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Introduction to magnetic monopoles

Cross-section calculations for colliders
= photon fusion and Drell-Yan processes

= novel features
* boost-dependent photon-monopole coupling

g magnetic-monopole parameter K
MadGraph implementation
proton electron
- UFO mode: © ¢ mIIEm
Phenomenology at the LHC electric charges magnetic dipole
= kinematic distributions ;
magnetic monopoles?

» Conclusions & outlook ° o
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Magnetic monopoles: symmetrising Maxwell

» As no magnetic monopole had ever been seen Maxwell cut isolated magnetic
charges from his equations — making them asymmetric

» A magnetic monopole restores the symmetry to Maxwell’s equations

Without Magnetic ) .
Name With Magnetic Monopoles
Monopoles
Gauss's law: V. -E= 47 e V. -E= AT pe

<

Gauss' law for L -

magnetism: AR B

Faraday's law of . . OB . . OB
induction: “VxE=Zr —VxE=% @

Ampeére's law
(with Maxwell's V x B =
extension):

« Symmetrised Maxwell’s equations invariant under rotations in (E, B) plane of the
electric and magnetic field

» Duality » distinction between electric and magnetic charge becomes one of
mere definition
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Dirac’s Monopole

» Paul Dirac in 1931 hypothesised that the
magnetic monopole exists

» In his conception the monopole was the end of
an infinitely long and infinitely thin solenoid

» Dirac’s quantisation condition:

hc n 4 re Ne TR s
ge=|—|n OR g=—e (from & _2m n=12,3.) I
2 20 hc
= where g is the “magnetic charge” and a is the fine > el
structure constant 1/137 oo EARINS

* This means that g = 68.5e (when n=1)!

» If magnetic monopole exists then
charge is quantised: [hc}
e = n

2g Dirac String
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Magnetic monopole properties in a nutshell

« Single magnetic charge (Dirac charge): g, = 68.5e
o if carries electric charge as well, is called Dyon
» Large coupling constant: g/hc ~ 34

» Monopoles would accelerate along field lines and not curve as electrical
charges in a magnetic field - according to the Lorentz equation

ﬁ:g(é—ﬁxﬁ)

» Energy acquired in a magnetic field: 2.06 MeV/gauss.m
s monopoles accelerated to ~2 TeV with a 10 m x 10 T magnet!

» Dirac monopole is a point-like particle; GUT monopoles are extended
objects

* Monopole spin is not determined by theory

* Monopole mass not predicted within Dirac’s theory; other theories
predict masses from O(TeV) (electroweak) to = 107 GeV (GUT)
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Monopole production at colliders
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mechanisms
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Drell Yan mechanism

Photon fusion
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Monopole field theory

* Electric-magnetic duality: The monopole enters the field
as a matter field in a U(1) gauge theory

©, W)
E(Aua ¢(Z,M)> (e,me,S - %) (9(5>a]\/[vs :?)

Standard QED Monopole Field

Theory by Analogy
* In a nutshell:

o S =0:Scalar Quantum Electrodynamics
o S =% :Dirac Quantum Electrodynamics
= S=1: Lee-Yang Field Theory



B-dependent coupling

» Rutherford (classical) scattering

d_o_( € g )2 Z 1 sin(x) dy
dQ  \cpwg » 4sin* (%) Isin(f) d o
Vo 0
\A

e » M
f <1 ‘ . do _ ( eg )2 1
dQ  \2puwvgc/ (0/2)% q e
. : = = —
* It suggests some effective coupling, when c Vo

monopoles interact with SM matter fields

2
» Monopole boost expressed by [ = Jl — ﬂ

» Calculations hold in both the B-dependent (gB) and
B-independent (g) cases
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New magnetic-moment parameter K

» Spin %: In SM, such a term appears through spin interactions
in minimally e*-y QED coupling
= SM case: K = 0 (K dimensionless parameter) K
* unitary M
* renormalisable
» Spin 1: In SM, such a term appears naturally through the
coupling of physical W* bosons in rotated SU(2)xU(1)/U,.(1)
o SMcase:k =1
* unitary
* renormalisable
* no ghosts or gauge fixing
* Impact on observables
o total cross sections increases with K
= kinematic distributions change with k (at yy or qq scattering)
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Scalar monopole Aoy 1, M

P,
» S =0: Scalar Quantum Electrodynamics
= monopole as a scalar field obeying a
U(1)-gauged Klein Gordon equation P
Ap7q2p7 Y M
1 ) (c) Four-vertex diagram.
L — _ZFMVF/M/ + (DM¢)T(DM¢) o M ¢T¢7
q1, p1,

AU,GA ANNANNNNNNAN — — — — — — — — — M

(a) t-channel. (b) u-channel.



Spinor mopopole
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» S =% :Dirac Quantum Electrodynamics

= monopole as a spinor field obeying a U(1)-gauged Dirac equation

o maghetic-moment K

K
* K=0 -> SM case K — —
- . M
* K dimensionless
1 " 1 e
’C:_ZFIJJVF +¢(Z¢—m)¢—219(5)/‘6ﬂw¢h 7Y W,
Ap,,e)\ z ZE ’l,b Ay.,Ql,EA ]2 'l,b
kA LA
Auyexs ~nri « 3 Au, 2, €x « 7

(a) t-channel.

(b) u-channel.
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Spin % — total cross section

Spin ¥ monopole production by Photon Fusion (5 independent,
dimensionless &) Vs = 4 TeV
9yy-smm (Pb)

|
=
I

= o=m o= o=
| | R |
N R

o

Drell-Yan
.

Spin %2 monopole production by Drell-Yan (8 independent
dimensionless k) Vs =4 TeV

Gq g-oMM (pb)

=l
w

~N

-y

I I Il L Il
’ -

LU I .

o

SM case K = 0 gives the
lower o, finite at >0
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Spin % — differential cross section

* Distributions quite distinct from the ones for scalar
monopoles

Spin % monopole production by Photon Fusion (§ independent, dimensionless K)

u2 99 w2 32 Monopole mass M = 1.5 TeV
dQ yy>MM an yy-MM Photon energy E, = 6M
- - P .
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Vector monopole

* S=1:Lee-Yang Field Theory

= monopole as a vector field obeying a U(1)-
gauged Klein Gordon equation with a gauge

fixing parameter and ghosts
= magnhetic-moment K
* K=1->SM case

V.A. Mitsou

A[L, el; Wp7 Tg
qi1 p1

q2 D2
A, €3/ Wi, 17

(c) Four-vertex diagram.

q1 P1 P1
Alldel; Wp,Tg A/.Laql,el)f Wp,Ti
k
N . t yxo Av,q2, €7 |10
AV,EA/ D WoaT,;/ vy s E\ D2 oy L/
(a) t-channel. (b) t-channel.
1 1

L =—£0,WH)(0,W") = 5(9,A,)(9" Ay)

_ -t v _ A2RWT . RV T
2G'W/G'“ MW WH —ig(B)kFFW W,
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Spin 1 — total cross section

Spin 1 monopole production by Photon Fusion (8 independent)
Vs=4TeV

Uyy—)Mm (pb)

M (TeV)

qg->MM (pb)

Distinct cross-section
evolution

° yv:SMcasek=1

* DY: k=0

Drell-Yan

Spin 1 monopole production by Drell-Yan (3 independent)

Vs=4TeV
— —— =3
K =2
k=1
K=-1
............. K =0
M (TeV)
0.5 1.0 15 2.0
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Spin 1 — differential cross section

SM case k = 1 gives a distinct angular distribution w.r.t.
non-SM cases

Spin-1 monopole production by Photon Fusion (B independent)

Monopole mass M = 1.5 TeV
w2 99 - do Photon energy E, = 6M
dQ yy->MM M2 —
d’)yy »MM
— — ) =3
N - -~
~ x=2
106 8 N\ /. 210° ~
\ B — - /
N\ /
b \ 7/
109 N -,
L _— .
104 _____________________________________________________________
1000
il ¢
0.5 1.0 1.5 2.0 2.5 3.0
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Perturbativity issues

» Both photon fusion and Drell-Yan processes
suffer from a large photon-monopole coupling
that makes perturbative calculations problematic

» This situation may be resolved if

= very slow monopoles, B 2 0
o parameter kK becomes very large, K - oo

= condition for perturbative coupling:

2
gk’ <1
, {ﬁ, spin %
K = :
K, spin 1

» Cross section remains finite at this limit for photon fusion while it

vanishes for DY




MaeGraph implementation

* UFO models
* Validation
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Photon fusion (& DY) in MG5

» Drell-Yan was implemented in MADGRAPH5 (MG5) using
FORTRAN-code setup
= only three-particle vertex

o used in ATLAS & MoEDAL analyses

 We implemented at modeling photon fusion process in MG5

« HOW?

» Fortran models inadequate to describe four-particle vertex as
required in bosonic monopole production through photon fusion

» Future MG5 models will be usable only through PYTHON, hence
old models need to be transferred to PYTHON -

* Solution: implement photon fusion as a UFO @
model written in PYTHON ‘

* Bonus: also transfer old FORTRAN models for DY to new scheme

—
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UFO models

* UFO: Universal FEYNRULES Output

= FEYNRULES: MATHEM ATICA package for describing
Feynman rules.

©= Based on PYTHON objects

= Requires the model Lagrangian as an input in
MATHEMATICA format

= Model parameters (mass, spin, coupling, magnetic charge)
are kept in a text file
» For B-dependent coupling, B is introduced as a FORTRAN
form factor

2
s definition: [ = \/1 — ﬂWlth S = 2P; - P, where P; are

the 4-momenta of collldlng particles
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MadGraph validation

» Total cross section: For all considered spins, processes and range of masses,
very good agreement between MG5 simulations and theoretical calculations

Mass _ Spin 0 _ Spin 1/2 _ Spin 1

(GeV) ¥y = MM, o (pb) Ratio ¥y = MM, o (pb) Ratio vy —= MM, o (pb) Ratio
UFO model‘ Theory |UFO/th.|UFO model| Theory |UFO/th.|UFO model| Theory |UFO/th.
1000 |1.4493 x 10*]1.4336 x 10*| 0.99 [1.364 x 10°| 1.358 x 10° | 1.004 |1.078 x 107 |1.0781 x 107| 0.999 .

2000 | 9.851 x 10% | 9.791 x 10* | 1.006 |[8.341 x 10*[8.2551 x 10*| 1.010 |[2.277 x 10°|2.2520 x 106| 1.011

3000 | 5.685 x 10% | 5.640 x 10 | 1.007 [4.803 x 10*[4.7554 x 10*| 1.010 |[7.214 x 10°|7.1290 x 10°| 1.012

4000 2847 2810.5 1.013 [2.251 x 10*[2.2156 x 10| 1.012 |2.275 x 10° [2.2523 x 10°| 1.010

5000 1094 1087 1.006 6362 6331 1.005 |5.256 x 10*[5.1833 x 10*| 1.014

6000 117.8 116.53 1.011 370 365.5 1.012 [3.034 x 10*| 3.014 x 10* | 1.007
. Spin 0 Spin 1/2 Spin 1

Mass I pin '/ b

(GeV) |99 = MM, o (pb)| Ratio |gqg— MM, o (pb)| Ratio |gg— MM, o (pb)| Ratio
UFO model| Theory |UFO/th. | UFO model | Theory| UFO/th.|UFO model| Theory |UFO/th.

1000 | 0.4223 | 0.4184 | 1.009 1.747 1.735 | 1.007 3362 [3343.05| 1.006
2000 | 0.3484 | 0.3465 | 1.005 1.614 1.603 | 1.007 230.6  [228.872| 1.007 Drell-Yan

3000 0.2463 0.2441 | 1.009 1.373 1.373 1.000 45.43 45.173 | 1.006
4000 0.1361 0.1352 | 1.007 1.039 1.0352 | 1.004 11.38 11.3162( 1.006
5000 0.04724 | 0.0473 | 0.999 0.6029 0.601 1.003 2.299 2.282 1.007

6000 | 0.003745 |0.00373| 1.004 0.1454 0.1442 | 1.008 0.1206 0.1196 | 1.008

» Kinematic distributions: Good agreement also observed with MG5-simulated
events without PDF (no-PDF option), i.e. direct yy and qq scattering




Hlustration by Sandbox Studio, Chicago with Corinne Mucha
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Simulation setup

» Proton-to-proton collisions at Vs = 13 TeV
Monopole mass M=1.5 TeV
All three spin cases considered

Magnetic charge set to minimum: 1 g,

Parton distribution functions (PDFs)
= NNPDF23 at LO for qq (Drell Yan)

s L,UXqged for yy

Only for spin-0 and
spin-1 monopoles

k Four-vertex PF process/

Drell-Yan M

sl
I \Q

DY monopole production

q
ge
.
g + < i
g > M
i
de
q

q

Three-vertex PF process
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Spin 0: kinematic distributions
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> E | ? ? QT E | | | ? ‘
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kinetic energy (GeV) n

* DY events are characterised be a slightly “harder”
spectrum and are more centrally produced than PF
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Spin %: kinematic distributions

(s=13 Tev (s=13Tev
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» DY events have a significantly “softer” spectrum than PF
» Angular distributions are similar
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Spin 1: kinematic distributions

Vs=13 TeV -
%1055 : : : : : : 81055 : : : : \E1:3Tev
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kinetic energy (GeV) n

» DY events are characterised be a slightly “harder” spectrum and are
more centrally produced than PF

« PF-DY comparison similar to scalar monopoles
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Cross section comparison

 Photon fusion most abundant than DY for almost the
whole mass range at LHC energies

o important to be included in future interpretations of
searches at colliders

{s=13 TeV {s=13 TeV . Vs=13Tev
5 19F = 10F = 10F
e 1oF DY 2 10F §. DY S 10F DY
5 10°F ¥ photon fusion (PF) | 1§ 10°F ¥ photon fusion (PF) | |'§ 10°F Y....photon fusion (FF)
B 10°F i DY+PF S 10°F i ~DY+PF S 10°F i DY+PF
% 1025 g 102 T g 102
5 107 T \.\ 5 4 S 5 4l \.\ X
< 10 > & 104 -
10° 10° s S 10
1078 \.\ X, 10°8 E& 1 078: i S
10“°E b 10710k \ 10"05 }
1072 \\ 10712 1072
107F Spin 0, p-dependent 107 Spin 172, B-dependent 10 Spin 1, p-dependent
10—167 \ 10,157 \. 10—167 \
10718: \‘ 10718: 10—18:
107207‘ I I — L1 1 I I — L1 1 I t L 10—207\ I L1 1 I L1 1| [ R 1 10—207\ I I I L1 1 L1 1 1
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000

Monopole Mass (GeV) Monopole Mass (GeV) Monopole Mass (GeV)
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Testing perturbativity criterion — spin %

» Cross sections for yy direct scattering

* For spin 2 indeed al small monopole velocities and large
K the cross section remains finite

k> oo
Monopole B vy = MM, o (pb)
mass (GeV) k=0 k=10 k=100 £ = 10,000

1000 |0.9881] 1.37 x 10° + 4.6 x 10% |1.639 x 10%* 4+ 3.3 x 10%'[1.639 x 10%® + 3.3 x 10%°|1.639 x 10%® + 3.3 x 1033
2000  |0.9515(8.303 x 10 +4.5 x 10%| 1.61 x 10%* £ 3.1 x 10%* | 1.61 x 10%® £ 3.1 x 10%® | 1.61 x 10%¢ £ 3.1 x 10*3
3000  |0.8871] 4.78 x 10* £ 3.5 x 10% |1.356 x 10%* £ 2.5 x 10%1[1.356 x 10%® £ 2.5 x 10%%|1.356 x 106 + 2.5 x 1033
4000  [0.7882(2.237 x 10* £ 1.9 x 10%|8.612 x 10%® £ 2.1 x 10?!|8.613 x 10?7 £ 2.1 x 10°(8.613 x 10*° £ 2.1 x 103
5000 0.639 6396 + 61 3.154 x 102 £ 1.1 x 102} [3.154 x 10%" +1.1 x 10%°|3.154 x 10%° £ 1.1 x 10*®
5500  |0.5329 2256 + 22 1.247 x 102 £4.5 x 102°]1.247 x 10?7 £ 4.5 x 10%4|1.247 x 103° + 4.5 x 1032
5800  |0.4514 886.5 + 7.8 5.28 x 10?2 £ 2.5 x 10%° | 5.28 x 1026 £ 2.5 x 10** | 5.28 x 103* £ 2.5 x 10*?
6000  |0.3846 367.2+3 2.294 x 1022 £ 7.6 x 10'9{2.294 x 1026 £ 7.6 x 10%3{2.294 x 10%* £+ 7.6 x 103!
6200  |0.3003 97.19 £ 0.77 6.43 x 10?1 £ 3.3 x 1019 | 6.43 x 10%° £ 3.3 x 102 | 6.43 x 1033 £ 3.3 x 10**
6400  |0.1747 5.846 + 0.025 4.065 x 102° £ 1.5 x 10'®[4.065 x 10%* + 1.5 x 1022{4.065 x 1032 £+ 1.5 x 10*°
6490  |0.0554| 0.017 £2.27 x 107° |1.27 x 10*® £ 8.74 x 10'*[1.27 x 10?2 £ 8.74 x 10'®|1.27 x 10%° £ 8.74 x 10%¢

B—>0
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Perturbativity limit — spin %

» Kinematic distributions different between SM case (K = 0) and large K

« Similar distributions for large K makes “perturbatively friendly” case easy to test
at colliders

» Slow-monopole condition may be satisfied if experiment is sensitive to such
monopoles

s MOoEDAL nuclear track detectors can inherently detect highly-ionising
particles, such as magnetic monopoles, only if the are slow moving
I I

w (5=13TeV , ls=13TeV . ls=13TeV
310 E >10 I E "0_10 E I I
o 10°% BK=0 8 F —a— k=0 % E —a— K=0
C 1:000) - ~_ - ~_
2 10 e g r I g T R=100
§ K=1000( L1oe —— k=10000 =l i —a— ®=10000 |
) 102 q>) F 3 X3
%) y & I L L= =
O A + - -
o1 'Y -X- -x-
Sy 10° - - 10°E - - .
10°E B E ot -.H B ==Y s B
0EY T . ‘v‘ - " ‘.x'i- i i Ral= & =
1 oE e 4 10* i; - I, 3 10°E - E
10 ; ‘\-\.1‘ | E’ .ﬂ‘ VXX** ; E - = ¢l* ]
10'°E A | i T ¥ |
= Photon: fusion; spin:-1/2 10; Photon fusion, 1 g # — 10 * :L Photon fusion, 1 g y -
102 E it . E D * Y + S D 4 3
E p-aependent \ ESpin 1/2, (B-dependent) * ﬁ ] £ 4T Spin 1/2, (B-dependent) *Tﬁ
10%E L M = 1500 GeV ﬁ + w r T M = 1500 GeV ”l l:
S 1 \ \ ; \ \ \ \ el
1000 2000 3000 4000 5000 6000 0 2000 4000 —4 —2 0 2 4

Monopole Mass (GeV) p, [GeV] pseudorapidity
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Testing perturbativity criterion — spin 1

» For spin 1 at small monopole velocities and large k cross section
remains finite

» Just as for spin %2 monopoles

K — oo
Monopole B vy — MM, o (pb)
mass (GeV) k=1 x = 100 x = 10,000

1000  |0.9881|1.086 x 107 + 1.4 x 10°| 4.939 x 10'® £ 1 x 10'® |5.033 x 10*® + 2.1 x 10%!
2000  [0.9515[2.275 x 10° + 1.6 x 10*]2.844 x 10 + 4.9 x 10! |2.879 x 10?2 £ 9.8 x 10'°
3000  |0.8871[7.198 x 10° + 6.6 x 103]4.518 x 103 + 1.5 x 101 |4.536 x 10%' +£ 1.2 x 10'°
4000  |0.7882]2.273 x 10° +2.2 x 10%|9.079 x 102 + 2.7 x 10'°]9.002 x 10%° + 3.2 x 10'®
5000 0.639 [5.232 x 10* +4.9 x 10%] 1.513 x 102 +£9.2 x 10° | 1.5 x 10%° £ 9.3 x 107
5500  [0.5320[1.785 x 10* + 1.6 x 10%| 4.49 x 10 £ 1.7 x 10° [4.466 x 10 +2.9 x 10'7
5800  |0.4514 7118 + 62 1.658 x 10* +1.1 x 10° [1.624 x 10'° £ 8.4 x 10'°
6000  |0.3846 3025 + 24 6.72 x 1010 £ 2.5 x 10® 6.627 x 10'® £ 3.7 x 10°
6200  [0.3003 836.9 + 6.3 1.764 x 101 +1 x 10® | 1.733 x 10*® £ 1 x 10'°
6400  |0.1747 53.42 + 0.23 1.066 x 10 3.9 x 10° | 1.05 x 107 £ 3.8 x 10'*

1l 6490  |0.0554|  0.1694 + 0.00065 3.293 x 10% £ 5.6 x 10% |3.244 x 10'* £ 5.6 x 10!

B—>0
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Perturbativity limit — spin 1

» Kinematic distributions same between SM case (k = 0) and large k (unlike spin %)

» Similar distributions for large kK makes again “perturbatively friendly” case easy
to test at colliders

» Slow-monopole condition may be satisfied if experiment is sensitive to such

monopoles
= MOoEDAL nuclear track detectors can inherently detect highly-ionising
particles, such as magnetic monopoles, only if the are slow moving y fusion
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9 jooF >10E x 3 W0 ! \ \ E
= E K= 0] —— k=1 % —m— k=1 3
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Conclusions & outlook

» Cross-section calculations for colliders have been performed
s photon fusion and Drell-Yan processes
« vy fusion least studied and used in searches
* vy fusion more abundant at LHC than DY
= novel features
- boost-dependent photon-monopole coupling
* magnetic-monopole parameter K
» MadGraph implementation performed for the first time for photon
fusion
» Perturbativity: the photon-fusion cross section remains finite and the
coupling is perturbative at the formal limits B ->0and k -> oo
» Possibility to interpret the cross-section bounds set in collider
experiments in a proper way, thus yielding sensible monopole-mass
limits
More info at: arXiv:1808.08942 [hep-ph]



http://arxiv.org/abs/arXiv:1808.08942
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Thank you for
your attention!
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MoEDAL detector

DETECTOR SYSTEMS

(1) Low-threshold NTD
(LT-NTD) array
« z/B>~5-10
@ Very High Charge
Catcher NTD
(HCC-NTD) array
e z/B>"~50
@ TimePix radiation
background
monitor

4 Monopole Trapping

MoEDAL is unlike any other LHC experiment: detector (MMT)

= mostly passive detectors; no trigger; no readout

= the largest deployment of passive Nuclear Track Detectors (NTDs)
at an accelerator

= the 15 time trapping detectors are deployed as a detector
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Physics program a )

MOoEDAL physics program
Int. J. Mod. Phys. A29 (2014) 1430050
[arXiv:1405.7662]

Bethe-Bloch formula

Magnetic
charge monopole
g = Z/B SUSY s & dyons KK extra
velocity: B = v/c R-hadrons <, dimension
slepton models
MoEDAL detectors have a threshold of z/ ~ 5 - 10 / \

High ionisation (HI) possible when: Doubly
charged

. . D-matter
= multiple electric charge (H**, Q-balls, etc.) Higgs

o very low velocity & electric charge, i.e.
Stable Massive Charged Particles (SMCPs) \
Black-hole

= magnetic charge (monopoles, dyons) =
ngp=n X 68.5 X e

*+ asingly charged relativistic monopole has
ionisation ~4700 times MIP!

remnants

Particles must be massive, long-lived & highly ionising to be detected at MoEDAL



