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Outline

Ø How to design a detector—and what we do differently

Ø A short introduction to A Large Ion Collider Experiment (ALICE) 
• Is ALICE only a heavy-ion experiment? Unique features

Ø New BSM program in ALICE
• A new approach/trigger to measure HIPs: hybrid detection logic
• Configurable detector setups for unconventional signatures

Ø What are the perspectives beyond Run 3-4?
• ALICE3: A next generation heavy ion experiment at the LHC (CERN-LHCC-2022-009 ; LHCC-I-038)
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How to design a collider experiment?
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Physics motivation → E.g. Higgs boson– 24–
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Figure 4: The branching ratios for the main
decays of the SM Higgs boson near mH =
125 GeV. The theoretical uncertainties [38] are
indicated as a band.

lower bound [107] of 114.4GeV for the mass of the SM Higgs

boson.

Following the shutdown of the LEP collider in 2000, the

direct search for the Higgs boson continued at Fermilab’s Teva-

tron pp collider. The combined results [108] from approximately

10 fb−1 recorded by the CDF and D0 experiments excluded

two ranges in mH : between 90GeV and 109GeV, and between

149 GeV and 182 GeV. In addition, a broad excess in data was

seen in the mass range 115 GeV < mH < 140 GeV with a local

significance4 of 3 standard deviations at mH = 125GeV. The

commissioning in 2010 and the high intensity running of the

LHC pp collider at CERN at
√

s =7 TeV in 2011 followed

by an energy boost to
√

s =8 TeV in 2012 opened up a new

4 In this review, we use the phrase “local significance” to indicate a cal-
culation of the significance not corrected for the look-elsewhere effect [109].
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CMS [121].

momentum scale. The significance of the difference between the

measurements of the masses in the γγ and ZZ channels by

the ATLAS experiment is 2.4σ [119]. Fig. 10 summarizes these

July 29, 2014 15:21

– 33–

measurements and our combination of the ATLAS and CMS

results assuming uncorrelated systematic uncertainties between

the two experiments.

The natural width of a SM Higgs boson with a mass of

125 GeV is about 4 MeV, much smaller than the instrumental

mass resolution in the γγ and ZZ channels. CMS has placed

95% CL bound [123] on the natural width of the observed

boson of ΓH < 3.4GeV.
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Figure 10: A compilation of the CMS and
ATLAS mass measurements in the γγ and ZZ
channels, the combined result from each experi-
ment and our average of the combinations.

III.3. H → W +W−
→ !+ν!−ν

While the production rate in the H → W+W− → "+ν"−ν̄

channel is large, due to the presence of two neutrinos in the

decay, the mH resolution is quite poor (≈ 20% mH) so the

search is reduced to a counting experiment of the event yield in

broad bins in mH .
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Higgs boson → How to detect → E.g. Compact Muon Solenoid (CMS)

CMS

HCAL

EMCAL

Solenoid 
magnet

Silicon 
tracker

Iron yoke &
Muon stations

7.4 m

14 Si layers + EMCAL + HCAL + Muon stations

3.8 T

Next Frontiers in MM Searches, 14.09.2026
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Higgs candidate events in CMS

Two muon decay Two photons

Next Frontiers in MM Searches, 14.09.2026
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ITS

TPC

TRD
TOF

An event display of a Pb-Pb collision in ALICE

Next Frontiers in MM Searches, 14.09.2026
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ALICE vs OTHERS

Next Frontiers in MM Searches, 14.09.2026
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Unique/unusual features Why it matters for HIPs / monopoles

Tracking up to 2.5 m Up to 159 (+7 from ITS) spatial + ionization samples along the track trajectory; excellent topology and dE/dx information.

Configurable TPC gain Extending the dynamic range from roughly 0.5–50 MIPs → 10–5000 MIPs.

TPC common-mode (CM) signal
(solution to saturation) Hybrid detector approach: Independent PID signal, even when conventional clusters saturate. 

Lowest material budget Lowest material budget (highest efficiency) at the LHC.  ITS3 pushes the innermost layers to only ∼0.09%X0 per layer. 

Lowest magnetic field: 0.5/0.2 T Access to very low-pT particles; much less bending of the MMs in the magnetic field.

ITS pixel multiplicity/topology Independent silicon confirmation of an unusual trajectory; and PID via pixel-hit multiplicity and cluster shape

TOF Independent velocity information: slow massive HIPs can have anomalous β/time of flight.

Continuous readout and PID Full event information is available: E.g. event multiplicity, centrality, event shape and spectra …

Detector and reconstruction 
configurability Change the TPC operating point and reconstruction settings for BSM searches. E.g.: TPC with low gain and increased collision rate

What makes ALICE special for HIP searches (and in general for BSM)?

Low pp luminosity: ∼1/2000 of ATLAS/CMS and ∼1/200 of MoEDAL. 
Limited acceptance: ∣η∣≲1.5, compared with ∣η∣≲2.5 for ATLAS/CMS (partly compensated by much lower B field)

Drawbacks:

Next Frontiers in MM Searches, 14.09.2026
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Theory Aside: Soft Unclustered Energy Patterns (SEUPs)

2

Consider a toy model: 

pp → h → S → ℬ + X

C. Cesarotti

ℬ {
Simulated in Pythia 8.317 with code from 1612.00850

Maxwell-Boltzmann distribution on dark shower ℬ

dN
d3p

⟨ exp{⟩ p2 + m2 /T}

Higgs production simulated at 13 TeV LHC

Decay channel  at 100% BRπD → uū

Vary ,  of dark showerS, mD T
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Higgs production is the “portal” to the hidden sector

Production mechanism:
1. Higgs production at LHC
2. Portal through scalar mixing or rare decay (h = S)
3. ‘Dark shower’ in hidden sector (many dark pions)
4. Dark pions decay back to SM pions

Experimental signature: High soft particle multiplcity

Theory Aside: Soft Unclustered Energy Patterns (SEUPs)

1

Consider a toy model: 

pp → h → S → ℬ + X

1. Higgs production at LHC 
2. Portal through scalar mixing or rare decay (h = S) 
3. ‘Dark shower’ in hidden sector (many dark pions) 
4. Dark pions decay back to SM pions

⟨n(Q)⟩ ∼ ( Q
ΛD )

Number dark pions produced

 energy scale 
confinement scale 

Q ∼
ΛD ∼ Model from 1612.00850

C. Cesarotti

ℬ {

Signature would be high multiplicity of soft tracks

Q = energy available in the shower
(roughly mH or mS) 
ΛD = hidden confinement scale
(analogous to ΛQCD)

Ø  

Ø If Q = 125 GeV and ΛD= 1GeV ⟹  n ~ 100 

Signature would be high multiplicity of soft tracks
(isotropic event dominated by mesons)

S. Knapen et. Al., JHEP 08 (2017) 076

How to overcome the luminosity drawback? E.g.: SUEPs

Next Frontiers in MM Searches, 14.09.2026
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How to overcome the luminosity drawback? E.g.: SUEPsSignal topology

4SUEP search in ATLAS, LLP 2026, UK

Large number of soft
tracks from the same

PV

Multiple prompt
muons

The tracks and muons
distributed isotropically

What ATLAS triggers?
BR = 10%
Signal tagging eff. = 0.4%

What ALICE triggers?
BR = 100%
Signal-tagging eff. = 98%

ATLAS, 1612.00850

ATLAS net trigger efficiency ≈ 0.4% ⟹ 2000× luminosity gap is reduced to ≈8× in signal yield

Next Frontiers in MM Searches, 14.09.2026
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Introduction to ALICE TPC

2

Introduction	to	ALICE	TPC

Summary and outlook
•  Major upgrade of the ALICE TPC for installation 

in 2018/19 
•  Goal: Inspect up to 50 kHz Pb-Pb collisions

–  ship all data to online systems continuously
•  New TPC read-out chambers based on 4 GEM 

stacks
–  Required IBF of 1% at eff. gain 2000 is achieved: 

0.63 %
–  Local energy resolution: σ (5.9 keV) ~ 11.3 %
–  Good discharge probability: (6.4±3.7) × 10−12 per 

hadron
–  New electronics for continuous read-out

•  Sophisticated online calibration to retain physics 
performance

•  Technical Design Reports (define construction 
design) endorsed

•  Successful ROC prototype production and testing
•  ROC production about to start
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Figure 1. Schematic view of the ALICE TPC.

operated in pp, p–Pb, Pb–Pb and Xe–Xe collisions at a variety of collision energies during LHC
Run 1 and Run 2. For further details see [5, 6].

1.2 Upgrade concept

The main objective of the TPC upgrade is to provide sensitivity to a minimum-bias interaction
rate of 50 kHz in Pb–Pb collisions, as foreseen for LHC operation in Run 3 and beyond. This goal
requires elimination of the intrinsic trigger rate limitation of the original MWPC-based TPC [5, 7].
The limitation to about 3 kHz was imposed by the operation of an active ion gating grid, which is
used to collect ions from the amplification region and prevent them from drifting back into the drift
volume, where they would lead to substantial space-charge distortions of the drift field. Further
limitations in MWPC-based readout chambers arise from space-charge e�ects at the amplification
wires and ion tail accumulation, both resulting in substantial rate-dependent non-linearities of the
signal response. Despite the tightened operational demands, the ambitious ALICE physics program
for Run 3 and Run 4 does not allow a degradation with respect to the excellent momentum and
d⇢/dG resolution of the original TPC. The design considerations emerging from these challenging
requirements and their technical solutions were worked out in an extensive R&D program [3, 9]
and will be briefly outlined below.

Operation of the TPC at a collision rate of 50 kHz implies that on average five collision events
pile up within the TPC readout time window of about 100 µs, as given by the typical electron drift
time over the maximal drift length of 2.5 m. This excludes triggered operation and defines the need
for continuous readout, demanding novel gas amplification techniques which provide su�cient ion
blocking without an active gate. The requirement to keep the ion-induced space-charge distortions

– 2 –

5m

Central	Electrode	(CE) Inner	field	cage

Outer	field	cage

5m

ALICE	TPC	Collaboration,	JINST	16	(2021)	03,	P03022

Hot	Quarks,	16.10.2022 Mesut	Arslandok,	Yale	University	/	CERN
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ALICE TPC
TPC readout sector

ALICE
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4-GEM system

SCD in the TPC | TB 06.04.2023 | Harald Appelshäuser 4

4kV/cm       4kV/cm        0.1kV/cm    4kV/cm

270 V         230 V          288 V         359 V

Settings A:
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Ionization

Electron Drift

ConCnuous	Readout	with	GEMs	

TPC	Upgrade	requirements:	
•  Nominal	gain	=	2000	in	Ne-CO2-N2	(90-10-5)	
•  IBF	<	1	%		(ε	=	20)	

•  Energy	resoluCon:	σE	/	E	<	12%	for	55Fe	
•  Stable	operaCon	under	LHC	Run	3	condiCons	
	
Baseline	soluCon:	4-GEM	stack	
•  CombinaCon	of	standard	(S)	and	

large	pitch	(LP)	GEM	foils	
•  Highly	opCmized	HV	configuraCon	
•  Result	of	intensive	R&D	

QM2018,	15.05.18	 P.	Gasik	-	ALICE	upgrade:	ITS	&	TPC	 13	

(not	to	scale)	

Working principle

Gas Amplification 
→ Electrons with ~1000 larger drift velocity
→ Original charge is multiplied by a factor of about 2000
→ Intrinsic ion blocking with ~0.7% ion backflow

Signal Generation

electrons

ions

Next Frontiers in MM Searches, 14.09.2026
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Signal creation to particle identification
3.4. Track Reconstruction Procedure in the TPC
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Figure 3.10.: A laser cluster before pedestal subtraction and zero-suppression.

y, z Center of gravity

�y, �z

Shape of the cluster
(characterize cluster background for overlapped clusters)

Qtot, Qmax Total charge and maximum amplitude in cluster

Ctype

Cluster type – characterize the overlap factor
(ratio of the charge supposed to be deposited by

the track and total charge in cluster)

Table 3.3.: Characteristics of a cluster.

y : local y coordinate of the track at the reference plane x = xref ,

z : local z coordinate of the track at the reference plane x = xref ,

k : track curvature. k = 1/R, where R is the radius of the circle obtained projecting
the track on the bending plane,

� : k · x0, being x0 the local x coordinate of the center of the circle on the bending
plane,

tan �: tangent of the track angle with the bending plane (tan � = pz/pT ).

The track finding starts with the determination of the ”seed clusters” on the outermost
pad-rows of the TPC. For each track candidate the prolongation to the next pad-row and
corresponding nearest cluster is found. The track is then updated according to current
cluster parameters and errors. In each pad-row several track hypotheses are formed by
connecting clusters on neighboring pad-rows. If the cluster overlap factor, which is defined
as the ratio of the clusters shared between two track candidates and the number of all
clusters, is greater than a given threshold, track candidate with higher �2 or significantly
lower number of points is rejected. The �2 per cluster is defined as

�2

ncl

=
1

ncl

nclX

i=0

(yi,cluster � yi,track)2

�2
i,y

+
(zi,cluster � zi,track)2

�2
i,z

, (3.2)

31

Track projection Clustering

Time-bin (200ns)
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A. Rustamov, EMMI Workshop, 25-29 March, 2019, GSI.

∆" > ∆"$%&: conservations dominate
∆" < ∆"$%&: dynamical fluctuations may disappear,

(approaching  Poisson limit)

12

1
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To achieve requirements of GCE
cuts in >?, ΔA or ∆) are imposed

Particle	Identification?

QSEC,	26.09.2019

via	specific	energy	loss	as	function	of	momentum	in	the	TPC

dE/dx calculation:
Truncated mean

Time projection & Tracking

4.2. TPC dE/dx response determination

heavier for � < 2, lighter for � > 2 and recover the symmetric shape for � = 2. Figure 4.5
shows how it accommodates the asymmetry and the tails.

4.2. TPC dE/dx response determination

shows how it accommodates the asymmetry and the tails.
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Figure 4.5.: Generalised Gauss function for di↵erent skewness (↵) parameters at fixed � = 2 (left) and
for di↵erent kurtosis (�) parameters at fixed ↵ = 0 (right).

4.2.2. Toy simulation of the truncated mean procedure

The most fundamental concept determining the TPC detector response is the truncated
mean procedure (See Section 2.2). To quantify the e↵ect of this procedure on the detector
response shape, a toy-MC simulation was performed. The truncated mean procedure for
a single particle track is illustrated in Figure 4.6.

In order to address also the e↵ect of the rising slope of the dE/dx spectrum, two
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Figure 4.6.: Toy simulation of a given track’s charge distribution, which has a Landau shape (black solid
line) and the charge distribution after the truncated mean procedure (red dotted line).

simulations were performed. First, the mean dE/dx values are taken from Monte-Carlo
(MC) protons and, second, fixed at 100, as illustrated in Figure 4.7.

71

4.2. TPC dE/dx response determination

shows how it accommodates the asymmetry and the tails.
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4.2.2. Toy simulation of the truncated mean procedure

The most fundamental concept determining the TPC detector response is the truncated
mean procedure (See Section 2.2). To quantify the e↵ect of this procedure on the detector
response shape, a toy-MC simulation was performed. The truncated mean procedure for
a single particle track is illustrated in Figure 4.6.

In order to address also the e↵ect of the rising slope of the dE/dx spectrum, two
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Figure 4.6.: Toy simulation of a given track’s charge distribution, which has a Landau shape (black solid
line) and the charge distribution after the truncated mean procedure (red dotted line).

simulations were performed. First, the mean dE/dx values are taken from Monte-Carlo
(MC) protons and, second, fixed at 100, as illustrated in Figure 4.7.
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Particle identification (PID)
(Production of expected dE/dx (splines))

in the neighboring pads, is shown in Fig. 2. Under real
experimental conditions, the common-mode effect results
in an average baseline drop and an effective noise con-
tribution, as illustrated via simulation in Fig. 3. At the
highest expected occupancy during Run 3 and Run 4, the
average baseline shift of the ALICE GEM-based readout is
about 3 ADC counts, compared to an average signal peak
height of about 80 ADC counts. As detailed in [24], an
online correction algorithm that measures the common-
mode signal has already been implemented in the
FPGA-based readout electronics of the ALICE TPC.
In the following, we discuss the expected response of the

ALICE TPC in the presence of an energy deposit equivalent
to that of a monopole. We show that the amplitude of the

baseline drop is expected to be much larger providing
inspiration for use as a monopole or any other HIP trigger.

III. HIP IDENTIFICATION: A CASE STUDY ON
MONOPOLES

When a relativistic monopole [5] possesses a single
Dirac charge and is in motion, its energy loss due to
ionization is equivalent to that of a relativistic particle

FIG. 1. Illustration of the common-mode effect. Left: The x − y projection of pad plane and the GEM foil closest to the pad plane
(GEM 4), with the pad displaying a signal (S) highlighted in red and those showing the common mode signal (si, i ¼ 1; 2; 3…N ¼ Npads

and
PNpads

i¼1 jsij ¼ S in the case of perfect charge conservation) depicted in gray. Right: The corresponding z − y projection illustrates a
signal (red) and the resulting negatively polarized common-mode signals (black) at a given time, where z is the drift direction of the
electrons and the gas volume is represented by a green shaded area. These are simple sketches and not drawn to scale.

FIG. 2. The main figure shows the ADC signal after pedestal
subtraction and before zero suppression for a hit in an ALICE
GEM-TPC sector, the inset shows the common-mode effect
measured at the same time along the other pads. Figure taken
from [23].

FIG. 3. Simulation of a pad signal for an event with ≈30%
occupancy, representing the highest expected track density in the
ALICE TPC in Run 3. Top: Full signals are shown. Bottom: A
zoom-in on the y-axis to reveal the baseline fluctuations, the red-
dashed line shows the zero-suppression threshold. Figure taken
from [24].
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minimum at about �� ⇡ 3.6; they are “Minimum-Ionizing Particles (MIPs)”. Moreover,
in the limit � �! 1 one observes a complete cancellation of the � dependence and
eventually the energy loss reaches a constant value, the so-called “Fermi plateau”.

Due to its statistical nature, the energy loss of a particle by ionization deviates from the
mean energy loss. The probability distribution of resulting energy loss is described by an
asymmetric, so-called “straggling function” [64]. It di↵ers from the Landau distribution
in its width, because it takes into account the density correction �(�). Figure 2.15 shows
an example of this distribution which clearly deviates from a Gaussian and slightly di↵er
from a Landau distribution.

Because of the long tail towards higher energy losses in the distribution, the average
energy loss is not a good estimator for the mean energy loss of a given track as it would
be for a Gaussian distribution. Therefore, a so-called “truncated mean” procedure is
applied for each track, where only the smallest 60% of the clusters are used for the dE/dx
calculation. The threshold of 60% is found to provide the best dE/dx resolution [65].

In Pb–Pb events, to avoid drawbacks resulting from the overlapping clusters, the dE/dx
calculation is based on Qmax of the clusters, which provides slightly less separation power
for peripheral events, but better separation power in central events. On the other hand,
for low multiplicity environments like pp Qtot is used, since it provides the best separation
power.

described in Section 8 gives closer approximations to
measured functions in the TPC than these analytic
functions and therefore is used in this paper.

5.2. Cumulative straggling functions F ðD; x; bgÞ

For the Monte Carlo simulation of full particle tracks
(Section 6) the cumulative straggling functions F ðD; x;bgÞ
for segments are needed. They are obtained with

F ðD;x;bgÞ ¼
Z D

f ðD0; x;bgÞdD0 and F ð1; x;bgÞ ¼ 1.

(26)

An example is given as F ðDÞ in Fig. 13. The corresponding
expression for the mean energy loss is

M1ðD; x;bgÞ ¼
Z D

Df ðD0; x; bgÞdD0=F ðD; x;bgÞ (27)

where M1ð1; x;bgÞ is the Bethe–Bloch result x $ dE=dx. In
a TPC there are restrictions limiting the maximum
observable energy loss in a cell: the dynamic range of the
ADCs is restricted, and the range of delta-rays may exceed
a practical cell volume. For measured spectra it will be
difficult to determine the appropriate upper limit of the
integral, and the comparison of experiment and calculation
with cumulative functions M1ðDÞ for segments may be
inaccurate.
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Fig. 13. The straggling function f ðDÞ for particles with bg ¼ 3:6 traversing
1.2 cm of Ar is given by the solid line. It extends to D%Emax ¼ 13MeV.
The Landau function [2] is given by the dotted line. The cumulative
straggling function, F ðDÞ Eq. (26), is given by the dashed line. Parameters
describing f ðDÞ are the most probable energy loss Dpðx;bgÞ, i.e. the
position of the maximum of the straggling function, at 1371 eV, and the
full-width-at-half-maximum (FWHM) wðx;bgÞ ¼ 1463 eV. The para-
meters Dl and Du can be used for the scaling procedure of Section 8.
Mean energy loss hDi and hDir, Eqs. (26) and (27), are discussed in the text.
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Fig. 14. Calculated straggling (energy loss, ‘‘Landau’’) functions f ðD=xÞ
(note that D=x is called dE=dx in current literature of particle physics) for
bg ¼ 3:6 particles, traversing segments x ¼ 1; 2; 4; 8 cm in Ar. For the full
spectrum extending to 13MeV, the mean energy loss hD=xi is the same for
all x. The trend of Dp=x with particle speed is shown in Figs. 24 and 25.
For Si see [1, Fig. (27.7)]. In order to show the change in shape the
functions are scaled to the same peak height.
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Fig. 15. The dependence of Dp=x (solid line) and w=x (dotted line) for
particles with bg ¼ 3:6 on absorber thickness x. The Landau approxima-
tion, Eq. (36), Dp=x ¼ AðbgÞ þ ln x is shown by the dashed line. The
structure for xo1 cm is due to the increasing contribution from L-shell
excitations (Fig. G.2). The Bethe–Bloch dE=dx ¼ 2:43 keV=cm would be a
horizontal line (see Fig. 24).
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Fig. 16. Straggling (energy loss) functions f ðDÞ for particles with
bg ¼ 100, for x ¼ 2 cm at a pressure of 5 atm: dotted line, and x ¼
10 cm at 1 atm: solid line. The shift is caused by the ‘‘density effect,’’ Eqs.
(7) and (36). Also see Refs. [69,16, Figs. 1.20 and 9.3]. The values of Dp are
20.23 and 20.9 keV (3.3% different), and w ¼ 9:728 and 9.595 keV, a
difference of '1:4%. Also see Section 7.2.

H. Bichsel / Nuclear Instruments and Methods in Physics Research A 562 (2006) 154–197 169

Figure 2.15.: Calculated straggling functions f(�/x) (note that �/x is equivalent to dE/dx) for ��=3.6
particles (MIPs), traversing layers of Argon in di↵erent widths [64].

Separation power and dE/dx resolution:

To quantify the performance of particle identification via energy loss dE/dx, two quantities
are used; separation power and dE/dx resolution. They are defined as

Si,j =
|µi(p) � µj(p)|

1

2
(�dE/dx,i(p) + �dE/dx,j(p))

, (2.6)

�dE/dx =
�dE/dx,MIP

µdE/dx,MIP

, (2.7)

36
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Goal: Undiscovered territories in TPC

Goethe University | Tuba Gündem15.07.2025 | ALICE Week

❖ Case study: Low mass magnetic monopoles (MMs)

Motivation

2

• Exploring physics beyond standard model (BSM) with LHC Run 3, Run 4 (ITS+TPC) 
and potentially Run 5 (ITS+TOF+OT) using ALICE 3 

• Investigating massive, highly ionizing particles (HIPs) predicted by BSM alongside with 
low momentum SM particles

Magnetic monopoles, dyons, gluinos, 
Q-balls, strangelets, heavy leptons…

Implementing a hardware trigger in 
TPC followed by a special raw data 

reconstruction of TPC and ITS

Methodology is detailed in "M. Arslandok, H. Caines, M. Ivanov, 
Phys. Rev. D 110, 032013 (2024)"

What we already can measure

What we want to measure

50 MIP
(dirac MM ~4700MIP)

Next Frontiers in MM Searches, 14.09.2026



14Mesut Arslandok, Yale University

Arslandok Part B1 HYBRID DETECTOR  
 

 3 

utilizing the ALICE TPC outperforms both tracking in solid detectors and passive detection techniques 
in meeting these criteria. 

 
Figure 1: (Color online) The green and yellow areas represent the experimental acceptances of the TPC and the inner tracking system 
(ITS) of ALICE, respectively. The collision occurs at the center of the TPC. Left: the x-y (r-!) projection of the ALICE TPC. The black 
line denotes a monopole (m) trajectory on a TPC sector, and its thickness indicates the expected energy loss. The red curve represents 
the helix-like trajectory of a charged particle. Right: the r-z view highlights the parabolic trajectory of the monopole. The black dashed 
lines represent the segmentation of the four GEM stacks, while the red dashed line at " ≈ 0.8 marks the point where the track length 
on the x-y plane begins to decrease, continuing until " ≈ 1.6, which represents the border of the geometric acceptance of the TPC. 
These drawings are simple sketches and are not drawn to scale [7]. 
 

The search for magnetic MMs has a long and rich history, including efforts to detect MMs bound in matter, in 
cosmic rays, through nucleon decay catalysis, and especially at colliders with various experimental setups, 
including hadron-hadron collisions (Tevatron at Fermilab and LHC at CERN), electron-positron collisions 
(LEP at CERN) and lepton-hadron collisions (HERA at DESY) [3,5]. These studies typically consider models 
involving monopole-pair production through photon fusion and the Drell-Yan (DY) process, which are 
commonly studied in hadron-hadron collisions. Mass limits from MM searches via DY pair production, 
obtained by ATLAS (A Toroidal LHC ApparatuS) [20–23] and MoEDAL (the Monopole and Exotics Detector 
at the LHC) [24–29] detectors in proton-proton (pp) collisions, as well as the CDF (Collider Detector at 
Fermilab) [30] detector at the Tevatron in proton-antiproton (pp") collisions, are shown in Fig. 2. As discussed 
in Ref. [31], ALICE's unique capabilities, combined with the use of the TPC in the HD approach, allow 
for extending these limits to higher magnetic charges and larger masses. 
 

  
 

Magnetic Monopole searches at the LHC 
Various technologies and techniques are used at the LHC to search for MMs either through tracking detectors 
and electromagnetic calorimeters by the ATLAS collaboration or the use of passive detectors, such as the 
studies underway within the MoEDAL collaboration. Detecting MMs, particularly in tracking detectors, poses 
substantial challenges. For example, the passage of a HIP through a tracking detector can result in energy 
deposits that often saturate the readout electronics or cause SELs making identification considerably more 
difficult [6,32]. In contrast, passive detectors, such as NTDs (Nuclear Track Detectors) and MMTs (Monopole 
Trapping Detectors) of MoEDAL, can facilitate the detection of high-energy depositions, allowing for larger 
magnetic charges (see Fig. 2). However, their limited tracking capabilities and relatively large material budget 
introduce additional constraints. The unique approach proposed in this project addresses both limitations. By 
using the CM signal, the saturation problem is circumvented, and as a gas detector, the TPC provides an 
extensive 3D tracking volume with an almost negligible material budget. In the following, a brief overview of 
the ALICE TPC and the CM effect is provided, along with an outline of the systematic approach for 
reconstructing MM candidates using the HD approach. 
 

Figure 2: (Color online) A summary plot illustrating the mass 
limits as a function of magnetic charge for various spins, assuming 
monopole-pair production via the Drell-Yan process and 
monopole-velocity ($) independent coupling, as reported by 
MoEDAL, ATLAS, and CDF collaborations [29]. 

How does a monopole track look like in the TPC?

Next Frontiers in MM Searches, 14.09.2026

M. Arslandok, H. Caines and M. Ivanov
Phys. Rev. D 110, 032013 (2024)



What is new?
1) Hybrid detector approach

   M. Arslandok, H. Caines and M. Ivanov, Phys. Rev. D 110, 032013 (2024)
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Signal saturation: Limitation in the TPC?

M. Arslandok, H. Caines and M. Ivanov
Phys. Rev. D 110, 032013 (2024)

Common mode signal

Next Frontiers in MM Searches, 14.09.2026
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which is a hard limit applied in the FPGA (i.e., possible larger negative signals are not visible in this plot). The 
right panel shows saturated signals, some of which has about four times larger total charge than those of the 
laser cluster in Fig. 17 (right). Therefore, this 798 MIP reported in Ref. [35] serves as a very conservative 
lower limit. 

 
Figure 17: (Color online) Left: three highly ionizing laser tracks in a given TPC sector projected onto the local x-y plane. Radial 
segmentation of the GEM stacks is also shown with horizontal solid lines ordered from bottom to top: IROC (stack 1), OROC 1 (stack 
2), OROC 2 (stack 3), and OROC 3 (stack 4). Right: saturated signals of a cluster, shown by the dashed circle in the left panel [48]. 

 
Figure 18: (Color online) Left: the pad signals before zero suppression from 1500 pp collisions (comparable to a TF with 500 kHz 
interaction rate data taking) in triggered mode, showing the CM signals below the baseline, with the yellow band around 80 ADC 
representing the saturation tail. Middle: the charge distribution of the same data, highlighting the dynamic range and the significance 
of the negative signals compared to the positive ones. The peak at approximately 80 ADC corresponds to the saturation tail, while the 
peak around 900 ADC represents the Qmax of the saturated signals. Right: the distribution of the saturated signals, with the color scale 
indicating the total charge in the saturated signals. 

Can an MM-like track cause discharge in the GEMs? 

This was investigated in Ref. [32], where the reaction of a single GEM setup with gas mixtures based on Argon 
and Neon on alpha particles was studied. Discharge occurs when the total accumulated charge within a single 
GEM hole exceeds the critical charge density, Qcrit. For a Ne-CO2 (90-10) gas mixture, which can be taken as 
a reasonable proxy to the original gas mixture of Ne-CO2-N2 (90-10-5) of the current TPC, Qcrit was determined 
to be 7.3±0.9×106 electrons per GEM hole. To estimate the number of electrons per hole in the IROC geometry 
for an MM, one can use the following equation: 

>[\,]] = J56,+34×T++×X7'89
!:;
<,8=>?

×
<,'-
<,8=>?

.                                                                                                                 (6) 

Here, Nel,MIP represents number of primary electrons per MIP, Lpitch it the distance between GEM holes and Lpad 
is the pad length in IROC. The product Nel,MIP×QMM×kgain (40×4700×2000) gives the total number of electrons 
per pad after gas amplification. The term 2σD/Lpitch (2.5 mm/140 Tm) accounts for electron diffusion over 5 
mm distance (σD ≈ 2.5 mm for a flat diffusion assumption in 1 m electron drift), while Lpad/Lpitch (1 cm/140	Tm) 
accounts for the number of GEM holes per pad length. Using this equation, the calculation yields an electron 
count per hole of 1.2×105 for an ALICE GEM stack, notably about a factor 60 lower than the Qcrit for a single 
GEM setup. Importantly, in the four-GEM configuration of ALICE, the total gain is distributed among the 
foils building the stack, resulting in increased stability against discharges. Therefore, this value serves as a 
conservative lower limit for the current setup [35]. 

Extreme scenario: What happens when large charge densities trigger sparks and cause high-voltage trips? 
In this case, data acquisition for the chamber is temporarily halted until the high voltage is restored. This 
interruption begins within a millisecond, while the complete recovery process of the high-voltage power supply 
takes a few minutes. On the other hand, the signal induction on the pads for the whole track segment occurs 
on a time scale of less than a microsecond. As a result, even if the signal tail above the baseline is cut off, the 
CM signal below the baseline and the peak of positive signal remain detectable, ensuring that the particle 
trajectory is measurable. As mentioned earlier in the 'Expected outcomes' section, such cases contain valuable 
information, as they are crucial for testing the limits of the TPC and guiding future detector R&D. 
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Charge spectra within the dynamic range
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The past
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The future

Readout with GEM TPC

ContinuousTriggered

Ø Continuous readout 
→ ~50 times more collisions à higher chance to SEE Monopoles 

Ø Instead of events, “Time frames” (~15 ms) containing ~150 collisions
→ ~15000 samples in time direction à higher chance to DETECT Monopole signals

Next Frontiers in MM Searches, 14.09.2026
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Unwanted Common-mode signal as the HIP trigger

Arslandok Part B1 HYBRID DETECTOR  
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How to search MMs in ALICE?  
The ALICE TPC [33–36], a gaseous detector, is the primary tracking and particle identification (PID) detector 
of the ALICE experiment [37] (see Fig. 1). During the Long Shutdown 2 (LS2) of the LHC (December 2018–
March 2022), it was upgraded from a Multi-Wire Proportional Chamber (MWPC)-based triggered readout to 
a GEM-based continuous readout to handle the significantly higher luminosities anticipated in Runs 3 and 4, 
which increased by a factor of 50 for Pb–Pb collisions and by three orders of magnitude for pp collisions. To 
handle this large amount of data, the readout electronics was further upgraded to FPGA (Field-Programmable 
Gate Arrays)-based technology. The FPGA technology and continuous readout were both essential, as the 
HD project would not have been possible without their combined use.  
 

The readout planes located on either side of the TPC are segmented into azimuthal sectors, which in turn are 
subdivided into four GEM stacks along the radial direction as illustrated with black dashed lines in 
Fig. 1 (left)). Each GEM stack consists of four GEM foils arranged parallel to the pad plane, with a 2 mm 
distance between the foils and the pad plane. Note that the active volume of the TPC spans a 5×5 m dimension 
as shown in Fig. 1. 
 

 
Figure 3: (Color online) Illustration of the CM effect. Left: the x-y projection of the innermost pad plane and the nearest GEM foil 
(GEM 4), with the pad displaying a signal (S) highlighted in red and those with the CM signal (si, i=1,2,3 … N = Npads and ∑ |'!|"!"#$

!#$ ≈
0.5 × ,) depicted in grey. Middle: The corresponding x-z projection illustrates a signal (red) and the resulting negatively polarized 
CM signals (black) at a given time. Here, z represents the drift direction of the electrons (which is also the beam direction), and the 
gas volume is depicted as a green-shaded area. These are simple sketches and not drawn to scale. Right: the main figure shows the 
ADC signal before zero suppression, and the inset shows the CM signal measured at the same time along the other pads [7,8]. 
 

The TPC captures the ionization signals generated by charged particles originating from the collision. As 
particles move through the gas, they ionize the atoms or molecules along their path, generating ionization 
electrons and positively charged ions. The electrons are collected on the readout planes on both sides of the 
TPC by an electric field applied across the gas volume (see Fig. 1 (right)). The number of electrons arriving at 
the readout plane determines the signal strength. However, the electrons produced from the primary ionization 
alone are insufficient to generate a visible signal. To overcome this problem, a strong electric field is applied 
to the GEM foils, — thin polymer sheets with microscopic holes (see Fig. 3 (left)) —, creating an electron 
avalanche that significantly increases the number of electron-ion pairs. This process leads to an amplification 
factor (kgain) of about 2000, thereby enhancing the signal amplitude. These amplified signals are then read out 
via the readout channels, which are referred to as pads. The arrival points on the readout plane (pad plane) 
provide the x- and y-coordinates, while the drift time of the electrons, combined with their drift velocity, 
determines the z-coordinate of the initial ionization point. In this way, the TPC can reconstruct the trajectories 
of charged particles in three dimensions. In contrast to solid trackers, where the hit points occur directly on the 
sensitive layer of the detector, the hit points in the TPC are reconstructed indirectly through the ionization of 
the gas. This design results in a low material budget and abundant ionization points, enabling finer 
segmentation of the xy-plane into significantly more hit points than solid trackers. This capability allows for 
precise reconstruction of trajectories for both long and short tracks ensuring efficient operation in large 
volumes and extending its kinematic range to |#| ≲ 1.5 (see Fig. 1 (right)). 
 

Within the GEM readout system, the pad plane, and the GEM foils possess an inherent capacitance that leads 
to the so-called common-mode (CM) effect [8]. It is created by their common high-voltage supply via a resistor 
network. An illustration of the CM effect is shown in the left and middle panels of Fig. 3. When a signal is 
detected on a single pad (S), a capacitive signal with opposite polarity is induced across all pads facing the 
corresponding stack (s1...sn) so that the total positive charge is proportional to the total negative charge, at a 
given time. Consequently, the amplitude of the CM signal in each pad is suppressed by a factor of Npads relative 
to the total positive charge, where Npads, numbering a few thousands, is the number of pads belonging to the 
same stack [8,36]. A typical semi-Gaussian TPC signal, together with the simultaneous CM signal seen as an 
undershoot in the neighbouring pads, is shown in Fig. 3 (right). The CM effect causes substantial baseline 
fluctuations, as shown in Fig. 4 (left), which degrade the accuracy of the energy loss measurements. Since 
reconstruction and data compression are performed fully online during Runs 3 and 4, these undesired 

Ø Common-mode (CM) signal: 
        →	Negatively polarized signal below the baseline caused by capacitive coupling between GEM4 electrode and readout pads
Ø What makes CM so special?:
        →	CM signal is several thousand times smaller than the original signal
        →	The CM signal is very fast and can therefore be detected before the TPC malfunctions due to a hardware trip

Npads = 3000 - 5000

Qmax

• Electrons induce a localized signal ( ) on the pad plane and 
simultaneously smaller signals ( ) with opposite polarity are induced 
on all pads of the corresponding GEM stack → the CM signal:





• HIP energy loss can be obtained via the transfer function:


S
si

Npads

∑
i=1

si ≈ 0.5 × S

Qmax,HIP = [(Qmax,CM × Npads)/Nrows] × (1/kCF)
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• Exploring massive, highly ionizing particles (HIPs) predicted by  
Beyond Standard Model theories at the LHC Run 3–4 using ALICE

• Taking advantage of ALICE’s low material budget  
and excellent efficiency for detecting HIPs

• Employing a dedicated hardware trigger[1]

Motivation

Muon Forward Tracker (MFT): 
Improved muon vertexing 

Fast Interaction Trigger (FIT):

High-rate trigger capability


O2: Online-Offline framework

• Run 3 Upgrades[2]:
ALICE
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• Track topology: Magnetic monopoles 
(MMs) follow parabolic paths unlike 
Standard Model (SM) particles, which 
follow helical trajectories

• Energy loss: MMs are highly ionizing, 
producing signals that exceed the  
dynamic range of the TPC readout chips, 
resulting in a saturated signal

Common Mode (CM) Signal 

X
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How to Measure?

• Lorentz Force:




• Parabolic trajectory:

F = g(B − v × E)

z(r) − zv = 0.5 qm |B |r2

pTβTc
+ r

tan θ0

Magnetic Monopoles

• ALICE shows strong potential for detecting MMs and other HIPs

• A proof of principle for a novel TPC hardware trigger based on the 
CM signal has been demonstrated using pp and Pb–Pb collision data

• This approach will enable us to probe detector limits and  
enhance future HIP searches

Conclusion

40− 30− 20− 10− 0 10 20 30 40

 (cm)yLocal

60

80

100

120

140

160

180

200

220

240

 (
cm

)
x

L
o
ca

l

780

800

820

840

860

880

900

920

940

C
h
a
rg

e
 (

A
D

C
)

0

1

2

3

4

5

6

7

8

9

CRU

IROC

OROC

ALICE Performance

 = 5.36 TeVNNsPb−Pb

ALI-PERF-611145

1

10

210

310

0 5 10 15 20 25 30 35

Number of time bins

100−

90−

80−

70−

60−

50−

40−

30−

20−

10−

 (
A

D
C

)
〉

C
o

m
m

o
n

 M
o

d
e

 S
ig

n
a

l
〈

ALICE Performance

 = 5.36 TeVNNsPb−Pb

ALI-PERF-611137

0 2000 4000 6000 8000 10000 12000 14000

Time bin (200 ns)

100−

80−

60−

40−

20−

0

C
o

m
m

o
n

 M
o
d

e
 S

ig
n

a
l (

A
D

C
)

1

10

210

310

410

510

610

ALICE Performance

 = 13.6 TeVspp

ALI-PERF-611127

TPCQmax,HIP ∼ 4414 MIP

• A baseline correction algorithm implemented in FPGA (Field 
Programmable Gate Arrays) based CRUs (Common Readout Units) 
corrects the CM effect in real time before zero suppression

• CM values are computed per CRU for each time bin

• The trigger activates when the CM signal drops below a threshold 
across consecutive time bins

Highly ionizing, but not a monopole candidate since 
it does not point to the interaction point

Trigger threshold

Hardware Trigger
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Time Projection Chamber (TPC): 
Higher data rate with continuous  
Gas Electron Multipliers readout

Inner Tracking System (ITS): 
7 layers of monolithic active silicon pixel sensors 

Improved pointing resolution

Specific energy loss 
(dE/dx) calculation

• An isolated magnet with only one magnetic pole

• Dirac: quantization of electric charge[3]

• According to Dirac’s quantization condition:



g = ngD = n ( ℏc
2 ) ∼ n ( 137

2 ) e

dE /dx |1gD
∼ 4700 MIP (Minimum Ionizing Particle)

Qmax

• Electrons induce a localized signal ( ) on the pad plane and 
simultaneously smaller signals ( ) with opposite polarity are induced 
on all pads of the corresponding GEM stack → the CM signal:





• HIP energy loss can be obtained via the transfer function:


S
si

Npads

∑
i=1

si ≈ 0.5 × S

Qmax,HIP = [(Qmax,CM × Npads)/Nrows] × (1/kCF)
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• Exploring massive, highly ionizing particles (HIPs) predicted by  
Beyond Standard Model theories at the LHC Run 3–4 using ALICE

• Taking advantage of ALICE’s low material budget  
and excellent efficiency for detecting HIPs

• Employing a dedicated hardware trigger[1]

Motivation

Muon Forward Tracker (MFT): 
Improved muon vertexing  

Fast Interaction Trigger (FIT):

High-rate trigger capability


O2: Online-Offline framework

• Run 3 Upgrades[2]:
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• Track topology: Magnetic monopoles 
(MMs) follow parabolic paths unlike 
Standard Model (SM) particles, which 
follow helical trajectories

• Energy loss: MMs are highly ionizing, 
producing signals that exceed the  
dynamic range of the TPC readout chips, 
resulting in a saturated signal
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How to Measure?

• Lorentz Force:




• Parabolic trajectory:

F = g(B − v × E)

z(r) − zv = 0.5 qm |B |r2

pTβTc
+ r

tan θ0

Magnetic Monopoles

• ALICE shows strong potential for detecting MMs and other HIPs

• A proof of principle for a novel TPC hardware trigger based on the 
CM signal has been demonstrated using pp and Pb–Pb collision data

• This approach will enable us to probe detector limits and  
enhance future HIP searches

Conclusion
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• A baseline correction algorithm implemented in FPGA (Field 
Programmable Gate Arrays) based CRUs (Common Readout Units) 
corrects the CM effect in real time before zero suppression

• CM values are computed per CRU for each time bin

• The trigger activates when the CM signal drops below a threshold 
across consecutive time bins

Highly ionizing, but not a monopole candidate since 
it does not point to the interaction point
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Time Projection Chamber (TPC): 
Higher data rate with continuous  
Gas Electron Multipliers readout

Inner Tracking System (ITS): 
7 layers of monolithic active silicon pixel sensors 

Improved pointing resolution

Specific energy loss 
(dE/dx) calculation

• An isolated magnet with only one magnetic pole

• Dirac: quantization of electric charge[3]

• According to Dirac’s quantization condition:



g = ngD = n ( ℏc
2 ) ∼ n ( 137
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dE /dx |1gD
∼ 4700 MIP (Minimum Ionizing Particle)
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Trigger the candidate in FPGA using the CM signal ⟹ Track it in the TPC ⟹ Propagate to the ITS

First look at common-mode-triggered Pb–Pb 2026 data 

Next Frontiers in MM Searches, 14.09.2026

Goethe University | Tuba Gündem30.06.2026 | LLP26
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Hardware Based Trigger: Proof of Principle

20

•First look at the uncalibrated 2026 Pb—Pb data
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Ø Candidates with energy losses of up to 9000 MIPs equivalent have been identified 
Ø Analysis is ongoing
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Ø Hardware trigger based on the common-mode signal in the TPC to tag HIPs during online processing in the FPGA
        → Passive comp.: Save triggered raw data online without any compression for any HIP in any collision system, even for cosmics
                                      → Even if the TPC (and/or ITS) is not stable, there will be enough time to save the trigger decision and thus 
                                            full raw data information
        → Active comp.: Special offline track reconstruction of the raw data
                                      → Mainly combined information from ITS and TPC, complemented by other subdetectors N

ov
el

 Id
ea

Ad
va

nt
ag

es Ø Run 3 - Run 4 (2021-2033)
• Triggering via common-mode signal by the TPC
• Small B field of 0.5 T
• New GEM-based TPC → continuous readout
• Significantly low material budget

Ø Run 5 (2036-2041): ALICE 3
• TOF and/or ITS as the trigger detectors
• TOF at r=19cm and ITS layers inside the beam pipe
• Higher luminosities compare to Runs 3 and 4
• Even lower material budget

CERN-LHCC-2022-009 ; LHCC-I-038

Summary: Hybrid detector logic

Next Frontiers in MM Searches, 14.09.2026



What is new?
2) Low-gain configuration of the TPC



First look at the uncalibrated low gain data

Ø We collected data at 𝑠 = 2.4 and 13.6 TeV, pp using the low-gain configuration of the TPC
Ø Approximately 100 billion events were recorded during a dedicated 17-hour run
Ø Dirac magnetic monopole with gD=1 has an energy loss equivalent of 4700 MIPs

• n·gD → n² × 4700 MIP ⟹ 2.5M MIP corresponds to 23 g𝑫

Nominal gain dynamic range ∼1-50 MIPs 
(using CM signal it goes up to 25000 MIP)

Low gain dynamic range ∼20-5000 MIPs
(using CM signal it goes up to 2.5M MIP)

21Mesut Arslandok, Yale UniversityNext Frontiers in MM Searches, 14.09.2026



Ø Spallation product reconstruction using 4.3 million events → candidates up to 1150 MIP
Ø Candidates will be traced down to the ITS to match tracks with large clusters in the ITS

Highly ionizing particle search in the TPC

22Mesut Arslandok, Yale UniversityNext Frontiers in MM Searches, 14.09.2026



300− 200− 100− 0 100 200 300
x (cm)

300−

200−

100−

0

100

200

300

400
y 

(c
m

)

All monopole clusters

Background clusters

Monopole clusters on reconstructed tracks

B = 0.5T

0 100 200 300 400 500 600

Time (200 ns)

0

50

100

150

200

250

300

R
ad

iu
s 

(c
m

)

B = 0.5 T
B = 3.8 T

0 20 40 60 80 100 120 140

Number of TPC clusters per tack

0

2000

4000

6000

8000

 s
ig

na
l p

er
 M

IP
x

/d
E

T
P

C
 d

Background tracks

Reconstructed monopoles

Highly ionizing particle search in the TPC

23Mesut Arslandok, Yale University

Ø gD = 1 monopoles from Schwinger production are within the detector’s dynamic range. 
Ø Tracks are found only partially due to parabolic trajectory
Ø Next steps:

Ø Modification of the TPC clusterizer and tracking algorithms to reconstruct parabolic trajectories.
Ø Study of the ITS response to highly ionizing particles 

Next Frontiers in MM Searches, 14.09.2026



First results from special reconstruction of low-TPC-gain data

24Mesut Arslandok, Yale University
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Ø Candidates up to 20,000 MIPs, mainly low-pT carbon nuclei (Z=6) 
Ø 0.05% of tracks have signals above 2,000 MIPs

Next Frontiers in MM Searches, 14.09.2026

Work 
in progress
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Monopoles

SUSY

Dark matter

25Mesut Arslandok, Yale University

Summary: HIP search in ALICE

Ø Trigger for any HIP in any collision system
Ø  If approved, run with the low-gain mode of the TPC 

N
ature (London) 602, 63 (2022)

J. Phys. C
onf. Ser. 2375, 012002 (2022)
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Dream TPC for MM searches at the ALHC

26Mesut Arslandok, Yale University

+ 
Low gain 

+
Large dynamic range

Chatgpt + I

Next Frontiers in MM Searches, 14.09.2026



Dream TPC for MM searches with cosmic rays

27Mesut Arslandok, Yale University

Chatgpt + I

Next Frontiers in MM Searches, 14.09.2026



BACKUP
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How does a monopole track look like in the TPC?

Ø Main observable is the time spent in the active zone of the TPC
Ø Monopoles will visible up to about |𝜂|<1.5

Arslandok Part B2 HYBRID DETECTOR 
 

 8 

Groundbreaking nature of the HD approach: 
Can the current TPC cope with the ionization of an MM-like track?  

In the following, this question is addressed by utilizing the CM signal [46,48] (see Part B1) measured from the 
black data of the laser calibration system and the commissioning data of pp collisions. In fact, the CM effect 
is considered an undesirable effect that degrades the energy loss measurements and was originally identified 
as one of the major challenges for PID performance in the TPC (see Fig. 18, (left)) [46]. However, its 
unconventional use within the HD approach serves as a key tool for identifying BSM HIPs. In this sense, it is 
both a curse for SM physics and a blessing for BSM physics. 

 
Figure 16: (Color online) Left: expectations of the energy loss over time in the TPC volume for a monopole (m) compared to a typical 
SM particle, shown as solid black and dashed red curves, respectively. The green shaded area marks the ionization levels within the 
dynamic range of the readout electronics. The yellow area highlights where saturation of the channels occurs. In the gas, a Bragg peak 
is observed when the SM particle stops, while for the monopole, it stays always in the saturation domain and its ionization becomes 
less dense as it loses energy. Right: the projection of a HIP track in the saturation domain onto the time (z) axis shown as a function 
of inclination angle (θ) (see Fig. 1), assuming no bending of the track due to the magnetic field. Tracks with inclination angles smaller 
than 45 degrees (i.e., η < 0.8) exhibit larger ∆t values when they bend under the influence of the magnetic field, as depicted in Fig. 1. 
The grey shaded area shows the angles outside the geometric acceptance of the TPC, while the orange shaded area with a color 
gradient indicates where the background for the HIPs, mainly spallation products, is anticipated [35]. 

As mentioned in Part B1, the detection of an MM with the HD approach requires the identification of a single, 
highly ionizing parabolic track with decreasing energy loss along its path. Once an MM candidate enters the 
TPC, it generates up to 152 clusters, with each point producing saturated signals on the xy-plane, and a 
maximum of about 480 CM signals along the time axis. This allows for precise 3D trajectory reconstruction 
of both short and long HIP tracks within the geometric acceptance of ∣η∣	≲	1.5 (see Fig. 16 (right) and Fig. 1 
(right)). This is a unique capability of the TPC compared to other detectors at the LHC.  
 

 Number of pads, Npads Number of rows, Nrows Capacitive coupling factor, kCF Stack area (mm2) 
IROC (stack 1) 5280 63 0.42 171154 

OROC1 (stack 2) 2880 34 0.43 174853 
OROC2 (stack 3) 3200 30 0.5 231284 
OROC3 (stack 4) 3200 25 0.58 294836 

 

Table 1: Some variables specific to GEM stacks positioned in the inner (IROC) and outer (OROC) readout chambers of a TPC 
sector, radially segmented from bottom to top: IROC (stack 1), OROC 1 (stack 2), OROC 2 (stack 3), and OROC 3 (stack 4) [46,48]. 

Stability of the TPC against such energy depositions was studied in Ref. [35] using the black data of highly 
ionizing laser tracks shown in Fig. 17, where the corresponding induced CM signal (blue dashed line) has a 
total and maximum charge of Qtot,CM = −143 ADC and Qmax,CM = −80 ADC, respectively. This CM signal is 
generated by the total charge of the three track segments on the stack 4 and is thus proportional to the total 
charge recorded in that stack (see Fig. 3). Assuming this CM signal is generated in an inner readout chamber 
(IROC) (since HIPs are produced in collisions and pass through the IROCs first) by a single HIP instead of the 
three laser tracks, the mean energy loss of this HIP candidate can be estimated using the following equation: 

PMFN,OPQ =
[(T$'(,*+×J,'-.)/J/01.]×()/X*2)

T$'(,+34
,                                                                                        (5) 

where Qmax,CM × Npads (80×5280) is the total maximum charge in the stack, Nrows = 63 is the normalization factor 
to obtain the energy loss for a given cluster, QYZ ≈ 0.42 is the capacitive coupling (proportionality) factor and 
Qmax,MIP = 20 ADC is the mean maximum charge for a MIP signal in the TPC (see Table. 1). By substituting 
these values into Eq. 5, one obtains 798 MIP, which is approximately six times lower than the MIP equivalent 
of 4700 for an MM. It is worth noting that this value applies when the monopole is oriented perpendicular to 
the beam axis. However, monopoles in a magnetic field are expected to bend along a parabolic trajectory (see 
Fig. 1 and Fig. 6 (left)), and thus the deposited charge per monopole cluster is distributed across multiple time-
bins. ALICE recently collected black data from pp and Pb–Pb collisions, demonstrating that the TPC can 
effectively handle even higher energy depositions. Using these data, I have studied the spectrum of negative 
CM and saturated signals, as shown in Fig. 18. As seen in the left panel, the CM signals reach –100 ADC, 
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utilizing the ALICE TPC outperforms both tracking in solid detectors and passive detection techniques 
in meeting these criteria. 

 
Figure 1: (Color online) The green and yellow areas represent the experimental acceptances of the TPC and the inner tracking system 
(ITS) of ALICE, respectively. The collision occurs at the center of the TPC. Left: the x-y (r-!) projection of the ALICE TPC. The black 
line denotes a monopole (m) trajectory on a TPC sector, and its thickness indicates the expected energy loss. The red curve represents 
the helix-like trajectory of a charged particle. Right: the r-z view highlights the parabolic trajectory of the monopole. The black dashed 
lines represent the segmentation of the four GEM stacks, while the red dashed line at " ≈ 0.8 marks the point where the track length 
on the x-y plane begins to decrease, continuing until " ≈ 1.6, which represents the border of the geometric acceptance of the TPC. 
These drawings are simple sketches and are not drawn to scale [7]. 
 

The search for magnetic MMs has a long and rich history, including efforts to detect MMs bound in matter, in 
cosmic rays, through nucleon decay catalysis, and especially at colliders with various experimental setups, 
including hadron-hadron collisions (Tevatron at Fermilab and LHC at CERN), electron-positron collisions 
(LEP at CERN) and lepton-hadron collisions (HERA at DESY) [3,5]. These studies typically consider models 
involving monopole-pair production through photon fusion and the Drell-Yan (DY) process, which are 
commonly studied in hadron-hadron collisions. Mass limits from MM searches via DY pair production, 
obtained by ATLAS (A Toroidal LHC ApparatuS) [20–23] and MoEDAL (the Monopole and Exotics Detector 
at the LHC) [24–29] detectors in proton-proton (pp) collisions, as well as the CDF (Collider Detector at 
Fermilab) [30] detector at the Tevatron in proton-antiproton (pp") collisions, are shown in Fig. 2. As discussed 
in Ref. [31], ALICE's unique capabilities, combined with the use of the TPC in the HD approach, allow 
for extending these limits to higher magnetic charges and larger masses. 
 

  
 

Magnetic Monopole searches at the LHC 
Various technologies and techniques are used at the LHC to search for MMs either through tracking detectors 
and electromagnetic calorimeters by the ATLAS collaboration or the use of passive detectors, such as the 
studies underway within the MoEDAL collaboration. Detecting MMs, particularly in tracking detectors, poses 
substantial challenges. For example, the passage of a HIP through a tracking detector can result in energy 
deposits that often saturate the readout electronics or cause SELs making identification considerably more 
difficult [6,32]. In contrast, passive detectors, such as NTDs (Nuclear Track Detectors) and MMTs (Monopole 
Trapping Detectors) of MoEDAL, can facilitate the detection of high-energy depositions, allowing for larger 
magnetic charges (see Fig. 2). However, their limited tracking capabilities and relatively large material budget 
introduce additional constraints. The unique approach proposed in this project addresses both limitations. By 
using the CM signal, the saturation problem is circumvented, and as a gas detector, the TPC provides an 
extensive 3D tracking volume with an almost negligible material budget. In the following, a brief overview of 
the ALICE TPC and the CM effect is provided, along with an outline of the systematic approach for 
reconstructing MM candidates using the HD approach. 
 

Figure 2: (Color online) A summary plot illustrating the mass 
limits as a function of magnetic charge for various spins, assuming 
monopole-pair production via the Drell-Yan process and 
monopole-velocity ($) independent coupling, as reported by 
MoEDAL, ATLAS, and CDF collaborations [29]. 
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g = ngD in a magnetic field B experiences a force of gB in the direction of the field. In vacuum, with the field 
aligned along the beam axis (the z-direction), the MM follows a parabolic trajectory in the rz-plane (see 
Fig. 1 (right)) [10]: 

/(?) − /> = 0.5 ?$|A|B
!

C%7%D
+ B

EFGH&
,                                                                                                         (3) 

where z(r) is the coordinate of a point on the trajectory at distance r from the beam (with the particle originating 
at r = 0 and z = zv), pT and βT are the transverse momentum and transverse velocity of the MM and θ0 is its 
initial angle with respect to the beam direction. The trajectory of an MM with g	= gD, produced at η = 0 with 
an initial kinetic energy of 100 GeV, is calculated using Eq. 3 and compared for ALICE, ATLAS, and CMS 
detectors in Fig. 6 (left). The magnetic field causes a bending of the trajectory, which changes the kinematic 
acceptance and shifts centrally produced MMs to higher η values. Among the LHC experiments, ALICE's 
relatively weaker magnetic field minimizes this effect, enabling better acceptance in the central region. This 
makes ALICE particularly suited for detecting MMs in the central region (|η| ≲ 1.5; see Fig. 1 (right)), 
where particle multiplicity is highest — particularly for larger masses, as illustrated in Fig. 6 (right). 

 
Figure 6: Left: the approximate trajectory of an MM with 1000 GeV mass and  initial kinetic energy of Ekin = 100 GeV assuming a 
uniform magnetic field in the ALICE (B= 0.5 T), ATLAS (B= 2.0 T) and CMS (B= 3.8 T) detectors at η = 0, for |g| = gD. Right: 
pseudorapidity distributions of DY (solid lines) and isotropic (dashed lines) pair production kinematics for pp collisions at 14 TeV 
center-of-mass energy [9]. 

Second, the DQC leads to a very strong coupling of MMs to photons (.I ≈ 34), which is about four orders 
of magnitude larger than the electromagnetic coupling (. = 1/137). This strong coupling makes it difficult to 
calculate the production cross-sections and precludes perturbative calculations beyond the leading order. 
Despite this limitation, experiments must assume certain production processes to estimate detector acceptance. 
All previous studies on the direct production of MMs at particle accelerators have focused on collisions of 
elementary particles, such as electrons or quarks in the case of hadron-hadron collisions, assuming production 
via fermion–antifermion annihilation (Drell–Yan (DY) mechanism) or photon fusion [6] (see Fig. 7). Although 
these mechanisms are only "best guesses", they provide a reliable basis for placing upper limits on the 
production cross sections. The ATLAS [11–13] and MoEDAL [14–18] collaborations have published 
numerous results on MM mass limits in pp collisions, exploring various spin and magnetic charge 
configurations, as summarized in Fig. 2. 
 

      
These results assume point-like MMs, as the production of composite MMs from elementary particle collisions 
is exponentially suppressed by e−4/α (≈10−237) [19]. However, most MMs predicted in the literature are 
composite objects, including the light MMs potentially accessible at the LHC [6]. One way to circumvent this 
suppression is to search for MMs via the Schwinger pair production (SPP) mechanism. In 1951, Schwinger 
showed that electrically charged particles could be produced by the decay of a strong electric field [20]. If 
MMs exist, electromagnetic duality suggests that they could also be produced in sufficiently strong magnetic 
fields [21,22]. In ultraperipheral heavy-ion collisions at the LHC, the fast-moving ions produce the strongest 
magnetic fields in the universe, with peak fields of about 1016 T in Pb–Pb collisions at 5.02 TeV [23], exceeding 
the strongest known astrophysical magnetic fields produced by magnetars by four orders of magnitude. Since 
the SPP mechanism strongly depends on the magnetic field strength, high-energy Pb–Pb collisions provide the 
best opportunity for the production of low-mass MMs. The ATLAS and MoEDAL collaborations reported the 
first lower mass limits of 120 GeV [24] and 90 GeV [25], respectively, for finite-size magnetic monopoles 

Figure 7: Monopole-pair production diagrams used in pp collisions: 
Drell-Yan (left) and photon-fusion (right) [6]. 

TPC

Eur. Phys. J. C, 72,1985 (2012)

Ø Large kinematic coverage at midrapidity

Advantage of low B field

ALICE ATLAS
CMS
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Eur. Phys. J. C, 72,1985 (2012)

Goethe University | Tuba Gündem15.07.2025 | ALICE Week 10

• ALICE features a low material budget (3x smaller than ATLAS)

• PYTHIA simulations for Run 1 settings show MMs produced at |η| ≤ 0.8 for different magnetic 
charges and masses for ATLAS, MoEDAL, and ALICE

• In Run 3, reconstruction of short tracks within the new raw data reconstruction framework will 
increase the acceptance to |η| ≤ 1.5

Low Material Budget

(Eur. Phys. J. C 72, 1985 (2012))
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Advantage of TPC as the MM tracker

Ø Assumptions in the paper vs current setup:

ü Identification of HIPs in the TPC → possible with our current approach
ü |𝜂|< 0.8 → will be extended to |𝜂|< 1.5
ü Material budget of Run 1 setup → much lower in Run 3-5
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3.4. Track Reconstruction Procedure in the TPC
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Figure 3.10.: A laser cluster before pedestal subtraction and zero-suppression.

y, z Center of gravity

�y, �z

Shape of the cluster
(characterize cluster background for overlapped clusters)

Qtot, Qmax Total charge and maximum amplitude in cluster

Ctype

Cluster type – characterize the overlap factor
(ratio of the charge supposed to be deposited by

the track and total charge in cluster)

Table 3.3.: Characteristics of a cluster.

y : local y coordinate of the track at the reference plane x = xref ,

z : local z coordinate of the track at the reference plane x = xref ,

k : track curvature. k = 1/R, where R is the radius of the circle obtained projecting
the track on the bending plane,

� : k · x0, being x0 the local x coordinate of the center of the circle on the bending
plane,

tan �: tangent of the track angle with the bending plane (tan � = pz/pT ).

The track finding starts with the determination of the ”seed clusters” on the outermost
pad-rows of the TPC. For each track candidate the prolongation to the next pad-row and
corresponding nearest cluster is found. The track is then updated according to current
cluster parameters and errors. In each pad-row several track hypotheses are formed by
connecting clusters on neighboring pad-rows. If the cluster overlap factor, which is defined
as the ratio of the clusters shared between two track candidates and the number of all
clusters, is greater than a given threshold, track candidate with higher �2 or significantly
lower number of points is rejected. The �2 per cluster is defined as

�2

ncl

=
1

ncl

nclX

i=0

(yi,cluster � yi,track)2

�2
i,y

+
(zi,cluster � zi,track)2

�2
i,z

, (3.2)
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Cluster creation on a single row out of 152
A typical cluster: “hit point” in TPC Particle identification

Conventional PID?

Ø Max charge that TPC measures is ~ 1000 ADC 
      ⟹ 1MIP ~ 20 ADC → Monopole candidate with 4700 MIP >> 1000 ADC
      ⟹ Conventional PID with current reconstruction will fail

Time-bin (200ns)

Next Frontiers in MM Searches, 14.09.2026



The cluster finder fails at nominal gain due to signal saturation and 
excessively wide clusters.

First magnetic monopole simulations at nominal TPC gain
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Propagation to ITS

Goethe University | Tuba Gündem15.07.2025 | ALICE Week

ITS - PID Using Cluster Size

29

• Once a HIP is triggered, the response of ITS will be investigated  

• Standard particles produce small clusters, while HIPs can create 
much larger ones

• Large HIP clusters may get split during reconstruction, the ITS 
cluster finder and tracker will be improved to handle HIPs correctly

The rotated axes are in mm, the 
horizontal/vertical ones in pixels

Ø Cluster sizes up to an order of magnitude above SM background observed in raw data
Ø These clusters serve as a software trigger
Ø TPC signal can be correlated even if ITS chips reboot

Goethe University | Tuba Gündem15.07.2025 | ALICE Week

ITS - PID Using Cluster Size

29

• Once a HIP is triggered, the response of ITS will be investigated  

• Standard particles produce small clusters, while HIPs can create 
much larger ones

• Large HIP clusters may get split during reconstruction, the ITS 
cluster finder and tracker will be improved to handle HIPs correctly

The rotated axes are in mm, the 
horizontal/vertical ones in pixels
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calibrations. In this phase, data from the detector is read out by the first layer of computing nodes, the First 
Level Processors (FLPs), each connected to a subset of the detector’s readout channels. First-stage data 
compression, including baseline corrections [48] and zero-suppression, is performed in the FPGAs in the FLPs, 
while cluster finding is performed in the GPUs of the second layer of computing elements, the Event 
Processing Nodes (EPNs). For development, debugging, and monitoring purposes, a small subset (about one 
per mille) of the raw data is stored in parallel. The output of the synchronous phase is a set of compressed raw 
data called Compressed Time Frames (CTFs) containing cluster information and calibration data. The CTFs 
and the raw data are stored in a 120 PB disk buffer at CERN and are eventually replicated to the Grid 
(Worldwide LHC Computing Grid (WLCG), a globally distributed computing network designed to process, 
store, and analyse the data from CERN). When there is no beam in the LHC, the data is read back from the 
disk buffer to the EPN farm for asynchronous reconstruction. In the asynchronous phase, final calibrations are 
carried out to achieve the required data quality for physics analysis. 

 
Figure 20: (Color online) Schematic overview of the TPC data processing chain. 

 

Figure 20 shows a schematic of the TPC data processing chain (in grey) in the first row, the integration of the 
HD approach into the main data stream (in green) in the second row, and the corresponding TPC data structures 
for each processing step (in yellow) in the third row. The integration process is outlined step-by-step as follows: 
 

1. Hardware trigger: Black data from the detectors arrives at the FLPs, where baseline correction [48] 
is performed. Simultaneously, a new decision-making algorithm, i.e. HIP trigger (shown in the first 
row, first column) is implemented: 

o QCM < −40 ADC (to trigger HIPs, with –40 ADC the minimum pedestal value) 
o ΔtCM = 5 (to suppress large Bragg peak background). 

The feasibility of implementing this algorithm in the FPGA code has been confirmed by Dr. Torsten 
Alt, an FPGA programming expert employed at Goethe University. I previously collaborated with him 
on Ref. [48], where he implemented the algorithm I developed for CM correction in the FPGA. 

2. Black Signal Tagging: Track candidates meeting these conditions are saved as "black signals" 
(illustrated in the second row, first column). The TFs containing these signals, along with few  
subsequent TFs, will be tagged and stored as raw data (shown in the second row, second column). A 
copy of the tagged TFs will then proceed through both synchronous and asynchronous processing 
phases, following the main data stream. The feasibility of tagging such signals and corresponding TFs, 
as well as tracking them along the main data stream, has been confirmed by Dr. David Rohr, the main 
expert in synchronous reconstruction, and Dr. Ruben Shahoyan, the main expert in asynchronous 
reconstruction, both of whom are CERN staff. Regarding the size of black and raw data to be stored 
on disk:  

o Background studies: The frequency of saturated and large CM signals has been measured 
using the data shown in Fig. 18. While such signals are relatively rare (saturated signals with 
Qmax > 900 ADC occur in about 0.02%, and signals with QCM < −40 ADC occur in about 
0.01%), there are O(1000) of them in each TF. This means that the combined raw data from 
debugging and the HIP trigger will offer sufficient statistics to study background processes 
like Bragg peaks and spallation products. 

o MM and HIP tagging: For this, precise tuning of the ΔtCM condition is essential to suppress 
the Bragg peak background; otherwise, there is a risk of triggering every TF. Optimizing the 

Hybrid detector approach: Data stream

Next Frontiers in MM Searches, 14.09.2026
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Limits of the TPC?

1) “Critical charge density Qcritical which leads to a discharge in a GEM hole for NeCO2 is (7.3 ± 0.9) × 106”
2) “In multi-GEM systems the total gain can be shared between several foils building a stack, and thus 
      increasing its stability against electrical discharges.”
        P. Gasik et. al. https://doi.org/10.1016/j.nima.2017.07.042

Ø Number of electrons per hole in case of Monopole
       ⟹	4700 (MIP) × 40 (NEl/MIP) ×	2000 (gain) 
       ⟹ 3 × 108 electrons per cm ending on pad plane
              (Diffusion - 2.5 mm && flat diffusion assumption → electrons in ±1 sigma)
      ⟹	3 ×	(108) × (140 (pitch)/5000 (diffusion)) × (140 (pitch) /10000 (pad length)) 
       ⟹ 1 ×	(105) electrons per hole 

Even if the TPC is not stable, there will be enough time to see the CM signal

Next Frontiers in MM Searches, 14.09.2026



36Mesut Arslandok, Yale University

Common-mode signal →  Curse or blessing?

Goethe University | Tuba Gündem15.07.2025 | ALICE Week 21

• A baseline correction algorithm implemented in FPGA (Field Programmable Gate Arrays)-based 
CRUs (Common Readout Units) corrects the CM effect in real-time before zero suppression

• Trigger: For HIPs CM spikes are expected to be extended along time direction

Before CM correction After CM correction

What is Common Mode (CM)?

Next Frontiers in MM Searches, 14.09.2026
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Spallation product example (1)

Goethe University | Tuba Gündem15.07.2025 | ALICE Week

NTimebins = 25

25

   
= 4267 ADC = 214 MIPs

Qmax,HIP = [(20 ℏ 3200)/30] ℏ (1/0.5)

|QCM| = 40
QCM,per track=|QCM|/2=20

•  Let’s check the TPC digits of triggered CM signal with 
25 consecutive timebins

• Qmax is beyond the dynamic range of TPC readout chips


• Reminder: MM with 1gD ~ 4700 MIPs

Goethe University | Tuba Gündem15.07.2025 | ALICE Week

NTimebins = 25

25

   
= 4267 ADC = 214 MIPs

Qmax,HIP = [(20 ℏ 3200)/30] ℏ (1/0.5)

|QCM| = 40
QCM,per track=|QCM|/2=20

•  Let’s check the TPC digits of triggered CM signal with 
25 consecutive timebins

• Qmax is beyond the dynamic range of TPC readout chips


• Reminder: MM with 1gD ~ 4700 MIPs

Such short tracks are rejected 
in the current framework
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ITS2 in Run 3

6 layers:  
Ø 2 hybrid silicon pixel  
Ø 2 silicon drift  
Ø 2 silicon strip
Inner-most layer:  
Ø radial distance: 39 mm  
Ø material: X/X0 = 1.14%  
Ø pitch: 50 ⨉ 425 μm²
Rate capability:
Ø 1 kHz

7 layers:  
Ø All MAPS
Ø 10 m2, 24k chips, 12.5 Giga-

Pixels
Inner-most layer:  
Ø radial distance: 23 mm  
Ø material: X/X0 = 0.35%  
Ø pitch: 29 ⨉ 27 μm²
Rate capability:
Ø 100 kHz (Pb−Pb)

ITS1 ITS2

Next Frontiers in MM Searches, 14.09.2026



Mohamad Tarhini, LHCC meeting, Sep-2019

 23

ITS2	IB ITS3	IB

• 3	layers	made	of	~7x14	cm2	sensors	thinned	to	~30	µm	
• No	water	cooling,	minimal	support	structure	in	acceptance	
• Total	material	at	R	<	4	cm:	~1.3%	! ~0.3%	
• Tracking	precision	improved	by	a	factor	~2

• Strong	benefit	for	low-mass	dielectron	measurement	(QGP	radiation)	and	low-pT	heavy	flavour	
(QGP	transport	coefficients	and	hadronisation	dynamics)		

ITS3 upgrade proposal for LS3

27Mesut	Arslandok,	Yale	University146th LHCC	meeting,	02.06.2021

ALICE	Status	Report
Mesut	Arslandok
(Yale	University)	

on	behalf of	the ALICE	Collaboration

146th Meeting	of	the	LHCC,	June	2nd 2021		

Inner	Tracking	System	(ITS3)	

ITS2
Can	we	get	closer	to	the	IP	

and	
reduce	the	material?

Ø YES	→ ultra-thin,	wafer-scale,	bent	MAPS	around	the	beam	pipe	
⟹	Extremely	low	material	budget,	Homogeneous	material	distribution

ITS3
ITS2 ITS3

39Mesut Arslandok, Yale University

ITS2
Get closer to the IP 

and 
reduce the material

Extremely low material budget
Homogeneous material distribution

ITS3

Ultra-thin, wafer-scale, bent MAPS around the beam pipe 

ITS3 in Run 4

Material: X/X0 = 0.35%  X/X0 = 0.1%  

Next Frontiers in MM Searches, 14.09.2026
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Section b. METHODOLOGY 
What makes ALICE and the HD approach special at the LHC? 
HIP detection efficiency and kinematic acceptance 
The ALICE detector [37,38], shown in Fig. 11 (left), is the only dedicated heavy-ion detector at the LHC. It is 
capable of tracking and identifying particles, such as pions, muons, kaons, protons, electrons, deuterons, etc., 
from very low (∼100 MeV/c) up to fairly high (∼100 GeV/c) transverse momentum. The trajectories of 
charged particles are reconstructed using the tracking detectors, which are arranged radially outwards from the 
interaction point: the ITS, the TPC, the Transition Radiation Detector (TRD), and the TOF detector, all of 
which are embedded in a solenoidal magnetic field of 0.5 T. The main subdetectors relevant to the HD project 
are the TPC (highlighted in red in Fig. 11 (left)) and the ITS, which is particularly important as it determines 
the material budget before the active volume of the TPC, and thus plays a crucial role in the overall detection 
efficiency of MMs and HIPs.  

 
Figure 11: Left: the schematic view of the ALICE detector with the TPC is highlighted in red. Middle: the upgraded ITS2 in Run 3. 
Right: the planned ITS3 for Run 4. 
   

During the LS2, the ITS underwent a major upgrade to ITS2 [39], which is the first to feature monolithic active 
pixel sensors (MAPS) at the LHC [40]. ITS2 consists of three inner layers at distances from 22 mm to 42 mm 
from the interaction point (IP), with a material budget of 0.36% X0 per layer (see Fig. 11 (middle)). The outer 
tracker with ALICE PIxel DEtectors (ALPIDEs) consists of four layers of MAPS at 194 mm to 395 mm from 
the IP, with a material budget of 1.1% X0 per layer. In 2027, the inner barrel layers of the ITS2 will be upgraded 
to the ITS3 [41], shown Fig. 11 (right), featuring new cylindrically curved sensors. This upgrade will further 
reduce the material budget from 0.36% X0 to approximately 0.05% X0 per layer. Additionally, to improve the 
proximity to the IP, the radius of the innermost layer will be reduced to 18 mm and the current beam pipe, with 
an outer radius of 18 mm will be replaced by a pipe with a radius of 16 mm and a beryllium wall of 500 µm, 
which corresponds to 0.14% X0. Eventually, with these upgrades, the total material budget before the TPC has 
been reduced from 11.4% X0 in Run 2 [42] to 6.2% X0 in Run 3 and is expected to decrease further in Run 4 
to below 5% X0. Since the TPC is a gaseous detector, its material budget is negligible compared to the ITS 
[42], allowing HIPs to pass through freely if they reach the TPC. 
 

Ref. [9] provides a quantitative overview of the capabilities of LHC experiments to detect HIPs with various 
electric and magnetic charges produced in pp collisions using the Run 2 experimental setup. Conservative 
material budgets for the different detector components and absolute geometric acceptances were used to 
calculate the HIP ranges: ATLAS (full azimuth, ∣η∣	< 2.5, B = 2 T), ALICE (full azimuth, ∣η∣	< 0.9, B = 0.5 T) 
and MoEDAL (partial acceptance in ∣η∣	< 5, B = 4 T). It was also assumed that ALICE can efficiently trigger 
on collisions where at least one HIP traverses the TPC, which is precisely what the HD project ensures. 
Figure 12 shows the acceptances for MMs as functions of mass and magnetic charge for the ATLAS, 
MoEDAL, and ALICE detectors. Considering acceptance×efficiency, ALICE outperforms both MoEDAL 
and ATLAS in detecting centrally produced HIPs, particularly those with high charges (|g| < 9gD and 
|z| < 300) and large masses, thanks to its substantially lower material budget — over three times lower than 
ATLAS, which has the second-lowest material budget among the three experiments [9] — and its weaker B 
field. Here it is important to note that these calculations utilize the ITS of ALICE from Run 2, along with the 
TPC acceptance of ∣η∣	< 0.9. However, the HD approach allows the reconstruction of short tracks, and thus 
extends the effective acceptance of TPC up to |η| ≲ 1.5 (see Fig. 1 (right)). Furthermore, the material budget 
of the current ITS2 and the future ITS3 is about half that of the ITS in Run 2. Therefore, these findings 
represent a very conservative lower limit for the capabilities of ALICE in Runs 3 and 4 with the HD approach.  

The main — and perhaps only — drawback of ALICE in HIP searches is that it does not fully exploit the full 
luminosity delivered by the LHC in pp collisions, despite achieving three orders of magnitude increase in 
continuous readout mode in Run 3 compared to Run 2. This limitation arises from its design, which prioritizes 
the reconstruction of all particles over a wide pT range. In 2024, ALICE collected 0.05 fb−1 in pp collisions, 
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