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•What happens to matter when you heat and compress it to extreme 
magnitudes which existed in the primordial universe?
• Phase transition to a quark-gluon-plasma

• QCD in the regime of extreme matter with emergent phenomena
➡ Unique conditions to study QCD


• Temperature ≈ 1012 K  – 105  times larger than the core of the sun

• Magnetic fields ≈ 1018 G  – 1010 times larger than in the lab

• Initial angular momentum of order J = 107, of which a fraction is 

transferred to the interaction region 


•Properties of the quark-gluon-plasma are still not well understood 

➡ Theoretically complicated (lQCD, AdS/CFT, pQCD, Hydro, ..)


•Experimentally studied with high-energy nuclear collisions  
at the LHC: the ALICE experiment 

Grant application Vici full proposal form 2020  p 3

2. Research proposal 
2a. Description of the proposed research 
2a1. Overall aim and key objective 

Four fundamental forces, gravitation, electro-magnetism, the weak, and the strong force determine 
the basic laws of physics in our universe. The strongest among these, the “strong force” [1] is 
responsible for almost all the observable matter that surrounds us: it is what binds the quarks, the 
fundamental building blocks of matter inside the nuclei of every atom. We understand how quarks 
interact with each other: they exchange another type of fundamental particle called the gluon, and 
the rules of this exchange are well established. The same is true for a few quarks: just repeat the 
same rules for all pairs that are interacting. This picture changes completely however, when a 
hundred of them are interacting. They do not behave as a mere collection of hundred individual 
quarks anymore, instead, they make a novel form of matter, a single soup-like substance called the 
quark-gluon plasma [2,3] (fig.1). Most of the observed matter in the universe originated from this 
“fundamental fluid”. The universe was filled with it microseconds after the Big Bang when it was 
extremely hot and dense, just before the atomic nuclei formed.  

Today, large-scale experiments at RHIC (Brookhaven) and LHC (CERN) collide gold and lead nuclei to 
reach the extreme conditions of the early universe (fig.2) and artificially recreate this plasma to 
explore its fluid-like properties. The magnetic fields created during these collisions can raise up to 
1014 Tesla, the largest observed in the universe. These fields impact the energy and charge flow in the 
plasma substantially. Three large-scale experiments (RHIC-isobar at Brookhaven, FAIR at Darmstadt 
and NICA at Dubna) are planned to explore the electromagnetic and the finite quark density (see fig. 
2) properties of the plasma.  

Scien&fic challenges and key objec&ves 

The existing first principles theory, quantum chromo-dynamics (QCD), is insufficient to describe the 
collective, wave-like motion observed in the plasma because it is formulated in terms of individual 
particles [4,5]. Just like we use the motion of waves to describe the ocean surface rather than 
motion of the individual water molecules, we need the “theory of waves” for the quark-gluon plasma 
rather than the theory of individual quarks [6].  

The various approaches used to study the plasma, QCD perturbation theory [7], effective field theory 
[8], kinetic theory [9], lattice simulations [10], hydrodynamics [11] and holographic duality [12] are 
suitable only for certain type of problems e.g. statistical, equilibrium or non-equilibrium, and apply 
only at certain energy or time scales [7]. Moreover, electromagnetic effects — which occur in all 
realizations of the plasma in Nature, heavy-ion collisions [13], early universe [14], neutron stars and 
magnetars [15] — have not been properly incorporated in the theory. An overarching approach that 
captures the wave-like nature of the plasma and involves the different type of physical processes 
altogether is lacking.   
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Fig.1. Quarks and gluons, illustrated here by 
spheres and strings, form a fluid at extreme 
temperature and densities, called the 
quark-gluon plasma.

Fig.2. Creation of the quark-gluon plasma in the 
ongoing (solid curve) and future-planned (dashed 
curves) experiments. One objective of the proposal 
is to uncover the new phases of matter when a third 
axis, magnetic field, is brought into this picture. 

Picture: Umut Gursoy
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•Dutch ALICE group (Nikhef+UU) is 
participating in the ALICE experiment 
at the LHC as a leading group
➡ Leading positions in ALICE

➡ Very productive in data analysis using 

different probes of the quark-gluon 
plasma:

- our group produced the most cited 

publications 


➡ Significant and visible contribution to the 
detector hardware

The ALICE Collaboration: 41 countries, 176 institutes, ~1800 members
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•The ITS 1 consisted of 6 layer of silicon detectors

➡ Nikhef led the construction of the outer two layer of the 

ITS (silicon strip detectors) and assembled half of the ITS

➡ This detector worked almost perfectly for the last decade, 

due to Nikhef’s continuous support for its operation 

➡ Important for almost every physics analysis in ALICE

Now a museum piece
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• Improve impact parameter resolution by a factor of 3

➡ Get closer to the IP: first layer 39 -> 22 mm

➡ Reduce material budget: 1.14% -> 0.3% X0 per layer or better

➡ Increase pixel density 50 x 425 μm -> 20 x 20 μm


• High standalone tracking efficiency and pt resolution

➡ Increase granularity 6 -> 7 layers with reduced pixel size

➡ Larger radial extent 39-430 mm -> 22-430 mm


• Fast PbPb (and pp) readout

➡ Instantaneous luminosity: 6x1027 cm-2s-1 gives hadronic 

interaction rate of 50kHz

➡ ITS 1 slow, maximal readout at 1 kHz

➡ In new setup Pb-Pb collisions are readout at > 50 kHz and pp 

at > 2 MHz Currently being tested at CERN, installation in Point 2 02-2021

Change of technology: new tracker based on 
monolithic CMOS sensors!
- Thin sensor with on-chip digital readout (~10m2)
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Govert Nijs, Wilke van der Schee, Umut Gursoy and RS

➡ Strong Nikhef contribution to many of the key 
ALICE measurements


➡ Global Bayesian theoretical analysis to extract 
QCD properties

➡ Dutch theoretical contributions (AdS/CFT, 

LQCD, relativistic viscous hydrodynamics, 
transport theory, …)


➡ Theoretical work connecting quark gluon plasma 
properties at LHC and properties merging neutron 
stars (GRASP and ITF)


➡ New developments to measure and describe EM 
and spin transport properties of the QGP 
(experiment and theory)

Early Universe
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Recent PhD thesis: Govert Nijs, Holography in 
quark gluon plasma and neutron stars (UU, 2020)
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Upgraded ITS 2, in fully upgraded ALICE detector, allows us to collect 100x more data with higher precision 

Physics: e.g. determine the EM properties of the QGP 
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• Currently there are exciting developments for new 
Silicon detectors

➡ Large surface area (affordable)

➡ Extremely thin

➡ Radiation hard

➡ Fast timing


• CERN is strongly invested in strategic R&D 
programme for future experiments (started 
January 2020)

➡ R&D carried out with external groups from 

universities and national labs


• Nikhef currently involved in work package 1.2

➡ ALICE, ATLAS, LHCb and Nikhef R&D


➡ ALICE for ITS 3 (2025) and interested in ALICE 3 
(2030)


➡ LHCb interested in “ChronoPix” vertex detector, 
prototype (2025) and full detector (2030)


➡ ATLAS interested in High Granularity Timing Detector 
and possible MAPS inner tracker (2030- 2035)  

 

4. ATLAS : High-Granularity Timing Detector  
 
With the start of the HL-LHC in 2027 the LHC luminosity at the ATLAS and CMS interaction points will 
increase substantially and be a main driver of the long-term physics program that will ultimately result 
in 4000fb-1 of collected data. At the same time the amount of pile-up interactions that occur in the 
same bunch crossing will increase from approximately 50-80 currently to over 200 when the HL-LHC 
reaches its peak luminosity. In the latter scenario an average of 1.8 vertices per mm are expected in 
an interaction region with an average length of 45mm.  
 
Large pile-up deteriorates the effectiveness of ATLAS detector reconstruction and particle 
identification techniques noticeably, thereby degrading the yield of identified high-energy processes 
of interest per unit of luminosity. These degrading effects principle take places through a reduced 
efficiency of isolation criteria applied to high-pT objects, and the reduction of efficiency of flavour 
tagging techniques that rely on the identification of secondary vertices in extremely busy events. 

 
Figure 5: Position of the HGTD within the ATLAS Detector. The HGTD acceptance is defined as the surface  covered by the 
HGTD between a radius of 120 mm and 640 mm at a position of 𝑧 = ±3.5 𝑚  along the beamline 

To mitigate these effects the ATLAS Collaboration foresees the construction of High Granularity Timing 
Detector (HGTD), of which an initial version will be installed in LS3 (Pending TDR approval - expected 
in April 2020). The HGTD is intended to cover the forward region of the detector  in the pseudo-rapidity 
range 2.4-4.0, with a target average timing resolution of the HGTD is 30-50ps. The timing information 
will assist in greatly improving the track-to-vertex association, leading to improved performance in 
both (flavoured) jet and lepton reconstruction. 
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•Can we get thinner?

➡ Reduce material budget: 

0.3% -> 0.05% X0 per layer


•Can we get closer?

➡ From 22 -> 18 mm

•Contribute to analog and digital design

➡ Our design is at Tower Semiconductor currently


•Contribute to data transmission


•Contribute to mechanical design


•2020-2022 prototyping chips


•2022-2023 full-scale prototype + final chip

23	

Bending	silicon	

V.	Manzari	(INFN	Bari)	–	EICUG2019	mee>ng,	Paris,	22-26	July	2019	

Silicon	Genesis:	20	micron	thick	wafer	

Chipworks:	30µm-thick	RF-SOI	CMOS	

•  Bending	Si	wafers	+	circuits	is	possible!	

	D.A.	van	den	Ende	et	al.,	Microelectronics	Reliability,	vol.	54,	pp	2860-2870,	2014	

	hyp://dx.doi.org/10.1016/j.microrel.2014.07.125	

	

	

	

	

	

	

	

	

•  Radii	much	smaller	than	our	needs	are	obtained	

•  Circuit-specific	R&D	is	needed	

•  R&D	contacts	with	industrial	partners	have	started	

•  Inves,ga,ng	op,ons	to	start	with	exis,ng	ALPIDE	chips	+	wafers	
Technical Design Report 2022

Construction 2024-2025

Installation during LS3

replace innermost 3 layers ITS 2
Chip size is traditionally limited by CMOS 
manufacturing
- New option: stitching and bending  
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Upgraded ITS 3, in fully upgraded ALICE detector, allows us collect 100x more data with even higher precision 

Physics: e.g. determine the in-medium hadronization properties and energy loss mechanisms
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•Completely new experiment

➡ Material budget: 0.05% X0 per layer (~10 

CMOS layers)

➡ Magnetic Field: 0.2 and 0.5 T

➡ Rapidity coverage: up to 8 rapidity units

➡ Trying to get as close to the beam as 

possible

➡ Improved Velo like and new solutions 


➡ Time measurements: outer layer ~ 20 ps

➡ More timing layers and different silicon 

pixel technologies considered

~ 400 cm

~ 100 cm

From Werner Riegler

Version 2
.

A next-generation
LHC heavy-ion experiment

List of authors in appendix

Abstract

The present document discusses plans for a compact, next-generation multi-
purpose detector at the LHC as a follow-up to the present ALICE experiment. The
aim is to build a nearly massless barrel detector consisting of truly cylindrical lay-
ers based on curved wafer-scale ultra-thin silicon sensors with MAPS technology,
featuring an unprecedented low material budget of 0.05% X0 per layer, with the
innermost layers possibly positioned inside the beam pipe. In addition to superior
tracking and vertexing capabilities over a wide momentum range down to a few
tens of MeV/c, the detector will provide particle identification via time-of-flight
determination with about 20 ps resolution. In addition, electron and photon iden-
tification will be performed in a separate shower detector. The proposed detector
is conceived for studies of pp, pA and AA collisions at luminosities a factor of
20 to 50 times higher than possible with the upgraded ALICE detector, enabling a
rich physics program ranging from measurements with electromagnetic probes at
ultra-low transverse momenta to precision physics in the charm and beauty sector.

Geneva, Switzerland
2 May 2019
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• The Nikhef ALICE group is very productive and 
has a large impact on the ALICE programme

• Connected to the Nikhef and Utrecht Theory 

department, joint effort on heavy-ions and 
gravitational waves


• Connected to GW as well in GRASP


• Current ITS 2 installation well on track

Increase in luminosity

10x more data

high luminosity LHC

100x more data

LS1

2014

LS2

2019-2021

LS3

2025-2027

LS4

2031-2032

LS5

2035-2036

• Strong future programme and ambitions!

➡ Started with R&D for ITS 3 and ALICE 3

➡ Joint Nikhef R&D programme for 4D-tracking with the 

detector R&D and other LHC groups 

➡ Funding required for 4D tracking R&D, Physics 

analysis and building ALICE 3, initially ~0.5-1 M for ITS 
3 and ALICE 3 R&D, ~~~~4-5 M for ALICE 3

different systems
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Currently we all have to meet via Zoom
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Currently we all have to wear masks and meet via Zoom


