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•Scientific Question: What happens to matter when you heat and compress 
it to extreme magnitudes which existed in the primordial universe? 
• QCD in the regime of extreme matter with emergent phenomena  

• Phase transition to a quark-gluon-plasma 
•Extremely dense, opaque system, which looks thermalised 
• Ideal fluid – viscosity over entropy ratio close to zero 
- Temperature ≈ 1012 K  – 105  times larger than the core of the sun 
- Magnetic fields ≈ 1018 G  – 1010 times larger than in the lab 

•Properties of the quark-gluon-plasma are still not well understood  
➡Theoretically complicated (lQCD, AdS/CFT, ..) 

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

Independent quarks 
and gluons?

Or new collective 
degrees of freedom?
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•Dutch ALICE group (Nikhef+UU) is participating in 
the ALICE experiment at LHC as a leading group 
➡ Leading positions in ALICE 
➡ Well respected for hardware contribution 
➡ Very productive in data analysis using different probes of 

the quark-gluon plasma: 
- heavy quarks, elliptic flow & correlations, jets & photons 
- our group produced the most cited publications 

•  Large impact for relatively small group 
➡ Impact: among 50 top-cited publications (WoS) from 

LHC, 15 from ALICE  
(CMS:15, ATLAS: 12.5, LHCb 7.5) 

➡ Possible through combination of contributions in 
hardware (detector technology) and physics analysis.

The ALICE Collaboration: 41 countries, 
176 institutes, ~1800 members

- Deputy spokesperson, Physics Coordinator, 
Upgrade Coordinator, Editorial Board, Conference 
Committee, Physics Working Group and Physics 
Analysis Group coordinators 

- QM2018: 1 summary talk, 5 talks (one selected 
as best experimental talk), 4 posters (one 
selected as flash talk as one of the best posters)
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Grants & new staff 2019
•VICI 
•Westerdijk Fellow 
•Sectorplan
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Scientific Staff

Support Staff

Postdocs

PhD Students
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The ALICE Upgrade in LS2
• We would like to characterise the QGP 

(the EoS, transport parameters, .. of this 
complex almost perfect liquid), and 
understand how it emerges from multi-
body QCD

➡ Improve statistics: new faster ITS 
➡ Improve S/B: new ITS; smaller pixel 

size inner layers, less material budget 
and optimised number of layers 

Upgrade to full energy Increase in luminosity
10x more data

high luminosity LHC
100x more data

LS1
2014

LS2
2019-2020

LS3
2024-2026

Current program (upgrade and people) funded to 2021
ALICE programme approved to 2029 

Rare probes: jets, heavy flavor, electromagnetic probes

Nikhef is leading these Physics Working Groups in ALICE
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new ITS
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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 extension 39-430 mm -> 22-430 mm 

•Fast PbPb (and pp) readout
➡ Instantaneous luminosity: 6x1027 cm-2s-1 gives hadronic 

interaction rate of 50kHz 
➡ Current ITS slow, maximal readout at 1 kHz 
➡ In new setup Pb-Pb collisions are readout at > 50 kHz and pp 

at > 2 MHz
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• Dutch contribution 
- CMOS wafers purchase 
- Wafer thinning and dicing 
- Power bus construction and test 
- Patch panels 
- Optical links 
- Water cooling plant 
- Ventilation humidity plant 

•  Nikhef technical activities 
- Stave assembly for layers 6 and 7 
- Read-out unit 
- Chip design

Electronics
Tooling/Hardware

Stave assembly
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Chip design / Read-out Unit
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•Nikhef band-gap and temperature sensor
➡ In the ALPIDE since several years 
➡ Full wafer production is completed and tested 

•Read-out unit (includes interface to power 
regulation)
➡ Hardware completely designed by UU/Nikhef 
➡ Production completed 
➡ QA testing half-way done 
- Also used by the ALICE-MFT and sPHENIX 

experiment
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•Total 100 staves needed (including spares)
➡ Official deadline September 2019 

•Shared between 4 labs in Europe
➡ Daresbury, Frascati, Nikhef, Turin 

•Stave assembly at Nikhef started in 2018
➡ Now at stave-023 (goal is 25 staves) 
➡ After start-up problems (test-system failures) Nikhef 

caught up 
➡ Currently limited by supply of parts 

•Turin started early and produced a few extra staves
➡ Now stopped, renovation lab 

•Currently Alice has enough staves for layer 6+7
➡ But no spares
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•Four staves at Nikhef, ready for shipment to CERN

•Last batch of filter board production failed (commercial supplier)
➡ Four staves at Nikhef waiting for filter boards 
➡ We repair filterboards needed for four staves, rest will be shipped back to company 

•Sensor module production slower than expected
➡ Asian lab had significant downtime 

•Stave production for layers 4+5 more behind schedule
➡ Decision taken to send all modules to Berkeley until September  

•Stave production layer 6+7 will pause at sites until October

•Nikhef will use 5 calendar weeks to produce 2 or 3 staves when all material is 
available
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•Some of the power cables on the staves had a short after installation
➡ CERN is reworking the half-barrels 

•Commissioning on the surface started with available half-barrels
➡ Full time running of detector until next spring 
➡ All barrels will be installed in October, all read-out units available in August 
➡ Still one month contingency for installation 

•Nikhef ALICE group committed to support ITS commissioning and data taking

-Nikhef stave production will be completed this year

-Nikhef/UU will supply firmware development and support for read-out units
➡ 2019+2020 
➡ On-call support also during data taking 2021+ 

-Nikhef hires a post-doc (2+1 year) stationed at CERN for QA software 
development 



SAC - Monday July 8 - 2019

FoCal Upgrade
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•Proposal to measure forward direct photons to study 
low-x gluon distributions (under discussion for 
installation in ALICE during LS3)
- In ALICE the region 3.5 < η < 5.3 can be used 
- Main challenge is to separate γ/π0 at high energy 

- π0 at forward rapidity pt = 10 GeV has d = 2mm  
- Need small Moliere radius and high granularity read-

out for EM calorimeter

Nikhef Jamboree 2018 FoCal N. van der Kolk

Digital calorimeter prototype
• Digital ECAL: number of pixels above threshold ~ 

deposited energy 


• Monolithic Active Pixel Sensors (MAPS) 
PHASE2/MIMOSA23 with a pixel size: 30x30 μm2


• 24 layers of 4 sensors each:  
active area 4x4 cm2, 39 M pixels 
3 mm W absorber for 0.97 X0 per layer 
RM ~ 11 mm


• Worldwide unique calorimeter 

• Demonstrate digital calorimetry and pixel sensors in a 
calorimeter application


• Ideal detector for studying particle showers in detail with 
respect to shower models in MC simulations

7

Taking into account the Molière radius the tower is wide enough to fully contain showers and
to study the lateral shower development. The first active layer (layer 0) has only 0.02 X0 in front,
to act as a charged particle detector. Between layers 21 and 22, 6.7 X0 of tungsten are placed to
obtain a total depth of 28 X0. Figure 2 shows the detector with its main components, but without
the cooling system.

Figure 2. Sideview of the prototype detector, without the cooling system. The beam direction is from below
(z axis points upward). The total length in the beam direction is 11 cm, made up of 22 layers, a 20 mm W
absorber and 2 additional layers. On both sides of the greyish stack, green PCBs with flat cables can be seen,
reading out 1 sensor each.

The printed circuit boards (PCBs) visible in this figure extend into the tower and connect the
sensor chips to the flat cables. The total detector counts 96 sensors in 24 layers. The coordinate
system is indicated in figure 1. Each sensor is defined by the quadrant q and the layer l. The first
layer (z = 0) has l = 0. Quadrants are numbered clockwise with q = 0 for x > 0 and y > 0.

2.1.2 Tuning

Due to di�usion, the charge created by a particle will lead to a cluster of pixel hits. The size of
the cluster will depend on the charge created by the particle and the threshold of the discriminators.
For application in trackers the discriminators are usually adjusted such that an acceptable fake rate,
measured as clusters not belonging to a track, is achieved. In the case of a calorimeter it is a priori not
known whether the clusters will be well-separated, especially in the core of the shower. Therefore
it was decided to use the number of hit pixels as a measure of the energy, instead of trying to derive
the number of particles from the hit distributions.2 This means however, that the discriminators
should be set such that, in the absence of particles, an acceptable number of individual pixel hits is
achieved, as opposed to clusters of hits.

2A similar approach was used by CALICE DHCAL, albeit with much larger (1 cm) pixels.[18]

– 5 –

Performance published in JINST 13 (2018) P01014

3 x PhD thesis

Martijn Reicher: “Digital Calorimetry Using Pixel Sensors”  
Chunhui Zhang: “Measurements with a High-Granularity  
Digital Electromagnetic Calorimeter” 
Hongkai Wang: “Prototype Studies and Simulations  
for a Forward Si-W Calorimeter at the Large Hadron Collider”

Nikhef Jamboree 2018 FoCal N. van der Kolk

mTower status
• Design ready


• 2 layers tested at PS and SPS


• Tests with 4 layers ongoing, 
currently in Bergen


• Design verified and production of 
full set of layers started 


• Readout boards ordered (readout 
is main challenge)
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2 layers in test beam

test beam together with PADS

4 layers
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• Leading role UU/Nikhef during R&D phase FoCal

•UU/Nikhef involvement ramping down in 2019

- Handing over responsibilities to other groups 
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The neutron star EOS Anna Watts

Figure 1: Schematic structure of a NS. The outer layer is a solid ionic crust supported by electron degeneracy
pressure. Neutrons begin to leak out of nuclei at densities ⇠ 4⇥ 1011 g/cm3 (the neutron drip line, which
separates inner and outer crust), where neutron degeneracy also starts to play a role. At densities ⇠ 2⇥1014

g/cm3, the crust-core boundary, nuclei dissolve completely. In the core, densities may reach up to ten times
the nuclear saturation density rsat = 2.8⇥1014 g/cm3 (the density in normal atomic nuclei).

1. Introduction

Neutron stars (NS) are the densest objects in the Universe. Composition evolves from ions
embedded in a sea of degenerate electrons (and eventually neutrons) in the solid crust, through the
crust-core transition where nuclei dissolve to form neutron-rich nucleonic matter, to the supranu-
clear densities of the core, where theory suggests the presence of exotic non-nucleonic matter
(Figure 1). The nature of matter in such extreme conditions is one of the great unsolved prob-
lems in modern science, making NS unparalleled laboratories for nuclear physics and quantum
chromodynamics (QCD). NS also host super-strong internal magnetic fields, and share the rich
phenomenology of low-temperature physics. Although born in the hot furnace of a supernova col-
lapse, NS cool rapidly to temperatures far below the relevant Fermi temperature. When matter
cools there are two options: it can freeze to form a solid, or become superfluid (or superconducting
if there are free charge carriers involved). NS are expected to exhibit both these phases. The outer
kilometre or so of the star forms a solid crustal lattice of increasingly neutron-rich nuclei, while the
star’s core hosts a neutron superfluid coupled to a proton superconductor and a free gas of electrons
(as required to make the conglomerate charge neutral). The free neutrons permeating the crustal
lattice in the inner crust are also expected to be superfluid.

The most fundamental macroscopic diagnostic of dense matter interactions is the pressure-
density-temperature relation of bulk matter, the equation of state (EOS). The EOS can be used to
infer key aspects of the microphysics, such as the nature of the three-nucleon interaction or the
presence of free quarks at high densities. Determining the EOS of supranuclear density matter is
therefore of major importance to fundamental physics. However it is also critical to astrophysics, to
understand not only NS but also NS/NS and NS/Black Hole (BH) mergers, prime sources of grav-

2

• Densest objects in nature 
• The balance of gravity and QCD 

• A neutron star is a macroscopic 
laboratory of QCD! 
• Deep core of some neutron stars 

could be a QGP

2 Eduardo S. Fraga et al.: Neutron star structure from QCD
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Fig. 1. Known limits of the stellar EoS on a logarithmic scale. On the horizontal axis we have the quark chemical potential
(with an offset so that the variable acquires the value 0 for pressureless nuclear matter), and on the vertical axis the pressure.
The band in the region around the question mark corresponds to the interpolating polytropic EoS used in [5].

The structure of our article is as follows. First, in sec-
tion 2 we review the current status and prospects of pQCD
both at high temperatures and high densities, concentrat-
ing on the lessons to be learned from studies of high-T
Quark Gluon Plasma (QGP). Next, section 3 is devoted
to explaining the matching and interpolation procedure
of [5], while in section 4 we review the implications of
these studies on neutron star structure. Section 5 finally
contains concluding remarks as well as our view of where
future efforts in the field should be directed, if we want
to decrease the current uncertainty of the EoS of neutron
star matter.

2 Equilibrium thermodynamics of cold quark
matter

The thermodynamic properties of deconfined quark mat-
ter has been a topic of active research for decades. In the
regime of high temperatures, the motivation stems from
ultrarelativistic heavy ion physics and the early universe,
while at lower temperatures and high densities the pri-
mary motivator has been the desire to understand the
composition and properties of compact stars. While at
high temperatures the leading source of information is by
now unequivocally lattice QCD, at high densities its use is
prevented by the famous Sign Problem, leaving the prob-
lem to be tackled by a combination of phenomenological
models and perturbative approaches, as discussed above.

In this section, we review the current status of research
on the bulk thermodynamics of quark matter, and in par-
ticular explain the prospects and limitations of first princi-
ples weak coupling calculations as a means of determining

the EoS of cold and dense deconfined matter. Though his-
torically important for the development of the field, we
leave the topic of non-first-principles model calculations
aside in our presentation; for a classic review with plenty
of references to relevant papers, see [9]. The section is
structured such that we first review the status of pertur-
bation theory at high temperatures, paying attention to
the agreement of the results with lattice simulations. Af-
ter this, we take a look at the zero-temperature limit, and
finally discuss the interpolation of perturbative results be-
tween these limiting cases as well as briefly comment on
the prospects of future developments.

2.1 Lessons from high temperatures

As the only nonperturbative first principles tool available,
lattice QCD has established itself as the method of choice
for the evaluation of thermodynamic quantities whenever
numerical Monte-Carlo simulations are feasible. At van-
ishing baryon density, the efforts of several independent
groups have indeed led to pinning down both the EoS, the
(pseudo-)critical temperature of the deconfinement transi-
tion and various other quantities to a very good accuracy
(see e.g. [10,11,12] for recent results), and by now there is
impressive agreement on all relevant observables. Proceed-
ing away from the µB = 0 axis, the complex-valuedness
of the lattice action, however, complicates things signifi-
cantly, and it is only for rather small values of µB/T that
methods such as Taylor expanding physical observables
around µB = 0 [13] or statistical reweighting [14] allow
one to accurately estimate their behavior. At the same
time, a different limit that has historically been problem-

• First neutron star merger 
observed in Virgo/Ligo 
• Already providing constraints 

on the EoS  
• Detailed understanding of 

the dynamics is required to 
understand the properties of 
the neutron star interior  
• EoS, transport parameters, .. 
• Strong overlap with the 

physics of heavy-ion collisions

At Utrecht University a new Institute for Subatomic and Gravitational Physics
Looking for a name of the new institute
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ALICE in the LHC Wonderland

• Colliding heavy-ions at the LHC allows us to 
create and study a new state of matter  

• Its emergent properties are surprising and 
completely different than predicted, now they 
can be measured and modeled for the first time 
➡ Still many important open questions 

• The Nikhef ALICE group is very productive and 
has a large impact on the ALICE program 

• ITS upgrade well on track 
• Gravitational waves program (Virgo, Lisa, ET) 
• Strong connections with Utrecht Theory 

department 
• Strong future programme and ambitions! 

➡ Need to secure funding for after 2021
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Figure 1. Artist’s conception of the evolution of the Big Bang (top – credit: NASA) and the Little Bang
(bottom – credit: Paul Sorensen and Chun Shen).

Of course, the Big and Little Bangs are quite di↵erent in other aspects: Their expansion rates
di↵er by about 18 orders of magnitude; the Little Bang’s expansion is 3-dimensional and driven
by pressure gradients, not 4-dimensional and controlled by gravity; Little Bangs evolve on time
scales of ioctoseconds, not billions of years; distances are measured in femtometers rather than
light years. Most importantly, the Little Bang Standard Model is still under construction. This
overview discusses recent progress of the edifice.

2. Eccentricity fluctuations, anisotropic flows, and flow fluctuations

We can observe only one Big Bang (the one that produced our universe), but at the Relativistic
Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) we have experimentally created
and studied billions of Little Bangs. Each Little Bang is di↵erent: Highly successful
phenomenology based on hydrodynamic evolution models [8, 4] has taught us that the initially
very dense quark-gluon matter created in heavy-ion collisions reaches approximate local thermal
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Figure 1. Artist’s conception of the evolution of the Big Bang (top – credit: NASA) and the Little Bang
(bottom – credit: Paul Sorensen and Chun Shen).

Of course, the Big and Little Bangs are quite di↵erent in other aspects: Their expansion rates
di↵er by about 18 orders of magnitude; the Little Bang’s expansion is 3-dimensional and driven
by pressure gradients, not 4-dimensional and controlled by gravity; Little Bangs evolve on time
scales of ioctoseconds, not billions of years; distances are measured in femtometers rather than
light years. Most importantly, the Little Bang Standard Model is still under construction. This
overview discusses recent progress of the edifice.

2. Eccentricity fluctuations, anisotropic flows, and flow fluctuations

We can observe only one Big Bang (the one that produced our universe), but at the Relativistic
Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) we have experimentally created
and studied billions of Little Bangs. Each Little Bang is di↵erent: Highly successful
phenomenology based on hydrodynamic evolution models [8, 4] has taught us that the initially
very dense quark-gluon matter created in heavy-ion collisions reaches approximate local thermal

Study QCD in the regime of extreme matter with emergent properties


