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QCD phase diagram
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High T, low pg %“ _ ,\K,:» Q‘f
- Crossover to QGP % | 7 Quark-gluon plasma
- Detailed investigations on E 200 "
properties of QGP g
« LQCD: no CEP indication for p/T<3 g 150l gy
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Lower T, high pg 100+
« Phase structure? |

« CEP? 50| / Hadrons

« 1st order phase transition? e

* New phases of QCD? L Nucl .XLiquid—
« Characterization of high-pg matter o S S U S bl il
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Baryochemical potential (MeV)

Properties of hadrons/

limits of hadron existence? Bazavov et al. [HotQCD], PLB 795 (2019) 15-21 Isserstedt et al. PRD 100 (2019) 074011
Ding et al., [HotQCD], PRL 123 (2019) 6, 062002 Gao, Pawlowski, PLB 820 (2021) 136584
Borsanyi et al., PRL 125 (2020) 5, 052001
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C.B.M. =CBM & HADES

« Experimental investigation
of region with
500 MeV < pg <850 MeV

TR Y

SIS 18 2-25 830 — 760
SIS 100 23-53 785 —-520
SPS 51-17.3 530 - 220
STAR 7.7 -200 400 - 22
Collider

STARFXT 3-13.7 700 — 265

t(v/snw) from A. Andronic, P. Braun-
Munzinger, K. Redlich and
J. Stachel, Nature 561, no. 7723, 321 (2018)
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QCD phase diagram

HADES; Nature Physics 15 (2019) 10, 1040-1045
T. Galatyuk for HADES, Nucl.Phys.A 967 (2017) 680-683
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C.B.M. =CBM & HADES

« Experimental investigation
of region with
500 MeV < pg <850 MeV
« Recent theory predictions
favor g around 600 MeV
and T around 100 MeV for
CP

TR Y

SIS 18 2-25 830 — 760
SIS 100 23-53 785 —-520
SPS 51-17.3 530 - 220
STAR 7.7 -200 400 - 22
Collider

STARFXT 3-13.7 700 — 265

t(v/snw) from A. Andronic, P. Braun-
Munzinger, K. Redlich and
J. Stachel, Nature 561, no. 7723, 321 (2018)
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QCD phase diagram

HADES; Nature Physics 15 (2019) 10, 1040-1045
T. Galatyuk for HADES, Nucl.Phys.A 967 (2017) 680-683
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https://arxiv.org/abs/2312.06952

(Key) observables

Worldwide effort to investigate high-ug region of the QCD

phase diagram T. Galatyuk, NPA 982 (2019), update 2023
https://github.com/tgalatyuk/interaction rate facilities,
CBM, EPJA 53 3 (2017) 60
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https://github.com/tgalatyuk/interaction_rate_facilities

(Key) observables

What to measure?

Key observables — systematic measurements! :

Dileptons
- Emissivity of dense baryonic matter: lifetime, temperature,
density, in-medium properties

Fluctuations
- System transition via 1st order PT line, CEP

Hadrons/ Strangeness/ Charm
- System in equilibrium, Hypernuclei, Vorticity, Flow, EOS

Correlations
- Flow, Vorticity, YN & YNN interactions

Claudia Hohne, QNP 2024 6



(Key) observables

What to measure?

Key observables — systematic measurements! :

Dileptons
— Emissivity of dense baryonic matter: lifetime, temperature,
density, in-medium properties

Fluctuations
- System transition via 1st order PT line, CEP

Hadrons? Strangeness//Charm
- System in equilibriunt, Hypernuclei. Vorticity, Flow, EOS

Correlations
- Flow, Vorticity, YN & YNN interactions
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Critical fluctuations

At CEP or when crossing a 1st order phase transition: density fluctuations/ jump in density
—> both yielding discontinuities/ fluctuations
- Cumulants of baryon number measure derivatives of g

s O™ (p/T*) fon [ B] Measure event-by-event net-proton number (p — anti-p)
Xn = d(jup/T)" R - higher moments (statistics hungry! but more
sensitive) probe the tails!
Ratios of cumulants independent on V - Important to systematically understand experimental
v. K K N )2 effects: acceptance, centraliy, baryon number
A _ 4 o2 2 = (N —(N))" etc. conservation at high pg
X2 K
5 [Syn= 2.86 GeV VSpn= 4.9 GeV . 5
% : CBM sim:lra::::: __ - § FEZ.? CBM simulations
o i = ) AUtAU \Eyy=4.7 GeV ,
F ot E m&) DCM-QGSM + Geant | | '
1.57 {108 > w profile
i : A cormected profile
L —— corrected fit
1
i 10° 04" 10
0.5" i
- 102 0.2
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- Mg/ MSTSW
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Critical fluctuations

CBM after 3 years — (improve STAR stat. errors by factor of 10):

« Measure excitation function (p) for kg2 = =
_ K2 STAR, PRL 128 (2022) 20, 202303
« First results on x(p) HADES, PRC 102 (2020) 2, 024914
 Extension to strangeness? A T T — -
- B _
“ 3 = STAR (0 - 5%) —
We hope to see: . & 2 o
Discontinuity?! ~ s 8 @ net-proton ]
... that extends to even higher moments?! £ 2—£5 v H. proten ]
8 | £=¢c (Iyl <05, 0.4<p (GeV/c) <2.0) |
2 : = -f}
Cy/ Cy( = ko) g i N PR [?-% |
, < Oy # % ““““““““““ x| ]
baseline 2 | HRG _ _ _ cE s
I Uﬂ] net-proton_|
| | \/E B (0.4 < p (GeV/c) <2.0) <+ proton |
_ N 1 | l l L1 11 | | | | | I I | | | |
M. A. Stephanov, PRL 107 (2011) 052301 2 5 10 20 50 100 20
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Critical fluctuations

CBM after 3 years — (improve STAR stat. errors by factor of 10):

* Measure excitation function (p) for kg? = ~*
2
* FirSt reSUItS On K6(p) I I I I T T | I I I T T | I
* Extension to strangeness? | Au+Au Collisions at RHIC Centrality: Refmult3 |
Net-proton, Iyl < 0.5 O BES-I 0-5%
We h t 5 gf Odspp=z0GeVe 0 BES-:70-80%
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0_ _________________________________________________ ]
BES Il results consisten with BES |
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Dileptons

Em probes are sensitive to the full duration/evolution of the collision

« Emission of virtual photons from all stages
« Unique probe of temperature, duration, density, ...

Expected dielectron performance
(first year, 5 days/ energy (6), 2x1010
events each = 5 days per energy)
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Expected dimuon
performance

High statistics runs
after first 3 years to
access IMR range
with <10% errrors
ONTfirepal

r, June 2022, T. Galatyuk for CBM
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Dileptons

» Excess yield in LMR - fireball lifetime: extra radiation due to latent heat around PT (& CEP?)?
* Invariant mass slope (LMR & IMR) - flattening of caloric curve due to PT ?

* one year 5 days beam on target, 6 energies Au+Au, 2:10'0 ev. each, 100kHz Tripolt et al., NPA 982 (2019) 775

Li and Ko, PRC 95 (2017) no.5, 055203
Seck et al., PRC (2022), arXiv:2010.04614 [nucl-th]
9.3 dN/dyl M 127 138 146 185 251 O. Savchuk et al., arXiv:2209.05267 [nucl-th]
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« Tracking system allows for precise track and 2ndary vertex reconstruction, Ap=1%

« TOF for hadron ID

& X prospects with CBM

- measure yields, flow, correlations, A polarization, ...

* Identification of £* and X- via their decay topology: search for kink!

E+ — pno i+ — ﬁﬂ:{)
> nr' Yt — amw
2 — Y- o

BR =51.6%
BR =48.3%
BR =99.8%

- (p/n) like ratios! - access to isospin dependence?

- X/X* ratio is expected to carry E

Find tracks of Z and its
charged daughter
in STS and MVD
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* Hypernuclei interesting/ important objects for neutron star descriptions
* Formation? YN and YY interactions? Influence on EOS for high densities?
« CBM energies optimum for production

ypernuclei

 Reconstruction routines tested with STAR FXT data

Thermal: Andronic et al., PLB 697 (2011)
Coalescence: Steinheimer et al., PLB 714 (2012)
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FAIR & CBM

CBM @ FAIR

« 2.5°-25° polar angle coverage, tracking in large gap dipole magnet, particle ID afterwards
* First beams in 2028/2029
* Years 1-3: (first) energy scan, improved statistical errors of factor 10 with respect to STAR
* Years 4-8: high statistics measurements - Dilepton IMR, ultra-rare probes

APPA laser

SIS100

sessssss FAIR 2028

messsmm  Next steps

s MSV completion
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Status of FAIR & CBM

« FAIR construction progressing
v SIS 100 tunnel ready, first installations ongoing
v' CBM cave ready
v' Upstream platform in CBM cave is installed —
being the first user installations of FAIR!

Claudia Hohne, QNP 2024 16
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v SIS 100 tunnel ready, first installations ongoing
v' CBM cave ready
v' Upstream platform in CBM cave is installed —
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of FAIR & CBM

« FAIR construction progressing
v SIS 100 tunnel ready, first installations ongoing
v' CBM cave ready
v' Upstream platform in CBM cave is installed —
being the first user installations of FAIR!
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5: Ring Imaging Cherenkov Detector
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7: Time of Flight Detector
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s of FAIR & CBM

... Some more impressions!

=

CBM building

SIS100 tunnel

Claudia Hohne, QNP 2024 20



M @ SIS18 (FAIR phase 0)

One major CBM challenge (& opportunity!) is the high rate:
* Free streaming readout
* Online reconstruction & trigger

Important milestone: mCBM @ SIS 18!

* Full system test

« Verification of triggerless-free-streaming
readout

 Up to 10 MHz collision rates

‘eriment
at GSI SIS18
March 27, 2022

Claudia Hohne, QNP 2024 21



@ SIS18 (FAIR phase 0)

One major CBM challenge (& opportunity!) is the high rate:
* Free streaming readout
* Online reconstruction & trigger

Important milestone: mCBM @ SIS 18!

* Full system test

« Verification of triggerless-free-streaming
readout

 Up to 10 MHz collision rates

% 60 K —Saﬁeevent
3 — Mixed event
>- - —Same - Mixed
40 i 72811 ey = /1 N R
- signal 613 ; z NG B ozl T A experiment
son 2110 \ Y ol o - W N 4 /Y GE| SIS18
- Prob 1.01e-06 Sl (‘k ‘\“ y f ) March 27, 2022
20 4t preliminary ' ] i " '
. data analysis /A reconstruction
in progress 400-500kHz average collision rate
0¥ " hios Offline analysis
1 11 1 11 1 .| 1 1

11 115 12 1.25 Next step: online reconstruction
Cle IVlin\w [GeV 22




BM @ SIS18 (FAIR phase 0)

Late spring 2024 first beamtime with testing online trigger systems
« Multiplicity trigger: needs online unpacking and event building

* Online reconstruction and VO topology trigger: needs online reconstruction and secondary vertex

reconstruction on top
* Detailed evaluation ongoing

Data rate per subsystem versus time
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Me. Ma
788 MB/s 135 MB/s
SB.0 MB/s 146 MB/s

612 MB/s 1.02 GBis
275 MB/s 433 MBJs
JNMB/s 14 GB/s

1.77 GB/s 2.88 GB/s
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CBM construction

* Re-procurement of russian components ongoing
« CBM magnet contract signed, production design review accomplished
* New forward wall based on HADES concept in preparation
 RICH, MUCH mechanics re-design/ re-procurement ongoing

» Detector (pre)-series production started

STS modules (pre-series)

E—

TAVS o

B

AV

==

-----

TRD modules
(pre-series)

Claudia Hohne, QNP 2024
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Summary & Outlook

Future is bright!

» (Pre)-series production of CBM started
- Ready for first beams in 2028

- Experimental data to contribute to open
QCD questions:

» Phase structure of QCD at finite density

« Characterization of high yg matter

« Formation of hadrons, properties,
interactions, correlations

* Formation of (hyper-)nuclei

Claudia Hohne, QNP 2024
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