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Theoretical guidance for the QCD phase diagram
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Precision studies of the QCD phase diagram

» Basic aspects of QCD phase diagram
not yet confirmed experimentally:
——— o Existence of critical point and first
order phase transition
o How chiral restoration affects the
hadron spectrum
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» Exploration of new measurements with high scientific impact impact:
o Discussed by heavy ion italian community within INFN What Next workshops
o White paper: arxiv.org/abs/1602.04120

NA60+: New precision measurements of dimuon production via a beam energy
scan (Vs ~ 4.5 —17.3 GeV) with a dedicated experimental set-up at the CERN SPS 3



Lepton pairs: observables and physics goals
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lepton pairs emitted at all stages;
no final state interactions
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» Signals of onset of deconfinement and order of transition

o T of thermal €€ (high M) T>T, partonic, T<T_ hadronic sources
o T4 of thermal £+8- T - inverse slope of p;/m; spectra-> radial flow partonic
o J/iy anomalous suppression QGP temperature 5 N T SEUrEss

» Signals of chiral symmetry restoration
o p spectral function p width diverges (indirect probe)
o p-a, (V-A) mixing a, visible in €€ channel (direct probe)
o change of DD threshold sudden drop J/y/(D+D) ratio



Dileptons and the spectral functions of the chiral doublet p/a,

P-S, V-A splitting in the physical vacuum due to
spontaneous breaking of chiral symmetry
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0 (17): main mediator of thermal dileptons with
M<1 GeV through Ttmr>p>uun 4%‘83:’?

total

a,(1*): accessible in thermal dileptons with 1<M<1.5 GeV
through p-a, chiral mixing: ma, — uu

Full SPS energy: p-a, masked by QGP

=>» Precision measurement of p-a; mixing requires
collision energy with initial state close to the phase
boundary: negligible QGP yield (also smaller Drell-Yan) ey 5

M (GeV)




First order phase transition: measurement of the caloric curve

Quark-Gluon

Plasma

» Example: caloric curve for liquid-hadron
gas phase transition in nuclear matter

M. D'Agostino et al., Nucl. Phys. A749 (2005) 55—-64
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» First order hadron gas-QGP phase transitions:
caloric curve with dilepton thermometer

o T vs energy density with beam energy
scan: search for a possible flattening of T

In-In dN,/dn>30

v excess dimuons

¥ Renk/Ruppert
® Hees/Rapp

» Dilepton thermometer » Dusling/Zahed

o T measured from dilepton thermal mass
spectrum for M>1.5 GeV:.
dN/dM~M32 exp(-M/T)

o First pioneered by NAG6O at 160 GeV

(T~200 MeV, above T,)

[Eur. Phys. J. C 59 (2009) 607] = CERN Courier 11/2009, 31
Chiral 2010, AIP Conf.Proc. 1322 (2010) 1




Onset of deconfinement: study of dilepton yield from QGP

Theoretical expectation for T in NA6O In-In at 160 GeV

central Pb-Pb at 40 GeV (R. Rapp) Phys. Rev. Lett. 100, 022302 (2008)
transverse mass:

m; = (p;2 + M2)1/2

NAGO In-In : é
v o dimuons
, from hadronic radiation (in medium ~ pro+4r) dN,,/dn>30 Y LMR :
mT S peCt ra expo ne ntl d I : e:: from h?dronic+OGP radiation ® IMR, x/éo DY
1/m; dN/m+; ~ exp(-m+/T ) ] |

__® hadrons {r, 1, p, ®,4)

two components in m;
spectra: thermal and radial
collective (‘Hubble’)
expansion

~ 2
Teir ~ T+ M <v>

T+ expected to steadily increase vs M (large vy for hadronic
matter)

» At onset of deconfinement: emergence of a drop at M=1 GeV (very small v; for QGP which
starts to dominate for M>1 GeV)

=>drop experimentally observed at full SPS energy: evidence for large QGP yield

=>»Low energy scan: T 4 quantitative tool to tag onset of deconfinement !



Charmonium and open charm

Energy scan (qualitative) » Full SPS energy (160 GeV): J/3 anomalous
suppression relevant for PbPb collisions
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» Energy scan: possibility of investigating the
onset of the suppression and to relate it with
the onset of deconfinement
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» No existing measurements for energies below
top SPS energy
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N » Other possible measurements: 1(2S), .

part

» At chiral restoration: B
o production threshold of DD pair may be reduced
=>»enhancement of production by a large factor

» At onset of deconfinement: 3
o J/y melting in the QGP and enhanc_ement of DD in the chirally-symmetric medium
=>»possible drop of ratio (J/y) / (D+D) g



Why the CERN SPS?

» Various facilities can in principle investigate the high u; region of the QCD phase
diagram

High interaction rates (>1 MHz)
can be reached at the CERN SPS
m— NICA (Vs =4.5-17.3 GeV)

I CERN SPS

Early Universe

Gritical Forthcoming FAIR facility at GSI:
complementary region

Vs = 2-4.5 GeV (possibly too limited

for onset of deconfinement)
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e e —— Collider facilities (NICA, RHIC):
600 800 1000 1200 1400 interaction rates lower by
Baryon chemical potential 2-3 orders of magnitude

» CERN SPS:
o Optimal combination of wide u, coverage of phase diagram and large
interaction rates

=>» Best machine in the world to cover the low energy range 9



Precision measurement of dimuons in heavy ion collisions

(pioneered by NA60; basic idea P. Sonderegger, exp. approved 2000, spokespersons C. Lourenco, G. Usai)

e

muon trigger and tracking

_______________________________

<Ilm >10m

Track matching in coordinate and momentum space

Improved dimuon mass resolution
Distinguish prompt from decay dimuons -g

\ 4

Radiation-hard silicon pixel detectors

High luminosity of dimuon experiments maintained
10



NA60+ detector concept

Longitudinally scalable setup for running at
~ different energies ‘

u rapidity coverage: 300 cm
- =l.6<y<4

<€ >

N
Vertex spectrometer: Trigger:
3 T dipole field 2fSta1.‘i0ns
<10 stations of Muon Tracking: <<// of RPCs, ...
hybrid pixels or MAPS 4 stations of GEMS or ‘
MWPCs, ... I
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Experimental objectives for BES at the CERN SPS

» Energy scan in Pb-Pb collisions at several energies in the lab energy range
~20-160 GeV/nucleon (example 20-30-40-80-120-160 GeV/nucleon)

» Objectives for reconstructed dilepton pairs at each energy:
o isolation of dilepton spectrum from hadronic phase up to M~2 GeV
o measurements of T and T4 vs M with an accuracy at the MeV level

=>» > 510’ reconstructed pairs from thermal radiation per energy point
(statistics increase by a factor =100 over NA60 at each energy)

o 2-3-10*reconstructed J/ap mesons per energy point
» Data taking goal: run at each energy in a ~15 days beam-time period

o Interaction rate ~ 0.5-1 MHz
=>» beam-intensity: ~2-3 - 107/s (assuming 5 s burst, 3 burst/minute)

» pA data at some energy point also needed

Basic physics program accomplished in =5 years of data-taking

12



Performance study for thermal radiation Pb+Pb central
collisions at 40 GeV/nucleon: data sample

T

Pb-Pb 40 GeV NAG60+ » 2 - 107 reconstructed signal pairs

0-5% central collisions
S=2.107
<S/B>=~1/12
dN_ /dn=270
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» Mass resolution: 10-15 MeV at the ®
position

» Subtraction of:
o combinatorial background (0.5%

precision)
o fake matches
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dN/dM per 50 MeV

Thermal mass spectrum after background subtraction
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» Thermal radiation vyield
up to 2.5-3 GeV

» QGP vyield still significant
at 40 GeV

» lsolation of thermal
radiation subtracting:

o Drell-Yan (stronger than
QGP only above ~2.3
GeV)

Open charm (yield
negligible)
Freeze-out processes

(M, w, ¢)




Performance on temperature and T+ from m- spectra

Acceptance corrected mass spectra

Pb-Pb 20/40 GeV NA60+ NAGO+ Pb-Pb 40 GeV

0-5% central collisions
0-5% central collisions T__ from hadronic radiation (in medium  pro+4x)
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spectrum
measurable up to 2.5-3 GeV » m;spectra: T 4 extracted upto M ~ 2.5
o fit of mass spectrum (red points) GeV:
> T 0pe=16324£1 MeV =>»strong sensitivity to distinguish
=>perfect recovery of theoretical input even a small contribution of QGP
(160 MeV) of generator down to the onset of deconfinement

p+a,) measurable upto M ~ 2 GeV:

=»best sensitivity to p-a, chiral mixing +



Performance studies for J/1p and open charm reconstruction

J/Y production feasible from top SPS
Pb/s to collect 3x10 * J/y in 15 days
5s burst, 3 burst/minute energy down to ~40-60 GeV,

— PbPb depending on the available beam
target: 4mm, Acc=15%, J/ vy suppression=0.33 .
— Inin tlme

target: 7x1.5mm, Acc=13%, J/ v suppression=0.4

—_ —_ —_ —_ —_
N S » @
(=} o (=} o

o
o

Sample of ~¥2-3 - 10*J/1p can be

collected with beam intensities

similar to those already available in

the NA50/NA60 experiments, running

TR T T e e e the experiment for 2 weeks at each
Beam Energy (GeVi/c) energy
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» Reconstruction of open-charm:
o Semi-leptonic decay D> u+X (BR~10%)
=>»tag of displaced muon tracks wrt primary interaction point

o Hadronic decays D=>Kmn (BR~4%) and D= Kt (BR~9%)
=»standalone track reconstruction in the silicon vertex tracker -



Summary and outlook

» NAG60+ at the CERN SPS =» unique opportunity for dilepton measurements of
utmost precision over the widest possible energy range:

o Systematic measurement of EM radiation over the energy range from = 20 to
160 GeV/nucleon (thermal, charmonia and open charm)

=>» New horizon for quantitative understanding of chiral symmetry restoration,

onset of deconfinement, order of transition

» Steps towards formation of an international collaboration and preparation of a
Letter of Intent to be submitted to the SPS Committee within 2018 (timely in view
of the update of the European Strategy for Particle Physics)

» Construction and running of the experiment envisaged for the following decade:
o 2-3 years devoted to R&D for detectors and toroid magnet design
o 2 years for construction
o 5 years of data-taking

17
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Hints for onset of deconfinement

» Present experimental strategy:
o Evolution of observables as hadronic particle ratios as a function of collision energy
=>» beam energy scan (BES)
o Search for anomalous structures

NA49, M. Gazdzicki et al, » CERN SPS NA49 BES: peak of K*/xt* at
now NAGL Vs\=8 GeV (E,=30 GeV/nucleon)
i | » only structure known in BES

» Highest baryon density at freeze-out at
the same energy

=» Onset of deconfinement?




