Experiments with relativistic heavy ions
at the Nuclotron-NICA complex

Eugene A. Strokovsky
VBLHEP of JINR, Dubna, Russia

Abstract

Program of experiments at relativistic heavy ion beams at the
Nuclotron-NICA complex will be outlined briefly.

Current status of the main spectrometers (the spectrometer BM@N

at the extracted Nuclotron beams and the MPD-detector at the
NICA collider, both are under construction) will be reported.
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Introduction

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



7T XN

A8

=
0o
3
@D
3
@)
@D
-
n
—
QD
—
D
n

el - B N == &
B - ElRN
Armenia  Azerbaijan Belarus Bulgaria Cuba Czech Rep. Georgia  Kazakhstan D.P.R. Korea
U E*=p iy —
Moldova  Mongolia Poland Romania Russia Slovakia Ukraine  Uzbekistan  Vietnam
N —
X —— AGREEMENTS at GOVERNMENTAL LEVEL
— < N
- i =
Germany Hungary Italy Serbia South Africa
l_ R REPUBLICS
AMERICA Z s OF
‘ % e 3 FORMER USSR
CANADA BNA
CLAF 7. a e
I"IITED STAYE! oo A ASIA
L —— CHINA
&
AUSTRIA ) N R TIC
u BELGIUM Q PEOPLE'S
BULGARIA REPUBLIC
M czecw merusLic W w \@/@\ N oexoned
DENMARK INDIA
MEMBER STATES IN 1956 | 3 (ﬂ? /\ W e
o - RN TN I
IRELAND EGYPT TURKEY
‘ mo;::avsono SOUTH AFRICA VIETNAM
NETHERLANDS —
NORWAY
L IGO k‘ N POLAND \/f_"\f
n ROMANIA %
: s::"l‘::“u AUSTRALIA
v ol sL:v"EI:u AND
d I e * S OCEANIA
a Poland Romania USSR  Vietnam NITED RINCOOM AUSTRALIA

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



http://image1.jinr.ru/Galerei/Autumn/magicgallery/IMG_1567.htm

VBLHEP site

L
I8
J

!
e e

=3 %

!!7993

$eal

-

. Strokovsky, 34-th Reimei Workshop, 8.08.2016


http://image1.jinr.ru/Galerei/Spring2004/magicgallery/045.htm

Veksler-Baldin
Laboratory of High Energy Physics of JINR
(VBLHEP)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



Nuclotron provides accelerated proton and ion beams
(up to Xe(A=124, Z=42); in the nearest years — up to Au(A=197, Z=79)
with energies up to 6 A-GeV (Z/A from 1/3 to 1/2)
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‘' from the Synchrophasotron to the heavy ion collider

1957 1993 2020
Synchrophasotron Nuclotron NICA

Superconductive collider

Origin of the

high energy
physics

A.M. Baldin:

ploneering Study of nuclear and

baryonic matter at
extremal densities

V.1.Veksler — the author
of the Phase Stability
Principle

studles in relativistic
nuclear physics

( 1.944)
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See also
https://ufn.ru/en/articles/2016/4/
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Relativistic Heavy lon Physics at JINR
(in general)

The present strategic course of the JINR in relativistic heavy ions
& particle physics is based on:

- development of the home accelerator facility NICA

providing relativistic heavy ions & polarized beams

- scientific programs at home & external accelerators including
study of various phases of strongly interacting matter,
hot topics of particle physics and spin physics

Relativistic Heavy Ion Physics is a high priority task in many
scientific centers (BNL, CERN, GSI) since last few decades

Theoretical motivation of relativistic heavy ion studies at JINR
was developed in the works of:

A.Sissakian, A.Sorin, V.Toneev, &.Zinoviev etc.

... from particles - to hadronic/QCD matter ...

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Relativistic lon Facilities
from Synchrophasotron and AGS to NICA and FAIR

Over the last 30 years a lot of efforts have been made to provide the conditions for
searching for new states of strongly interacting matter under extreme conditions.

Synchrophasotron: £, ~ 4.2 AGeV (Vs =3 GeV)
1971 - 19899, pioneer experiments in the field of relativistic
nuclear physics.

1970’

AGS: Eo, ~ 11 AGeV (v suw = 5 GeV)
1986 — 1992, study of comgressed baryonic matter.

SPS: E.., ~ 158 AGeV (Vsun = 18 GeV)
1986- up to now,
— study of compressed baryonic matter.
’
3 1996 RHIC: Vs, = 200 GeV (E.., ~ 80000 AGeV )
D 1996 - up to now,

! LHC: Vsyn = 5520 AGeV (Ewy, ~ 6.1-10" AGeV)
2008 - planned

2008’

2015’

SIS 300 (FAIR): Eyp, ~ 34 AGeV NICA: ' sp, = 9 GeV (E., ~ 40 AGeV).

(VS un = 8.5 GeV), full performance will be reached in 2013,

full performance will be reached in 2015, search for the mixed phase of strongly

study of compressed baryonic matter. \ interacting matter. /

E.A. Strokovsky, 34-th Reimei W 11




The JINR plans: to start in the coming 3+5 years
experimental studies of hot and dense strongly interacting
QCD matter as well as
search for possible manifestation of signs of the mixed
phase and critical endpoint in heavy ion collisions.

Instrumental basis :

NICA collider (including modes with polarized beams) with the

multipurpose detectors: MPD, SPD

Nuclotron-M (including modes with extracted polarized beams and
MPPT) with BM@N

External facilities at CERN (SPS, LHC), FAIR, RHIC

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 12



NICA NICA Collaboration

Belarus Ukraine
NC PHEP BSU (Minsk) BITP NASU, KSU (Kiev)
GSU (Gomel) Bulgaria KhNU, KFTI NASU (Kharkiv)
Germany INRNE BAS (Sofia) iis
e a il FHROI INR RAS (Moscow)
g g vl NRC KI (Moscow)
UR (Regensbyrk) . ISSPBAS ~iF
Frankfurt/Main Univ. | Tp BAS AB/I”SVS ;::s (N‘)’VOS’b’r sk)
FIAS , scow,
" FzJ (Julich) SWY Lor LPI RAS (Moscow)
; PUPloviiv) St.Pet. Univ ersity
FAU(Erlangen) TUL (Blagoevgrad) RI (St Botarabir o
Poland
Tech.University (Warsaw)
Kistralla Warsaw University _ Ital
Azerbaiian  Fracoterm (Krakow) Czech Republic s }; -
CERN J Wroclaw University TUL (Liberec) : pld
. INP (Krakow, CU (Prague) g
Ch ( ) Mongol
£ ina RSA Rzezh, ... Rongo 1
Gr e UCT (Cape Town) Sorgqma
Grsecs: S fanaanes i Slovakia
India : iThemba Labs USA

4-side Treatment was signed in Dec. 2015 between Russia, China,
JINR and Chinese Academy of Sciences about collaboration in NICA.
JINR-Russia Treatment about cooperation in NICA works:

was signed in April 2016
E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Physics: program and suggestions see in
http://theorO.jinr.ru/twiki-cgi/view/NICA/WebHome

NICA White Paper — International Effort

Statistics of White Paper Contributions (as in 2015)

NICA 111 contributions:

188 authors from 70 centers in 24 countries

Draft v 8.03
January 24, 2013

Indicates wide international interest
SEARCHING for a QCD MIXED PHASE at the to the phySiCS at MPD & BM @ N

NUCLOTRON-BASED ION COLLIDER FACILITY
(NICA White Paper)
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Main directions of studies with the relativistic heavy ions:
Probing of different regions of the phase diagram for hot and
dense hadronic matter:

*Phase transitions
*Baryonic to hadronic and QCD (quark-gluon) matter
Critical endpoint (exists or not); mixed phase
Liquid-to-fog (at the condensing-hadronization stage 3)
*Exotic nuclei (hypernuclei ; stabilizing role of strangeness
Implemented into a nuclear matter)

Other physics within the NICA: Spin and polarization phenomena
* nucleon structure, phenomenology of the nucleon-nucleon interactions
« few nucleon systems at short distances (probe of sub-nucleonic
aspects; multinucleon forces etc.)

Flavour physics, i.e.
Fundamental symmetries and mechanisms of their violation

Particle structure (constituents, quark content) in empty space and in the
strongly interacting medium, exotics)
Particle properties in medium (cold and normal/sparse; hot and dense)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 15



Temperature T [MeV]

Physics QCD matter at NICA

» Highest net baryon density
200 SR ¢ » Energy range covers onset of deconfinement
< P Quarks and Gluons

S{ R, ¢ » Complementary to the RHIC/BES, FAIR

< ritical pointy .

3 oY and CERN experimental
| 5, ﬁ deco,,ﬁnem Freeze-out conditions programs
|| Fansiti, 200 l ' E1+E2: collider

100 l Hadrons T PP .

; S [ 97 0T T O ] B FL

_ s [*—e—a 7 % o S
kyonic phase S 150k % 40 1
— — S=0& Q/B=0.4 30
) = RHIC g

‘ Color Super- = - 2+2 10 . -
&) Nl & 100 ¢ FAR = FAIR, NICA .
EoX , o |

/W o o P e § i "
of i bawon{ns . c Hadronic freeze-out
Compact Stars 0 O gol N
e N,=0.16 fm‘3 = I J. Randrup & J. Cleymans
= Bulk properties, EOS - particle yields | e Ron G0 BA7R0T
& spectra, ratios, femtoscopy, flow 0.00 0.04 0.08 0.12 0.16

. 3
* In-Medium modification of hadron properties Net baryon density pg (fm )

= Deconfinement (chiral), phase transition at high pg nhanced strangeness production

= QCD Critical Point - event-by-event fluctuations & correlations

= Strangeness in nuclear matter - hypernuclei NOTE: a particle must live

o “long enough” inside the medium! 16
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(NICA) Heavy lon Collision experiments

Low Ultra-High E, ., [A GeV]
1 e el PR NP P | e el e el e e
0.1 1 10 100 1000 10000 100000
[ |
Nuclotron
(BM@N)
SIS FAIR NICA RHIC LHC
_ ,Mixed* phase:
Baryonic matter  hadrons (baryons, mesons) + QGP: quarks and gluons
| quarks and gluons |
Meson and baryon I Properties of SQGP
spectroscopy In-medium effects
In-medium effects  Chjral symmetry restoration ° 9% _o
E0S Phase transition to SQGP o 9096-<°g°5°°
Critical point in the QCD phase & s oo, 3®
diagram 9 0 o 0 9.9,

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 17



Complex NICA / g\)

Lo
Collider basic parameters: ey
sy = 4-11 GeV; beams: from p to Au; L~10%2"cm2c®(Au), ~1032cm2c (p)
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Spin physics with
dedicated detector SPD
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MPD (physics and status)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Temperature T [MeV]
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» Highest net baryon density Js=4-11A GeV
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Bulk properties, EOS
- particle yields & spectra, ratios, femtoscopy, flow
In-Medium modification of hadron properties
- onset of low-mass dilepton enhancement
Deconfinement (chiral) phase transition at high pg
- enhanced strangeness production
- Chiral Magnetic (Votical) effect, A polarization
QCD Critical Point
- event-by-event fluctuations & correlations
Y-N interactions in dense nuclear matter
- hypernuclei

107 e - e CBM
E L4 4 ;
2022 - 2025:  $IS-100 FAIR | g
—_ 106 g ......................... ........
T - |
== 105 _ NICA/BM@NIL.....
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2 30 ' STAR F.l'./ i STAR BES Il
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© =
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€ r .
100 |
= energy region of max.
1 B | baryoepic density | | |
1 10

Collision energy VS, [GeV] 22



MultiPurpose Detecor for A+A collisions @ NICA

D

CPC
Tracker

Hermeticity, 2 acceptance in azimuth
3-D tracking (TPC, ECT)
High resolution vertexing (IT)
Powerful PID (TPC, TOF, ECAL)
- /K up to 1.5 GeVIc,
- K/p up to 3 GeVic,
-v, e : 0.1<p<3 GeVic
= Precise event characterization (FHCAL)
= Fast timing and triggering (FFD)
1PC \Cryastat = Low material budget

\ / GM \ T = High event rate (up to ~ 7 kHz)

23
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MPD superconducting solenoid

B,=0.66 T weight ~ 900 t

Control
Dewar,
pipe lines

high level (~ 3x10-%4) of magnetic
field homogenity

Trim Caoll

ASG superconductors
(Genova, Italy):

« Cold Mass + Cryostat

« Vacuum System

« Trim Coils

 Control System

g ° PS

« General responsibility

Cryostat

x\ﬁ/z

‘ Contract - signed; works — in progress

24
E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



MPD magnet : mechanical elements

Forged pieces of the MPD = &~

magnet support rings il
Vitcovice, Czech Republic | P <& :
June 2016 RN ,

] R— -

Forged pieces of the
MPD magnet poles
Vitcovice, Czech Republic
June 2016

25

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



MPD Time Projection Chamber

Works are going in accordance with the schedule

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016

Item Dimension
Length of the TPC 340cm
QOuter radius of vessel 140cm
Inner radius of vessel 27 cm
QOuter radius of the drift 133¢cm
volume
Inner radius of the drift 3dcm

volume

Length of the drift
volume

170cm (of each half)

Drift gas 90% Ar+10% MMethane, Atmospheric pres.
+ 2 mbar

Gas amplification factor | ~ 10%

Drift velocity 3.45 cm/ps,

Drift time = 30ps;

Pad size Sx12mm? and Sx18mm?

Number of pads

05332

26



MPD Time Projection Chamber (progress at June’16)

TDR status: Reviewed by MPD DAC in 2015, the recommen-
dations implemented, revision 2.0 ready, next
evaluation 22.06.2016

Room & assembling tooling: In progress
RoC & Padplanes: Production and testing ongoing

FEE: (PASA-ALTRO) - under production;
new (thin) SAMPA chips under tests

Service systems (gas, cooling): In progress

TPC Integration: In progress

27
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MPD TOF : progress in 2016

TOE Barrel TOF

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



TOF : preparation for mass-production
(June’16 status)

MRPC assembling

Soldering of the signal cables

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Conclusions

= Significant progress is achieved in the MPD project realization

The MPD TDR preparation is going further: the DAC helps in its
evaluation

Construction of the MPD Magnet has started

= Preparation for the mass-production of the MPD elements
(TPC, TOF, ECAL) is ongoing

The “Integration plan” for the MPD barrel is nearing completion,
endcaps and the IT integration is the next step

30
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SPD (spin physics at NICA)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Collider provides both:
transversally & longitudinally
polarized p & d

with energy up to VS = 27 GeV

The issues to be studied:

» MMT-DY processes

» J/ ¥ production processes

» Spin effects in inclusive
high-p; reactions

» Spin effects in one and two
hadron production processes

» Polarization effects in
heavy ion collisions

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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WELCOME

~ NICA-SPIN 2013

e
=

Top‘ics
Scientific Program The Veksler and Baldin Labaratory of High Energy Physics of the

Jaint Institute for Nuclear Research is arganizing the International

On-line Translation

List of Participants Workshops,
fesnadatun "NICA-SPIN 2013"
Contact y . . o
- - which will take place in Dubna, Russia.
Viza and Registration
Transportation The Woarkshops are open to all scientists, regardless of their
Useful Links citizenship and nationality. The Workshop are hosted by the Joint

Institute for Nuclear Research.

We invite you and your colleagues to participate in these
Workshops at Dubna in 2013.

The first meeting is temporary scheduled for March 17-19, the
next one - for June-July (to be specified), and the last one -
during the DSPIN-2013 (Dubna, September 17-22) as a separate
session:" Proposals for spin physics experiments at NICA".

The Collaboration is being formed

The Project is under preparation
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Baryonic Matter at the Nuclotron
(the BM@N project)

(The flagship “fixed target” experiment)

The Nuclotron parameters for the BM@N:
= Energy range: Elab = 1-6 GeV /nucl

= Beams: from p to Au

= Intensity: 102 (Au), 10%? (p)

33
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The Baryonic Matter at Nuclotron (BM@N) project

- approved in 2012
The final goal: PP

Search for the mixed phase and phase transitions
of a strongly interacting matter in processes:

AA, pA and pp interactions
using variety of nuclei A (from p to Au)

scanning over energy range: E, .., = 1—6 GeV / nucleon

Strategy: beam energy & nuclei scans

19 scientific centers: INR, SINP MSU, IHEP + 2 Universities (Russia);
GSlI, Frankfurt U., Gissen U. (Germany). + CBM-MPD IT-Consortium + ....
expressed an interest

34
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QCD phase diagram - Prospects for NICA/BM@N

Temperature T [MeV]

/W 1 r AV 4 / .
O Compact Stars Net baryon'density n/ n,,
n,=0.16 fm™3

® NICA/BM@N is complementary to RHIC/BES,
FAIR, CERN experimental programs

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016

Search for the mixed phase of
partons and hadrons:

® Signatures of deconfinement
phase transition at high net baryon
densities p,

— enhanced strangeness
production (baryons and mesons)

® Study of the Equation of State
(EoS) at high p, and temperatures
— strange particle yields & ratios
at thresholds, collective flows
®n-medium modification of hadron
properties as a sign of chiral
symmetry restoration at high p,

— onset of a low-mass di-lepton
enhancement

®"Y-N interactions in the dense
nuclear matter and hyper-nuclei
production

35



o 7N, Study of ,in-medium“ K* and K- properties in

TN, ®A heavy-ion collisions at thresholds
* baryon-baryon collisions: 107 Lesc NN |
B+B—>B+Y +K K =(K,K°) ‘g o Kk
_ — . —0 i O
B+Bo>B+B+K+K K=K.K) e
_ B=(N4,... 3 1 E
B+Y >B+B+K Y=(,5) < B .
] \x B !
3 [
* meson-baryon collisions: 102 /P
7:+B—>Y+K/?D
dominant channel forlow . o g Kk .K N
energy K™ production! - R 0.0
7+Y > B+K 55T (GeV)

* meson-meson collisions: ri+x > K+K

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



Opportunities at the Nuclotron

I. In A+A collisions at Nuclotron energies:

O Opening thresholds for strange and multi-
strange hyperon production

=» strangeness at thresholds

(

107 EC+C Ni+Ni
rg K*
=> More precise data for NI
strange mesons and E: =
hyperons, multi-variable p!
distributions, in the e
unexplored energy range #o
are needed. N L Y
Vs-Vs,, (GeV)

I1. In p+p, p+n, p+A collisions:

=>»hadron production in elementary reactions
and “cold*“ nuclear matter as a “reference* to

pin down specific nuclear effects .

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Heavy-ions A+A: Hypernuclei production

W
c 1p° o 3 — +H
o - = “He, *He g

e =, H
o 107 —= “He, He a
[ -+, .He
~ 10¢ H
— —h—, 18
o - AAE

% 10 = —iG—ET
= 10°
=z
- 10
&
> 1
10"
10
107¢
10° N
10_5' f"m L ml il L1
10 10° 10°
BM@N \ 'Sy (GEV)

O In heavy-ion reactions: production of hypernuclei through coalescence of A
with light fragments is to be enhanced at high baryon densities

0 Maximal yield predicted for Vs=4-5A GeV (stat. model) (interplay of A and
light nuclei excitation function)

=2 BM@N energy range is ideally suited for the search of (double) hypernuclei

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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» Statistical model, Au+Au collisions @ 4A-GeV
= Beam intensity 107, 1% interaction length target

Particle | Eieii, Multiplicity e, | Yield/s | Yield/week

GeV | central | min.bias | % | min.bias min.bias
= 3.7 1-1071 | 25:102 | 3 75 4.5-107
Q- 6.9 2:107° [ 5.0-107% | 3 1.5 9.0-10°
A 7.1 | 2-107% | 5.0-1077 [ 15| 0.75 4.5-10°
=t 9.0 61077 | 1.5-10° | 3 | 4.5-1072 2.7-10%
at 127 [ 1-107° | 25:107% | 3 | 7.5:107° | 4.5-10°

Hyper- | Multiplicity | ¢, | Yield/s | Yield/week

nuclei central % | central central

SH 2:107 8 | 160 1.0-10°

i H 1-107° 1| 1-107° 6-107

ASHe 3-107° 1| 3107 18

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Target& TO S
detector

Analyzing
magnet

BM@N advantage: large aperture magnet
(~1 m gap between poles)

— fill aperture with coordinate detectors
which sustain high multiplicities of particles

— divide detectors for particle
identification to “near to magnet” and “far
from magnet” to measure particles with low
as well as high momentum (p > 1-2 GeV/c)

— fill distance between magnet and “far”
detectors with coordinate detectors

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016

BM@N setup

Baryonic'Matten

GUNUC 010N

 Central tracker (GEM) inside analyzing
magnet to reconstruct AA interactions

* Quter tracker (DCH, Straw) behind
magnet to link central tracks to ToF
detectors

» ToF system based on mRPC and TO
detectors to identify hadrons and light
nucleus

« ZDC calorimeter to measure centrality
of AA collisions and form trigger

* Detectors to form TO, L1 centrality
trigger and beam monitors

 Electromagnetic calorimeter for y,e+e-

40
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March 2015 (Run 51)

Tasks for BM@N technical run:

* deutron and C'?2beams with T = 3.5 AGeV
» Trace beams, measure beam profile and
time structure

* Test detector response: ToF-400, ToF-700,
TO+Trigger, DCH-1,2, ZDC, ECAL modules,
Beam monitors BM

* Test integrated DAQ and trigger system

41



BM@N technical run in February-March 2015

d, C'2 beams,T,= 3.5
MWPC
GeV / nucleon e
X BM 0 MWPC

Analyzing

Target C'2,Cu|_magnet SP-41 /

DCH MWPC
ToF400 ToF700

Results of technical run:

* Deutron beam (2:104 - 10° /cycle) and C'2 (10°- 108/cycle) beams with T,= 3.5 GeV /

nucleon are delivered and used in BM@N experiment

* Functionality of integrated DAQ for detectors: ToF-400, ToF-700, T,T, DCH-1,2,

ZDC, ECAL modules, 3 MWPC is proven; — DAQ system showed reliable behavior

 Data with beam-target interactions are recorded using several trigger logics

 Deutron beam is traced through detectors at different values of magnetic field to test

momentum reconstruction

» Resolution of TOT and ToF-400,700 detectors is tested

 Special runs are collected with different positions of ZDC to calibrate detector

response

42
E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



GEM detectors for central BM@N tracker @Gies

NuClotro

Set of 5 GEM detectors 66 x 41 cm?
prepared for cosmic tests

1

Tests of GEM detector 163 x 45 cm?

» for tracking in BM@N technical runs in 2016 plan to use 5 detectors 66 x
41 cm? and 2 detectors 163 x 45 cm?

« for BM@N run in autumn 2017 plan to produce 6 more detectors 163 x 45
cm2 and design and produce 2 detectors 200 x 45 cm?

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 43
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Tests of GEM detectors with cosmic particles
BMN GEM and DAQ groups

A

5 GEM detectors 66 x 41 cm?2
GEM plane Efficiency Cosmic event in 5 GEM
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BMNROOT software framework

 Detector geometry * Track reconstruction
* A+A event generators * Particle identification
« GEANT simulation * Physics analysis

UrQMD, Au+Au,
4 AGeV

45
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Nuclotron upgrade / runs

Booster construction

Infrastructure
BMN exp.zone

Beam line
Magnet SP-41M

Detector BM&N
Central GEM tracker

Outer tracker:
DCH chambers

Straw

TOT detector
ZDC

ECAL

ToF mRPC system:
"near" mRPC

"far" mRPC
DAQ system
STS tracker
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Another activity of the LHEP (at home)

Experiments (ongoing) at extracted beams:

1.

2.

2.

4.

5.
6.

HyperNIS (physics of hypernuclei, first of all — properties of

loosely bound hypernuclei with neutron excess)

FAZA (nuclear multifragmentation and “liquid-to-fog” phase
transition of the nuclear matter)

MARUSYA (“cumulative” production; currently — R&D of detectors
for beam diagnostics)

ALPOM-2 (needs polarized deuteron for calibrating of a polarimeter
for new G; /G,, experiment at JLAB).

Radiation biology (by LRB of JINR)

Applied physics (E&T RaW)

Spin physics with polarized deuterons, protons and neutrons

at energies from T,;, 2300 MeV/nucl. to 5 GeV/nucl.
will again be continued from the 2-nd half of 2016.
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Summary

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 48



The main tasks of the NICA complex:
- study of hot and dense baryonic matter

- study of the spin structure of nucleons and other
polarization phenomena

13.7 mnppa. ner«

formation of the sk

baryonic matter,

NICA 1 mMnpa. ner -
300,000 ner <

3MUH -

‘0
1 MKCek - > ,;,0) 10" K
&
ool \0@
@
« g
“Big Bang”,
appearance of quarks,
LHC

To do this, it is necessary:

- to upgrade accelerator base in JINR, which is able to provide
Intensive beams from p to Au and polarized protons and
deuterons with maximal energy up to VS,,= 11 GeV (Au™*) and
=27 GeV (p)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Physics at the Nuclotron/NICA facility

1. High energy heavy ion (or relativistic nuclear) physics
2. Spin physics (polarization studies of nucleon structure,

NN interactions, few nucleon systems and nuclear structure)
3. Flavour physics (physics of strange quarks, exotic hadrons,

voilation of basic symmetries)

Renewal of the instrumental basis:
nuclear collider over the Nuclotron

« Beam infrastructure for “fixed target” experiments will be kept;
* Nuclear collider (instrumented) will be built; Vs ~ (5-10) GeV per
nucleon; luminosity ~ 102’ cm=2s1 (U+U)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Thank you!
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Addendum
(remarks and backup slides)

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Remarks to “strongly interacting matter”
and “particle properties in a medium”

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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at least 3 stages can be considered.:

 Formation (creation) of this matter

- Evolution (for example, from hot and dense to cold and sparse matter
where particles can appear)

 Appearance of detectable objects: hadronization and/or condensing

The general feature: unavoidable problems of a non-perturbative nature.
In different types of reactions one meets with different aspects
of those stages, as well as with some new features, in particular:

modification of particle properties in “a medium”
NOTE: a particle must live “long enough” inside the medium!
(structure functions might be different in the cold and hot matter,

dense and sparse; particle spectra; widths of resonances);
Iin fact, some examples are well known since long time (the free neutron
lives #14.67#0.018 min while the bound neutron can live much longer!)

hadronization of quarks (fragmentation functions) occurs also in a
different environments, etc.
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Strong external electromagnetic fields and other new aspects

(Also: Primakoff processes: y*+A—... ; may be even y*+ y* —... etc.)

Comparison of magnetic fields

>
P

The Earths magnetic field 0.6 Gauss
A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 10" Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss
http://solomon.as.utexas.edu/~duncan/magnetar.html

Heavy 1on collisions: the strongest magnetic
field ever achieved in the laboratory

Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(t=02fm) = 10°~10* MeV* ~10" Gauss

from D.Kharzeev (Nov. 5-6, 2008, in Dubna, “NICA round table” 3)
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Types of the strong interacting environment

The most used (up to now) environment is the nuclear medium:
usual nuclei provide it. Well known examples: A-hypernuclei,
A-excited nuclei. This environment is also in use in search for
signatures about ®- (and ¢) modification in nuclei as well as

In search for n and 1M’ nuclei.
Important feature: the environment is stable and “known”.

The environment consisting from produced hadrons (hadronic
environment). The most known example — high multiplicity events at
high energies or high multiplicity events in nuclei-nuclei collisions
at small impact parameters (in collider experiments: at RHIC, at LHC
with ALICE, at NICA with MPD). This environment is unstable and
not so well “known”...

(B, m)

(-, m)
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The “hadronic” environment can be produced in experiments with fixed
targets when projectiles are nuclei; the particle under investigation can be
either in the “central” region or in the “beam/target fragmentation” region.

This is the case for experiments at BM@N at Nuclotron and

CBM at FAIR, for example. Important features: it is not stable, short
living, density is not constant (expansion!). A particle spends only part of
Its life inside the medium. (Therefore: what are signatures for a possible
change of the particle properties?)

3. External electromagnetic field (as an environment).
Important features: it is short living, depends upon the impact parameter.
A particle spends only part of its life in this environment.
(Again: what are signatures for possible changes
of the particle properties, if happen?)
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Complementarity between
the collider-type and fixed-target type
experiments

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Collisions of elementary particles:

> protons (nucleus of hydrogen)

Syn = (Eq+m)? — (_p>+0)2

> heavy ions (for example, Au) 9 2m?2
= Zpm + Zm

Experiments:
v with fixed targets:

— —>
p=10 GeV (p, m)

T —
VS = 4,5 GeV

leV =1.6 x1019]
1GeV=10° eV= m

v at colliders: (3 m)

(-, m)

VS = 2p = 20 GeV
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Particle properties in the nuclear matter:
are they the same as in the “empty” space?

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016

60



The topic “hadrons in a medium” has rather long history.

The pre-historical examples:
The life-time of neutron in stable nuclei drastically differs from its
life-time in the empty space (214.6740.018 min);

the life-time of the A-hyperon in free state differs (apparently) from its
life-time in hypernuclei and depends (apparently)
on an atomic number of a nucleus.

Next stage came with pions in nuclei and with the problem of
the pion condensate.

Here the important contributions by A.Migdal, G.Brown,
T.Ericsson and M.Ericsson, W.Weise, E.Oset must be mentioned.

Necessary conditions:
a particle must live “long enough” in the medium!

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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Good lessons were obtained in inclusive and exclusive experiments on

excitation of the 4-isobar in nuclel
(end of ‘80-begin of ’90, pioneered in Dubna and Saclay).

They stimulated theorists; contributions by E.Oset, V.Dmitriev, S.Fayans,
S.Hirenzaki and others must be mentioned with respect to the topic under
discussion. One of the approaches appeared at that time was partial
restoration of the SU(4) symmetry in nuclear medium.

Another approach was based on collective phenomena when pion
propagates in a (finite !) nuclear medium.

In the last decades new aspect was found by theorists and
experimentalists. That was related with the deeply bound pionic atoms
and with the subthreshold (or cumulative) production of K™ and K. It
resulted in concept of the partial restoration of the chiral symmetry in
nuclear medium. It is this concept which is in use at modern discussions
of the topic.
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n- and A propagation in nuclear matter: the A-peak position
and width differ for nuclel and protons!

— proton average
;H. DAPHNE
4He. DAPHNE

He. DAPHNE

-—— ’unmiversal’ curve
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Backup slides (MPD)
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MultiPurpose Detector (MPD)
the observables in AA, pA and pp collisions:

- multiplicity of produced hadrons (7, K, p, 4, =, Q)
- electromagnetic probes: electrons, gammas, vector meson decays,

charm

direct vy

thermal vy decay product Y Resonance

. event-by-event fluctuations decays
- femtoscopy of T, K, p, /A

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



TPC prototype

Dia. =3000 mm, L =3400 mm, FEE = 120 000 ch, dpo/p < 2%

T

Presentation of the TPC prototype to the IAEA

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 DIF€Ctor General, Prof. /Y. Amano 66



TPC : mass-

E.A. Strokovs, 34-

nroduction of ROC chambers

ROC test procedure:
- counting plateau
- dark current
- energy resolution (Fe-55)
- uniformity of gas gain

count

ROC-4-Fe, Ar/CH4(90/10), section 1 (x 445, y 800),

Fe55, threshold 35 mV, collimator 10 mm, count 1430 Hz,

Udr=0V
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TPC: tooling, clean room, service

Design of the tooling for TPC assembly is ready;,
waiting of the green light for manufacturing

Clean room for TPC assembling - readiness
in August 2016

Time scale for the TPC gas system:

S8 = Purification system tests with the TPC

= imitator — November 2016

i = TPC gas system delivery to JINR — beginning of 2017

68
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An example.

MPD test beamline: tests of the T, detector prototype

MWPCI Recs MWPC2
Sl DI D2 D3 D4 S2
Beam |
Vi MWPC1 p1, D2 &Y -
il
) LVDS signals + LV Analog,

(HDMI cables) signals

Uy TDC32VL |DRS4 v4| |DRS4 V4I HV

_._: power supply

1 VME

— crate
LV control HV control

to Computer

Time resolution for 3.5 GeV deuteron beam ~30 ps

Time, ns

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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8 (note that light passes distance of ~0.9 cm for the time ~30 ps)
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Backup slides (BM@N)
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Heavy-ions A+A: in-medium effects

= BM@N can study the ,,in-medium* effects for strangeness by measurements
of a variety of observables at different energies and centralities in heavy-ion
collisions in order to find an ,,anomalous* behaviour in comparison with theory

Observables sensitive to the
,Lin-medium* effects:

particle yields and ratios ;
pr- (My)- spectra ;
rapidity distributions;
angular distributions;

collective flow (v4,vs,...)

=2>BM@N (perspectives): measurements
of the ,,in-medium* effects for vector
mesons (V=p, o, ¢)

Optimal way — use “dilepton* mode:
V->e+e- or photon mode: @=>yn?° .
Possible alternative: $>K+K-strong decay

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016
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GEM tracker: acceptance / momentum
resolution / detection efficiency

atNuC!otron

Phase space / acceptance to primary  \jomentum resolution / detection efficiency
protons:

X 45— | Ap/p vs p: 12 stations, B = 0.44 |
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GEM tracker: A% =-,3H, reconstruction s
Au+Au, URQMD, 10k central events Au+Au, 4.5 AGeV, 900k central events

— 7.5M =- for 1 month, 20 kHz trigger

o i Invariant mass: A > p+ 1
2 9% 1o . o 120r _Invariant mass: & — A + ©
g 3000; = 10536
2 r |S/B=3.9 Peak 3221.9 N B —
E " |S/VS+B =835 Mean 1.115 5 80| S/VS+B=14.0 ! o -
2000—- i —— o B _ —
- | Eff. =8.9% j \ Sigma 0.0023 E ol Eff. = 0.8%
B g w -
1000 : - | Peak 77.53
C e ~0'J Qq" | | 40:_"' Mean 1.321
0'“768 — T '1.114' 116 20| Sigma 0.0027 o
M.y GeV/c? - o M o

PP
124 126 128 13 132 134 136
M,..., GeV/c?

= —mT+N\'—pTm

N
N

Au+Au, 4.5 AGeV, 2.6M central events f
— 8.5M 3H, for 1 month, 20 kHz trigger

%o %90 Invariant mass: *H — *He + 7
S 5
()] - =
N B
.8 300 S/B=1.6 Peak 271.8
£ T | s/S+B=224 ﬂ Mean 2.991
"' 2000 | Eff=1.0% Sigma 0.0025 | ..
100}
- :‘M
99 "5.95""3""305"31

GeV/c?

(aHenr Y

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 73



GEM tracker: A%, KO reconstruction
d+C, 4 AGeV, 500k events

“© 1200 A— p+7, QGSM, d+C, 0.5M, 6st. GEM 3mm o 300r Invariant mass: K2 — m* +
> N ; -
(] - H i D -
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» 800 } 5 2000 T 0T T T 00 b R TEER 00D
= - \ el 2 - | S/B=19 Mean 0.4976
E 600" Peak 937.2 = 150 Eff.=3.1% Sigma 0.0078 |
- /\0—)p"|'|" * Mean 1.1157 N
4001 : Sigma 0.0027 [ 100 b4 b e | ”
200 & ; \ 50F L ] ¢ *
0 ——_“_. | 1 1 L | 1 1 1 1 1 1 | L 1 1 | |“q C 1 1 S| 1 1 1 1 1 1 1 1 L | 1 1 1
1.08 1.1 112 114 1.16 B 0.45 0.5 0.55 0.6
M, . ., GeV/c? M GeV/c?

(p+') (m*+n)?

Configuration with 6 GEM stations
for next BM@N runs in 2016
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250 — s
I Li+C—> y+X
NBGO
200
1 Measured spectrum by BGO
with preshower selection (fit P6)
100 :. .""\\ Nb=known sources of BGO signals
1 (=, nPb—=> p(¥).excluding bremsstrahl.}
A=Ngso—Nb, photon excess ameount
50
0 oo B B ) SAL o ies . B
0 50 100 150 200 250 300 EMeV

LiC— v, T{Li)=3.5GeVinucl, dNV(dEJQ),d0=0.60e-02sr, dE=5MeV,0=17°
14.08.14, Runs163,165,186 BGO49 colorimeter, N300=11450 (Ey<300MeV)
A/N300=0.05, Nb—approximation of sum of known y-sources, LIChbSM.eps

* Result from 7x7 modules of BGO
calorimeter, NIS-GIBS setup, June 2014

 To check feasibility of soft photon studies
needs full simulation of BGO calorimeter
in the BM@N setup
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SPECTRA of “SOFT” PHOTONS in d+C
and Li+C INTERACTIONS AT NUCLOTRON

Results from the Nuclotron runs 49 and 50.

d+C-oy Thing = 3.5 GeV/nucl. Li+C—oy Tinsi = 3.5 GeV/nucl.
S 80 < 180
2 2 — - data
2 70 2 160 - -MC
> >

D
o

11 ‘ | - ‘ 1111 ‘ | - | 1111 ‘ L1 11 ‘ | - ‘ 1111 ‘ |
100 150 200 250 300 350 400 450 500
Deposited energy (MeV)

¥ ANl ‘ | - ‘ | - ‘ - ‘ | - ‘ | - ‘ | - ‘ | - ‘ | -
100 150 200 250 300 350 400 450 500
Deposited energy (MeV)

oO

d+C and C+C data from run 51 are being analyzed.
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Backup slides to “physics at LHEP”
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Relativistic Heavy lon Physics at NICA

The MPD experiment:

to study in-medium properties of hadrons,
& search for phase transition, mixed phase
& critical end-point

in collisions of heavy ion (over atomic mass range A = 1-238)
by scanning of the energy region VS, = 3-9 GeV

a program of corresponding R&D's is foreseen including
ones in the framework of experiments
carried out at Nuclotron

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016 78



Relativistic Heavy lon Physics
at Nuclotron & at higher energies

BM@N at Nuclotron M.Kapishin
to study in-medium properties of hadrons, strangeness production
etc. (complementary to the MPD)

FAZA at Nuclotron S.Avdeev

effects of the phase transition in the thermal multifragmentation
HADES & CBM V.Ladygin, Yu.Murin
at SIS 18, 100/300 6SI
NA49 -> NA61 at SPS CERN G .Melkumov
STAR at RHIC BNL R.Lednicky, Yu.Panebratsev
ALICE at LHC CERN A_.Vodopianov

E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



Spin Physics

Source of Polarized Deuterons
for Nuclotron-M / NICA complex
will provide ~ 10° dT /pulse from Nuclotron-M

MPPT (movable pTLtarget) for f.t. experiments

Spin physics (NN and and few nucleon systems) A.Kovalenko

- pp (np) elastic scattering (analyzing powers & correlation coefficients)
- meson production in pp near thresholds
-pd (3-nucleon forces, analyzing powers & correlation coefficients) etc.

Nucleon Spin structure A.Nagaitsev, I.Savin
> COMPASS (SPS CERN)

> SPD at NICA (pp, pd -polarized, vS = 20 GeV) LoI :in preparation
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Particle Physics

Physics at LHC CERN

> CMS
> ATLAS

(CM tests, Higgs, SUSY, ...)

A.Zarubin, A.Golutvin
V.Kukhtin, A.Cheplakov

Flavor Physics

> HyperNIS (Nuclotron)

> NA48- NA62 (SPS CERN) V.Kekelidze, Yu.Potrebenikov
Precise check of the CM & CPV in Kaon very rare decays

E.Strokovsky, Yu.Lukstins
exotic nuclei (hypernuclei)
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Ongoing projects
(accelerators, experiments)

at home:

Nuclotron-NICA, MPD, BM@N,

HyperNIS, ALPOM-2, DSS, FAZA-3, ‘E&T RaW”
at CERN:

ALICE, CMS, ATLAS, NA62, COMPASS-II, NA61
at GSI/FAIR:

HADES, CBM, PANDA
at BNL:

STAR
Accelerators, R&D:

ILC, FEL,

IREN (FLNP)

Activities: SPD, NA48/2, NA49, Termalization, Becquerel, Marusya, ...
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The physics program
(high energy heavy ion Physics):

1. The equation-of-state of nuclear matter at high densities.

Search for the mixed phase.
2. In-medium properties of hadrons.
3. Space-time evolution of nuclear interaction.

4. The first order deconfinement and/or chiral symmetry
restoration phase transitions.

5. The QCD critical endpoint.
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Backup slides to
“fixed-target experiments at LHEP”
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Extracted beams.

Map of beam lines for fixed target experiments at Nuclotron beams

Fi —the beam foci F4 F5 F6

2 3 4 3

—__JC

VP-1 beam line

room

i <
o Building 205 ) L
Slow extraction line \ | v MMPD test beamline
N\ " N (R&D area

Areas suitable (potentially) for applied and R&D experiments
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SCAN-3 (new project, approved, under preparation):
search for nuclei with -meson as a constituent;

and study of np and pp pair production...
the Internal Target Station will be used.

Total absorpt. counter (scint.)

Yield S11(1535)

\

~
Mn-nucleus
Iz
M E,
“back-to-back”
NN— 7N /
ﬂlt‘/\% pet d+A—>n(A—1)+X_) XI:
///’ I’/f'cl1 raget 5‘3’“1 d+A— ﬂ(A_l)_l_X_) X"

FR, FL, BR, BL Monitors (scint.” P5, M5, K5 —veto counters)

P1-P3, K1-K3, M1-M3 TOF (scint.) trigger conters NMNN— NN
Pch, K¢ , Mch Threshold Cherenkov (p/m separ.)

o4 Mcl, Mc2 Drift chambers, Mc3 Proportional chamber 87
E.A. Strokovsky, 34-th Reimei Workshop, 8.08.2016



HyperNIS (physics of hypernuclei, first of all — properties of
loosely bound hypernuclei with neutron excess)

Li “He
9\ 9 Zb =3 Zprod_1+1 ZfinaI:2+1

12(:@ pe oL +1C > {H + prrag + K+

The nearest goal:

4 , ®He + 7~
He
7711 12 4 +
€&  TLi+"PCo fHA4tpg, + K
9 —
- , *“He+m~,
Monitors Counters A Counters B PE4
Magnet PC3 _
Target -
Vacuum vessel / a1
Beam ] == - SciHe
—_— -
- = AH — . _T PC1 \ B
PC2 L] . L

Figure 3: Configuration of the NIS-GIBS spectrometer adapted for the first-stage of the hy-
pernuclear experiments, in particular for the search of § H hypernuclei with the "Li beam (not
in scale). Target — carbon 12 x 3x3 cm, 20.4 g/cm?; beam monitors; A,B.C — trigger counters;
vacuum decay vessel of 55 c¢m length; the analyzing magnet of 0.91T; PC7_4 — proportional
chambers, RPC — TOF stations, SciHe — Scintillation counter to confirm registration of He
nuclei.

o
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