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Key feature: high ionisation

charge

e =z/B

velocity: B =

Electric charge

Bethe-Bloch formula

High ionisation (HI) possible when: MoEDAL detectors have
= multiple electric charge (H**, Q-balls, etc.) =n x e a threshold of 2/ ~ 5
= very low velocity & electric charge, i.e. Stable Massive Charged Particles (SMCPs)

= magnetic charge (monopoles, dyons) = ngy=n x 68.5 x e

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

= any combination of the above

dE 7 S 2mc' B’ Klgl ]

_E = K;‘-g7 |_l / T— 5— B(g) Magnetic charge

m Ahlen formula

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



Corfu 2016 V.A. Mitsou

The MoeEDAL cetector
COMPONECRES
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MoEDAL detector

DETECTOR SYSTEMS

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

MOoEDAL is unlike any other LHC experiment: (@ Monopole Trapping
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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& HI particle detection in NTDs

The passage of a highly ionising particle through the plastic L/%frk

track-etch detector (e.g. CR39®) is marked by an invisible | ot 7

damage zone (“latent track”) along the trajectory B

The damage zone is revealed as a cone-shaped etch-pit when =

the plastic detector is etched in a controlled manner w“m j))) | :
Sl ST

Plastic sheets are later scanned to detect the etch-pits

Z/8 o
original surface
CR39 Alivainliin BadERlt % .
3 sheets each 4~ | i
500 um thickX{ T T :
MAKROFOL 5 ; i
3 sheets each : /
200 um thick |

Looking for
aligned etch pits
in multiple sheets
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2012: LT-NTD
NTDs sheets kept in boxes mounted

onto LHCb VELO cavern walls

2015-2016: LT-NTD
Top of VELO cover
Closest possible
location to IP

2015-2016: HCC-NTD
Installed in LHCb acceptance
between RICH1 and TT
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TimePix radiation monitor

» Timepix (MediPix) chips used to measure online the

sensor chip (e.g. silicon)

high resistivity n-type silicon

radiation field and monitor spallation product Sconjayer ,. aluminjum layer
background oo N |

solder bumps

» Essentially act as little electronic “bubble-chambers”
» The only active element in MoEDAL

Energy [keV] singlepisel

> 5 “ R
o i
Z 200r
(o] i 10?
X
o _ | 2015 deployment

1000 - of MediPix chips

- R B in MOEDAL

| Lo >| R R
% 100 200
N. Of Events: 28 PIXG| NO X

* 256x256 pixel solid state detector
* 14x14 mm active area

Sample calibrated frame in MoEDAL TPX04 » amplifier + comparator + counter + timer
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MMT: Magnetic Monopole Trapper

Superconducting

» Binding energies of monopoles in nuclei Coil
with finite magnetic dipole moments of (100 keV)

« MMTs analysed with superconducting (ixea 10 bet

guantum interference device (SQUID) h

 Material: Aluminium

Conveyor Belt ———>

~

‘ /
= large nuclear dipole moment o
o relatively Cheap N (selsor and electronics)

» Disadvantage: rather low geometrical acceptance

» Advantages:
o speed: SQUID measurements & analysis take ~2 weeks
= complementarity: totally different concept from NTDs
=» different systematic uncertainties
s magnetic charge measurement with < 5% precision

= Bonus: monitoring for decay products of trapped
electrically-charged particles at underground laboratory
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MMTs deployment

2015-2016
2012 . Installef:l in new locations
11 boxes each containing 18 Al rods of * Approximately 8.00 kg of Al
60 cm length and 2.54 cm diameter (160 kg) * Total 2400 aluminum bars

LHC bea? pipe; interaction point —= (Xx)




Results en menepole mass & charge

from MMT 2012 run

First MoEDAL results!
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Magnetic monopoles

* Motivation
= symmetrisation of Maxwell’s egs.
= electric charge quantisation

* Properties
= magnetic charge =

coupling constant = g/hc ~34

= spin and mass not predicted

Without Magnetic
Name With Magnetic Monopoles
Monopoles
Gauss's law: V. E = 4rp. V- E = 4rp.

Gauss' law for

<1
o]
II
o
<
oy

magnetism:
Faraday's law of . . BB . - OE @
induction: ~VxE= ot VX E= ot
Ampere's law . .

. . - - OF - - = OF -
(with Maxwell's VXB=§+4ﬁe VXB=§+47&'6

extension):

> HIGHLY IONISING

-

q M
Production \ Y
mechanisms

in colliders g M

Drell Yan mechanism

NS

q
\N"\N\Y
M

- M
p p I— q

J

Photon fusion Box diagram

MoEDAL improves reach of monopole searches w. J]
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Magnetometer measurement procedure

» Output measured before, during, and after passage of sample through sensing
coil
» Subtract measurement with empty holder

» Persistent current: difference between resulting current after and before —
= if other than zero - monopole signature

= 4 e 000 . E T e E
g 2 MoEDAL 7 empty sample holder  —| E 2;* MoEDAL i
5 o = 3 o =
g 2 - 3 2 E
s 4 E s 4 3
(O] - . (O] = 1
% 6? E § -65_ —4— sample _E
£ 8— - £ -8C .
10— = 10= e sample + 19, pseudopole
12 3 12 sample - 1g pseudopole —|
-14:7\”&1u\IHH\lu\M|HMHJMH.JH\.IHHIH\T: -14}‘““““"""""""”"““““““““““7:
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
longitudinal position (mm) longitudinal position (mm)
Sample holder only Typical sample after subtracting holder

& pseudo monopole curves
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measured persistent current (%
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MMT 2012 analysis

» Analysed with SQUID at ETH Zurich

» Excellent charge resolution (< 0.1 g,) except for outliers

Detector: prototype
of 160 kg of Al rods

Exposure: 0.75 fb!
of 8 TeV pp collisions
\ PP '

= small occasional (2%) offset jumps due to known instrumental effects

= multiple measurements of outliers yield currents consistent

with zero

Persistent current after first passage for all samples
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E | , part of Box 3 \ . E
0.2 ' °o| ' —
— 1 1 1 =
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0 1:_ ' Ol o ° 5 ' ' o0&
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JHEP 1608 (2016) 067

[arXiv:1604.06645]
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measured persistent current (%)

No monopole with charge > 0.5 g obsh
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Geometry description

z=-145cm
—_ —_ = 0.2 —
€ S © B 3
3] X & F X,
2100~ I = = B I 105
c L - ) 01j = / . E
2 MemAL - 2|  LHCb VErtex —& [ Ve=on 7 l §
c = w
o 3 o < N
a L / Locator s I - 5
© 50— g c= k - o
b / 70 2 (VELO) o -0.1 Bt b p
> L o f‘i > B 2
f i et N e g
om — ) s MMT F / \ |
i = /‘E/ coverage i3 \ .
B I = s ¥ :
. R 11 3 0.4 |
50 ] 2 E
L 3 £ 10"
L < -0.5_
o Lo
5 E
100 5 068
B T C
| | ‘ | | | | | ‘ | | | ‘ | 10’12 _0 77\‘\\\\‘\\\\‘ | \‘\\\\‘\\\\‘ \\\‘ \\\‘\\\\‘
450 -100 -50 0 50 g 04 -03 02 -01 0 01 02 03 04

longitudinal position z [cm] horizontal angle 6, [rad]

» Good knowledge of material
between IP and detector
essential to determine
monopole stopping position

» Geant4 used for simulating
monopole propagation in the
material

JHEP 1608 (2016) 067
[arXiv:1604.06645]
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Monopole event generation

Two production processes DY spin-1/2 DY spin-0
. o 2000 [
e SIn IE'm i %1 F MoEDAL Simulati TE 9000 2000ﬂ T . 900
g 0n0p0|es W|th EQN 1Zggi DY Spin.1/21mmuj:%r(1) GeV 8000 1800~ OEDAL Simulation E 0
ﬂat e d) and E . il o B 7000 1600F DY spin-0, m = 100 GeV 5 8000
. ’ kin 1202; m = 100 GeV 6000 14005 = Moo
distributions 1000F- so0o 12005 M =100 GeV El
800} a000 0°F =1
= used to set model- 600F- so00 F = 000
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= 200F- 3" 000
. . o= ]
. 2 g ~ 0 E
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. Q 1400 ] E = 7000
- = = 1400 m
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— 1000k M., 200 M =1000 GeV E
i ; . . 5 F E 1000(~ 3 5000
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JHEP 1608 (2016) 067 [arXiv:1604.06645]
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Simulation of monopole propagation

entries

Handled by Geant4 within LHCb software framework

Acceleration in magnetic field implemented, but not relevant for 2012 trapping detector
location

Velocity dependence of ionisation energy loss in matter implemented for magnetic
charge: modified Bethe-Bloch, Ahlen formulas and interpolations

Trapping criterion: B < 10°3; tested with =102 limit

Radiative effects significant only for By > 70 - neglected FIEP ST 20, 057

[arXiv:1604.06645]

3 3

300’7‘1‘0 —— . @ 300’51‘0 —— T .
. MoEDAL Simulation . E MoEDAL Simulation 7
250 DY spin-1/2 monopole — o 250 :— DY spin-0 monopole —:
E —m =100 GeV ] C —m =100 GeV ]
2001 DY spin-l/z ---m = 1000 GeV — 200 DY spin-0 ---m = 1000 GeV —
E m = 3000 GeV . - m = 3000 GeV .
150 = 150 =
100~ = 100F- =
50} = 501 =
0 7' SN —t L L . ! [ .

0 2 4 6 8 10 12 8 10 12

=

=
=
=
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Trapping acceptance — Drell-Yan production

» Acceptance = probability (per event) that at least one monopole stops in the
trapping detector

» Obtained by propagating pair-produced monopoles through geometry
description for each mass and charge

» Uncertainties in acceptance estimated for each mass and charge separately

m]

m]

m]

m]

[m]

MC statistics: 1-9%

dE/dx systematics B < 0.1 region: 1-9%

dE/dx systematics B > 0.1 region: 1-7%

MMT position systematics: 1-17%

material budget systematics: 1-100% (dominant)

» Charge and mass points with > 100% systematics (corresponding to < 0.1%
acceptance) not included

= this is the case for 5g, and 6g, (all masses)

m]

also for 3g, and 4g, low and high masses

JHEP 1608 (2016) 067 [arXiv:1604.06645]
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Trapping acceptance — Drell-Yan production

100  0.019+0.003 0.002+0.002 — —
500 0.0170.001 0.021+0.005 0.005+0.003 —
” 1000 0.014+0.001 0.022+0.004 0.008+0.004 0.002+0.001
2000 0.012%0.001 0.022+0.003 0.008+0.004 0.001+0.001
3000 0.016+0.001 0.013+0.004 0.002+0.002 —
3500 0.020+0.001 0.004+0.003 — —
100  0.028+0.002 0.007+0.004 — —
500 0.0082+0.0010 0.027+0.004 0.010+0.005 0.002+0.002
1000 0.0038+0.0007 0.022+0.002 0.011+0.004 0.003+0.002
° 2000 0.0020+0.0004 0.014+0.001 0.008+0.003 0.002+0.002
3000 0.0032+0.0007 0.008+0.002 0.002+0.002 —
3500 0.0069+0.0007 0.004+0.002 — —

JHEP 1608 (2016) 067 [arXiv:1604.06645]
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Trapping acceptance — model-independent

» Estimating detector acceptance without model assumption for monopole kinematics
« Map in E,f"versus 6, averaged over -2.7 < ¢ < -0.5 (MMT2012 coverage)
» Fiducial regions: rectangles with 40% average efficiency and < 15% standard deviation

MoEDAL S|mu|at|on 1 g m = 1000 GeV MoEDAL Slmulatlon 2 g, m=1000 GeV MoEDAL Slmulatlon 3 g, m= 1000 GeV
S 1200 T w SEmS’ 3§ = 4000 SRR @ 5 10000 T 07 g
[} L -27<¢<-05 ] g E -27<¢<-05 — 3] 2 o :_-27<¢<-05 E 2
) § & E . ] £ & 9000F ] 5
= r 106 5 = 3500 -~ - L = E IS0 =
£, 1000 - & < F = E @ £~ 8000F = 2
. - ] g W 30005 + E gu 2 E g
L § ® E = ] @ 7000F 35795 ®©
800 B 2 8 = E 2 c E 2
: {5 20 = | peg 00 EI
6001 - 9 2000E- = 3 S  5000F = 9
r— - q (%] E 3 n = 3 03 N
> E 1500 = 4000 El §
8 . ] B ] 3000E =y
—_ 200 ; ] 1000 E_ _E 2000 ;* é
£ - ] 500 E 1000F =
- C ] & ] E - ‘ E
C L1 T Lo e " A R L M Lo PR L1 L
i 94 92755 26 58 29 3 92755 26 27 28 28 3 °
MoEDAL Slmulatlon 4g,ms= 1000 GeV MoEDAL Slmulatlon 5 gD, m = 1000 GeV MOEDAL Slmulatlon 6g,m= 1000 GeV
5 10000 T = g 5 10000g~— e : el = . El
8 9000E 3 s 3 90003—'27<¢<°5 3 = }‘27<‘1’< 05 = g
< B E & o g El el £ I 2
'anN 8000; E g y 80005— _E § ; E g
7000F 3 © 7000F H0505 ® E 5705 ®
g E > B E = g E >
6000E = i 6000 = s B = = o4 B
= = Q. C = Q C 3 Q
5000F = ie] 5000 — ie] — el
g 3 Z F 3 oz @ 3 oz @
4000 = 4000; = . =
3000E = 30001 o2 o2
2000F- = 2000E ] 2000F 3
E 3 = 7 0.1 E 3
10005 = 10005 5 8p - 1000= 6gp -
E. B E . .. d E | | Ll | T
934 9455 56 27 28 29 945556 27 28 29
0 [rad] 0 [rad] 0 [rad]
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Cross section limits versus mass

— 10° DY spin-1/2 — 10° DY spin-0
e ; L L B s B B _ E £ g L1V LU L B B R e _ E
© C {s=8TeV,0.75fb" L a o B {s=8TeV,0.75fb" L 1
10* = 10* E
- E S T —— x E
L v 4 e N — et 1
1 03 L %t 1 03 R N N __+_u *t
= T e e
- m— S + ] A N N\ ——— e ]
2 ] 20 ]
10 E LODYspin12  95%CLLimits - 10 E LO DY spin 0 95% CL Limits
- —1g, 1, ] - —1g, +1g, ]
0L —2g, H2g, 10 —2g, *2g, -
: I : I
Lovv v v b Py 1 INSNC P b ey I Lo by DN e b b ey 1
1 0 500 1000 1500 2000 2500 3000 3500 1 0 500 1000 1500 2000 2500 3000 3500
Mass [GeV] Mass [GeV]

Limits extend up to masses > 2500 GeV for the first time at the LHC

* reminder: shown (tiny) LO DY cross sections are not reliable
= makes sense to probe and constrain very high masses

JHEP 1608 (2016) 067 [arXiv:1604.06645]
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Cross section limits versus charge

G [fb]

I . l

1055\ L L — \II L B DY Sp|n—1/2 WI

- L {s 48 TeV, 0.75 fb” A

10 . =

- ' -

s n

10 = E

- i

10 - EI

= — & |

B I 95% CL Limits :I

10 LO DY spin 12 ~+-100 GeV  -#-500 GeV =
E — koo cev 1000 GeV  ->-2000 GeV

u —hooo Gev 53000 GeV 43500 Gev I

1 L1 | | I |! I I ‘ I ‘ | I | | I ‘ I ‘ | | I

1 .F 2 2.5 3 3.5 4 4.§

I Charge [g_]I

also covered by ATLAS search

G [fb]

10°

10*

10°

10°

10

[ .

E\ T T \I\ L Y B I B DYSp|n—0 W
/s 48 TeV, 0.75fb" 1
MoEDAL -

I E
| rE % E

=SERRRTIIT S NPT EERMATIIT B WU MEURETI::: R

/,’*"”r _______ e e ' 95% CL Limits
I T 4100 GeV - 500 GeV |
1000 GeV  -< 2000 GeV
LO DY spin J
— 500 Gevl
1000 Gef o

T I\IHH‘ I HIIHI‘ T \I\HH| T \I\HH| T

1 IJIJHI‘ LU Ll

Jlirrlllll!llll‘\J\]‘IIII'II\I‘l\\J‘l]JIl

1 § 2 25 3 35 4 4§
I Charge [g_]I

Limits extend up to magnetic charge > 1.5g,

o first time at the LHC
= up to 4g,

JHEP 1608 (2016) 067
[arXiv:1604.06645]
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Mass & cross-section limits

» Mass limits are highly model-dependent
= Drell-Yan production does take into account non-perturbative nature of the
large monopole-photon coupling

DY lower mass limits [GeV] lg]| = 2g, lg] =38,

spin 1/z

_ 420 600 560

« Limits for |g| = g, weaker than recent ATLAS 8 TeV analysis (for same
production assumptions):
= 1340 GeV for spin-1/2 and 1050 GeV for spin-0 [arXiv:1509.08059]

« World-best limits for |g]| > g,
= previously ~400 GeV at Tevatron [e.g. CDF hep-ex/0509015]

* Model-independent upper limit of 10 fb on monopole production with
charge up to 6g,

JHEP 1608 (2016) 067
[arXiv:1604.06645]
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The LHC MoEDAL experiment publishes its first
paper on its search for magnetic monopoles

Search for magnetic monopoles with the MoEDAL
prototype trapping detector in 8 TeV proton-proton

collisions at the LHC
10 Aug 2016

The MoEDAL collaboration

B. Acharya,®” J. Alexandre,® K. Bendtz,”! P. Benes,* J. Bernabéu,” M. Campbell,®*
S. Cecchini,” J. Chwastowski,/ A. Chatterjee,’ M. de Montigny,? D. Derendarz,”

A. De Roeck,?® J. R. Ellis,>® M. Fairbairn,® D. Felea,” M. Frank,® D. Frekers,’

C. Garcia,® G. Gi Ili,*! D. Hasegan,’® M. Kalliokoski,* A. Katre,! D.-W. Kim,™
M. G. L. King.,® K. Kinoshita,” D.H. Lacarrére,% S. C. Lee,™ C. Leroy,” A. Lionti,’
A. Margiotta,* N. Mauri,” N. E. Mavromatos,® P. Mermod,*? D. Milstead,":!

V. A. Mitsou,® R. Orava,” B. Parker,” L. Pasqualini,® L. Patrizii,” G. E. Pavilas,”

J. L. Pinfold,9 M. Platkevit,* V. Popa,” M. P, “ S. Pospisil,* A. Rajantie,”

Z. Sahnoun,”? M. Sakellariadou,” S. Sarkar,” G. Semenoff,” G. Sirmi,* K. Sliwa,*

R. Soluk,9 M. Spurio,® Y. N. Sri ‘R. S ki,/ M. Suk,* J. Swain,*

M. Tenti,” V. Togo,” M. Trzebinski,” J. A. Tuszynski,? V. Vento,® 0. Vives,®

Z. Vykydal,* T. Whyntie,’* A. Widom,! G. Willems’ and J. H. Yoon"

* Theoretical Particle Physics & Cosmology Group, Physics Dept., King’s College London, UK.
b International Centre for Theoretical Physics, Trieste, Italy

SIFIC, Universitat de Valéncia — CSIC, Valencia, Spain
4= Brperimental Physics Department, CERN, Geneve, Switzerland

4 Theoretical Physics Department, CERN, Geneve, Switzerland

4 Beams Department, CERN, Geneva, Switzerland

=INFN, section of Bologna & Department of Physics & Astronomy, University of Bologna, Italy
 Institute of Nuclear Physics Polish Academy of Sciences, Cracow, Poland

§ Physics Department, University of Alberta, Edmonton, Alberta, Canada

R Institute of Space Science, Bucharest — Mégurele, Romenia

ia Department of Physics, Concordia University, Montréal, Québec, Cenada

* Département de physique, Université de Montréal, Québec, Canada

J Physics Depar , University of M . Germany

EIEAP, Czech Technical University in Prague, Czech Republic

K8 Magnetic monopoles and dipoles (Image: CERN)

Geneva, 10 August 2016. In a paper published by the journal JHEP ¢ today, the MoEDAL experiment at CERN* narrows
the window of where to search for a hypothetical particle, the magnetic monopole. Over the last decades, experiments

have been trying to find evidence for magnetic monopoles at accelerators, including at CERN’s Large Hadron Collider.

Such particles were first predicted by physicist Paul Dirac in the 1930s but have never been observed so far.

;A.unociane member.
“Today MoEDAL celebrates the release of its first physics result and joins the other LHC experiments at the discovery ,gms thor.
frontier,” says Spokesperson of the MoEDAL experiment, James Pinfold.
T ag ple vith two arge PO p_<n maene ag with two nole 3
Oren Access, © The Authors. -
http://home.cern/about/updates/2016/08/moedal-closes-search- Article funded by SCOAP®. doi:10.1007/ THEP08(2016)067

magneﬁc-parﬁcle T —




Physics goals for MeEDAL

*  beyond magnetic monopoles
* emphasis on supersymmetry
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Complementarity of MoEDAL & other LHC exps

MoEDAL

MoEDAL is desighed to
detect charged particles, with
effective or actual z/p3 > 5

* As it has no trigger/electronics
slowly moving (p < ~0.5) particles
are no problem

One candidate event should be
enough to establish a signal

' (no SM backgrounds)

MoEDAL strengthens & expands the physjf_\
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MoEDAL sensitivity

Cross-section limits for magnetic and electric charge assuming that:

=~ one MoEDAL event is required for discovery and ~100 events in the other LHC detectors
o integrated luminosities correspond to about two years of 14 TeV run

14 TeV PYTHIA Drell-Yan, m=1000 GeV 14 TeV PYTHIA Drell-Yan, m=1000 GeV

108 108

) E T ™3 o) T R —— 3
s ALICE i - ]
& 10°¢ | = s 10— E
B " E B E E
o 100k : - & 100k -
A E d E o 10°F E
n F H e (7] F =
s 10 : = c 10°g =
EL : E ELHCb 3

102 E 10° E
ATLA ] EATLA MoEDAL ]

10 E 10 5

TEN—" .. ATLAS and CMS beam p.pes? 1 E
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De Roeck, Katre, Mermod, Milstead, Sloan, EPJC72 (2012) 1985 [arXiv:1112.2999]

MoEDAL offers robustness against timing and
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LHC sensitivity to sparticle direct production

» Metastable particles = they live long enough to Integrated luminosities needed for
pass through detector discovery at LHC at 14 TeV (solid),
« Detection in ATLAS and CMS 10 TeV (dashed) and 5 TeV (dotted)
= large ionisation energy loss dE/dx, e.g. time-over- * signal efficiency of 20% (5%) for
threshold in ATLAS Transition Radiation Tracker electrically charged (strongly

interacting) SMCPs

= nuclear interactions (R-hadron) in calorimeters
* 1 bkg event for 100 pb!

= delay (time of flight) reconstructed in muon
chambers
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Raklev, Mod.Phys.Lett. A24 (2009) 1955
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Long-lived sleptons — GMSB

. Gaugg-mediated Supersymmetry- . 7 7 10 yrs
Breaking (GMSB) _ /// 1yr
* Stau NLSP decays via gravitational ~_ 10° // v month
interaction to gravitino LSP ;;104 ' % // day
=» naturally long lifetime § 9 \,@G/ew( // ] hour
=» LSP dark matter candidate = 10 , '//L@(}/QQQ 2 min
 Long-lived staus S //\%,Q sec
= may be slow-moving when B //
produced at LHC 107 A

. . . . -3 -2 -1 2 3
= =¥ high ionisation S ey 010
- - 1 m2 m2 . Hamaguchi, Nojiri, De Roeck,
I'(l—IG) = L I [— € JHEP 0703 (2007) 046 [hep-ph/0612060]
48T M2 m}, m?

2
m-=

4
average distance 1 (100GeV\® [ VF/k o , .
travelled L= Ky ( m ) (100TeV —5 —1x107%m VF s 10° GeV
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Long-lived sleptons — CMSSM

» Stau becomes long lived in MSSM when 33402
m(%) - m(%,°) < m(x) £
¢ Coannihilation region in CMSSM zsoé s
+ Consistent with cosmological constraints 260f :".-._

» Lepton Flavour Violating (LFV) elements

. . 220 — —:
in slepton mass matrix may decrease stau ; :
. . 200 —
lifetime : ]
180—|»||||||||||||||||||||||||||||||||||4—
AN [RR/LL 400 500 600 700 800 900 1000 1100
ce . M, , (GeV)
( RR/LL)O’B =7 e - ;
J\[ \[ /Ld :_'_' ........ ILARARRRRE IRALERRERE] |RRARERERES IRRLRAREL R | AR AR RS E
N ..
- Stau remains metastable in large regions B 2 E, ]
of parameter space 2 < :
2 S _of _ 2
92 e N2/ L |2 R |2 % b [atecey
P2-body = 5——(0m)"(|9101]" + [91a1]"); € epOm lggmey :
mmsz, 18 .
Kaneko, Sato, Shimomura, Vives, Yamanaka, T N _101_845“"_2
02(811),.;

PRD87 (2013) 039904 [arXiv:0811.0703]
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R-hadrons
* Gluinos in Split Supersymmetry /1 TV 5
o |ong-lived because squarks very heavy T~8 (I()Qmﬁ) ( m? ) S
g9

= possible gluino hadrons: R = 2qq, 29qq, 22
= gluino hadrons may flip charge as they pass
through matter
. S0 & T ; m(stbp) | | | | ]
e.g., 8uu + uud - guud + uu o oo ey 400 GeV |
- o may be missed by ATLAS and CMS ]

Diaz-Cruz et al, JHEP 0705 (2007) 003

10 10

s F

* R-parity violating SUSY 107}
n"'RV = A;GkUiDJDk + A;]kIAQ]Dk . )\UkLtL]Ek + #1L1H. :%\ 10 """"""""""
© 500 GeV
= if A or A”’#0, stop NLSP case = stop R-hadron 1
- metastable charged particle in material i
- detection in MoEDAL, if sufficiently slow 1~ D> t~6
« Moreover R-hadrons may be “trapped” in MMTs T m AN
mg (GeV)

and decay at later times =® monitoring of MMTs after SQUID tests
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Why MoEDAL when searching SMCPs?

» ATLAS and CMS triggers have to

s rely on other “objects”, e.g. E;™$, that accompany SMCPs, thus limiting the
reach of the search

- final states with associated object present

* trigger threshold set high for high luminosity
= develop specialised triggers

* dedicated studies needed

- usually efficiency significantly less than 100%

» Timing: signal from (slow-moving) SMCP should arrive within the correct
bunch crossing

 MoEDAL mainly constrained by its geometrical acceptance
» When looking for trapped particles

= monitoring of detector volumes in an underground laboratory has less
background than using empty butches in LHC cavern
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Summary & outlook

» MoEDAL is searching for (meta)stable highly
ionising particles

= |east tested signals of New Physics

o predicted in variety of theoretical models

= design optimised for such searches
* unlike other LHC experiments

= combining various detector technologies
* First physics results just published in JHEP

* Looking forward to many more
results from Run-Il and beyond

= for other monopole production processe
s with NTDs
= for electrically-charged particles



Spares
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NTD scanning results

d . NaOH+ 1% ethyl alcohol

(a) Makrofol etched in 6N NaOH at  (b) Makrofol etched in 6N KOH with addition of
50 C for 95 hours 20% ethyl alcohol by volume for 8 hours

o
( Evident that with KOH the surface defects are drastically
reduced and the sheets are more transparent
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Analysis procedure

+ Track diameter: . L " F:\s;\ f,M:S::;rm SARV
+ D = 2v[(v,-vg)/(v,+vg)] 12

+ Track depth: o CR39 b
+L=(v¥p) t I

+ Reduced etch rate: [ Alaminim b
+p=valy, 7 Makrofol ! |

Electrically-charged particle: dE/dx ~ B2 = slows down appreciably within NTD
=> opening angle of etch-pit cone becomes smaller

Magnetic monopole: dE/dx ~ In3

= slow MM: slows down within an NTD stack =2 its ionisation falls => opening angle of the
etch pits would become larger

= relativistic MM: dE/dx essentially constant = trail of equal diameter etch-pit pairs

The reduced etch rate is simply related to the restricted energy loss
REL = (dE/dX)IOnm from track
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Dirac’s Monopole

Paul Dirac in 1931 hypothesized 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:

C

Where g is the “magnetic charge” and a is the fine
structure constant 1/137

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

The other way around: IF there is a magnetic
monopole then charge is quantised:

—In OR g=—=e rom =2mn n=1,2,3..
2] 8=7 (S > ), AHin .

Dirac String
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Doubly-charged Higgs

» Extended Higgs sector in BSM models:

SU,(2) x SUg(2) x U, (1) P-violating ] Ml 8

model | T

» Higgs triplet model with massive left- Olf—mmmmmm oo oo /—

handed neutrinos but not right-handed _ [0

ones

» Common feature: doubly charged Higgs ! R

- - : (e0sf -/ SRS O it

bosons H** as parts of a Higgs triplet C

 Lifetime | C

le- 07} --—--F/—-4+-——-————— el e LR s R e

= depends on many parameters: o

YUkawa hij (long if < 10_8)’ Hii mass’ o 1 1 1 1 l 1 1 lllllllillllllllllllllilllli

a . “ h . . 200 400 600 800
essentially there are no constraints on Its my:: (GeV)

lifetime =¥ relevant for MoEDAL
Partial decay width of H*+ — WEW=

Chiang, Nomura, Tsumura,
Phys.Rev. D85 (2012) 095023 [arXiv:1202.2014]
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Black-hole remnants e
Y
» Large Extra dimension models proposed to address \\ Ve
the hierarchy problem: o — .4_ °
= electroweak scale O(100 GeV) q ,/ \ q
s gravitational (Planck) scale M, = (10 TeV) A’/AZZ l\X{
» Formation of TeV Black Holes (BH) by
high energy SM particle collisions 035 BHR charges @ 14 TeV LHC
[CHARYBDIS+PYTHIA]
= BH average charge 4/3 03
= slowly moving (B < 0.3) 0.5 |
» Charged Hawking BH evaporate but 5 02
not completely 5015
=» certain fraction of final BH remnants |
carry multiple charges (BHi) o
=>» highly ionising, relevant to MoEDAL 0.05 1 j
‘ . N
Hossenfelder, Koch, Bleicher, 0'03 b 4 20 2 4 4 8

hep-ph/0507140 Q/e



=

Corfu 2016 V.A. Mitsou

Supersymmetric long-lived particles

» Long-lived sleptons
= gauge-mediated symmetry-breaking (GMSB)
= may be slow-moving when produced at LHC

~ ~ 1 m;t’ mé !
HE=16) = e my [1 - n_212]

o o trigger-based searches may miss them in ATLAS and CMS
» Gluinos in Split Supersymmetry =¥ R-hadrons

= long-lived because squarks very heavy R =2qq, 2999, 82

= gluino hadrons may flip charge as they pass through matter

o o may be missed by ATLAS and CMS

 Moreover R-hadrons may be “trapped” in detector volumes decay at later times
=>» monitor volumes after testing for magnetic monopoles



