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Lifetime frontier

' diséppearing or
displaced kinked tracks
multitrack vertices 4

.
.
.
-
. Cad
V.
Y AN NS O
AN
X L e = YN
N
. >
. \
.
.
[y
.
'

non-pointiﬁg

displaced leptons, / P

lepton-jets, or
lepton pairs

trackless,
| low-EMF jets

quasi-stable

multitrack vertices in the
muon spectrometer

.

Heather Russell

----- (converted) photons

emerging jets

charged Qarticles

Physics beyond the
Standard Model has
not appeared in
searches so far
Maybe we are not
looking at the right
signals

Long-lived particles
may be the answer



Corfu 2023

Lifetime frontier
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High ionisation

Highly ionising particles (HIPs) characterised by one or both of these properties:
= high charges (high z) = electric and/or magnetic charges

= slow moving (low B) = massive particles

2 I2

Electric charge — Bethe-Bloch formula

[ Figure of merit for large energy loss: z/6 y

S

dE p) N 2’77(»(?-ﬁ-). 3 K I 8 l I Magnetic charge

_E=K -8 !—111 ] *"'T_E_B(g) Bethe-Ahlen

m formula
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Multiply charged quasi-stable particles

» High Electric Charge Objects (HECOs) predicted in many scenarios of physics
beyond the SM
Black-hole remnant charges

o finite-sized objects (Q-balls) 0 LHC @ 14 TeV

0.35

o condensed states (strangelets) 025

= microscopic black holes (through their remnants) 02

N/Njot

m]

» They eventually decay into other particles o

SUSY L-R

Extra dimensional

Radiative neutrino mass

Color Twisted Top Partners

DISCRETE2020-

Hossenfelder, Koch, Bleicher,
hep-ph/0507140


https://arxiv.org/abs/hep-ph/0507140

Corfu 2023 V.A. Mitsou

Magnetic monopoles in a nutshell

Why? Because they symmetrise Maxwell’s equations
o electric €> magnetic charge duality
Single magnetic charge (Dirac charge): g, = 68.5e
= higher charges are integer multiples of Dirac charge:

g=ngp, n=1,2, .. g f(q,9)
= > 4700 times more ionising than a minimum ionising particle!
Photon-monopole coupling constant
= large: g/hc ™ 20 (precise value depends on units)
Dirac monopole is a point-like particle; GUT monopoles are extended objects
= production of composite monopoles exponentially suppressed by e-4/«
Monopole spin is not determined by theory — free parameter

Monopole mass not theoretically fixed — free parameter

For a review on monopole theory and searches:
Mavromatos & VAM, [nt.J.Mod.Phys.A 35 (2020) 2030012



https://doi.org/10.1142/S0217751X20300124
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Large Hadron Collider at CERN

ATLAS and MoEDAL perform searches for magnetic monopoles & HECOS
MOoEDAL receives ~10-50 times less luminosity than ATLAS

Complementarity
= ATLAS general-purpose; based on electronic readout
= MOoOEDAL dedicated to (meta)stable particles; mostly passive detectors

-7 o - Soem
. e =S >3- : —
N T T~ D C#—

f + Run 1:2010-2012
© pp@Vs=7—-8TeV
e Run 2:2015-2018

= pp @Vs=13TeV
« Run 3: 2022 — 2025

= pp @Vs=13.6TeV

f - High-Luminosity LHC (HL-LHC): >2028
é s pp@Vs=13.6—-14 TeV
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ATLAS

EXPERIMENT

AT’M\\S g@@ﬂ*’@%@g

dE/dx in pixel detector
e Large dE/dx + ToF i
* Multiply charged particles
e Monopoles and HECOs

See also Xuai Zhuang’s and Jun Guo’s talks ///
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ATLAS sub-systems for HIP searches
1. Energy loss (dE/dx) e Catorimeter) Cliquid Argon Calorimoer

measurements

2. Timing information —
Time-of-Flight (ToF)

Toroid Magnets  Solenoid Magnet SCT Tracker{_ Pixel Detector @
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2022: dE/dxin pixel detector £

TL

EXPERIMENT

Wide sensitivity to charged, long-lived, massive particles

with lifetimes of ~ns to stable = gluinos, charginos, sleptons Excess 2.40 in mass bin of 600

GeV gluino seen in 36.1 fb!

Pixel detector provides ionisation measurements (o = 12%) search [ ]
along each track not confirmed
10° g

7 observed, 0.7+0.4 expected

>
() _ _1
10° ATLAS {s=13TeV, 139 b
g 184 SR-Inclusive_High pi* > 120 GeV, fnf < 1.8 3.30 global excess = 2000+
2 L et tone & 1800 ATLAS PoX TIPS T, -
> of e oS tom ooctes M i = Preco a0l - 13TeV, 13907 E
Q1 L I - = © Al limits at 95% CL 1
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- 1 ° 1200 L ie=meeeeool 3
107" 3 ! These 7 charged particles 1000} e
2El TS - . e . . - E
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10_3 =l : :_I L1 L1 EI i [ --I---I--— T T I | L1 : L1 600_— -
S 10 | R E | systems, which estimate 6~1 - Observed + 1., E
3 3 . . . . 4001~ - Expected + 10, 2
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— T e T T RO B L
S 10_1;-T| 'V||!'| I I |'| 1 1% | \ AN /] | \ AN /] ] mOdell Ifz - 1 1 10 102 103
v 0 1000 2000 3000 4000 5000 ~t
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m [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/
https://link.springer.com/article/10.1007/JHEP06(2023)158

<3000

& 28001

Large dE/dx + ToF

Targeting singly charged massive charged
slow particles: m > 100 GeV, t> 3 ns

2600

IS

2400
2200
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10005

Based on measurement of anomalously large
ionisation energy loss in ID tracker

Improves 2022 search |

measured by hadronic calorimeter

TTTTT

T T T T

[ Alllimits at 95% CL
F_ Gluino R-hadron

ATLAS Preliminary
F Vs=13TeV, 140 fo'

T

T Observed + 1opeey
----- Expected + 10,
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T
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10°
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Overflow

Overflow

Agreement with background

expectation

o
w

©
o
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o
o

0

* observed 6 events in signal region

* expected 5.1+0.5 background

events

Expected Events


https://link.springer.com/article/10.1007/JHEP06(2023)158
mailto:https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/
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Multiply charged particles I <

ﬁ:IE-F%MENT
Searching heavy particles of charge 2e <z<7e _ g5AmAs  {s=13TeV 139" p
S of S 4003
Detectors E 30§ IS%r?al (M=500 GeV, z=2) g 3502
o 250 [@Signal (m=2000 GeV, z=2) 2
s Pixel, TRT, muon MDT = dE/dx > 200 300 3
. . = 4250
= high-threshold TRT hits N .
10E- S200°E
Pixel used only in z = 2; saturated readout for 55 C D 1502
oA B 3
. c 3100
o higher z vep mcp - é
-5F- = {50
vz’ 10550 510 15 20 25 30 ©
S(TRT dE/dx)
dE |dx — (dE [ dx)
g Drell-Yan ViCP hoton fusion S S(dE /dx) = £
SCI'V Serv SEI' Vi D ex d SErv
Search category | N observed B observed - yC observed NP ecte N('%,t‘i‘\e ed s
=2 41674 5024 13 1.6 = 0.4 (stat.) £ 0.5 (syst.) @) >0
z2>2 192036934 15004 441 0.034 +0.002 (stat.) + 0.004 (syst.) 0 excess


https://arxiv.org/abs/2303.13613

Monopoles and HECOs

» Two different signals:

= TRT: large high-threshold (HT) hit fraction, fyr, due to
HIP & associated 6-electrons

o EM calorimeter: HIPs slow down (and usually stop) there,
leaving a pencil-shape energy deposit, unlike extensive

showers from
(much lighter) electron

* No events observed
in signal region A

0.15 + 0.04 (stat) + 0.05 (syst)
background events expected,
estimated as

N,o® = NgN./N, (ABCD method)

data / background

e 1.2

fraction of HT TRT hits
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A I B L L I
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10

signal

First ATLAS limits
on yy fusion
production of

monopoles and
HECOs


https://arxiv.org/abs/2308.04835
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M@EDAL results

Magnetic monopoles — Drell-Yan & photon
fusion

* Dyons

e Schwinger mechanism

* HECOs
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MoEDAL — Monopole & Exotics Detector At LHC

DETECTOR TECHNOLOGIES  ;,oeoa,
(D Nuclear Track Detectors (NTD)

(2 Monopole Trapping detector
(MMT) — aluminum bars

@ TimePix radiation background
monitor

' MoOEDAL — RUN-1

» Mostly passive detectors;
no trigger; no readout

» Permanent physical record
of new physics

» No Standard Model physics

LHC's first dedicated search experiment backgrounds

MoEDAL, Eur.Phys.J.C 82 (2022) 694

(approved 2010)

MoEDAL physics program, Int. J. Mod. Phys. A29 (2014) 1430050 See also Jim Pinfolds talk



https://doi.org/10.1140/epjc/s10052-022-10608-2
http://dx.doi.org/10.1142/S0217751X14300506
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MoEDAL

Superconducting

MMT scanning

Monopoles can bind to nuclei and get trapped Sample

(fixed to belt) Conveyor Belt ————>
MMTs analysed in superconducting quantum
interference device (SQUID) at ETH Zurich

~

{)
Persistent current: difference between resulting r (sensor e lcroric)

current after and before
Outliers are scanned several times further

SQUID analysis — Persistent current after
first two passages for all samples

mﬁ 5:| T T l LI ‘ LU LU LI ‘ LI I | I LI | ETT0 | TT I: E :l T I T T T I T T T l T T T I T T T I T T T l:

S  4F MoEDAL 4 sample 3 s i

@ = preliminary .. samp:e +11g° pseu: omile 3 § 10° @ fs=13TeV,4.0fo" =

g 3:_ """""" Sample - 1g,, pseudopole = 5 E MoEDAL 3

[3) E = - L ]

g 23— E 8 102 E

o 1= = :E, = 3

§ F E 2 r .

£ 0§ E 10 =

b 1= — E E

S 3 - E
Calibration: 5B, 3 1 =
Typical sample & £ E F N N M H ] <
pSEUdO'monopO/e = E| ol b Ly F‘f:‘[ poaa e Lo Lo by a Laay |E 1071_| ] _I ' e I I L
% 50 100 150 200 250 300 350 400 450 500 6 -4 2 0 2 4 61 o
curves Plg,] =

Z position (mm)



https://doi.org/10.1103/PhysRevLett.123.021802

Magnetic monopole limits

* Novelties in monopole models: B-dependent
coupling, spin-1 monopoles, yy fusion

« MOEDAL set world-best collider limits for

gl >2gp

o ATLAS set best limits for |g] €2 gp

Yy fusion production with B-independent coupling
4 T

>
c
<a
N
Q
¥
W

;- C L L I I ) I B L B BB L
(0] C .
E. S8 iR —_
@ [ ATLAS /‘\\“\-\ ]
g 3.6 [ spin-0 o —
= o 3

O 34 [ ATLAS mmm =" =
8 A \\‘\‘ —
g 82 .\\‘ — i — =
. ‘ — -

€ F MoEDAL - = 3
3 ‘ —

2 C spin-1 ¢ // 7
= = =
S 28 C 7 -
© C -
€ 2.6 MoEDAL =
g o ) :
3 'k L// Vs =13 TeV ]
Q [ MoEDA I
% 22 [ -
i £ spin-0 MoEDAL
C 1 Il 11 | L1 L 1 ‘ 1 1 1 1 | 1 L1 Il | Il 1 L1 ‘ 11 1 1 ‘ 1 L1 Il | 1

25 1 15 2 25 3 35 4

Magnetic charge [gD]

See also, Baines, Mavromatos, VAM, Pinfold,
Santra, Eur.Phys.J.C 78 (2018) 966
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Drell-Yan production with -independent coupling Aug 2023

~ e L e e e L e e
1 33— enan MoEDAL Run-3 estlm—

=, RUNTRTHL UL R L K T Y =iy, SPin-1
* ‘ATLAS 13TeV _»n" T ]
] L spin-%, ! SLIIN -
© o5 MoEDAL Run-3 estim. L
£ &9 spin-Y, i
Qo CATLAS 13 TeV — ]
Q L SPin-0 e mempotiiem s = e o e, MOEDAL 13 TeV ]
8— o [ 7 PRCILNLREE N Ry = e, SPin-1 _
1S r B> ~ ~ i
O 15 [ATLAS 8 Teks ~
'43 D[ spin-%, MoEDAL _|
- — — Run-3 estim. |
g’ C /\ —— == ey -~ ~ spin-0 7
© - - , ]
e 1= - MOEDAL 8 TeV N —
” ‘/ A —
T ATLAS 8T — ~~spin-Y, N ]
- spin- * 1
3 c P o — MoEDAL 13 TeV % .
5 05— MOEDAL 8 TeV spin-0 ]

spin-0
ﬁ C CDF 1.96 TeV P MoEDAL |
- spln /2 i
o Lo . P IS E S S S S E S S SR
0 1 2 3 4

5 6
Magnetic charge [g_]

MOEDAL Run-3: 30 ib™" @ 14 TeV, NTD+MMT, no HCC

M gl M
g MOEDAL, JHEP 1608 (2016) 067,
PRL 118 (2017) 061801,
PR << M PLB 782 (2018) 510,
0 PRL 123 (2019) 021802,
) ., Y PRL 126 (2021) 071801

Drell-Yan photon fusion
Mass limits extracted with Feynman-like diagrams that ignore Q

<

non-perturbativity of large monopole-photon coupling



http://dx.doi.org/10.1007/JHEP08%282016%29067
https://doi.org/10.1103/PhysRevLett.118.061801
https://doi.org/10.1016/j.physletb.2018.05.069
https://doi.org/10.1103/PhysRevLett.123.021802
https://doi.org/10.1103/PhysRevLett.126.071801
https://doi.org/10.1140/epjc/s10052-018-6440-6
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Dyons: electric & magnetic charge

Science 165 (1969) 757
A Magnetic Model of Matter

A speculation probes deep within the structure of
nuclear particles and predicts a new form of matter.

Julian Schwinger

SCIENCE |

First explicit accelerator search
for direct dyon production!

ABOUT

MoEDAL hunts for dyons

The MoEDAL collaboration at CERN reports the first search at a particle accelerator for

particles with both electric and magnetic charge

17 FEBRUARY, 2020 | ByAna Lopes

!

MoEDAL
Predicted in GUT theories, string 1 b
theories, ...
MoEDAL MMT scanning searching VAR
for captured dyons
q D
Dyons in Drell-Yan production November 2021
= 2_"'|"'|'"|'"|"'|'"|"'|"'|"'|"'|"'|_
é I e .___.-““*- —— MoEDAL
s ]
) ]
NEWS 8 |
Rikakiis b -
2 .
& ]
T e, —
1 ...'-. . iy, — Spin-Oz_

MoEDAL, PRL 126 (2021) 071801

PRI R S S ST ST S ST S S NS E I—
140 160 180 200 220
Electric charge [|z|]



https://doi.org/10.1126/science.165.3895.757
https://doi.org/10.1103/PhysRevLett.126.071801
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MoEDAL

Monopoles via thermal Schwinger mechanism

4 . .
1O sty V3 = 50276V Monopole-antimonopole pairs may
T peuwenStars Lre = 02330670 o be produced in strong magnetic
103_ X . o . « .
o s worc(FPA fields present in heavy-ion collisions
@ , /I/.
Elo 1= ° o ABOUT  NEWS s
@ Lot MoEDAL bags a first
= The MoEDAL experiment has conducted the first search at a particle collider for
magnetic monopoles produced through the Schwinger mechanism
_____ 2JULY,2021 | ByAnalopes
100_ _______ s * y p
= = Limits on monopoles
1 2 3 of 1-3gyand
Magnetic charge (gp)

masses up to 75 GeV

First limits based on non-perturbative calculation
of monopole production cross section

First direct search sensitive to finite-size monopoles

M 0 E Dl \ L ) The MoEDAL experiment, seen here during installation in the LHC tunnel. (Image: CERN)



https://doi.org/10.1038/s41586-021-04298-1

NTD analysis
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N

MoEDAL)
Passage of HIP through plastic NTD marked by invisible damage
zone (“latent track”) along the trajectory

Damage zone revealed as a cone-shaped etch-pit when plastic
sheet chemically etched = in ethyl alcohol solution in INFN
Bologna

NTDs scanned to detect etch-pits with automatic scanning system
Scanning efficiency for detection above threshold is >99%

U

ons or

Calibration with b82+ ineams

a)

No candidates found in the stacks examined MOEDAL, Eur.Phys.J.C 82 (2022) 694


https://doi.org/10.1140/epjc/s10052-022-10608-2
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Stable electrically charged particles produced via Drell-Yan August 2023

HECOs results | R S
2 LC /\ m— ATLAS 13 TeV

* Limits on HECOs with electric charges e 77 TSl TIoR T 4
in the range 15e — 175e and masses E 1?% /7 spit E
from 110 — 1020 GeV &) E

< E anmnmimnmimneneee MoEDAL _

» Upper limits on production cross = 0;;\ """""""""""""""""""""""""""" E
section ~ 30-70 pb 08 f—————“\__\~§ —

* Better sensitivity achieved in soon-to- Z:— =
be-released Run 2 analysis O~ "20 40 B0 80 100 120 140 160 180

Electric charge [lzl]

= higher c.m.s. energy: 13 TeV
o larger integrated luminosity Non-perturbativity of large coupling can be
o larger exposed NTD surface tackled by appropriate resummation

[Alexandre, Mavromatos, Musumeci, VAM, LHCP2023 &
o lower CR39 Z/B threshold than Macrofol paper in preparation]

MOoEDAL HECOs limits are the strongest to date,
MoEDAL, Eur.Phys.J.C 82 (2022) 694

in terms of charge, at any collider experiment



https://doi.org/10.1140/epjc/s10052-022-10608-2

Prospects for ‘low’ electric charges

e Supersymmetric long-lived particles
e Charges ~1le - 10e
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Long-lived SUSY partners in MoEDAL

« Benchmark decay chain: gg production with § = jji.%, ¥.°=> 1

a §.0 _[i i o 0 = .
X1° moderately long-lived = decays in tracker Gd, § = qgi 0 = TR

10°

o T, charged long-lived = interacts with detector

» Other decay chains studied too:
g2 ">t & B2 it 2 v

mg — my = 30 GeV
mg —ms =1 GeV

10*

[cm]

MoEDAL Run 3 sensitivity, ¥1/2 pair production

103 4

1

L =30fb1

CT0

—— MoEDAL 30/fb Run2 Nsig=1 [

. / cover |0n - — == MoEDAL 30/fb Run2 Nsig=2
charginos / 8 10° § — MoEDAL 30/fb Ideal Nsig=1

T

1074

i
. . . . 1
lifetime region in — =+ MoEDAL 30/fb Ideal Nsig—2 !
£ . ATLAS HSCP (1902.01636) 36.1/fb 1
5 Run 3 for' gIU|nOS, ----- ATLAS HSCP (1902.01636) 300/fb ]
1] 101 I - | = 1 = = 1 ;
B e Stops’ Sleptons 1000 1100 1200 1300 1400 1500 1600 1700

. my [GeV]
and charginos

Felea, VAM et al, EFPJC 80 (2020)

431
Study comparing MoEDAL vs. CMS:
Sakurai, VAM et al, J.Phys.Conf.Series 1586 (2020) 012018

100 200 300

Acharya et al, EPJC 80 (2020) 572



https://doi.org/10.1140/epjc/s10052-020-7994-7
https://doi.org/10.1140/epjc/s10052-020-7994-7
https://doi.org/10.1088/1742-6596/1586/1/012018
https://doi.org/10.1140/epjc/s10052-020-8093-5
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Multiply charged particles — model-specific

» Doubly charged particles

o Predicted in left-right symmetric models, seesaw neutrino models, little Higgs models, ...
(+ SUSY extensions), extra dimensions, ...
= models considered: (scalar, fermion) x (SU(2): singlet, triplet)

« 2-,3-, 4-ply charged states occur in some radiative neutrino mass models

o long-lived due to
small neutrino mass
and high electric
charge

MoEDAL can
cover long-

lifetime region in
Run 3 and HL-LHC

MoEDAL Run 3 sensitivity, doubly charged particles

10%

1024

==
.&-’_

100 4

—— scalar Ny, =1 —— sc. triplet Ny, =1
=== scalar Nyg =2 === sc. triplet Ny, =2
— fermion Ng; =1 —— fer. triplet N, =1

=== fermion Ny, =2 === fer. triplet Ny, = 2

600 800 1000 1200
m [GeV]

Acharya et al, =P JC 50 (2020) 572

cT [m]

10!

106
S*2 MoEDAL
105. — 513 hgg=0.1
g4 mg, =10 TeV
104 1 "ns3 = 750 GeV
mg, =3 TeV
103 4
2-, 3-, 4-pl
102 ] ply
charged
10! 4
100.

108 10~7 10~ 10— 10~4 10— 10~2 10-!
As

Hirsch et al, EPJC 81 (2021) 697



https://doi.org/10.1140/epjc/s10052-020-8093-5
https://doi.org/10.1140/epjc/s10052-021-09507-9
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Multiply charged particles — generic case

» Phenomenological study independent of underlying model

* Includes all production processes, including those with
photons colorless colored
scalar scalar

o most experimental searches only assume Drell-Yan

spin 1/2 colorless colored
= for high charges, photon contributions become very reIevant fermion fermion
¢+Q, ¢+Q o ¢+Q7 z/)-l-Q
¢~ =@ W $=9, 9@ ¢~ ¢
s-channel (Drell-Yan) t-channel yy fusion seagullyyfusmn (scalar only)
» Production of a bound state is considered (@) 5
o constrained by ATLAS and CMS searches for diphoton events B
— not relevant for MoEDAL
(9) Y v

Altakach, Lamba, Masetek, VAM, Sakurai, EPJC 82 (2022) 848



https://doi.org/10.1140/epjc/s10052-022-10805-z
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MoEDAL reach

» Singly charged colorless scalars only observable at HL-LHC
» MOoEDAL sensitivity to colored scalars similar to colored fermions
» For high charges up to 8e good sensitivity expected from MoEDAL even in Run 3

105‘)

10°

Run 3
Masses up to
2 TeV can be

probed

colored
scalars

et [m]

HL-LHC
Masses up to
2.5 TeV can be

probed

MoEDAL (Q = +le)

colorless
fermions

Q=

Altakach, Lamba, Masetek, VAM, Sakurai, EPJC 82 (2022) 848



https://doi.org/10.1140/epjc/s10052-022-10805-z
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MoEDAL vs. ATLAS/CMS
Grey region excluded by

AT L AS / C M S R un 1 / R un 2 coloured scalar coloured scalar

T~ Large dE/dx (13 TeV, 300fb ) |~ Large dE/dz (13 TeV, 3000fb ')
resonance (13 TeV, 3000(b™*)
1 3 (13 TeV, 300M7")
3000 —A— MoEDAL Ny = 2 (13 TeV, 300 )

4 —#— MoEDAL Ny, = 1 (13 TeV, 3000 ") /

T —@— 7 resonauce (13 TeV, 30007)

searches it e
ATLAS/CMS direct detection + y
based on searches for large R =
dE/dx > better sensitivity at ]
low charges

ATLAS/CMS searches for
diphoton resonances offer e — o oued feion
better coverage at high charges

1 —&— 7 resonance (13 TeV, 3001 ") 3500 -] —@— 77 resonance (13 TeV, 30000

y
T =4 MoEDAL 3 TeV, 300Mh71)
T == MoEDAL Ny (13 TeV 3(mt1r’)
3000~ MOEDAL Ny, = 1 (13 TeV. 3000 ')

LA

< 525005 —_ i
sensitivity at intermediate - Sl 7t

& 000 1-m=

electric charges at HL-LHC

15001

1000

Altakach, Lamba, Masetek, VAM,
Sakurai, EPJC 82 (2022) 848



https://doi.org/10.1140/epjc/s10052-022-10805-z

s

Corfu 2023 V.A. Mitsou

Beyond LHC: MEDICI @ FCC-hh

MOoEDAL preliminary plans for @
MEDICI (Monopole and Exotics o A T

Detector Infrastructure for /'—N\ -
Colliding lons) W/“
MEDICI HIP = a polyhedral “ball” === |

with radius 1 m sensitive to
magnetic and electric charges

Assuming 3 ab! and no intervening

FCC-hh: 100 TeV pp collisions

material, magnetic monopole Magnetic charge (gp)
masses up to ~25 TeV can be 1 2 3 4 5 6
hed Spin |95% CL mass limits [TeV/c”]
reacne 0 |14.9 17.0 18.2 19.1 19.8 20.3
MoEDAL contribution to Snowmass, l/2 20.0 22.4 23.7 24.7 25.5 26.1
, EPJ-ST, to appear 1 |20.5 22.7 23.9 24.8 25.5 26.1



https://arxiv.org/abs/2209.03988
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Summary & outlook

Highly ionizing particles are predicted in various scenarios of New Physics
o Single or multiple electric charges

o |solated magnetic charges

Growing interest in searching for these states in collider experiments

o Combining dE/dx and timing information

ATLAS & MoEDAL work in complementary way towards this direction

Several studies show promising prospects for experiments to explore charges
<10e in future LHC runs

Stay tuned for upcoming MoEDAL results!

= Run-2 NTD analysis @ 13 TeV = improved sensitivity to electric charges

= Magnetic monopoles in Schwinger mechanism probed in CMS Run-1 beam pipe






Spares
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LHC & High Luminosity LHC (HL-LHC

)

&

Hitm

.\ LARGE HADRON COLLIDER

LHC ”‘ ” I:utureHl;-LHC

90 LHC / HL-LHC Plan

1310y AR 136Tev  BER
e

13.6-14TeV
energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation o
7 TeV 8 TeV button collimators interaction . . inner triplet . . bl
—— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2014 2016 2018 2020 2022 l 2024 2025 2026 2027 2028 2029 III“II

5 to 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

5 . 2 £ HL upgrade
nominal Lumi w ALICE - LHCb | 2 x ncminal Lumi

|
75% nominal Lumi upgrade

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. ||” PHYSICS

luminosity JELIR{ 8

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Heavy charged LL particles in ID+calo+MDT
36 fb! of 13 TeV pp collisions

< 5000 . . . 2
o : - ATLAS - [B22 T
O, : Est. bkg 15 =130 TeV, 36.1 fb” S
Detecto rS 5 4000 : [ Exp.signal §2200 GeV)- =~ ..~ _| 2 W
£ e A 1.8
. P el 9 dE/dX 5 ------ (S;RhadFullDetLOOSE 6
IX PR ] s, .
3000~ I e 14
= Tile, MDT, RPC - ToF 12
2000~ - —
Combination of dE/dx and ToF for R-hadrons e
1000 ! H |
e —0.4
Stau SR based only on ToF ]
F 200 400 0.2
% 1000 2000 3000 4000 5000 °
My [GEV]
Signal region Trigger Candidate Candidates Final requirements
selection  per event Il p[GeV] Bror  (B7)dE/ds Mass
SR-Rhad-MSagno ET™  1Dp+cALO > 1 <165 >200 <075 <10 ToF & dE/dx
SR-Rhad-FullDet FEr /i LOOSE >1 <165 >200 <075 <13 ToF & dE/dx
SR-Rhad-FullDet FET ~/u ID+CALO >1 <165 >200 <075 <10 ToF & dE/dx
SR-2Cand-FullDet K7 /i  LOOSE =2 <200 >100 <0.95 - ToF

SR-1Cand-FullDet E3™°/u  TiGHT =1 <165 >200 <0.80 - ToF



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
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MoEDAL physics goals

: .. Magneti MoEDAL
MoEDAL baseline detector optimised mo?\%r::)eollgs
for the detection of (meta)stable - :LLSY e
. . e o . -nadrons . .
highly ionising particles sleptons dimensions
= high charges (high z) .
) Highly
Doubly . «
- charged | O n | S | n g Strangelets
Higgs
= slow moving (low B) = massive pa rt|C|eS
MAPP upgrade designed for Black-hole Nf:;;ism
neutral LLPs and millicharged remnants models
particles Q-balls

MoEDAL physics program


http://dx.doi.org/10.1142/S0217751X14300506
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MoEDAL

Results

2016 — First monopole results @ 8 TeV & CLR|\ Press Release
JHEP 1608 (2016) 067 [arXiv:1604.06645]

2017 — First monopole results @ 13 TeV rhys.Rev.lett. 118 (2017) 061801 [arXiv:1611.06817]

2018 — MMT results phys.ett.B 782 (2018) 510-516 [arXiv:1712.09849]
= spin-1 monopoles € FIRST in colliders

= B-dependent coupling

2019 — MMT results Phys.Rev.lett. 123 (2019) 021802 [arXiv:1903.08491]
= photon fusion interpretation € FIRST at LHC

2020 — MMT search for Dyons € FIRST in colliders
Phys.Rev.Lett. 126 (2021) 071801 [arXiv:2002.00861]

2021 — Schwinger thermal production €& FIRST
Nature 602 (2022) 7895, 63 [arXiv:2106.11933]

2021 — NTD & MIMT & FIRST NTD analysis arxiv:2112.05806
o First limits in highly electrically charged objects



https://home.cern/news/press-release/cern/lhc-moedal-experiment-publishes-its-first-paper-its-search-magnetic
http://dx.doi.org/10.1007/JHEP08%282016%29067
http://arxiv.org/abs/arXiv:1604.06645
https://doi.org/10.1103/PhysRevLett.118.061801
http://arxiv.org/abs/arXiv:1611.06817
https://doi.org/10.1016/j.physletb.2018.05.069
https://arxiv.org/abs/1712.09849
https://doi.org/10.1103/PhysRevLett.123.021802
https://arxiv.org/abs/1903.08491
https://doi.org/10.1103/PhysRevLett.126.071801
https://arxiv.org/abs/2002.00861
https://doi.org/10.1038/s41586-021-04298-1
https://arxiv.org/abs/2106.11933
https://arxiv.org/abs/2112.05806
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Run-2 MoEDAL dep]oyment .

MoEDAL

..... T : |
‘ -4 Low-threshold NTD
* Top of VELO cover
* Closest possible
location to IP

MMT
* Installed in forward region
under beam pipe & in sides
* Approximately 800 kg of Al
* Total 2400 aluminum bars

HCC-NTD
Installed in LHCb
acceptance between RICH1
and Trigger Tracker

[
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Monopoles via thermal Schwinger mechanism
Monopole-antimonopole arxw:1705'07
pairs may be produced in
strong magnetic fields
present in heavy-ion
collisions

5.02 TeV/nucleon B
Pb-Pb Collisions

(L., = 0.235 nb-)

Advantages over DY & yy-fusion production

o cross-section calculation using semiclassical techniques = does not suffer from non-
perturbative nature of coupling

= no exponential suppression e#/@ for finite-sized monopoles

Gould, Ho, Rajantie, PRD 100.015041 (2019), arxXiv:2103.14454
Ho & Rajantie, PRD 101.055003 (2020),PRD 103 (2021) 11, 115033



https://doi.org/10.1103/PhysRevD.100.015041
https://arxiv.org/abs/2103.14454
https://doi.org/10.1103/PhysRevD.101.055003
https://doi.org/10.1103/PhysRevD.103.115033
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Schwinger production results

Exposure of MMTs in 0.235 nb! of Pb-Pb heavy-ion collisions at 5.02 TeV per nucleon
Limits on monopoles of 1 — 3 gp and masses up to 75 GeV

First limits from collider experiment based on non-perturbative calculation of monopole
production cross section

First direct search sensitive to monopoles that are not point-like

6 104
10 — Reheating/BBN Vs =5.02 TeV
5 MoEDAL —*— Neutron Stars Lipg = 0.235 nb~?! -4
10° , Pb-Pb (SPS) . Monopole mass reach
. 10”7 —e— This work (FPA)
S 104 —— _ —=— This work (LCFA) appears to be 20-30
< Lo // times lower than current
o 3 > 1044
g 10 e . . bounds from ATLAS and
(O] = .
o 102 » MoEDAL, however, this
S N S 10% cross-section calculation
U l . .
10 . is theoretically sound
——g=1 B A
100 —— gp =2 100 _______ et T T
a3 J—
-1
10 250 500 750 1000 1250 1500 1 5 3 MOEDAL,
Monopole Mass (GeV/c?) Magnetic charge (gp) N



https://doi.org/10.1038/s41586-021-04298-1
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Monopoles in Schwinger mechanism — Future

MoEDAL

* Run-1 CMS beam pipe analysis in heavy-ion run
* HL-LHC projection for MoEDALs MMTs

o Conservative theoretical assumptions

o Nuclear track detectors not included in projection

= Assuming 2.5 nb™! Pb-Pb collisions at Vsyy = 5.52 TeV " s U

“Circular
~< Collider -

140 —f— Neutron Stars

~ Pb-Pb (SPS)
—8— Pb-Pb (MoEDAL-MMTs) Run-2 MoEDAL
120 Pb-Pb (MOEDAL-MMTs) Run-4 Projections

100 km
27 km

& 100 ~20 GeV increase
O * ~
2 g0 in sensitivity in For FC>C tv/Syn ~ 40 TeV
S .\\. .
2 o * HL-LHC heavy-ion =M = 600 GeV
s run
40 : :
y . Theoretical improvements
20 Opportunities for new physics . . .
searches with heavy ions at in semiclassical and fully
0= 2 % colliders, Snowmass 2021 white classical approaches

Magnetic charge (gp) paper, arxiv:2203.05939



https://arxiv.org/abs/2203.05939
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14 TeV PYTHIA Drell-Yan, m=1000 GeV
—— T T —

10°

CMS beam pipe e i |
5 ok
Beam pipe : 103%@/

= most directly exposed piece of material
= covers very high magnetic charges

10°

T

10

|_|_|,|,| IIII|_|_|,|,| IIII|_|_|,|,| IIII|_|_|,|,| IIII|_|_|,|,| IIIIL|,|,|,| IIIILI,I_j

......... ATLAS and CMS beam pipes

-----
.
.
......

» 2012: first pieces of CMS beam pipe tested
[EPJIC72 (2012) 2212]

o far from collision point
* Feb 2019: CMS officially transfers ownership
of the Run-1 CMS beam pipe to MoEDAL

De Roeck et al, EPJC72 (2012) 1985

Beam pipe scanned with SQUID «
Analysis for Pb-Pb collision data @

Schwinger mechanism assumed
Results to be released soon

CERN Courier, Mar-Apr 2019


https://cerncourier.com/cms-beam-pipe-to-be-mined-for-monopoles/
https://doi.org/10.1140/epjc/s10052-012-1985-2
https://doi.org/10.1140/epjc/s10052-012-2212-x
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NTD+MMT search for HECOs and monopoles L

Prototype NTD array of 125 x 25 cm x 25 cm stacks (7.8 m?)
= 3 layers of CR39® polymer = low threshold z/8 ~ 5 = time intensive analysis

o 3 |ayers of Makrofol DE® = used in analysis (less “visual noise”);
threshold z/8 ~ 50

= 3 layers of Lexan® - protective layers only

NTDs sheets kept in
boxes mounted onto
LHCb VELO alcove |

walls

FRONTSIDE

.
Fiducial holes A\

L
_ Aluminized plastic bag (125 um thick) ,A

MOEDAL, arxiv:2 112.05806 [hep-ex]



https://arxiv.org/abs/2112.05806
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NTD results on HECOs L

irey 108 g L B B B IR T
. £ /s = 8 TeV, 2.209 fo" |
 Drell-Yan production °  10° - 4\ MoEDAL 1
s Z exchange is also taken into account for 10° ¢
. 3 L .
fermions [Song & Taylor, J.Phys.G 49 (2022) 045002] 107 ¢
_ _ 10 | .
q HIP q HECO 10 % 9.s:a2:|;umns L_Og;:plno —;
1 s T ]
101 E.'!"°.EDA': Lo N .::;gJ:‘ . .:.:glg:. - ‘:
0 500 1000 1500 2000 2500 3000 3500
v v*/Z Mass [GeV]
é‘ 108 'I""l""{""I'1"'I""I""
— Vs =8 TeV, 2.209 fb’
q HIP q HECO © 1oSE \ MoEDAL Z_
10* é

o non-perturbativity of large coupling can be
tackled by appropriate resummation [Alexandre,
Mavromatos, in progress]

TTT W IIHITT‘ T

95% CL Limits  LO DY Spin 0.5

{1 | Il

- o . 10f s
* Limits set on HECO pairs with cross-sections from i; g2 Ix
~ E'Y'".EDA':,M..‘M.. \:;g%:?%:
30 - 70 pb 0 500 1000 1500 2000 2500 3000 3500

Mass [GeV]

MOEDAL, arxiv:2112.05806 [hep-ex]



https://doi.org/10.1088/1361-6471/ac3dce
https://arxiv.org/abs/2112.05806
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HIP kinematics
MoEDAL NTDs sensitive to highly ionising particles with velocities 6 < 0.15|Q|

o if sufficiently slow moving, even low charges may be detected

Assumed to be “detector-stable”, i.e. they decay after passing the whole

detector volume L0  m=2000GeV
i+1le 1 +2e i +3e | +de i +5e | +6e
MoEDAL is background-free experiment ' | ’ i ’ '
—> discovery scenarios require 1, 2 or 3 £ 10+
signal events (Ng,) f
)
Integrated luminosities at IP8 '7;510'2-
(LHCb/MOEDAL) g = scala.r singlet |
==== fermion singlet ]
o Run-3 = 30 fb! 1073 = === scalar triplet
i fermion triplet . :
= High Luminosity LHC (HL-LHC) - 300 fb™* 0.0 01 02 03 04 05 06 07 08 09 10
B

= roughly 10 times less than ATLAS & CMS
Altakach, Lamba, Masetek, VAM, Sakurai, £~/ C 52 (2022) 848



https://doi.org/10.1140/epjc/s10052-022-10805-z
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Long-lived SUSY partners

Supersymmetric charged long-lived states: sleptons, R-hadrons, charginos

= plus doubly charged higgsinos in L-R symmetric models

. g (R-hadron)— qq 5{? ; m&?) =100 GeV March 2022
ATLAS & CMS have constrained these 2000 @ RO zs msmremm e V.3 ) ATLAS Proliminry
| —@— RPC OL 2-6 jets ATLAS-CONF-2018-003 (Vs=13 TeV, 36 fb’) E ted
t A | | .. t d b Displaced venicesarxiv:wm.m?g(15:13 TeV, 33 1) -©- EXpecte
. Pixel dE/dx CERN-EP-2022-029 (Y5=13 TeV, 139 fo)
S pa retners. na yses Imite y * — S;)a(lile chaxrgedarXiv:1;)02.(?1:36 (svl§=13 $eV, 36 ) —- Opsgrved
2500 Stopped gluinoarxiv:2104.03050 (Ys=13 TeV, 103 fb™) 95% CL limits

o trigger requirements

S8
\

o offline selections to suppress SM backgrounds

Lower limit on m@) [GeV]

o timing: signal from slow-moving particles

to arrive within correct bunch crossings 1500
Due to absence of trigger, timing and SM # 5
baCkgrounds’ MOEDAL Can re/aX SeleCtion 1000 __ﬂg-éllllllll | IIIIIII|é | IIIIIII| | I!Jllllll II IEIIIIII| 1 IIIIIII| | IIIIIII| | |[§

requirements and increase sensitivity to 10F 0T 110, 1 10T 10 ¢ng)
(r form=0, py=1) Beampipe !Inner Detector Calo MS
charged long-lived SUSY particles

10° 102 10" 1 10 10° 10° 10*
ct [m]

ATLEAS, ATL-PHYS-PUB-2022-013



http://cds.cern.ch/record/2805985

