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Abstract The Large Hadron Collider is reaching energies
never achieved before allowing the search for exotic parti-
cles in the TeV mass range. In a continuing effort to find
monopoles we discuss the effect of the magnetic dipole field
created by a pair of monopole—anti-monopole or monopo-
lium on the successive bunches of charged particles in the
beam at LHC.

1 Introduction

The theoretical justification for the existence of classical
magnetic poles, hereafter called monopoles, is that they add
symmetry to Maxwell’s equations and explain charge quanti-
sation. Dirac showed that the mere existence of a monopole
in the universe could offer an explanation of the discrete
nature of the electric charge. His analysis leads to the Dirac
Quantisation Condition (DQC) [1,2]

eg=N/2, N=1,2,..., (1

where e is the electron charge, g the monopole magnetic
charge and we use natural units 1 = ¢ = 1 = 4mwegg = f—no.
In Dirac’s formulation, monopoles are assumed to exist as
point-like particles and quantum mechanical consistency
conditions lead to establish the magnitude of their mag-
netic charge. Monopole physics took a dramatic turn when
’t Hooft [3] and Polyakov [4,5] independently discovered
that the SO(3) Georgi—Glashow model [6] inevitably con-
tains monopole solutions [7]. These topological monopoles
are impossible to create in particle collisions either because of
their huge GUT mass [3-5] or for their complicated multi-
particle structure [8]. In the case of low mass topological
solitons they might be created in heavy ion collisions via
the Schwinger process [9]. For the purposes of this inves-
tigation we will adhere to the Dirac picture of monopoles,
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i.e., they are elementary point-like particles with magnetic
charge g determined by the Dirac condition Eq. (1) and with
unknown mass m and spin. These monopoles have been a
subject of experimental interest since Dirac first proposed
them in 1931. Searches for direct monopole production have
been performed in most accelerators. The lack of monopole
detection has been transformed into a monopole mass lower
bounds [10-13]. The present limit is m > 400 GeV [14—
19] but experiments at LHC can probe much higher masses.
Monopoles may bind to matter and we have studied ways to
detect them by means of inverse Rutherford scattering with
ions [20,21].

Since the magnetic charge is conserved monopoles at
LHC will be produced predominantly in monopole—anti-
monopole pairs (or monopolium) [22-25]. This magnetic
charge-less pair, given the collision geometry, will produce
a magnetic dipole field. We discuss hereafter the scattering
of charged particles on a magnetic dipole and will analyze
later on how our results affect the particles of the successive
bunches at LHC. This development therefore assumes that
the monopoles are more massive than the beam particles and
therefore their scattering does not affect the dynamics of the
formation process.

2 Scattering of charged particles by a magnetic dipole

Suppose that at LHC a monopole—anti-monopole pair is pro-
duced by any of the studied mechanisms [9,22-24,26]. If the
pair is produced close to threshold the pair will move slowly
away from each other in the interaction region. These geom-
etry will produce a magnetic dipole in the beam line which
affects the particles coming in the successive bunches. We
model this scenario as the study of the scattering of a beam
of charged particles by a fixed magnetic dipole created by
two magnetic charges separated by a fixed distance. We will
discuss the peculiarities of monopolium, as a bound state, in
Sect. 4.
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Fig. 1 The magnetic moment configuration discussed in the text

The magnetic field of a monopole located at the origin of
the coordinate system is given by

By =g—, )

‘w| S

where g is the magnetic charge, 7 the radial vector of coordi-
nates (x, v, z) and r the norm of 7. Let us construct the mag-
netic field of a monopole, located at position d = 0,0,d),
and an anti-monopole (located at position (0, 0, —d)), where
d is a distance (see Fig. 1),

i e 3)

Tia ~d

Bi=g

where 71y = ¥ F d and rg4 their norm.
Let us perform an expansion in d/r.

- L. - L. =
> WM-HFP M  3d? M-nHnr M
B; = 3—5 3 >3 5——

r r 2r

o 0)

22 — L. —
5d*z M-rr M
+ 7 ).
-
- = .
where M = 2gd is the magnetic moment. Note that the mag-
netic charge field vanishes in the expansion in d as expected
from duality and that to leading order in d/r we obtain the
conventional field for a fixed magnetic moment.

Let us study the behaviour of the vector potential which is
important to determine the interaction between the charged
particles of the beam and the magnetic moment. Duality hints
us that once the singularities are taken care of the result

@ Springer

should resemble the conventional case. The vector poten-
tial for a monopole whose magnetic field is Eq. (2) can be
written as

1 —cosf ~

IKZ =
§ grsin@ ¢

r—=z
Sre)

(_Y’X’O), (5)

where 6 € [0, ] is the spherical polar angle and ¢ =
(—sin ¢, cos ¢, 0) is the azimuthal unit vector, being ¢ the
azimuthal angle. Note that this field is singular for 6 = m,
i.e. , this is the famous Dirac string singularity. The vector
field generated by the monopole—anti-monopole of Fig. 1 is
given by

- z+d z—d
Ag=¢ -
V24324 +d)? X2+ 4 (z—d)?
(=y,x,0)
L7 6
x2+y? ©
If we perform a series expansion in d/r, we obtain
M x 7 d? d
- r Z
A= l—-—0-=-5=)+---. 7
S sEe) o

Note that the d° term associated to the magnetic charge does
not appear. The lowest order non vanishing term has the con-
ventional structure of the potential of a magnetic moment.
The Dirac string singularities of the monopole and the anti-
monopole have banished in the expansion. All terms beyond
the d° term are analytic.

Minimal coupling applied to the free Schrédinger equation
for a spin-less particle of charge O and mass m 4 leads to an
interaction for the magnetic dipole of the form

0> . <
MA'A = Hpar+Hdia- (8)

Hin = 5o (5- A+ A- )+
2m 4

Note that Qg = Z/2 where Ze is the charge of the parti-
cles in the beam. For the velocities involved in of our physical
scenario the diamagnetic term, H;,, will be small compared
to the paramagnetic one. Let us discuss the relation for the
lowest order field. The diamagnetic potential for the first term
of the potential expansion is

7242 2 — 2

2mag 1
while the paramagnetic term

Zdvg
r2

~

(10)

where v is the beam velocity. Being conservative we take for
the interesting physical region the following values vgp ~ 1,
r~ 8, r%—z> ~ 8%, where § is inter-particle distance in
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the bunch which is ~ 107 fm for protons and ~ 10% fm
for ions and we take for d a maximum value d ~ 103 fm,
which corresponds to the size of a Rydberg monopole—anti-
monopole bound state. With these values we get for the ratio
of the diamagnetic to the paramagnetic potentials

Z d
A2mN82

~ 10714 10712, (11)

where m y is the nucleon mass ~ 1GeV.

Only for very small velocities and very close to the inter-
action point is the diamagnetic potential comparable to the
paramagnetic one.

In the chosen gauge V - A =0, the paramagnetic term can
be written as

Hpyr = —B - L (12)

=—M - By, (13)

where By = Qg x 1/ r3) is the magnetic field created by
the charge in motion. Thus we have shown that within the
approximations used the interaction caused by the magnetic
field of our magnetic dipole on a charge is the same as the
interaction of the magnetic field of the moving charge on the
magnetic dipole.

Let us calculate the scattering of charged particles off
the magnetic dipole by using the Born approximation which
defines the amplitude for the scattering for a spin-less charged
particle by a magnetic dipole as

f&— &) = —4w’ma < K| Hparlk >

Br - {d- L\ .-
— _87%Zeg 4 "”( . )gl’”. (14)

Q)¢ "

In order to have a non vanishing result we take the incom-
ing beam in the y direction, i.e. k= (0, k, 0), where k is the
incoming momentum. The scattering plane we take as the
xy-plane, thus lg/ = k(sin 6y, cos 6, 0) where 6; is the scat-
tering angle. After some conventional integrations we obtain
for the amplitude in the Born approximation from which the
cross section becomes

d
%(enm — 72d% cot?6)2. (15)

We see that the cross section is independent of momentum
at high energies.

LHC accelerates particles in bunches which are of macro-
scopic size 16 pm x 16 pm x 7.94 cm and contain many
particles. Thus the dipole will affect many particles while

moving away from the interaction point and separating to
distances d up to hundreds of fm. Let us therefore calculate
the Born approximation for finite d. In principe looking at
the expansion this calculation seems prohibitive but having
rewritten the potential as in Eq. (6) it becomes feasible to do
it exactly. Let us apply the Born approximation directly to
the full potential in Ay,

d3r T

f(l_é )= —4in2Zeg/ We_”;; k-Aye kT,
i

(16)

We choose as before k = (0, k,0) and K = (k sin 6,
k cos 6, 0).! The calculation requires the following integral

/ z+d B z—d d
V2432 + 24 22d+d? 242+ 2 —2zd +d?
a7

whose result is 4d and is immediate if one recalls the follow-
ing limit

lim <\/x2 +y2 422+ 2zd + d?

z—+o0

_\/xz +y2 422 —2zd + dZ) — +2d. (18)

Having performed this z integral exactly the problem reduces
to the simplified calculation performed before and we obtain
as result Eq. (15),

d
d—g(enn, — 72d% cot?6)2. (19)

Thus we get the same equation for finite d as in the limit
d — 0.

We have performed the calculation in a non-relativistic
scheme. Let us now generalise the result by implementing
relativistic corrections.

Let us start by studying a beam of spin-less particles. The
corresponding Klein—Gordon equation reads

(E = A0)> = (p — QAHD = m*®. (20)

Taking Ao = 0, considering only the paramagnetic inter-
action term and choosing the gauge where V- A = 0 we get

(V2 4+ =20(B - L)®, 1)

I Analogously one could use k = (k0,0 and Foo=

(k cos Oy, k sin g, 0).
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where k> = E? —m?. This equation has to be compared with
the Schrodinger equation

(V2 +2mE)d =20(B - L)®. (22)

Thus relativity is implemented just by substituting the non
relativistic momentum k = +/2mE by the relativistic one
k = v/ E2 — m?. Therefore, the structure of the cross section
in the Born approximation does not change,

dGO—dUG 3
d_Q()—d_Q()|nr~ (23)

Let us assume now that we have a beam of unpolarised
spin 1/2 particles. Using the conventional notation the Dirac
equation for our problem becomes

(E+a-(p— QA) +mB)¥ =0. (24)

We next multiply by E —& - (5 — QA) —mp [27,28], and
we obtain

(VE+ k)Y =20(B- L)V, (25)

which leads to the same equation as before for each compo-
nent using the relativistic momentum. Thus again the struc-
ture does not change,

Before closing this section it must be noted that we are
performing the calculation in the most favorable situation
in which the dipole is perpendicular to the beam. However,
we expect to produce many monopole—anti-monopole pairs
which will be created in all possible orientations and there-
fore the final result will behave as an unpolarised cross sec-
tion. and will be smaller.

3 Scattering of charged particles on a pair
monopole-anti-monopole

Let us use the above study for LHC physics. Imagine that
monopole—anti-monopole pairs are created in the collisions
[22-24]. Some of those pairs annihilate into photons and
some of them escape the interaction region. The annihilation
cross sections has been studied for some time [23,30,31].
Those monopoles which escape might be detected directly
or bind to matter and methods for detection have been devised
[16,21,26,32]. We are here interested in discussing what
happens while the pairs are escaping the interaction region
because this effect might help disentangle the monopole from
other exotic particles. A pair of opposite magnetic charges
will create a magnetic dipole field as we have shown in the
previous section from which the particles of the beam will
scatter. We study next what happens with proton and ion
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Fig. 2 We show the elastic proton-magnetic scattering differential
cross section in Log Plot in units of ¢? for a proton beam as a function
of angle. We obtain the typical behaviour of an electromagnetic cross
section maximal at small angles decreasing very fast with angle

beams at LHC with the maximum planned beam energy 7
TeV and maximum luminosity.

We study proton beams first. Using Eq. (19) we plotin Fig.
2 the shape of the cross section as a function angle in units
of d?. It is a typical electromagnetic cross section large at
small angles decreasing rapidly as the angle increases. Thus
the wishful signature should occur in the forward direction.

In order to get some realistic estimates for detection we
have to fix several scales. The first scale to fix is d. The
minimum possible value for d is twice the classical radius
of the monopole (~ 2gZ/m) which for a monopole of mass
500 GeV is ~ 0.03 fm. For the maximum value of d we
choose the separation between monopole—anti-monopole in
a magnetic Bohr atom (~ 2n%/mg?) for large n ~ 100 this
leads to d ~ 240 fm.

The next parameter we need to determine is the duration of
the collision. This parameter together with the luminosity of
LHC,2. 10**cm~2s~!, will determine the number of protons
scattered by each pair. To determine that number we need to
know the maximum separation from the interaction point at
which the dipole is still active and its velocity of separation
from the impact point. We will use for the effective separation
distance the width of the bunch ~ 16 pwm, for which we get
Bt ~ 0.810713 5. In our plots we take for the velocity 8 the
value 0.01, production almost on shell, noting that 8 enters
the equation as ~ 1/, thus arescaling of our results is trivial.

Finally we need to know the number of pairs produced in
the collisions. We used the production cross section for spin
0 monopoles [2] calculated using the techniques of Refs.
[22-24].

Letus discuss first monopoles of 500 GeV mass with Dirac
coupling g given by the quantization condition (Eq. 1). The
cross section for the pairs produced is ~ 1000 pb 2.

2 We are working with Dirac monopoles of charge g thus the cross
section is greater than that shown in Refs. [22-24] where they use -
coupling.



Eur. Phys. J. C (2020) 80:62 Page 5 of 10 62
j T i ' 107 ———————————1——————————
108 - 1
108 b E
.
g 1000r ] 5
> 9]
: 5
S c
3 1 s
a o
o
0.001 - g
10*5 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n . . . .
000
5 10 15 2 % 3 5 10 15 20 25 30
6 )

Fig. 3 We show the average number of protons scattered in one year
from a 7 TeV proton beam at an LHC luminosity of 2 103*cm2s~!
by a monopole—anti-monopole separating at velocity 8 = 0.01 as a
function of scattering angle for the geometry that maximises the cross
section. The upper curve corresponds for a dipole of d ~ 240 fm and
the lower for a dipole of d ~ 0.03 fm values which have been justified
in the text

With these scales fixed we calculate the number of pro-
tons scattered in 1 year assuming that the pair separates with a
velocity § = 0.01 from the interaction point. In the process
the monopole will separate from the anti-monopole and d
will increase from a small value initially to a relatively large
value once they leave the proton bunch. The result of the cal-
culation is shown in Fig. 3. The upper curve corresponds for
adipole of d ~ 240 fm and the lower for a dipole of d ~ 0.03
fm. The result corresponds to a typical electromagnetic inter-
action where the forward direction is favoured, but where the
non-forward scatterings are an important characteristic. The
validity of the Born approximation for the large values of
d might be questionable, they have to be taken as an indi-
cation of order of magnitude. From an experimental point
of view it is the non-forward directions which characterises
the creation of a monopole—anti-monopole pair. We see that
detection in the near-forward direction is possible for large
values of d and the scenario is specially suited for the big
detectors ATLAS, CMS and LHCb. These observations are
complementary to direct detection and the annihilation of
monopole—anti-monopole pairs into photons. Direct detec-
tion might not differentiate monopoles from other exotics
and annihilation produces broad bumps which are not very
characteristic [23,30,31]. However, together with the obser-
vation of non-forward protons of beam energy these signa-
tures become a clear identification of monopole production.

The B-coupling schemes used in many calculation [22,23]
leads to production cross sections which are smaller and
therefore to a smaller number of protons scattered as shown in
Fig. 4. The monopole—anti-monopole production cross sec-
tion decreases rapidly with the monopole mass [22-24] and
so will the number of scattered protons. We show these results

Fig. 4 We compare the results obtained previously for the number of
protons scattered with Dirac coupling (solid) with those of S-coupling
(dashed) for 500 GeV monopole mass. We have taken for this compar-
ison the largest value of d = 240 fm
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Fig. 5 We show the average number of protons scattered in one year
from proton beams at an LHC luminosity of 2 103*cm=2s! by a
monopole—anti-monopole separating at velocity 8 = 0.01 as a function
of scattering angle for the geometry that maximises the cross section
and a maximum d ~ 240 fm. The curves have been calculated for three
monopole masses: 500 (solid), 1000 (dashed), 1500 (dotted) GeV

inFig. 5 for Dirac coupling. Thus for larger monopole masses
the dipole effect becomes more and more difficult to detect.

Let us discuss next heavy ion scenarios by studying
208 pp82+ beams. In order to get estimates we fix the scales
again. The effective duration of the interaction is calculated as
before, namely as the time that takes the pair to get out of the
bunch. Since the bunches have the same size as for the proton
we use the same time scale. We take the same escape veloc-
ity for the ions B = 0.01. Since the collision takes place in
an extreme relativistic scenario we will approximate the lead
nucleus by a flat pancake, assume central collisions and thus
the production cross section for monopole—anti-monopole
pairs can be approximated by Z2o (pp), noting that pho-
ton fusion is the dominant production mechanism and that
the neutrons do not contribute to production. Unluckily the
luminosity for ions at LHC is much smaller, 1027ecm=—2 s~ 1,
This factor proves to be dramatic in not allowing detection.

@ Springer
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Fig. 6 The figure shows the number of ions scattered by a monopole—
anti-monopole pair for a 2.76 TeV/nucleon 28 P582F beam, with g =
0.01 and luminosity 1027 cm~2s~!. The upper curve is for d ~ 240 fm
(solid) and the lower curve for d = 0.03 fm (dashed)
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Fig. 7 The figure shows the number of ions scattered by a monopole—
anti-monopole pair for a 2.76 TeV/nucleon 29 Pp32+ beam, with d =
240 fm , B = 0.01 and luminosity 10?7 cm~2 s~! (solid) and with
B = 0.01 and luminosity 103" cm=2 s~! (dashed)

We show in Fig. 6 the average number of particles scattered
per year for a 208 Pp82+ beam. It is clear that with the present
LHC luminosity for lead the possibility of measuring the
dipole effect with lead ions is out of question. In order to see
a signature for the MoEDAL detector the luminosity has to
be increased minimally by 10%. In Fig. 7 we show the results
for this luminosity. Detection is difficult but possible in the
slightly off-forward direction.

We can summarise the results of our investigation by con-
cluding that the dipole effect of an monopole—anti-monopole
pair may be detectable at LHC if monopole masses do not
exceed 1000 GeV with available proton beams and reach-
able luminosities. With ion beams and present luminosities,
detection is not feasible. The signal for the existence of the
pair is clear, one should look for protons at beam energies in
the off-forward beam directions.

@ Springer

4 Scattering off monopolium

Monopolium is a bound-state of monopole—anti-monopole.
It cannot have a permanent dipole moment. However, in the
vicinity of a magnetic field it can get an induced magnetic
dipole moment through its response to the external magnetic
field. In quantum mechanics the magnetic polarisability «
is connected to the change of the energy levels of the sys-
tem caused by the external field. The general framework to
evaluate these changes is the (stationary) perturbation the-
ory applied to the total Hamiltonian which, in the case of a
monopolium immersed in a static (and uniform) magnetic
field é, can be written

H(B) = Hy+ H'(B) = Hy— M - B

=2
= 5 F Vi)~ MB, (26)
where © = m/2 is the reduced mass of the monopole,

V77 the potential energy associated to the monopole - anti-
monopole interaction within a non-relativistic framework
and /T)/l the magnetic dipole induced in the system. The (neg-
ative) lower order correction to the ground state energy of
the system is quadratic in the perturbative field and defines
the magnetic (paramagnetic) susceptibility ops

- - o 1 o
tlgimo (B|Hy+ H'(B) |B) = Eg — S e B2, (27)

where |§) is the ground state of H (E), Ey the ground state
energy of the unperturbed Hamiltonian Hp and B = |§|. The
magnetic dipole operator /T)/l is inferred by the duality from
the analogous electric dipole operator:

- . > -
D =er > M = gr,

(28)
where 7 is the relative position of the monopole and anti-
monopole.

The susceptibility «ys can be equivalently defined from the
induced magnetic moment as in the classical case, namely

. (BIMIB)
oy = lim ———.

B—0 B 29

Both Egs. (27) and (29) lead to the well know perturba-
tive expression (recall that (0| M|0) = 0 because of parity
invariance)

o0
M|0)[?
=23 BT ),

nt0

(30)

which relates the polarisability oy to the inverse energy-
weighted sum rule m_;. Because of the rigorous bounds
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among sum rules one can estimate m_j through a lower
bound

2
M
m_y(M) = % 31
with
mo(M) =Y [(n|M|0)[7, (32)
n=0
my(M) =Y (Ey — Eo)|(n|M|0)*. (33)
n=0

Thus to get an estimate for the polarisability one has to cal-
culate the first few sum rules for the magnetic dipole operator
(28):

O=M=gz, (34)

where z is the relative distance of monopole and anti-
monopole in the direction of the external field. Since monop-
olium is a two-body system the calculation of the sum rules
can be performed rather easily not only for the odd moments
which depend on commutators, but for the even moments
also, although they require the evaluation of anticommuta-
tors [33-37].

(1) mo gives the total integrated response function
1 I B
mo(M) = 501 {M, M}0) =¢ 3 OIr =10),  (35)

and is related to the rms radius of the monopolium;
(i1) m leads to

1
mi(M) = Z(0] [M, [Ho. M1 [0)
_2 (36)

The simplicity of the previous commutator is basically due
to the fact that the commonly used monopole—anti-monopole
potentials, V77, commute with the magnetic dipole operator
(28).

Lower and upper bounds to the magnetic susceptibility can
be found. The so called Feynman bound is given by [38,39],

ay > —9. (37)

We make here the assumption that the previous lower
bound can reasonably approximate the magnetic susceptibil-
ity for monopolium as established in other contexts [33-39],

thus

N m%(/\/l) 4 pc?
oy ~ = —
mi(M) 9 (hc)?

&[] (38)

where (r?) is the mean square radius of the monopolium
system.

Let us describe the physical scenario for detection of
monopolium. We assume that monopolium is produced at
LHC at 14 TeV fundamentally by photon fusion in the reac-
tion

pt+tp—>p+p+M. (39

Let us assume that monopolium is produced near threshold
with a mass below 2000 GeV. The time scale of the process
is dominated by the lifetime of monopolium ¢ ~ % ~ 11—0
GeV~!. The protons travel close to the speed of light and
therefore the distance scales are ~ 0.02 fm. The magnetic
field created by the moving protons deforms monopolium

and gives it a magnetic moment,
— - .
M =ayB =2gd, (40)

where we equate the induced magnetic moment to that of
an effective dipole as described in previous sections. d is a
measure of the stiffness of monopolium. In this way we will
apply the formalism developed in the previous sections to
this effective magnetic moment. Our goal is to estimate oy
and B to get d and then we apply the scattering formalism
of previous sections.

To calculate «p; we need to have a model for monopo-
lium, i.e. an interaction potential. There are several models
in the literature [30,40,41] but for the purpose of the present
investigation the approximation to the potential of Schiff and
Goebel [40,41]

o 1 —exp (=2r/ro)
r b

V(r)=-g (41)

used in Ref. [29] will be sufficient. The approximation con-
sists in substituting the true wave functions by Coulomb wave
functions of high n. For each ry a different value of large n
will be best suited. We use the equation

p = 48a°n? (42)

to parametrise all expectation values in terms of p, where
0 = ry/Felassical, 'y being the expectation value of 7 in the
(n, 0) Coulomb state, and « the electromagnetic fine structure
constant ~ % We allow p to be continuous parameter rep-
resenting in such a way potentials of different cutoff ranges.

@ Springer
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0.5 1.0 15 2.0
o

Fig. 8 We plot the stiffness distance of monopolium as a function of
the size parameter for two values of the monopole mass

In terms of rho the binding energy becomes
3

M=m2-—), (43)
4p

a function in terms of p which covers the interval [0, 2m].
In this approximation all the moments can be determined
analytically

1 p(5p +48a?)

M= %64 m2

1
1= 7

dam’

The magnetic susceptibility obtained from the Feynman
estimate Eq. (37) becomes

_ 1 p*(5p+48e?)?
T 93312 ’

oM (44)

m3a’
Let us now estimate the magnetic field acting on monopo-
lium. We are assuming that monopolium is moving slowly as
compared to the protons (8 ~ 0.01) , therefore it is static in
the time scale of the problem. The proton which creates the
magnetic field is moving very fast, 8, ~ 1. The time scale
of the problem is determined by the lifetime of monopolium
which leads to an effective radius of R ~ 0.02 fm, thus

2efp

B 23 ~ 8.5 GeV2. (45)

The effective distance, Eq. (40) becomes

d =015 (“—’”3) fm. (46)
GeV

In order to perform the calculation we require the monop-

olium production cross section. To do so we have used the

formalism and computational programs of [29] with updated
pdfs.

@ Springer

In Fig. 8 we plot d as a function of size parameter for
m = 1000 GeV and m = 1500 GeV. We note that the
stiffness parameter ranges from 0.001 fm for strong bound
monopolium to 0.1 fm for weak bound monopolium.

We limit here the calculation to proton beams since we
have seen in the previous sections that the luminosity for ions
is too low to produce detectable results. In Fig. 9 we show the
dependence of the number of protons scattered per year as
a function of scattering angle for different values of the size
parameter and monopole masses. The figure on the left shows
that the strong binding scenario might allow detection, for
monopolia with a mass below 1000 GeV, while observations
in the weak binding scenario are difficult. This has to do with
the monopolium production cross section which decreases
very fast with the p parameter compensating for the smaller
stiffness. The figure in the right shows that as we increase
the monopole mass for a fixed p the cross sections becomes
smaller and observability is reduced. The production cross
section diminishes greatly as the monopole mass increases.

We have not studied here the energy dependence of the
cross section since in the Born approximation the cross sec-
tion comes out energy independent and all the energy depen-
dence will come from the production cross section [23,29].
We have presented all results for 7 TeV proton beams and
LHC luminosities.

To summarise, we stress that the analysis for monopo-
lium depends strongly on the details of the dynamics. Differ-
ent monopole—anti-monopole potentials might lead to dif-
ferent results. In particular, the phenomenon depends very
strongly on the binding energy and the decay width. Large
binding energies and small widths will increase observabil-
ity. Given the neutral nature of monopolium the detection of
non-forward protons is ideal for its characterisation. How-
ever, in weakly bound monopolia with short lifetimes given
the planned luminosities at LHC the phenomenon would not
be observable.

5 Concluding remarks

In previous work we studied ways to detect Dirac monopoles
bound in matter by means of proton and ion beams [21].
We also studied the possibility of finding monopoles not
free but in bound pairs of monopole—anti-monopole, the so
called monopolium [23,29]. Monopolium has lower mass
than a pair of monopole—anti-monopole and also annihilates
into photons [30,31] but because it is neutral it is difficult
to detect directly. In this paper we pursue some investiga-
tions to detect monopoles in LHC besides direct detection
and their decay properties. We study the distortion produced
in the beam by their permanent or induced magnetic dipole
moment to characterise detectability. We have modelled the
interaction by a fixed magnetic dipole made by two mag-
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Fig. 9 We show the average number of protons scattered in 1 year
from a proton beam at an LHC luminosity of 2 103* cm~2 s~! by
monopolium moving at velocity § = 0.01 as a function of scattering
angle for the geometry that maximises the cross section. Left: for k = 7

netic charges g and —g separated by a distance d. We have
studied how this effective magnetic dipole interacts with a
beam of charged particles. The main result is that the beam
particles will be deflected and therefore particles with beam
energy will appear in off-forward directions. We have shown
that monopole—anti-monopole pairs lead to an sizeable effect
with the proton beams at LHC and thus the effect is suitable
for detection in ATLAS, CMS and LHCb. However, present
heavy ion luminosities do not allow detection which makes
the scenario not useful for MoEDAL. In the case of monopo-
lium the strong coupling limit also leads to off-forward pro-
tons, a scenario which could characterise the production of
this neutral particle. However our study shows that observ-
ability of the phenomenon depends very strongly on the life-
time of monopolium and its binding energy.

To conclude monopoles can be detected directly or by
the decay of monopole—anti-monopole pairs into photons.
Monopolium can be detected by its decay into photons. We
have shown that detecting beam particles at beam energy
in non-forward directions becomes an additional tool for
monopole and monopolium detection.
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