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Nuclear matter at neutron star density
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Compressed Baryonic Matter: a neutron star in the lab

Kardashev scale classifies civilisations
by usable power P (in watts)
N. S. Kardashev, Soviet Astronomy 8 (1964) 217. ‘ :

> Type | Planetary scale ~ 10'¢—10'" W

> Type Il Stellar scale ~ 10%® W

Neutron star—like matter with heavy-ion collisions:

> CBM @ SIS100 at FAIR for high baryon density

Dyson sphere | F. J. Dyson, Science 131 (1960) 1667. ‘

» complex piece of engineering
P> captures most stellar output

collector
satellites

— IR waste
heat

> Type Il Galactic scale ~ 10%¢ W
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» Rare probes:
» charm,
dileptons,
multi-strange
hyperons

» “Dyson sphere” to catch them all — CBM

detector
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https://adsabs.harvard.edu/pdf/1964SvA.....8..217K?utm_source=chatgpt.com
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Searching for landmarks of the QCD matter phase diagram

Experimental challenges:
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Baryochemical potential (MeV)
Almost unexplored (not accessible)
so far in the high yp region
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CBM detector
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> CBM aims for precision T. Galatyuk, NPA 982 (2019), update 2022

measurement of rare and penetrating probes
» Unprecedented beam-target interaction up to 10 MHz
» Challenges for detectors:

» hundreds tracks in aperture /interaction, high occupancy

low momenta — low material budget
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https://inspirehep.net/files/b30292ed4fc3a090bfc3d88ef695efa5
https://github.com/tgalatyuk/interaction_rate_facilities
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Facility for Antiproton and lon Research: exploring new frontier

beams from

4 ) ) < —
t > SIS18

——— Facility in operation
First Science +

10 completion

MSV completion

» Located in Darmstadt, Germany, FAIR is one of the largest projects for basic research in physics worldwide.

» The facility will provide particle beams with unprecedented intensity and quality.

» Research at FAIR will cover areas such as nuclear structure, nuclear astrophysics, hadron physics, and
atomic physics.

» International collaboration with scientists from more than 50 countries.
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Compressed Baryonic Matter experiment

» Heavy-ion experiment, first at the beam line: CBM

» CBM stands for Compressed Baryonic Matter
> It is designed to explore the properties of nuclear matter at high densities.
» The experiment aims to study the behavior of matter under extreme conditions, similar to those in

neutron stars
» Relativistic heavy-ion beams: gold up to 11 AGeV, lighter ions up to 14 AGeV
» gold ions are used because they provide a large number of nucleons for collision experiments
> lighter ions provide complementary information
> Beam intensity up to 10%ions/s
> high beam intensity allows for the exploration of rare processes

[
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SRS

forward detector

B U .

Transition Radiation Detector (TRD)
Ring Imaging Cherenkov (RICH)

Superconducting Dipole Magnet
Micro-Vertex Detector (MVD)
Silicon Tracking System (STS)

Experimental complex and infrastructure: cave, magnet, mechanics
Tracking and vertexing: Silicon Tracking System and Micro-Vertex Detector
Event geometry determination: forward detector

Global tracking and particle identification: RICH, TRD, ToF, MUCH
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Challenging reconstruction and tracking environment

» < 700 charge particle tracks in the detector per 11 AGeV Au-Au collision
» Continuous beam, free-streaming detector operation
» Complex decay chains within the tracker
) decay examples: Q" — A(— 7T p)K™T,
QF = Z0(= 7T A) 7T
» On-line event reconstruction and selection: data being fed non-stop to the computing farm

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 8/32



Tracking task: consequences for the tracker design

Tracking task:
\ accociate measurements
decayed secondary v > with the particles
particle )enex +
*® combinatorial task

* most time-consuming
* heuristic algorithms

primary

vertex
~—— combinatorial tree

~~~~~ real track

L fake combination

/ of measurements

» Challenging track reconstruction in dense environment

5 | 4 > high granularity, timing information

» robust algorithms, online reconstruction

» Complex decay chains within the tracker

o » Light detector < fast read-out

1]
Collect tracks Create tracklets

‘On-line reconstruction algorithms for the CBM and ALICE experiments, S. Gorbunov
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M. Zyzak, PhD thesis @ UFra, 2016

invariant mass of =" candidates

> Global tracking covering extended decays (MVS/STS — MUCH/TRD — ToF)
> Particle identification: electrons (RICH, TRD), hadrons (ToF), muons (MUCH)
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‘ Tracks: ¢%, i, 7, K2, p*, d, e, 1He*

primary and secondary ‘
Dileptons Open-charm Strange particles Hypermatter
Charmonium Open-charm
Ty —e'e particles K, —m Hypernuclei
Iy =i DY —K-mh A —pm Rl e (Anj— dtw
Low mass B Ampm O AK* i dw
— Hem
™ vector mesons DK mr ¥ 3':]:1 . 3}1%“.,
Sete . 4
P b kn el
Strange resonances Al — e
© —e'e Df— K Kn* 1 3]
o —pr P e = Hop
et D= K'Km He — *Hepn"
i o Aj—pKa fA&ﬁ:&E,:-
A;—pKm K =Ko 7 alle = MHepn
S | K+ —K'm
. K~ =Ko = K* —K 1
S ATt
Gamma = AT K*0 — K0
7 —ete Open-charm 3 ?| T A0
L v —ete Dr'eos(ﬂa]g?e; KO —>K'r Heavy multi-
s . KO0 —Kn strange objects
Ga$m: decay's gi’ — 301;: 3 b —K'K (AN} —Apm
) Hu e AT —pK (ZA}— AA
™ A —pK

PhD thesis Maksym Zyzak

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 11/32






How to make a silicon detector

1. Take a silicon diode
2. Do few modifications as we will collect charge carriers using diffusion:

> invert type to collect electrons in diode field
» make it thinner, add low-ohmic p-substrate
» smaller implant for lower capacitance

n-type implant
p-type bulk

z

3. Add r/o electronics...

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 12/32



Monolithic Active Pixel Sensors (MAPS)

> R/o electronics integrated in the same chip

»> P/NWELLs needed for transistors
> analogue and digital circuits on the same crystal

DIODE TRANSISTOR TRANSISTOR

b ) o
% TRANSISTOR / i NWELL -

DEEP PWELL

Pwsu") .

Epitaxial Layer P-

Substrate P++ Z /

> Low material budget, easier integration, pixel size of O(10 x 10 um?)

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker
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MVD: ultra-light detector for precise vertex determination

Quadrant (smallest functional unit):

» CVD Diamond / TPG carrier for heat
evacuation

» CMOS pixel 1~ 5 d-out
Micro Vertex Detector (MVD) for the CBM pIXEl sensors: == ofis Teacrou

experiment at GSI/FAIR: » Aluminum heat-sink (actively cooled)

> Secondary vertex determination (~ 50 um), background
rejection in di-electron spectroscopy, reconstruction of
weak decays

Vacuum/magnetic field operation

4 stations

~ 300 CMOS sensors

Radiation tol* (non-ion): > 7 x 10'® neq/cm?

Radiation tol* (ionizing): ~ 5 Mrad

vV Vv VvyVvYyvyy

H 2
Power consumption: 40 — 70 mW /cm
M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 14 /32
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cheap (-

d, reliable and
1$/channel) technology
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DSDM silicon micro-strip sensors

1/cr2

» Double sided n-type silicon sensors (XY

vvyVvVvyy

500

200

100

x10%°

positioning): 1024 strips each side, p-side tilted
by 7.5° to the edge

Thickness 320 ym +15 im
Pitch size 58 pum for both sides
62mm x 22mm, 42 mm, 62mm or 124 mm

Strip coupling capacitance (n) 14.1 £ 0.1 pF/cm
interstrip capacitance 0.37 £+ 0.01 pF/cm

IV Measurements
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nXYTER: ASIC that measures time and amplitude

» nXYTER was a dedicated ASIC for (ToF and Imaging) neutron detectors

> one of applications: double-sided Silicon micro-strip detector
(coupled to a Gadolinium neutron-converter layer)

Available online at www.sciencedirect.com e
.;:; < S . D t msmuu:gs
&METHOI
) ciencebirec N Tvoos
RESEARCH
cior

Nuclear Instruments and Methods in Physics Research A 568 (2006) 301-308 —_—
wwvw.clsevier.com/locate/nima

N-XYTER, a CMOS read-out ASIC for high resolution time and
amplitude measurements on high rate multi-channel
counting mode neutron detectors

A.S. Brogna®, S. Buzzetti®*, W. Dabrowski®, T. Fiutowski®, B. Gebauer®, M. Klein®,
C.J. Schmidt?, H.K. Soltveit?, R. Szczygiel®, U. Trunk®

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 17/32



nXYTER: ASIC that measures time and amplitude

» nXYTER was a dedicated ASIC for (ToF and Imaging) neutron detectors
» one of applications: double-sided Silicon micro-strip detector
(coupled to a Gadolinium neutron-converter layer)
> two paths after CSA: slow (amplitude) and fast (time)
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Fig. 1. Block diagram of a single channel of the realized ASIC.
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YTER, a CMOS read-out ASIC for high resolution time and
amplitude measurements on high rate multi-channel
counting mode neutron detectors

rogna’, S. Buzzetti®*, W. Dabrowski®, T. Fiutowski®, B. Gebauer®, M. Klein?,
Fie. 2. Diagram lstrain th main sgnls inside the ASIC C.J. Schmidt’, H.K. Soltveit‘, R. Szczygiel*", U. Trunk

» Analogue memory, external ADC required
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Latest Generation: STS-MUCH-XYTER v2.2

Features of the ASIC:
> Low-power, self triggering AISC

128 Channels + 2 test channels ~ : RRUTL T LT DU |

LT T

| 4
» Time resolution < 5ns
» Provides digitized hits with:

> 5 bit energy resolution
» 14 bit time stamp

Linearity range up to 15 fC (100 fC)
Flash ADC + digital buffer integrated in ASIC

K. Kasinski et al Nucl.Instrum.Meth.A 908 (2018) ‘
Current status:

vy

wire bonding pads
pogo-probe pads

» ASIC production yield 98.5%-99.0%, chip cable yield 96%
» production: ~ 4000 available for series module production

» 360 dies per wafer, 100 wafers produced

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 18/32
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Ultra-thin r/o micro cables

» FEE connected via micro-cable lines (64
lines/cable)

micro-cable sensor
14.8-49 ¢m 2;4:6;12cm

|
“bias line
~signal lines

ASIC

1

shield

[~ —
- = m—
L =
R -~ e—
===

£| tab-bondi
g

BT

readout channels
with staggered input pads

> 2 x 1024 ch./sensor: stack of 32 micro cables per
module, 8 sub types

» Length from 160 mm to 495 mm

Nominal length of N-side cables LNSB 28,40

4,20 =

10,00 __—l
[
1

/- Bond pad
N-side shielding
\5\5 /5]

Length of N-side shielding layer = LNSB-4,2+10,0+28,4 = LNSB+34.2|

0
20

61,000,
59,00

/' Read-out lines are protected w/ shielding layers

Zone of
electrical Tecnologicalzone - Name of type cable

test

Long work zone

Test element for

US-bondin,
N Bond area to ASIC

Bond area to sensor




Silicon Tracking System

assembly sequence and structure

Tracker mechanics
and services

DSDM silicon sensors

STS mainframe
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Modular design of the CBM Tracker: MVD + STSu + STSd

STS enclosure

M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker September 2, 2025 21/32



Simulation of the detector performance

material budget

» Down to 0.3% Xo per layer around the bending plane,
» No more than 1% X at the periphery

Material Budgat x/X, %), Station 1 Material Budget /X, %), Station 2 Material Budget x'X, [%], Station 3 Material Budget x/X, [%), Station 4

yieml
vieml
yieml

6
clem]
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Simulation of the detector performance

acceptance and momentum resolution

P8 f & & & & &

pip (99)

Bplp (%)

78 9
P(GeVic)

> Au target with 2GeV/c Au beam (upper row), 12 GeV /¢ Au beam (bottom row)

M. Teklishyn (GSI, Darmstadt)
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Can we do better?

considerations for the future CBM Tracker Upgrade

What's on the menu?
a better momentum resolution (in current design Ap/p =~ 1.5%)

> precise resolution in bending plane (now 58 um strip pitch)

> stronger magnetic field (now up to 1 Tm)

> longer detector base (now for STS only: (8 — 1) x 105 mm = 735 mm)
» smaller material budget to reduce the multiple scattering

b finer granularity (presently, strip length from 20 mm to 122 mm)
> finer segmentation: resolution in the vertical plane (now by factor 10 worse than in the bending plane)
¢ more tracking stations for better tracking, complex topologies, secondary vertexes
d smaller dead time (about 300 ns with present FEE)
e wider acceptance: angular coverage

f better timing (now At ~ 5ns)
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Can we do better?

considerations for the future CBM Tracker Upgrade

What's on the menu?
a better momentum resolution (in current design Ap/p ~ 1.5%)

> precise resolution in bending plane (now 58 pum st
> stronger magnetic field (now up to 1 Tm)
> longer detector base (now for STS only: <735 mm)

» smaller material budget to reduce t' g

b finer granularity (presently, strip ! >'122mm)
> finer segmentation: re- ai plane (now by factor 10 worse than in
c more tracking statior 2, complex topologies, secondary vertexes
d smaller dead time sith present FEE)
e wider acceptance: ~overage
f better timing (now At & 5ns)

How do we achieve it?
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Upgraded detector performance

analytical expressions for the momentum resolution

> Multiple options/configurations; what is

important?
» We need to develop and intuition before extensive < YN
simulations do ¢
> analytical expression for the simplified X
geometry:
r Xo X1 X2 XN
Ap| _  op 720N
P | 03BL2Y\ (N —-1)(N+1)(N+2)(N+ 3)’
A N .0136 GeV dro d
] -  0.0136 GeV/c ”~(1+0.0381n—),
P . VIN+1(N-1) 0.36BL Xo Xo
where 8 = \/p?/p? + m?
Z.Drasal, W. Riegler p01:10.1016/j.nima.2018.08.078 ‘
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Upgraded detector performance: number of layers

» STS momentum uncertainty is dominated by multiple scattering
P o \/dior less material would help
> o 1/8 more relativistic is a particle = less it is affected by it
> relation to the number of stations?

M. Teklishyn (GSI, Darmstadt)

Pion momentum resolution

4 — total uncertainty /
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7| ==~ detector resolution

multiple scattering
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Upgraded detector performance: number of layers

» STS momentum uncertainty is dominated by multiple scattering
P o \/dior less material would help
> o 1/8 more relativistic is a particle = less it is affected by it
> relation to the number of stations?

> More tracking stations do not help (at our energies)

Pion momentum resolution

1.4
1.2 \\*—/
1.0

= 087 ——- detector resolution

g multiple scattering )

§ 0.6 — total uncertainty /

J/
/
¥
0.4 .
0.2 e
004 —---m-====smos i
10° 10t
p. Gevic
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Pion momentum resolution

2.2
Number of tracking layers:
2.0 — N =10
N=9
18 — N=8
: — N=7
16 n=e
. — N=5
S N=4
5 14 N=3
3
1.2
1.0
0.8 L=073m
o=17um,
06 d=0.64%Xo
1071 10° 10
p. GeVic
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Upgraded detector performance: tracker length

» Long tracker = good tracker
»  1/L for low-momentum non-relativistic particles
> o 1/L? for higher momenta
> silicon surface oc L? (challenge for the integration with low material)

» number of tracking layer should also increase
» No clear benefit of making CBM Tracker longer, but clear disadvantage to make it shorter!

Pion momentum resolution Momentum resolution

Tracker length: 7 Pion track momentum:
g 0=17um, — L=02m o — p=0.1GeV/c
— 0.649
d =0.64%Xo L=03m R 2 p=0.2GeV/c
74 — L=05m @ — p=0.6GeV/c
— L=08m v — p=14GeV/c
“ — :::;gm ° —— p=34GevVic
=20m —— p=83GeVic
£ 59 2y p =20.0GeV/c
g g
S 4 K N=8,
3 0=17um,
3 d=0.6%Xo
2
2
14 1 —
ot

M. Teklishyn (GSI, Darmstadt)
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Upgraded detector performance with N =8

» Limited benefit from better resolution

> Huge improvement with reduced material (integration?)

1.22

Bplp, %

1.18

1.16

1.14

Pion momentum resolution

.73m — 0=17um

2

Spatial resolution:
4%Xo — o=14pm
— o=12um
— o=10um
— o=8um

o=5um
o=3um

p. GeV/c

» Enormous challenge for mechanics. r/o, cooling for

> O(1m?) layer surface
» O(1%o) layer thickness

M. Teklishyn (GSI, Darmstadt)

Bplp, %

0.6

Future upgrade of the CBM Tracker

Pion momentum resolution

0.35 %Xo
0.26 %Xo
.16 % Xo
d =0.06 %Xo

Layer thickness:

— d=064%X

0.54 % Xo

\ 0.45 % Xo

10° 10t 102
p. GeV/c

September 2, 2025
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Upgraded detector performance with N = 3

» Reduced material budget can compensate to shorter base and fewer stations
> More realistic integration in the Upstream STS (first 3 stations)?

v’ easier to implement wider acceptance
v’ benefit from higher granularity
v lower momenta = less material

Proton momentum resolution Proton momentum resolution
14
N=3 Spatial resolution: N=3 Layer thickness:
6 L=021m — 0=17um L=021m — d=0.64%X,
d=0.16%Xo o= 14um 12 o=6u — d=054%Xp
o=12um — d=045%Xo
5 o =10um 10 — d=035%Xo
o=8um — d=026%Xo
o= 5um d=0.16 %Xo
Sa o=3um ® 8 d=0.06%Xo
2 L
s s
< <
6
3
4
2
2
10° 10! 100 10!
p, GeVic p, GeV/c
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Vision of the Upgraded CBM Tracker

> Magnet aperture and STS enclosure are natural =45°
constraints |

magnet

» Modular Tracker design allows for gradual replacement

25°
» staged upgrade: STSu + extra PID, MVD, STSd... ’

» MAPS at STSu: wider acceptance, lower material

» search for a suitable technology beam ”” ’ } | 25°
> integration will be the main challenge | L) |
> additional PID detectors to cover wider angles MVD |

» Better pr — y coverage for lower beam energies

» Higher granularity with MAPS, better resolution in
vertical plane |

> improved rate tolerance
> better reconstruction of cascade decays
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Sensor targets for CBM upgrades

STS upgrade: MVD upgrade:
> Spatial resolution: 10 pm > Spatial resolution: 5 um
» Time binning: 10 ns > Time binning: 10 ns
» Radiation hardness: 2 x 10** Neq/CmM™, Radiation hardness: 1 x 10'° neq/cmz,
17 Mrad/year 50 Mrad/year
> Interaction rate: 10 MHz/cm? + margin Interaction rate: 90 MHz/cm? + margin
> Power density: 50 mW /cm? > Power density: < 100 mW /cm?

Community effort in DRD3 (MANTA, OCTOPUS)
» Shared R&D with ALICE, ILC/FCC, medical/industrial applications
» Versatile MAPS design configurable by slow control
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Conclusions and outlook

» CBM physics goal: explore nuclear matter at highest baryon densities

» Laboratory access to neutron star—like conditions
» Rare probes: charm, dileptons, multi-strange hyperons

> light-weight, high-granularity tracker
P reconstruction of cascade decays in the detector

» Detector upgrades essential

> STS: extended acceptance, light MAPS stations, 10 um / 10 ns
> MVD: rate x10, improved time stamping, 50 um vertexing

> Next-generation MAPS sensors are key

» High granularity and fast timing
> Radiation hardness up to 10'° neq/cm?, 50 Mrad
» Ultra-low material budget — advances in integration required

Collaboration efforts are essential: DRD3, DRD7, DRD8

v
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Exploration of the QCD phase diagram

State of the nuclear matter depending on bary-
ochemical potential (ug), isospin symmetry (pr)

and temperature (7')
u

o
T
=i

Quarks g Gluong

o
N
o TS cep
o . =~ d

IQCD, F. Karsch, arXiv:1905.03936

A
T P ~.. Gy
g "~ O,
Tpe 7 e,
T, W 3
111,11 1 \ “
Tcep_' ‘(‘v.)--\ \

Tpe = 156.5+ 1.5MeV at pup =0
Teep < T2 = 132173 MeV (chiral limit)

Special interest: observation of the phase transition and finding the critical point
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CBM DAQ chain

» CBM read-out operates with continuous beam in free-streaming mode

» Full online event processing

GET links
Copper ~5000 optical
fibres
p— 1 Infiniand
o Dptical fibres
2 o ~®™ | Event reconstruction
g SOOI EAc i network (FLES)
2 550 interface (CRI)
8 =)
v -200 boards |
!
.
~2000 boards
clock — Low-level control + data
time o setup responses System control
status
control control Experimental data
Timing and Fast Experiment
Control (TFC) Control System
system (ECS)
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Momentum resolution of the tracker

Momentum measurement precision:

Z.Drasal, W. Riegler po1:10.1016/j.nima.2018.08.078

0.0136 GeV/c A < d >
- : /= (140038~ ),
scat. (N+ 1)(N_ ) OSBBL Ao Ao
where 3 = /p?/(p? 4+ m?)

Example of the CMS Tracker Upgrade:

dp op 720N

Pl 03BL2\[ (N —1)(N+1)(N +2)(N +3)’
op N

p

CMS Simulation
T
o - Simulated muons
~ P, = 10GeV
o ©
L

 Phase-1 tracker
4 Phase2 tracker

102:

% 05 1 15 2 25 3 35

1

Inl

% 05 1 15 2 25 3 35

4 <4 3 2 4
Inl

0 1 2 3 4
Simulated trackn
M. Teklishyn (GSI, Darmstadt) Future upgrade of the CBM Tracker

September 2, 2025


https://www.sciencedirect.com/science/article/abs/pii/S0168900218310362?via%3Dihub

CBM Tracker momentum resolution

» Limited benefit from better resolution

» Huge improvement with reduced material (integration?)

Pion momentum resolution Pion momentum resolution

N=8 Spatial resolution: 141 Layer thickness:
L=073m — o=17um — d=064%X,
1.24 = o
d = 0.64%Xo o= 14m — d=054%X,
— o=12um 127 —— d=0.45%Xo
122 — o=10um — d=035%X,
B — d=026%X
o 107 — d=0.16 %X,
o=5um X o
X120 o=3um ® d=0.06%Xo
g g
bl 3081 p
118
061 p
116
N N=8
0.4 L=073m
— o=1
114 u
10° 10t 10° 10t 102
p. GeVic p. GeVic

» Enormous challenge for mechanics. r/o, cooling for
> O(1m?) layer surface
> (O(1%o) layer thickness
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