Prospects for the NAGO+
experiment at the CERN SPS

Francesco Prino

INFN Sezione di Torino

for the NA60O+ collaboration

1S2021, Rehovot, January 14t 2021



Heavy-1o0:-n s«

» Goal: explore the QCD phase diagram at
large my

» Main questions:
C Presence of a critical point?
C First order phase transition at large ny?
C Chiral symmetry restoration?
C Onset of deconfinement
C Properties of the QGP at large my

» Being studied at RHIC with Beam Energy Scans
and at the SPS by NA61/SHINE experiment

C Up to now results mostly on soft hadronic processes
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NAG6 O+ adt t hhe ol ow &

o NAG60+ proposed experiment at CERN SPS

o Goal: study of hard and electromagnetic processes at CERN-SPS energies and
Investigation of the high-nmy region of the QCD phase diagram

. The Phases of QCD » Hard processes:
250 - Nagos C Probe the Quark-Gluon Plasma and
~SStupy,  Quark-Gluon Plasma study its transport properties
200 ~—SHINE ~—Paag e, -
@% o Electromqgnetlc processes
I, C Information on the temperature of the

system (QGP and/or hadronic)

C Information on the nature of the phase
50 Supercoriductor transition

C Insight into the approach to chiral
symmetry restoration
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NAGO+ at the CERN SPS

Focus on particles from hard and electromagnetic
processes, which are rare processes

C High precision measurements of these observables
require large interaction rates

C Operation in fixed target mode

The my interval accessible with the beam energy
scan should be as wide as possible

C CERN SPS allows to cover the range 6 <5, <17 GeV
corresponding to 200<m,<450 MeV

Notes:

C RHIC BES covers the same m range, but with much
lower interaction rates

C Complementary to future experiments at FAIR (S1S100)
at lower collision energies

Facility/ Vo B Interaction

Experiment (GeV) (MeV) rate Dileptons  Charm
SPS

NA60+ ~6-17.3  440-220 >MHz yes yes

SPS

NAG61/SHINE ~5-17.3  540-220 5kHz no yes

SIS100

CBM, HADES  2.7-5.5 740-510 >MHz yes ves

RHIC

STAR 3-19.6  710-200 ~1kHz yes yes

NICA

MPD 4-11 620-320 ~7kHz yes yes

Nuclotron

BM@N 2.3-3.5 800-660 20-50kHz (yes) no

J-PARC-HI

DHS, D2S 2-6.2  840-480 >MHz yes (ves)




Experimental setup
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NAG60+ detector concept

Target
461 cm

v

Vertex spectrometer
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High energy setup

1370 cm

o Muon spectrometer

to measure dimuons
downstream of
absorber

C Muon spectrometer
length needs to be
varied, to cover mid-
rapi dity at

Vertex spectrometer
for precise tracking
close to the

Interaction point
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NAG60+ detector concept
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Low energy setup

1040 cm

Muon spectrometer
to measure dimuons
downstream of
absorber

C Muon spectrometer
length needs to be
varied, to cover mid-
rapi di ty

Vertex spectrometer
for precise tracking
close to the

Interaction point
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NAG6O+ muon spectrometer

Tracking stations
A Triple GEM amplification structure

A 2D strip readout y
A Position resolution ~ 100-200 nmm q <I5ir

| it wall
graphite

Trigger stations
A GEM or RPC

290 cm - 335 cm I
) * algzgrrggr Toroidal magnet
A Al conductors
A 12 windings per octant

A BiR ~0.2-0.25Tm




NAGO+ vertex spectrometer

Vertex telescope ]
A Large area MAPS with stitching technology o
A Si thickness 20 mm
A Pixel size O(15x15 nm2)
A Mechanical support and cooling on the borders

30 cm

Target system ) 38 cm .

A 5 Pb disks —
A 1.5 mm thick Dipole magnet ‘

Ad415% inter. prob. Wide gap dipole (MEP48)




Integration @ CERN North Area

Low-energy setup

Installation foreseen in CERN-SPS
EHN1 hall / H8 line

C Pb beam intensity = 107 ions/(20 s spill)
C Detailed integration studies in progress

Low-energy set-up

C Optimized for E,,,/A = 40 GeV
High-energy set-up

C Optimized for E,,,/A = 160 GeV

V Thicker hadron absorber
V Muon spectrometer shifted by 3.3 m

Goal: start of data taking with LHC
run-4 in 2027
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NAG60+ data taking strategy

- Beam energy scan (BES) at tsqhe6-l1CGRN SP S
C ~4 week periods/year with Pb b e a msPb-Pb collisions
C Corresponding periods with proton beams: p-A reference, with different nuclear targets
C BES example: E, ., = 20, 30, 40, 80, 120, 160 GeV/nucleon

» High precision measurements:

C Comprehensive measurement of full dilepton spectrum
V Thermal dimuons from threshold up to 3 GeV
V Charmonium: Jly, y (2S), c.

C Hadronic measurements:
V Charmed mesons and baryons (D°, D%, D, L)
o Statistics goal at each energy of BES:

C ~4-10° reconstructed ntm pairs from thermal dimuons
V F a c t 20 overdNA60, >10* over RHIC/LHC experiments

C >~ 1.5-104reconstructed J/y Y ntm

C ~107 reconstructed D° mesons
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Dimuon measurements
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Dimuon simulation

» Detector performance studies:

C Based on a simulation framework with semi-analytical tracking algorithm (Kalman filter) +
FLUKA for hadronic background studies

» Simulated ntm mass spectra: 3 , Pb-Pb 40 GeV NAGO) 2 In-In Vs=17.3 GeV NAGO
] ] ] ] = 10 3 0-5% central collisions a No centrality
C Thermal dimuon distributions 3 = selection
- o
& Rapp, van Hees, PLB 753 (2016) 586 & 10°F NAGO+ | = NAGO
: S LT simulation | 2"}
C Hadron cocktail from NA6O and 2 10°¢ =
statistical model © | 2
& Becattini et al., PRC73 (2006) 044905 10°F
C Drell-Yan and open charm from 10°¢ U
mYTHIA L 3 PO TP S
C Combinatorial background: [ meckaround i ok maths __
- 10 E L SIlgﬂlallpallrls L1 | L1 11 I EJ-E-iEi A I_J. Lol.l J.J Lol ll | IslI Iﬂa | ?“I.s L1l L1 1 L1l | .IF:.:h L L (-
InpUt SpeCtra from NA49 0 05 1 15 2 25 3 0 0.2 U,l4 0.|B O,IS 'I1 1.|2 1,l4 1.6 1.|B 2
measurements M (GeV/c?) M [GeV/c?]
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Dimuon reconstruction

» Detector performance studies:

C Based on a simulation framework with semi-analytical tracking algorithm (Kalman filter) +
FLUKA for hadronic background studies

o Muon reconstruction:

_ > . Pb-Pb 40 GeV NAGD} 2 In-In Vs=17.3 GeV NAG0

C Muon tracks reconstructed in = 10°F 0-5% central collisiohs No centrality

muon spectrometer § ook NAGO+ § selecton

C Matched to tracks reconstructed & | ulat P NAG60O
in the vertex spectrometer S 105t simufation =
upstream of the hadron absorber = ¢ 2

. 4
V Overcome degradation of 10°¢
resolution on muon kinematics -

. . 30 10°F
due to multiple scattering and 10
energy loss fluctuations in the ) , -
10 §_ opposite sign pairs H uppos.lle 5'5_" pairs
absorber E combinatorial backgrnun;; - [ :o:bmattl;nal background e
C Mass resolution for resonances to b fomir ) e ST
varies from <10 MeV (w) to ~30 0 05 1 15 2 25 3 0 0204 0608 1 12 14 16 18 2
MeV (Jly) M (GeVic?) M [GeV/c]
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Low and intermediate mass dileptons

» Dimuon invariant mass spectrum: net signal
C After subtraction of the combinatorial background from p and K decays and fake matches

Pb-Pb 40 GeV NAG60+

0-5% central collisions ° M < 1 ] 5 G eV/C2

C Dimuon yield dominated by r, w and f meson peaks
C Precision measurement of r spectral properties

C Sensitivity to yield enhancement expected in
1<M<1.5 GeV/c? due to chiral mixing r-a, via 4p
states

o 1.5<M<2 GeV/c2

C Thermal radiation can be extracted after
subtraction of open charm and Drell-Yan pairs

C Temperature can be determined with few MeV
precision via a fit to th
order of phase transition

dN/dM per 50 MeV

10°E

10°F
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Caloric curve

o Temperature via thermal dimuons:

C Measurements from HADES and NAGO & HADES, Nature Phys. 15 (2019) 1040
. e m o e T T & NA60, EPJC61 (2009) 711
C Fit dimuon mass spectra with: Q¥fQ 08 0 1 'Q & Rapp, van Hees, PLB 753 (2016) 586
C Tyope = SPace-time average of the thermal temperature & T. Galatyuk, EPJA 52 (2016) 131
over the fireball evolution .
: N > 0 I < o0
C Tgope Of thermal dileptons close to initial temperature  22s0- Tinitiat S >
. ~ N NABOT=2051 e
» Goal of measurements at low SPS energies: " 0ok 3 /;4/ 7
. ) .. B T x
C Map the evolution of Ty, as a function of collision - _w—T AN
energy, with a resolution of few MeV - /./ Taiope
C Insight into the order of the phase transition 100- " i
V Flattening of the caloric curve expected for first order sof , il
transition in the region where the pseudocritical S
temperature is reached ol
1 2 3456 10 20 30 100 200
C Complementary to future measurements at FAIR Collision Energy \s,, (GeV)
energies
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<300

NAGO+ physics performance: T,

ope

» Thermal dimuon mass spectra - Eb-Pb_ 10 A Gav
C After subtraction of open charm and Drell-Yan pairs E beam ™

10°F | Toope = 168 N4 MeV
o Fitfor M>1.5 GeV withQ (fQ 0 0 7 Q 7 )
C Tgope = SPace-time average of the thermal temperature T

dN/dM per 50 MeV

10° £ -
10F \\
10° ¢ "oy

over the fireball evolution N +T
10% £ T

10F
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HADE%AJ—A&I

2 BRI EEE , C Accurate mapping of the region where the
S ey KTeveimser, o _
ST eyt pseudocritical temperature is reached

$ CBM (FAIR Sishdo)

L vy C Strong sensitivity to a possible flattening expected in
case of first order phase transition

Pb-Pb central ¢ollisions
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: i i | i
1 2 3 4567 10 20 3040 100 200
Vs (GeV)
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o Y(2S): strong suppression also in peripheral Pb-Pb

-
N

High mass dimuons: charmonium

o Jly:~30% suppression in central Pb-Pb collisions at top SPS energy relative to
expectation from cold nuclear matter effects
C Qualitatively consistent with melting of y (2S) and c. in the QGP
C Quarkonium dissociation in the QGP due to colour screening of the cc potential

C Sensitivity to dissociation in the hadronic phase?
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» NAG60+ goals:

C Extend the measurements to
lower SPS energies and look for
the onset of the suppression

C Correlate J/y suppression
pattern with temperature from
thermal dimuons

C Extend measurements to other
quarkonium states: y (2S), c.
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NAGO+ physms performance J/y and yo

3
3 03 X1O T T ] <1 4 [T T T T T T 11 | T _E; !
2 P Jly e € LIy e ; (25)/3;
Pb-Pb E o = 50 GeV ] =
~<\E 028 PA, Epeam = 50 GeV ] 1'2._ ¢ 30 days,blbeam=1e7 ions/20s spill g_ 5 y y
;;: <é_o 26 : 15 days, lyeam = 1.6e8 pis ] ’ [ cold nuclear matter effects DC; 107 ) 7]
b% 26 . : 1 : : ML Pb-Pb j
T L L & L 2PN Tl . 4
30'24'_ 0.8_‘ + + o p P *
& 0.2of 0.6f t + ] if ‘
0.2:- 0.4:- Pb—Pb ¢ b e ¢—: %; @NN:]'S Gev
[~ [~ ] NABO+: Jiy, w(2S) — w'w, E,.., = 120 GeV
0.18| 0.2 QNN:Q'S GeV . op-A+I ’ w16e ;3;/2 15 days )
[ | [ | | ] ® Pb-Pb, I 1t|e7 |ons/203 spill, 30 days |
0l ol T - el b Lo bl b
10 102 A 10 (I N S L (fm)

» In 30 days of Pbbeama t 105idns/s: ~1.5-20A0*( dependisy)y o0 n
reconstructed J/y in NA60O+ acceptance

» Collect p-A data with different targets to calibrate cold nuclear matter effects
C Extrapolate the J/y cross section in pp collisions, needed for R,
C Extrapolate break-up effects to Pb-Pb collisions

o Strong potential for getting new insights into charmonium dissociation in the QGP
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Open charm
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Charmed hadron reconstruction

» Charmed mesons and baryons reconstructed from
their decays into 2 or 3 charged hadrons
c D°Y Kp (benchmark channel)
C D*Y Kp p
c DAY f Y KKp
C L.,SY pKp D e
» Invariant mass analysis of fully reconstructed decay 101;‘& —— MAPS, 5um
topologies { .
C Decay products reconstructed in the vertex spectrometer H -

C Background reduction via geometrical selections based on (03 -
displaced decay vertex topology (ct ~60-300 nm) : - -
V Need high precision on track and vertex reconstruction 107y -

V Substantially better performance with state-of-the-art - -

. . . . -5
Monolithic Active Pixel Sensors 105 e 02 08 0 D8 08 6 08 08
Fraction of kept signal

=== Hybrid 10um
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Open charm at SPS energies

» Almost unexplored energy domain
C No results available below top SPS energy

o Charm production in p-A collisions
C Sensitive to nuclear PDFs
V Q?~107 40 GeV? and 0.1<x<0.3 (anti-shadowing and EMC)
C Possible sensitivity to intrinsic charm

o Charm hadron yield and v, in A-A collisions
C Constrain estimates of the charm diffusion coefficient
C Charm quark thermalization in a short-lived QGP
C Insight into hadronization mechanism
V Enhanced D./D and L /D ratios in case of quark recombination

C Charm cross section sensitive to chiral symmetry restoration:

V Enhancement of charm production at chiral restoration where the
threshold for production of a DD pair may be reduced
& Friman et al., Lect. Notes Phys. 814 (2011), 1

Ryp, (NPDF)

D, (2xT)

1.6
 POWHEG+EPS09, c quarks
1 .4j §
128
NS
0.8 B
06; et S
[ e {58 GeV
e f5=10 GeV
04 fs=14 GeV
------- Is=20 GeV
0.2 f5=50 GeV
—— {s=200 GeV
07\\\\l\\\\lll\\‘l\I\‘\\II‘\\\I‘I\\\lll\\‘\l\\
0 05 1 15 2 25 3 35 4 45
P, (GeV/c)
f— =~ D-meson,HRG =~ ' ' T 17

f—— c-quark, T-matrix, U-pot.
f— c-quark, T-matrix, F-pot.
b— - — c-quark, LO pQCD, ¢,=0.4
: c-quark, Torino

f—-=-=c-quark, Nantes
n A




NA60+ physics performance : D°

»  With 10! minimum bias Pb-Pb collisions (1 month of data taking)

C More than 3 A 4réconstructed D° in central Pb-Pbc o | | i s B@=i7s3 GaM 4
C Measurement feasible also at lower collision energies with statistical precision at the percent
level

C Allows for differential studies of yield and v, vs. p;, y and centrality

x10°

A

—

=]
]

F;':'} e H o Fé e H o
§1 200l Pb-Pb, \s,,=17.3 GeV, centrality 0-5% § L, Pb-Pb, \s,,=10.6 GeV, centrality 0-5%
B 1e+11 MB events - 1e+11 MB events
1000— u
- D’ - Kr, p_>0 200 D’ - Kr, p >0
800[— -
- 150—
00 Epean=158 AGEV : Eyearn=60 AGeY
- S=3368292 + 3332 100~ S =369565 + 1219
400— B (36) = 6759510 + 941 C B (30) = 1028262 + 285
200: S/B (3a) = 0.4983 50— S/B (3¢) = 0.3594
| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0375 1.8 1.85 1.9 1.95 2 0375 1.8 1.85 1.9 1.95 2
Inv. mass Kn (GeV/c?) Inv. mass Kn (GeV/c?)
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Summary and perspectives

Strong physics case for a beam energy scan at the SPS with high intensity
beams to measure dimuons at low and intermediate mass, open charm and

charmonium in p-A and Pb-Pb collisions

The proposed experiment NA60+ can carry out these measurements with high

precision

Expression of interest submitted to SPSC in May 2019
C Signed by 82 physicists from Germany, India, Italy, Japan, Switzerland, USA

Letter of Intent in preparation

C Physics goals

C Experimental layout and detectors
C Physics performance

& NAG60+, https://cds.cern.ch/record/2673280

The NA60+ Collaboration
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Backup
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Thermal dimuons

| dNy/dn>30 NAG0O In-In

+* 0.6<M<0.9 GeV & NAG60, EPJC61 (2009) 711

e full region

(GeV?)

)
?\

& HADES, Nature Phys. 15 (2019) 1040

ch/dn)

C Z 0 v P peak < 350 '
Au + Au sy, = 2.42 GeV 0-40% o A continuum > 1 In-In
NN ref., 5, @ subtracted = [0))] i dimuons
107 KT =71.8 + 2.1 MeV E'— S | dN,/dn>30 g
S 1077 ¥ LMR in-medium
— £ w MR wio DY L
— ~ i : L
% In-medium p: Z% " L |MR, w/o DY
g 107 E :gg '(:SRS/ISLTexas A&M = 10 Toy=253£2 MeV
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& ~ ]
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Dimuon reconstruction and acceptance

dN/dM per 3 MeV/c?
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Detector performance studies:

C Based on a simulation framework with semi-
analytical tracking algorithm (Kalman filter)
+ FLUKA for hadronic background studies
Full phase-space acceptance >1% for
dimuons at low and intermediate mass

Good coverage down to midrapidity
and p=0

Mass resolution for resonances varies
from <10 MeV (w) to ~30 MeV (Jly)
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NAG6O+ performance: dimuons

» Simulated spectra:

dN/dM per 50 MeV

P-Pb 40 GeV NAGD} =, e C Thermal dimuon distributions
g No centrality from Rapp et al., PLB753
= ) (2016) 586
NAGO'_" g 10 NAG6O C Hadron cocktail from NAG60O
5, Simulation | 3 and statistical model
3 (Becattini et al., PRC73
(2006) 044905)
10°F
C Drell-Yan and open charm
L opposite sign pairs from PYTH'A
= |opposite sign pairs P combinatorial background ] )
e | S pars C Combinatorial background:
R REERE e 0626466 68 15214 18 18 2 input spectra from NA49
05 1 15 2 25 3
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Chiral symmetry restoration

» Strong modification (broadening) of the r & NAGO, PRL9I6 (2006) 162302

meson line shape in nuclear collisions at top
SPS energy measured by NA60O
C Signal of chiral symmetry restoration?

» Additional information needed on spectral
properties of its chiral partner, a,
C No direct coupling of a, to dilepton channel

C Chiral symmetry restoration: mixing of vector (V)
and axial-vector (A)c or r e | a{p,amixing Y

C Enhancement of dilepton yield in 1<M<1.5 GeV/c?

Eyeam=158 AGeV

» Measurements at low SPS energies more sensitive to chiral restoration effects:
Cc Smaller yield of thermal dimuons from QGP
C Negligible background from open charm decays
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