018, 10, 432 17 of 17

45. Battisti, M.V.; Meljanac, S. Scalar Field Theory on Non-commutative Snyder Space-Time. Phys. Rev. D 2010,
82,024028. [CrossRef]

46. Majid, S. Foundations of Quantum Group Theory; Cambridge University Press: Cambridge, UK, 1995.

47. Atsue, T.; Oyewande, E. Investigation of the Effect of Interference of Photon and Z0 Boson Exchanges on the
Energy Dependence of Muon Pair Production in Electron Positron Annihilation. Int. ]. High Energy Phys.
2015, 2, 56-60.

48. Mironov, A.; Morozov, A. Check-Operators and Quantum Spectral Curves. SIGMA 2017, 13, 047. [CrossRef]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1103/PhysRevD.82.024028
http://dx.doi.org/10.3842/SIGMA.2017.047
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Twin Peaks
	Searches for BSR Resonances in Colliders
	Bounds on  Using LEP Data
	Searches for BSR Resonances in a VHE Hadron Collider

	Cross-Section Calculation in a Quantum-Field-Theory Approach beyond SR
	Phase-Space Momentum Integrals
	Choice of the Dynamical Factor with an MCL
	Cross Sections with an MCL
	Constraints to 

	Conclusions
	BSR Extension of the Breit–Wigner Distribution
	References

