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NA60+

e NAG60+ is a proposed experiment at the CERN SPS: 300
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NA60+: physics motivation

° Measure:

o  Thermal dimuons from QGP/hadronic phase: caloric curve for first order transition

o  p-a; modifications: chiral symmetry restoration
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Compilation T. Galatyuk, QM2018
Hades,Nature Phys, 15(2019) 1040

Vs>6 GeV, R. Rapp, PLB 753 (2016) 586
Vs<6 GeV, T. Galatyuk, EPJA 52 (2016) 131

Extract temperature via fit the dimuon mass:
o dN/dMoc M*?exp(-M/T))
o  Possible flattening in \/s-dependence of T,

Reach T at which the chiral symmetry may be
restored:
o observation of p-a, mixing

Vs, range covered by NA60+
— complementarity with CBM
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NA60+: physics motivation

° Measure:

o Quarkonium suppression: signal of deconfinement
o  Hadronic decays of charmed hadrons: QGP transport coefficients
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NA50/NA60 experiments detected an
anomalous J/@ suppression — not
explainable by cold nuclear matter effects
o NAG60+ can explore the centrality
SI/ependence of J/@ suppression vs
s

Measure 2 and 3 prong decays of
charmed mesons and baryons:
o RV, :transport coefficients
o /\C,D, D, : study hadronization

mechanisms
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f— = D-meSon,HRG ~ ' 1 ' " '
c-quark, T-matrix, U-pot. J.PhYS.G 43 (2016) 9,

c-quark, T-matrix, F-pot.  F. Prino and R. Rapp,

p— - =—c-quark, LO pQCD, ¢,=0.4 (093002

-~ - - = c-quark, Torino

-+ == c-quark, Nantes

Also study strangeness production and hadronic decays of K°S, ¢, and hyperons
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NA60+: experimental setup

Muon spectrometer
6 tracking stations

Vertex spectrometer
+ dipole magnet Muon spectrometer positio
will be varied {raflS¥6"Co Vel
mid-rapidity at different ‘

collision energies \

“\ --

Hadron
absorber <

Toroidal =
E—
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NA60+: vertex region

e Target system: 5 plates of 1.5 mm thick Pb
e \Vertex spectrometer: from 5 to 10 layers of large area pixel sensors
e \Vertex spectrometer embedded in a 1.5 T Magnetic field = MEP48 is already available at CERN

5 planes of MAPS
detectors (up to 10)]

Dipole
magnet

Beam
(10° Pb/s)

Vertex
spectrometer

Target system
@

(0
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NA60+: vertex spectrometer
IN != N

High charged particle multiplicity in Pb-Pb collisions (up to dN , /dy = 450) requires: ngll"“;'“

o  High granularity, fast and radiation hard detectors in the vertex region
e Use of state-of-the-art Monolithic Active Pixel Sensors

e Synergy with ALICE ITS3
Sensor based on 25 mm long units, replicated several times through stitching up to 15 cm length for NA60+

o
238
§.§ Replicated several times through
28 stitching, up to 15cm length for NA6O+
N
Sez T H
z HH H H m

4 sensors per station

® Few tens of microns of silicon = material budget <0.1% X
e Spatial resolution £5 um
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R&D: toroidal magnet

® Eight sectors with 12 turns per coil
e Light design — low material budget in the acceptance area

"l Operating Current [kA] 16.6
E Amp-turns [kA] 199
ol Combined inductance [mH] 9.5
Resistivity Al 1100 @RT [uQ.cm] 2.67
Length Conductor [m] 800
o : w0 °"°‘Bout =3m Total resistance [mQ] 10.4
E‘ 0.8
T o7 R Dissipated power [MW] 2.8
s Magnetic field at
€
N = central z
© 04
% 0.3 B(P R~0.3Tm
4= 0.2
% 0.1
nco 0
g 010 1 ¥

Radial distance [m]

Detector Technologies

e Prototype (1:5 scale) built and tested in 2020-2021 to check calculations and
investigate mechanical solutions = works as expected

® Magnet mechanical support designed in collaboration with INFN
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R&D: muon tracker

e Thick hadron absorber (235 cm of BeO + C) = rates in the upstream
stations are modest (simulated with FLUKA)
o  Requirements can be matched by GEM or MWPC detectors
o Discussion on technology choice in progress
e With a 10° lons/s beam = charged particle rate ~2kHz/cm?

2000

y(cm)

1800
1600
—1400
1200
1000
800

600

400

-80 60 40 20 0 20 40 60 80
x(cm)

‘\\\‘ e GEM:

University
e MWPC:

from anode wire to cathode
fﬁgﬁg ,E?;\f;lofgg o  SPS beam test of first prototype in

October/November

Stony Brook o  Triple GEM chambers with 2D strip readout

o MWPC with 3 mm wire pitch and 3 mm gap
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Beam and Radioprotection studies

e Need for:
o  High-intensity (10’/spill) = can be provided by the H8 beam
line at EH1N hall 1000 —
o Collimated (0 < Imm) beam — a fully re-designed optics will :
be tested at SPS in November 2022

Parameter in zone 138 160 GeV/c 30 GeV/c

HSE
Occupational Health & Safety
2 and Environmental Protection unit
H*(10) (1e7 Pbispill. 160A GeV, 40 s, 2 spills). y [-50:50], shield 19

R R i

500

% [em]

H%(10) [uSv/h]

o, (mm) 0.19 0.33 10’
o (mm) 0.19 0.36
y -500 101
100
Particle Distribution at 2 xdwc.x0420474 ¥ 3
i e 500 B & 500 : 1000 1500 2000 B
. .E=160GeV/c

® Heavy shielding is needed
o lIron and concrete shielding was designed:
o Dose below 3 puSv/h externally to the experiment
® Integration studies for detector and infrastructure were
performed

Y position [mm]
o
o

BEAMS

T T T T T T
-0.75 ~-0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X position [mm]
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Physics performance



Dimuon mass distribution

e 4-10°reconstructed dimuon pair in central Pb-Pb in 1 month data taking at ~200 kHz = 20 times with

respect to NA60
e Thermal radiation yield accessible up to M = 2.5-3 GeV/c?

> > > 3
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; s 10°F  Thermal dimuon after the 1
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E |combinatorial background :: E 10’1 L T 168+4 MeV
take matches - % E
100 Iy v B sl i b 102 bl NENENEE Y
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® ~2% uncertainty on the T, ope measurement:
o  Allows an accurate mapplng of the \'s- -dependence of T | lope around T_
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Quarkonium suppression

e Quarkonium measurements in the dimuon channel

P J/psi produced in 1 month 14 - — T 1073
= a 1 2 f NABO+, J/y — o o 03T T
Z 14— : x | 4 P < ! NABO+, Jiy — "
~ Pb-Pb, 0<y<1, I=10"/spill, L__=4mm | 1.2F @ Pb-Pb Ejpey, = 50,6V 1M == IE e ]
ro_ _ ad ! 30 days, /yean = 167 ions/20s sl ¢ 0.28 ® pA Epesn =50 GeV 7]
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- —E,,,=80GeV " RO - 56t ] 8¢ | S
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e NAG60+ aims at: o Allows detection of onset of anomalous suppression effects
o ~0(10% J/y at 50 GeV down to low SPS energy
o ~0(10°) J/y at 158 GeV e Need to calibrate Cold Nuclear Matter effects — p-A data
®  Y(2S) within reach down to E, _ =100-120 GeV taking (few weeks/year)
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Decay products reconstructed in the vertex spectrometer

Geometrical selections on the displaced decay-vertex topology (cT ~60-300 mm) to enhance the S/B
All simulations based on 10! minimum bias events in Pb-Pb collisions (~1 month data taking)

x10°
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Pb-Pb, sNN=10.6 GeV, centrality 0-5%

1e+11 MB events

D’ — Kr, p_>0

Epe.r=60 AGeV

0
S = 369565 + 1219 D™= KTT
B (30) = 1028262 + 285

S/B (30) = 0.3594
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Allows for differential studies of yield and v, vs p_, y and centrality
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® Decay products reconstructed in the vertex spectrometer

e Geometrical selections on the displaced decay-vertex topology (cT ~ 2-3 cm) to enhance the S/B (except for
the ¢)

e All simulations based on 10! minimum bias events in Pb-Pb collisions (~1 month data taking)

o
W

% 70000F v B «, 700001
S = - E = I
2 E 0 - Pb-Pb [y, = 8.8 GeV, centrality 0-5% o 200E Pb-Pb {5, = 8.8 GeV, centrality 0-5% 2 e Pb-Pb {5, = 8.8 GeV, centrality 0-5%
©° E /\ = PDTT % ol o 60000[—
& s0000/— 8 180 & B Q—bAK
I o F — &
2 E 0.20 < p_<0.40 GeVic » 160 0.00 < p_< 3.00 GeV/c 2 = 0.90 < p_< 10.00 GeVic
S 50000(— ] € E T g 50000 T
8 E 3 140 3 =
40000 S 181177 + 858 120 S 252796 + 21879 40000 S 150550 + 5200
E 100 -
200001 E 30000(—
E 80 m
20000(— 60 —4 + 20000{—
- | ="—=An -
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E 20— =
O e W T T T My obL BPE PE BY N F¥G vy YR ¥E BE §G P P RS R E U IR
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e Excellent performance for strange hadrons
® \Very large statistical significance for K°, A°, ¢, = and Q hyperons:
©  Large improvement in their measurement w.r.t. the NA49 and NA57 measurements
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Timeline

® The project is part of the Physics Beyond Colliders CERN initiative since 2016
(QCD study group) and receives a substantial support on several technical

Physics
aspects, including integration, RP and beam studies, and the project of the G Bey()nd
toroidal magnet Colliders

e An Expression of Interest (https://cds.cern.ch/record/2673280) was submitted in 2019 to the CERN SPSC

e A Letter of Intent is currently in (advanced) preparation — to be submitted in 2022

Building
e Goal: E -

. . 2021 022 2023 024 025 2026 2027 2028 2029
O Obta|n the CERN approval and bu||d J[FMA JJA‘ﬂaﬂbJFMAMJJASONDJFMAMJJASONDJ FMAMJJADJFMAMJJD)FMA JAJ FMAM‘JJA:01N|DJ\F\M\AIM\JJAsqNDJ FIMAM3[7AISIOIND|

the experiment for data taking not Long Shutdown3(LSLH

later than the end of LHC Long ‘IH”HM“MHH[J)‘!ta ki

Shutdown 3 (2029) 2030 2031 2032 2033 2034 35 2036 > 2037 2%8
o Foresee at least 5-6 yrs of data taking B T EReiL T 1 TH 71T T SRR e

(one energy point per year with p-A T ﬂ a | T

Run3 |

2N

3 ]3]AISIONID|3[FIMAM 3 [3 [ATS[OINID] 3 [FMIAM]3 3 ]AISIOINID| 3 [FIM/AIM 3 3 ATSIOIND)

Protons physics

Tons

Commissioning with beam

Hardware commissioning/magnet training

a n d P b' P b) E Shutdown/Technical stop
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https://cds.cern.ch/record/2673280

Conclusion

® Precision studies of electromagnetic and hard probes in the region 6<\/sNN< 17 GeV are currently lacking

e The CERN NAG60 experiment had obtained measurements with unsurpassed precision in the study of dilepton
production at top SPS energy (\/sNN =17.3 GeV)

e NA60+: a new dimuon experiment with a similar concept but based on state-of-the-art technology choices
may collect a factor ~20 larger statistics for several collision energies at the SPS

® Expected physics performance — possible breakthrough on several hot topics

® From design to realization: R&D studies ongoing, CERN test beam periods from 2022

A Collaboration is being built and still needs to be strengthened in order to bring the
project to approval = you are welcome to contact us for discussions!
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(Di)muon detection performance

® Detector performance studies:

o  based on a simulation framework with a semi-analytical tracking algorithm (Kalman filter)
o FLUKA for background studies

QGP (m>1 GeV/c?)

The mass resolution for resonances varies from < 10
MeV (w) to ~30 MeV (J/y):
o  Factor >2 improvement with respect to NA60
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Dimuon detection performance: NA60 vs NA60+

® Detector performance studies:
o  Simulation framework tested simulating NA60 — results in according to what was obtained by

NA60
w00, . 20 ® The mass resolution for resonances varies from < 10
> w0 NAGO+ 5,=8 MeV/c? % - NA60 0,=21 MeV/c? MeV/C2 ((.L)) to ~30 MEV/CZ (J/LIJ)
= wo00E. M—>ULL 2 000k . .
P a 8 o  Factor >2 improvement with respect to NA60
o = o
= a0000F ; 1500 (21 MeV/CZ)
S E o
Z 25000 >
° 20000 © o0
15000 §1 o - Pb-Pb Vs=8.8 GeV NAGO+ ;{ g In-In Vs=17.3 GeV NAGO
10000 i_ 500~ % % 0-5% central collisions % i No cseerlm:rwa!gr\:
5000?— % 108 3 S |
Bl P e B0k 07 o5 08 oes 08 0s 1 a g 3 gro'p
M [GeV/c?] M [GeV/c?] 210" - S
= =
©10* - c oL
® Dimuon spectrum comparison = similar 10° 4 0E
signal-to-background ratio but: " ; ; o
O Higher Statistics E %:(E:E:r:a:'iilgl?a_‘:(ground | ::I::l::‘r:tc:reizl.tfckground
. 10 - signal pairs ‘s‘ig‘"allp?i:s el sl I-Iph |
O Better reSOIUtlon 0‘ '(‘)‘.5" ‘ ‘JI‘ H 11|5H 2 2.5‘)‘ ‘ ‘é 0 02 0!4 0!6 OAIB 'Il 1.\2 1.‘4 16 18 2
o  Centrality selection (0-5%) M [GeV/c?] M [Gev/c?]
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Chiral symmetry restoration

Thermal dimuon after the subtraction of other contributions

'A : Black continous line: expected
% 5 yield assuming chiral mixing
10 = °
E ] Green line: expected yield
e = without chiral mixing
S .
.5‘ .
\'8 8
> 10
© 7 ®
=~ ]
~_ 25
= | Pb-PbVs=8.8GeV
-g, 9 0-5% central collisions
Q9 10 = °
= = NA60+: experimental
= = ] performance assuming no
o ] chiral mixing (yellow band:
E . systematic uncertainty)

llll]||l[IIII!IIIIIIIII!'III'II

0 02 04 06 08 1 1.2 1.4
M [GeV/c 7]

Simulations carried out by considering:
o No chiral mixing (dip in 1<M<1.4 GeV/c?)
o Full p-a, chiral mixing = a 20-30%
enhancement is expected

Studies modeled from Rapp, vanHees, PLB753
(2016) 586

NAG60+ could clearly detect the signal of chiral
symmetry restoration
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Open charm simulations

e Hadronic decays of charmed particles can be reconstructed in the vertex spectrometer (no PID)

X
=
2%
=
2

2
Pb-Pb, {sy=17.3 GeV, centrality 0-5% g
1e+11 MB events F
D’ - Kz, p_>0 2001~

Pb-Pb, s,,=10.6 GeV, centrality 0-5%

31200

Counts

1e+11 MB events
1000
D’ = Kn, pT>0

800

600 .
1000 S=0369565 + 1219
F B (30) - 1028262 + 285
s S/B (30)=0.3594

[ Signif (3c) = 312.6 + 0.9

S = 3368292 + 3332

B (3c) = 6759510 + 941
S/B (3c) = 0.4983

Signif (3) = 1058.4 + 0.9

400

[TI T[T T[T T[T I T [ @[T

200

Assumptlon cﬁ_ 5 pb

Assumpuon c =05 pb

1 ol

1.8 1.85 T 9 q 95 2 1.75 1.8 1.85 K 9 7. 95 2
Inv. mass Kr (GeV/c?) Inv. mass Kn (GeV/c?)

~[TTT
ik
L8

(equivalent to 30 days data taking at 150 kHz)

e Measurement for /A .—PKTT more challenging 3-particle decay, S/B~ 1010

e Alternatively, A —>pKO K%, —TTTT (lower BR, lower background)
e Measurement of D — KKTT

DO—K*1TT (POWHEG-BOX+PYTHIA6):
o  Background from NA49 light
hadron production data

0-5% Pb-Pb, \'s =17.3 GeV :

o 1200 p,K,TT per event

o  8x10°candidates in m_+ 60 MeV

o S/B~107,enhanced with
kinematic and geometric
selections

in
progress

Good prospects for a first low-energy measurement of charm in nuclear collisions!
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Strangeness simulations

e Hadronic decays of strange particles can be reconstructed in the vertex spectrometer (no PID)

o
W

x1
k) % 300
3 3 iy 059
2 2 [ Pb-Pb s, = 8.8 GeV, centrality 0-5%
=3 2, r —
S & 250 —- -
5 S S — —'/\T[
5 @ - 0.80 < p_ < 1.00 GeV/c
o = -
© 3 200
< C
i S 760176 + 11646
150—
100
50}_
- R S A SO AU SR AR F
Boe 0.99 1 1.01 1.02 1.03 1.04 1.05 1.06 E
m (Gev/c?) olbe v Lo v b v b b e L L
1.31 1.315 1.32 1.325 1.33 1.335

m (GeV/c?)

(equivalent to 30 days data taking at 75 kHz)

® 0-5%Pb-Pb, Vs = 8.8 GeV:

O

Background and signal from NA49
light hadron production data
Analysis performed using Boosted
Decision Trees (except for the )
@ signal extracted subtracting the
background with the event
mixing

° KOS, N°, &, =": very low statistical uncertainties for p, and rapidity spectra measurements — dominated by the

systematic uncertainties
e =",Q:verygood prospects
® Improvements respect to the NA49 measurements
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Charmonium suppression

-3

< 0.3Xh1q\wl\ T T
3\‘5 NABO+, Jiy — p'y 1
0.28 ® pAE,,.=50GeV
15 days, /., =3eBpls ]
0.26| b
0.24] p-A ]
0.22F Pb
U
0.2} $ .

In w

o18f ]/ ]

0.16 | \L!.»'u | |
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A

® p-A measurement calibrate CNM effects (assume same effect as

] %14_\ T T T T T T T
] & [ NABO+, Jhy — 'y
100 ® Pb-PbE,, =50GeV ]
Gl 30 days, /., = 8.5e6 ions/s  §
4 L [ cold nuclear matter effects |
0.6F t .
I ¢
041 * . ;
0.2f = .
- Vs, =9.8
0_\ |Ge.\/ | .
10 LY

measured by NA60 at \/sNN=17.3 GeV)

e Extrapolate CNM effect to Pb-Pb and compare with a scenario where
anomalous suppression sets in at Npart ~50 and reaches 20% (was ~30%

at\s, =17.3 GeV)
e Assume 30 days of Pb beam and ~107 Pb/s

Good sensitivity to J/y suppression

° Y(29):

O pA — assume stronger suppression for Y(2S)
relative to J/Y (as measured by NA50 at
Vs, =29 GeV)

o Pb-Pb = simulation assuming factor 2
stronger suppression for Y(2S)

W(28) Iy
BRyzspu O *V/BR 4y O

Look for the onset of y(2S)

=]
(8

107

suppression
L L L B L

p-A

0]
Vs (251893
i eV

NAGO+: Iy, y(2S) — W, E peam = 80 GeV
®p-A, ., = 3.0e+08 p/s, 15 days
SPEPD, I~ B.‘Se+06 p/sI ions/s, 3? days |
PRI NI A NN SN HI S ESRERIN R
0 2. 4 6 8 10 12
L (fm)
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Tslope measurement

% E v Pb-Pb Vs=8.8 GeV NA6O+ % 105 é . NA60+ acceptance corrected ® Thermal radiation yield
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e Acceptance-corrected signal spectra fitted with dN/dM=M3/2exp(-M/TS) in the
interval 1.5<M<2.5 GeV/c?
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Tslope measurement
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Accurate mapping of the region where the pseudocritical temperature is reached
Sensitive to potential effects expected in case of 1%t order phase transition
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Operation conditions for vertex spectrometer
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Fluences up to 107/s close to the beam axis

Significant contribution from &-ray
production (upward bent by dipole magnet)
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Upstream MAPS plane

] 107
2 1'% (7.1 cm from last target)
10° @

Based on FLUKA simulations implementing a detailed experiment geometry
e 40 A GeV Pb beam on 5 Pb targets, 10° Pb/s

Multiplicity per pixel

plane’ ' ' ' "

Non-interacting beam

3

Pb-Pb interactions 3

pppppp

Most “exposed” sensors
get a 10-15 MHz rate
(] 20-30 MB/s data
throughput
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Integration, beam and radioprotection studies

e Studies based on FLUKA geometry of the NA60+ set-up -
Top view [ Concrete ‘
M Iron 500 &
-500
-1000
e Installation on a surface zone implies strict
requirements on radiation safety
e Dose has to be:
o <3 uSv/h in permanent workplaces 5. Conclusions: Feasibility Evaluation and Cost Estimation
external to the experimental hall The potential integration of the NA60+ experiment in user zone PPE138 of EHN1 has been
. . examined concerning beam physics requirements (Chapter 2), the infrastructure integration
o <15 pSv/h in low occupancy region — A

09/05/22

(Chapter 3) and radiation protection (Chapter 4). The experiment is deemed to be feasible

thick shielding is necessary! with regard to these aspects. The aspects of general infrastructure, detector design, data
acquisition and analysis as well as the physics reach have not been evaluated.
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Dilepton studies at CERN SPS energy

Vs =17.3
Gty

To=Te,=175 MeV, a=

(I/Ng) &N, /(dM dn) (20 MeVy!

f=

- NAGO —— e NAG60 : low and intermediate-mass dileptons at top SPS energy

no baryons
full model

0.1 ¢/fm

®  First precision measurement of:
o in-medium p modifications

o  Temperature via thermal dimuons in 1.5<muu<2.5 GeV/c?

R. Arnaldi et al. (NA60), EPJC 61(2009) 711
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1.4

Region below top SPS energy almost unexplored

® Only a CERES measurement (low-mass dileptons at
Vs, ,=8.8 GeV):
o Dielectron excess (central Pb-Au)
o Indication (1.8 0) for excess due to in-medium
modifications of p spectral function

D. Adamova et al. (CERES), PRL91 (2003)042301
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Dilepton spectrum and chiral symmetry restoration

C. Jung et al., PRD 95 (2017) 036020 A
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NA60 observed a broadening of p-meson spectral function = qualitatively consistent with chiral

symmetry restoration need to investigate the chiral partner a,

1600 [ central In-In NAGO

No direct coupling of axial states to the dilepton channel = in vacuum the (e'e’™—

hadrons) cross section has a dip in the a, mass range
Chiral symmetry restoration = mixing of vector and axial-vector (A) correlators

enhancement of the dilepton rate for m.,~ 1-1.4 GeV/c?

Low-energy measurement expected to be more sensitive to chiral restoration effects:

o  The thermal dimuon yield from QGP becomes smaller
o  Contribution from open charm becomes relatively negligible

Giacomo Alocco (Universita & INFN, Cagliari)
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Expression of Interest for a new experiment at the CERN SPS: NA60+

NAG60+ Collaboration

Abstract

The exploration of the phase diagram of Quantum ChromoDynamics (QCD) is carried out by study-
ing ultrarelativistic heavy-ion collisions. The energy range covered by the CERN SPS (,/sxy ~
5-17 GeV) is ideal for the investigation of the region of the phase diagram corresponding to finite
baryochemical potential (ug), and has been little explored up to now. In this Expression of Interest,
we describe the physics motivations and the exploratory studies for a new experiment, NA60+, that
would address several observables which are fi | for the understanding of the phase tran-
sition between hadronic matter and a Quark-Gluon Plasma (QGP) at SPS energies. In particular,
we propose to study, as a function of the collision energy, the production of thermal dimuons from
the created system, from which one would obtain a caloric curve of the QCD phase diagram that is
sensitive to the order of the phase transition. In addition, the measurement of a p—a; mixing contri-
bution would provide crucial insights into the restoration of the chiral symmetry of QCD. In parallel,
studies of heavy quark and quarkonium production would also be carried out, providing sensitivity
for transport properties of the QGP and the investigation of the onset of the deconfinement transition.
The document defines an experimental set-up which couples a vertex telescope based on monolithic
active pixel sensors (MAPS) to a muon spectrometer with tracking (GEM) and triggering (RPC) de-
tectors within a large acceptance toroidal magnet. Results of physics performance studies for most
observables accessible to NA60+ are discussed, showing that the results of the experiment would
lead to a significant advance of our understanding of (non-perturbative) strong interaction physics.
It is also shown that beam intensities of the order of 107 lead ions/s are required in order to obtain
meaningful results on the various physics topics. Such intensities can presently be reached only in
the ECN3 underground hall of the SPS. In addition, the support and engagement of CERN for the
development, construction and operation of the toroidal magnet is considered crucial for the success
of the project.
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