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Measuring dimuons in NA60: concept
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Track matching in coordinate and momentum space

Improved dimuon mass resolution
B _ =
Distinguish prompt from decay dimuons -~

Additional bend by the dipole field
Dimuon coverage extended to low p-

Radiation-hard silicon pixel detectors (LHC development)
High luminosity of dimuon experiments maintained
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Inclusive excess mass spectrum

[Eur. Phys. J. C 59 (2009) 607-623] all known sources subtracted
CERN Courier 11/ 2009, 31-35 integrated over p;

Chiral 2010 , AIP Conf.Proc. 1322 (2010) 1-10
fully corrected for acceptance

In-In dN_/in>30 absolutely normalized to dN,/dn

v excess dimuons

M<1 GeV
¥ Renk/Ruppert

» Hees/Rapp p dominates, ‘melts’ close to T,
% Dusling/Zahed

best described by H/R model

M>1 GeV

~ exponential fall-off = ‘Planck-like’
fitto dN/dM oc M2 xexp(—M /T)

range 1.1-2.0 GeV: T=205 12 MeV
1.1-2.4 GeV: T=230 10 MeV

T>T.: partons dominate
only described by R/R and D/Z models




Electromagnetic Probes: the case for lepton pairs

photons: 1 variable: py

Y lepton pairs: 2 variables: M, p;

2 +
*< relevant for thermal radiation:
V { pr sensitive to temperature and expansion velocity

M only sensitive to temperature (Lorentz invariant)

approximate mass spectrum (for flat spectral function, and interpreting T as
the average temperature over the space-time evolution)

dN/dM o« M¥?xexp(-M /T) = ‘Planck-like’
the only true (Lorentz invariant) thermometer of the field

systematic uncertainties:
theory, from fits to RR and DZ: T =215 MeV; T, , gev=205, T, gey = 225
data: oversubtraction of DY by 20/30% —> AT=-10/-20 MeV
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The approach to chiral restoration

van Hees+Rapp (2008) Phys. Rev. Lett. 96 (2006) 162302
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data acceptance-corrected before acceptance correction:
‘spectrum directly reflects underlying space-time averaged
thermal emission rate’ (Rapp) p spectral function (purely accidental)

Only broadening of p observed, no mass shift



Combined conclusions from mass and p; spectra

In-In dN_/dn>30

¥ excess dimuons

¥ Renk/Ruppert
® Hees/Rapp
» Dusling/Zahed

[Eur. Phys. J. C 59 (2009) 607-623]

NAGO In-In

: dEimuons

dN_/dn=30 - :
: V LMR

"' IMR; wio DY

@ IMR, w/o DY

.| hadrons (r,n, p, @, $)

__SPS__RHIC__LHC rapid_rise of energy
density €, slow rise
of pressure p (not
ideal gas)

Lattice QCD —> EoS above T,
very soft initially

T [MeV] e
100 150 200 250 300 350 400 450 500 550 (CS mlnlmal)

M >1 GeV
- T.¢ Independent of mass within errors

mass spectrum: T = 205 12 MeV
P Spectra: <T.> = 190 12 MeV
- same values within errors

T=205MeV >T.=170 (MeV)
negligible flow - soft EoS above T,

all consistent with partonic phase



Centrality dependences

Comprehensive results on the centrality dependence of all acceptance-
corrected mass and p/m; spectra and their correlations

Valuable input to theoretical modeling ...

Specific example: shape of the p spectral function (data before acc. corr.)

4000 T |
In-In SemiCentral

0.2=<M=1.0 GeV

= ...I:,j’{.;‘z..‘.:‘]._[]..... N

peak: R=C-1/2(L+U)
continuum: 3/2(L+U)

rapid initial increase of relative monotonic increase of the
yield; reflects the number of p’s width, approaching that of
regenerated in ttn- — p* — ptu- a flat distribution

- ‘p clock’ - ‘melting’ of the p
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Other Dilepton Experiments — Present and Future

The high energy frontier
- RHIC PHENIX, STAR
- LHC ALICE

The low energy frontier
-RHIC LE STAR

- SPS NAGO-like
-SIS300 CBM

- SIS100  HADES, CBM
- NICA MPD

H.J.Specht, GSI 2013

Relevance

M <1 GeV -> chiral restoration
M >1 GeV - hadrons vs. partons
(precise meas. of T)

Dream: energy dependence from
Vs = 4 - 5500 AGeV
with data quality equivalent to NAGO

Principal obstacle to reach this:

colliders not competitive to fixed-target
experiments in terms of interaction rate
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General comments on data quality

H.J.Specht, GSI 2013
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Decisive Parameters for Data Quality

Luminosity

- /l -
Effective Luminosity \
/

Signal/Background ratio ———>  Overall precision

Interaction Rates I, (Luminosity 0,

- Fixed target (SPS, SIS100/300): 10%-107/s (NA605 10°)
- Colliders (LHC upgrade): 5 10%s

Signal/Background ratio S/B (B - combinatorial background)

- range of B/S for different experiments: 20 - 1000 -
- effective signal size: S~1 S/B

Overall precision
- systematics due to S/B: 0S_/S.« = 0B/B B/S

H.J.Specht, GSI 2013 12




Assessment of B/S: choice of S

In-In NAGO

No centrality selection

" In-In SemiCentral

-
o
=

S=440000

dN/dM per 20 MeV

opposite-sign pairs ,
combinatorial background
fake matches - - - - i
signal pairs

L1l III|III|III|III|III|II”:'T-l_LL |III
0 02 04 06 08 1 12 14 16 18 2

M (GeV)

choose hadron cocktail in mass window 0.5-0.6 GeV for S

- free from prejudices on any excess; no ‘bootstrap’; most sensitive region
- unambiguous scaling between experiments; B/S oc dN/dy




Combinatorial Background/Signal in Dilepton Experiments

Reference: hadron cocktail at masses of 0.5-0.6 GeV

Experiment Centrality | Lepton B/S B/S

flavor as meas. rescaled to

or simul. | dN./dy=300
HADES-SIS100 semicentr ete 20 60
CERES DR semicentr ete 80 100
CERES SR/TPC central ete 110 100
PHENIX with HBD | central ete 250 100

PHENIX w/o HBD | central ete

STAR central ete 10]0) 200
ALICE Upg ITS central ete 1200 200
CBM-SIS100 central ete 80 100
CBM-SIS300 central ete 100 100
NAGO (Inin) semicentr MY 35 80
NA60-like (20AGeV) | central MY 80 100
CBM-SIS300 central MY 200 200

data / simulations PbPb
H.J.Specht, GSI 2013



Examples for precision in NAGO
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Systematic errors due to combinatorial Isolation of excess by subtraction
background, fake-match tracks and of measured decay cocktail based
the n Dalitz solely on local criteria; accuracy 2-3%

Precision measurement of the n- and w Dalitz EM Transition Form Factors (PDG 2010 ff)
(removal of the previous 40% error in that hadron cocktail region)
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The high energy frontier
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Di-electron results from STAR (QM2012)
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STAR data from RHIC Energy Scan

Cocktail w/o p 200 GeV x 200

Sys. Uncertainty 62 GeV x 20
39 GeV x 1 hardly any change
19.6 GeV < 0.05 of LMR excess with
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dielectron invariant mass, M., (GeV/c?)

Interpretation for the LMR excess:

total baryon density almost the same at SPS and across the RHIC energy range
(dN(p+pbar)/dy = 110 and 102 at SPS and highest RHIC, resp.)

-> baryon interactions dominate p broadening (see talk R.Rapp)

H.J.Specht, GSI 2013 18



Di-electron results from PHENIX
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Comparing p/m+ data at SPS and RHIC
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Wish list for the future at RHIC

Solve the PHENIX mystery and its relation to the STAR results

Direct measurement of the charm contribution to the IMR region
(STAR: Silicon Vertex Upgrade and e-u correlations)

Higher overall precision in the IMR region

Appropriate analysis of the p;/m; data
(requires disentangling the sources both in the LMR and IMR)

H.J.Specht, GSI 2013
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Dileptons in ALICE

ALICE collab. arXiv:1112.2222 (2011)

ALICEpp \s=TTeV - Presence Future

25cyed

S D) collisions Pb-Pb collisions

chances for high precision IMR?

first data simulations for dielectrons in LMR

ALICE Tech. Design Rep. to LHCC, September 2012
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An almost forgotten opportunity:
pp at the highest energies and highest multiplicities

T. Akesson et al., PLB152 (1985) 411 and PLB192
(1987) 463; W. Hedberg, PhD thesis,Lund (1987)

Total background b)
—=—— n° Dalitz decay
s=—r+==. N Dalitz decay
=——=—w Dalitz decay
~—— —— 7n° y-conversion

T
<
w
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>
u
2
E
o
N
o
R
N

1
L

*
z
=

0.3

Mass of e*e” pair (GeV/c?)

the only dilepton excess ever seen in pp
multiplicity dependence almost quadratic

Watch out both in pp and AA!

H.J.Specht, GSI 2013

W.J. Willis, PANIC, Kyoto 1987
Nucl.Phys. A478 (1988) 151c

4 K*p —s Y¥+--- CHLIAPNIKOV ET. AL.

¢R808 e*e” ISR
t+ COMPILATION e*e™

unification of dilepton excess with ‘soft
photons’:
P. Chliapnikov et al. (1984), J. Antos et al. (1993),

V. Perepelitsa et al., DELPHI (2004,2006, 2010)
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The low energy frontier
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SPS Energy Range

Prime physics goal:

systematic measurement of EM radiation
and charm over the full energy range from
SIS-100 (11 AGeV) to top SPS (160 AGeV)
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The only dilepton data at lower SPS energies so far

Phys. Rev. Lett. 91 (2003) 042301
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Pb-Au 40 AGeV

<dN_,/dn>=210
2.1=n=<2.65
p,>200 MeVic

B ,>35 mrad

m_, (GeV/c?)

Enhancement factor:
5.9 1.5(stat.) 1.2(syst.)

(published 1.8 (syst. cocktail)
removed due to the new NAGO
results on the n and w FFs)

Higher baryon density at
40 than at 158 AGeV

|

Larger enhancement in
support of the decisive role
of baryon interactions
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Beam conditions: CERN vs. GSI/FAIR

SPS SI1S100/300
Energy range: 10 — 158 <11 -35(45)
[AGeV]
beam target interaction interaction
intensity  thickness rate rate
[HZz] [A ] [HZz] [HZ]
Al 2.5 106 20% 5 10°
(2003)
new 8 o .
injection 10 10% 10 10> - 107
scheme 108 1% 106
LHC AA 5 104

Luminosity at the SPS comparable to that of SIS100/300
No losses of beam quality at lower energies except for emittance growth
RP limits at CERN in EHN1, not in (former) NA60O cave

Pb beams scheduled for the SPS in 2016-2017, 2019-2021

H.J.Specht, GSI 2013



From the high to a low energy apparatus layout

G. Usal,
this meeting

Compress the spectrometer reducing the absorber and

_ enlarge transverse dimensions
dileptons@160 GeV (NA60)

rapidity coverage 2.9<y<4.5

ometer

Nuon Spectf

Generic geometry
(Fluka)

beam

dileptons@20 GeV
rapidity coverage 1.9<y< 4

Longitudinally scalable setup for running at different energies




Present concept at GSI FAIR

Operation of HADES and CBM in the same cave at SIS-100

H.J.Specht, GSI 2013




How to optimize the physics outcome for the next 10-15y
Proposal: split HADES and CBM at SIS-100

CBM
at SPS

HADES
at SIS-100

=
|

Upgrade HADES,
optimized for ete,
to also cope with

Au-Au (now Ni-Ni)

Modify CBM to be
optimal (magnet) for
either e*e  or u*y;
role of hadrons?
Merge with ‘CERN’

effort towards a NA60O
successor experiment

Merge with part of
personell of CBM

Profit from suitable
R&D of CBM, in
particular for Si

Profit from suitable
R&D of CBM

If SIS-300 would be approved in >2020, one could continue CBM there in >2027

H.J.Specht, GSI 2013 30



GSI Planning as of 2004

20095 2007

Flanning 4518 Upgrade
70 MW Connection 2. 7= 10 [ s 2B (200 Me\T u
Bt [T 5x10'2 protons per puls

Civil Construction 1

35100
Transfer Line S518- 35100
High Energy Beam Lines

Civil Construction 2

RIB Prod.- Target, Super- FRS 1A 0 5 =l {n_4-2.?xﬁu.]\

RIB High+ Low Energy Branch ->RIB (S0%duty cycle)
Antiproton Prod .- Target : aﬁgbn':glﬁ;?u ;ﬁ’.‘]
= phar->fixed targ
& comples 10.7 GeVfu 8-> HA
Civil Construction 3 | |

HESR &. 4 MV e —Cooling
In NESR

Civil Construction 4
[ |

1x10%% 5 288y
5300* 100% duty cycle
8 MY e+ —Cooling pbar cooled

A Collid P (1-30 Gev)
i Gl 35 GeVu B

NESR physics
plasma physics

Civil Construction ||

Civil Construction Production and Installation El'!ri-!-t hunﬁ> *Q5100 installation iﬂg'ﬂthﬂl’ with Ss100

H.J.Specht, GSI 2013



AI The NAG6O experiment

http://cern.ch/na60
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Stony Brook Yerevan

Lisbon ' " Torino
s Cagllarl

Lyon 1 : ,'

R. Arnaldi, K. Banicz, K. Borer, J. Buytaert, J. Castor, B. Chaurand, W. Chen,B. Cheynis, C. Cicalo,
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P. Sonderegger, H.J. Specht, R. Tieulent, E. Tveiten, G. Usai, H. Vardanyan, R. Veenhof and H. Wohri

Clermont

H.J.Specht, GSI 2013

CERN Heldelberg ~ 60 people “g:f
13 institutes N
Palaiseau A Bern 8 countries »
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BKP
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Soft Photon Bremsstrahlung
pBe at 450 GeV/c ~ SOPHY/BACY within HELIOS/NA34

Anthos et al., Z.Phys. C59 (1993) 547
Raw data + Decay Simulations

thW’tlp.,. (arb. units)

® BAF,.y,. =0
o BGO

bremastn. caele,

20 0 a) 60

dNy/dp,. (arb. units)

80 100
pr (MeV/c)

H.J.Specht, GSI 2013

dNY/dp, (arb. units)

dNy/dp,. (arb. units)

Net data

* BAF,y, =-05

—— Abremssfr calc.

——= Syslem.crrors
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Soft Photon Bremsstrahlung

Soft Phoror Breimsstrablung
Low, Phys. Rev. 110 (1958) 974

t the Joff /:boa‘mv V204 g > O

arigue vofies V@r Go ord &,
colewlohle Fory ch#eﬂb/ oIl Fee e s
without photor rodeolsor

S breppsstrahlun 29 e fermimes sz “Culer particle /eizes

H.J.Specht, GSI 2013

pp, PA
incoherent Bremsstrahlung:

hadrons radiate independently
“coherence”:

hadrons radiate, not partons inside

JAVAN

coherent Bremsstrahlung:
nuclei radiate, not hadrons inside

— 6~Z? 1 — collision dynamics

other sources of soft photons
“(first) window to chiral symmetry?”
C.Gale, HP2004
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Soft Electron

10
M (GeV/ic?)

CERES/NA45 Pb-Au 1568 A GeV

Preliminary qM“Ic_rHau 8%

p>100 MeVic

®,,>35 mrad
2.1<n<2.65

1.4 1.6 1.8
m,. (GeVic?)

cuts p+<50, m;<100
explore n° Dalitz region
(absolute normalization required)

S/B ratio may stay >1.2

Soft electron pairs have analogous information to soft photons

H.J.Specht, GSI 2013
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Data sample for 158A GeV In-In

In-In NAGO

No centrality selection

S=440000
<S/B>=1/7

opposite-sign pairs 3
combinatorial background i,

fake matches - - - - : | .
signal pairs i '

i

0O 02 04 06 08 1 12 14 16 18
om,, M (GeV)

H.J.Specht, GSI 2013

subtraction of

- combinatorial background

- fake matches between the
two spectrometers

S/B highest of all experiments,
past and present (see below)

net sample:
440 000 events

effective statistics also highest
of all experiments

mass resolution:
20 MeV at the o position

n, w, ¢ completely resolved

37



1000

=
©
=
=
O
Q
=
O
Z
T

H.J.Specht, GSI 2013

Understanding the peripheral data

In-In Peripheral

<dN,,/dn>=17

data
hadronic cocktail

Monte Carlo simulation of the
expected dilepton sources:

electromagnetic decays:
Z_bOdy: n, p, @, (I) — IJ+“_
Dalitz: n,n— utyy
W — PO
EM transition form factors
of the n and w Dalitz decays
remeasured here

semileptonic decays:
uncorr. u*u- from DD

fit with free parameters:
n/w, p/w, ¢/w, DD

‘perfect’ description of the data
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Results on Electromagnetic Transition Form Factors
Phys. Lett. B 677 (2009) 260

" NAGD 1 A2=2.24+0.06+0.02 GeV?

- Lepton G: A;%=2.36+0.21 GeV/™?

VMD  : A%=1.68 GeV?

NABO  :A2=1.95+0.17+0.04 GeV

- Lepton G: A?=1.90:0.4 GeV2

| VDM : A?=1.8 GeV?

o—ut p.'ﬂ:o

| | | | | | data corrected o

0 01 02 03 04 05 06 for acceptance 0O 01 02 03 04 05 06 07
M (GeV) M (GeV)

Perfect agreement of NA60 and Lepton G, confirming w anomaly

Large improvement in accuracy; for w, deviation fromVMD 3 2> 100
NAG60 p-A data: complete agreement, still higher accuracy (to be published)




NAGO results in the new edition of the PDG

LIGHT UNFLAVORED MESONS

for | =0 {:'.'Ii', '|

1IGUPCY = 01—~

P DG 2008 w(782) BRANCHING RATIOS P DG 20 10

M@0t =) /Miotal r7/T r(‘-" # " )/rmal

VALUE (units 10— 4 ) DOCUMENT 1D TECN  COMMENT

0.96+0.23 OUR FIT
0.96+0.23 DZHELYADIN 818 CNTR 25-33 7~ p — wn

3k ARNALDI
DZHELYADI

PARAMETER AIN w — mutu~ DECAY

In the pole 2 ion the electremagnetic transition form factor for a resonance

First result from a | m
heavy-ion experiment
In the PDG ever

e » « We do not use the following

H.J.Specht, GSI 2013



Moving to higher centralities

- In-In Peripheral " In-In SemiCentral

dN/dM per 20 MeV
| | 1T T T |
dN/dM per 20 MeV

Peripheral data More central data
well described by meson decay clear excess of data above decay

cocktail (n, n’, p, w, ¢) and DD cocktail; spectral shape ?7??




LMR (M<1 GeV) - isolation of excess dimuons

Phys. Rev. Lett. 96 (2006) 162302

or]
o
-]
o
o

In-In NAG0O

o]
o
o
o
(=]

=
Q
=
o
~
©
Q
=
=
o
p
T

H.J.Specht, GSI 2013

No centrality selection

Isolation of excess by subtraction of
measured decay cocktail (without p),
based solely on local criteria for the

major sources 1, ® and ¢

o and ¢ : fix yields such as to get,
after subtraction, a smooth
underlying continuum

N : fixyield at p; >1 GeV, based on
the very high sensitivity to the
spectral shape of the Dalitz decay

accuracy 2-3%, but results robust
to mistakes even at the 10% level

keep information on subtracted
hadrons and process separately
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IMR (M>1GeV) — Isolation of excess dimuons
Eur.Phys.J. C 59 (2009) 607

measurement of muon offsets Ap.:
distance between interaction vertex
and track impact point

NAGO In-In

Data
Prompt: 2.43+0.09
Charm : 1.10+0.10

Fit %2/NDF: 0.8

charm not enhanced

excess prompt; 2.4 DY
H.J.Specht, GSI 2013

Isolation of excess by subtraction
of measured open charm and
Drell-Yan

NAGO In-In

Open charm

-
o
]

dN/dM, acc. corr.

Drell-Yan

—
QU

Excess

Teff (MGV)

199 +22 +2 193 +17 +1 171+ 24+ 2
‘ - p

12 14 16 18 2 22 24
Mass (GeV)

excess similar to open charm
steeper than Drell-Yan
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Acceptance correction

reduce 4-dimensional acceptance correction in M-p;-y-CoS®¢
to (mostly) 2-dimensional corrections in pairs of variables.
Example M-p., using measured Yy distributions and measured
COS@®.¢ distributions as an input; same for other pairs (iteration)

requires separate treatment
of the excess and the other
sources, due to differences
In the y and the cos®.¢
distributions

Acceptance

-
Q
8]

+02D~<M<040
—=— 040<M<0.60

acceptance vs. M, py, y, and T odozmeoe
cosO understood to within :3gg:m:;gg
<10%, based on a detailed '

study of the peripheral data : ?:if (Gevic)’

H.J.Specht, GSI 2013 44



H.J.Specht, GSI 2013

Thermal Radiation
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Acceptance-corrected M-p+ matrix of excess

[ "NA60 In-In

sl dNjdn>30

pr<0_2 GeV

* data

* RH
* RR

ch

N, JandM)/(dN_/dn) (20 MeV)”

(

v

1] 02 04 06 08 1

[ NAGO In-In

N [dn30

O.B(pTﬂ .0 GeV

-
=]
&
T

» data
* RH
* RR
a ZD

T

ch
_
=}

b
"S-"

-
>
1]
=
=
o
—~
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=
=
=
=
=
=
©
=
=
-
=]

(
N
3

%

NAGO In-In

dN, /dn>30 1.6<p <1.8 GeV

» data
* RH
* RR
= ZD

ch
-
<

T

]

T

&N, /dndM)/(dN_/dn) (20 MeV)™
2

N, /dndM)/(dN_ /) (20 MeV)™

ch

(62N, /dndM)/(dN_/dn) (20 MeV)

(0N, /dndM)/(dN_/dn) (20 MeV)"'

L il T L it b
02 04 06 08 1 12 14

M (GeV)

ch
(=]

=
&

[ NAG0 In-In

N, (dn>30

["NABO In-In
dN, =30

D_2<pT<0.4 GeV

e data

* RH
* RR

1.0<p_<1.2 GeV

* data
* RH
* RR
-] ZD

[ "NABO In-In

dN, jdn=30

["NABO In-In

dN, =30

0.4<pr<0.5 GeV
= data

* RH
* RR

(dPN,,/dndM)/(dN_/chn) (20 MeV)”

1.2<p _<1.4 GeV

* data
* RH
* RR
-] ZD

ch

(PN, /dndM)/(dN_/dn) (20 MeV)"

NAEQ In-In
10° dN,,fdn>30

-
=]

ch
T

1.B<pT<2_EII GeV

e data
* RH
* RR
= ZD

NAGO In-In

Mo centrality selection

ST
)

ot .'0';""
L
" y .
e &

2.0<p <2.2 GeV

* data
* RH
* RR
= ZD

" "NAG0 In-In

N, (dn>30

D.B<pT<0.B GeV
= data
* RH

* RR
> ZD

<

Q

=
&

=]
£

["NAG0 In-In

N, (dn>30

‘I_4<pT<1.B GeV

e data
* RH
* RR
= ZD

- NABO In-In

*E Mo centrality selection

2.2<p,<2.4 GeV

+ data
* RH
* RR
« ZD




H.J.Specht, GSI 2013

Rho Spectral Function
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Unfolding the convoluted mass spectrum?

- Pure spectral function completely masked by the required
convolution steps towards observable thermal radiation

- Strict unfolding impossible

- Realistic way: project out space-time averaged p-spectral
function by use of a suitable correction function

H.J.Specht, GSI 2013 48



Acceptance filtering by the NA60 set-up

dN ,,/dM =~ M*?x(exp(-M /T)) x(spectral function(M))

(Eur.Phys.J.C 49 (2007) 235)

Input:

white spéétral function

e ot o NAGO thermal radiation
physics input to .

output after acceptance based on a white
spectral function

e output:

white spectrum !

for the M-p; characteristics of thermal radiation, without p; selection,
the NA6O acceptance roughly compensates for the phase-space factors
and directly ‘measures’ the <spectral function>

H.J.Specht, GSI 2013 49



Role of baryons in broadening the p

van Hees and Rapp, Phys.Rev.Lett. 97 (2006) 102301

V
O8]
)]
o
o

- In-In - NA60

— <dN_/dy>=140
all P,

In-In- NA60
— <dN,,/dy>=140

all P,

No Baryons

w
o
o
=]
!
A
Q
P

Hees/Rapp Hees/Rapp

N
o
3
dN/dM per 20 Me

dN/dM per 20 Me
on
3

OO

Whole spectrum reasonably well In this model, low-mass tall
described, even in absolute terms requires baryon interactions




H.J.Specht, GSI 2013

Radial expansion and the

EoS close to T,

51



Transverse mass distributions of excess dimuons

transverse mass: m; = (p° + M?2)1/2
Phys. Rev. Lett. 100 (2008) 022302 Eur. Phys. J. C 59 (2009) 607

M(GeV) T (MeV)
116-140 199:2t3
140-20  19316£2

0.6<M<0.9 GeV f s g 20 <256 1712343

¢
1.0<M<1.4 GeV

dN_,/dn>30 NAGO In-In
0.2<M<0.4 GeV

—
= ]
en
ol

1/m, dN/dm,

—

o
'~

III|

-
c
>
o)
—
(0]
h
|_
&
©
S
=z
O
£
£

02 04 06 0.8 1 12 1.4 16 1.8
m-M (GeV)

all m; spectra exponential for m-M > 0.1 GeV, <0.1 GeV ??

fit with 1/m; dN/m; ~ exp(-m¢/T); T, — ‘effective temperature’
H.J.Specht, GSI 2013



The rise and fall of radial flow of thermal dimuons

Phys. Rev. Lett. 100 (2008) 022302 _ .
Strong rise of Tz with dimuon

mass, followed by a sudden
drop for M>1 GeV

NAGO In-In

: ' déimuons
chhde]??SO = :

__________________________________ e R DY
¢ IMR, wio DY consistent with radial flow

of a hadronic source (here

T —p—utu), taking the

freeze-out p as the reference

( from a separate analysis of

the p peak and the continuum)

l hadrons (rc M, P, (n¢

signals sudden transition
to a low-flow, I.e. an
early source - partonic origin

(here qq—pu)

Dominance of partons for M>1 GeV also from p; spectra



H.J.Specht, GSI 2013

Angular distributions
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Angular distributions

1 do
o dcos@ dg

= (1+/1(:osz 6+ usin 26’cos¢+%sin2 6’0032¢j

A, u, v : structure functions related to helicity structure functions and
the spin density matrix elements of the virtual photon

Choice of reference frame: Collins-Soper (CS)

I’X

In rest frame of virtual photon:

0. angle between the positive
7 axis muon p, and the z-axis.

Z axis : bisector between
pproj and - ptarget

Expectation: completely random orientation of annihilating particles

g lons or quarks) in 3 dimensions would lead to A, u, v=20
H.J.Specht, GSI 2013 55

pprojectile ptarget

Viewed from dimuon rest frame




Results on structure coefficients A, u, v
Phys. Rev. Lett. 102 (2009) 222301

example:
NA60 In-In excess 0.6<M<0.9 GeV

pT>O.6 GeV excess (0.6<M<0.9 GeV)

u= 0.05 0.03(~0 as expected)
set u =0 and fit projections

fit function for polar angle
dN
d|cosd|

« L+ 1 cos? 0)

NABO In-In
pT>O.6 GeV excess (0.6<M<0.9 GeV)

fit function for azimuth angle

d—Noc (1+E/1+KCOSZ¢J
3 3

d|g|

Zero polarization within errors



H.J.Specht, GSI 2013

Hadron results
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Centrality dependence of hadron yields

F NAB0, 158A GeV In-In

M>=0.1 31+0.04
Nparr

RN

i\\\\\\\\\\\\!\\\'\\&\\\\\\\\\3

|.Il|ll|.|||L|||.|ll|]||.|||L|.Il|ll|.|||L|

: " :
expected for primary production of n

L1 L |
150

50 : 100 150 200
part part

o

o yield scales with N, yields of hadrons with strangeness
(N, ¢) increase with N,

no nuclear enhancement difference between n and ¢ consistent
with wave function content of ssbar

H.J.Specht, GSI 2013



Light-flavoured hadrons in NAGO

su=17.3 GeV In+In

)

u
S

Suw=17.3 GeV In+In p—uu Sy =17.3 GeV In+In
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Hierarchy in hadron freeze-out

Centrality Dependence of Tei;

+

In-in dN,,/dy>30
Hadr@n data f

+

Fit rangé: 0.4<pT<1 8 GeV

large difference between p
and o (same mass)

<«—— use of Blast wave code

for a given hadron M, the measured
To¢ defines a line in the T;,-v; plane

crossing of hadrons with = defines T;, v; max reached at respective hadron freeze-out

different hadrons have different coupling to pions (p maximal)
—> clear hierarchy of freeze-out (also for light-flavored hadrons)

H.J.Specht, GSI 2013 60



Light-flavoured hadrons in NAG0O

sfw.  VSW=17.3 GeVIn-In
o> py

s

In-In at 158A GeV

low mass sample size 440 000
(peripheral alone < 10%)

-
=1
E

-
Q
=

pure exponential m; spectra

1/m, dN/dm,/dN_/dn (GeV?)

S/
m;-mass (GeV)

p-A at 400 GeV

low mass sample size 180 000
(NA27: insufficient statistics
for p/w and ¢ = no p; spectra)

upward bend of m; spectra

0z 04 o8 08 1 1z "o B¥Y - hard scattering components
m, - m, [GeVi/c] m; - m, [GeV/c]

no hard scattering components at 158A GeV

H.J.Specht, GSI 2013



Conclusions

Planck-like exponential mass spectra, exponential m-
spectra, zero polarization and general agreement with
thermal models consistent with interpretation of excess

dimuons as thermal radiation

Emission sources of thermal dileptons mostly hadronic

(t*rt~ annihilation) for M<1 GeV, and mostly partonic

(gg annihilation) for M>1 GeV; associated temperatures
quantified; hints at soft EoS close to T; direct connection
to deconfinement at the SPS

In-medium p spectral function identified; no significant
mass shift of the intermediate p, only broadening;
(indirect) connection to chiral symmetry restoration

H.J.Specht, GSI 2013 62
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