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WY, Yk No strong final state interactions Schematic spectral distribution of lepton pairs

emitted in ultra-relativistic heavy ion collisions
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m Reflect whole "history” of collision:

m From pre-equilibrium phase
m From QGP and hot hadronic gas

m From meson decays after thermal freeze-out

PHSD: Nucl. Phys. A 831 (2009)
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‘f NAGO (u+p-) : H.J.Specht: AIP Conf.Proc. 1322 (2010) See talk by F. Seck
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Meet the HADES
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Phgfbéraph by A. ost

Beams from SIS18: protons, nuclei,
secondary pion beams, E,;,=1-2 GeV/u

Search for very rare probes
-Di-lepton production governed

by the factor a?

-Branching ratio to ete™~7.14x10°
-Vector meson production sub-threshold

Glauber Monte Carlo
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4.3x10°of 40% most central Au+Au events recorded

- Fast detector = interaction rate of 8 kHz

—>Large acceptance - full azimuth, 6 from 18° to 85°
—>Mass resolution = of the order of few %

—->Good particle identification

- Efficient track reconstruction

Track multiplicity as large as 300 per event
(incl. fakes & secondaries)
- combinatorial background See talk by M. Lorentz
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Electron Identification

Track quality selection

Correlated

Energy loss ,
with momentum

Particle velocity

1§....|.vv.||,y.|--y.|x

Electromagnetic shower 3 10
. . s 5[
Cherenkov radiation S "%

10°E

— two independent analyses:

. . 10-4;
* Ring Finder :
10° ' f
J BathraCking 1000 o 1000 2000 3000 4000

Mass x polarity [MeV/c? x q]

All combined in a multivariate analysis (neural networks)

Purity of single lepton identification at least 98 %
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Electron Identification
Two Approaches to Detect Cherenkov Signal

Ring finder Backtracking algorithm
g j g alg

P. Sellheim, J.Phys.Conf.Ser. 599 (2015)

pad plane

1. Identify lepton candidates using

1. Search for rings in the .
velocity and energy loss

photodetection plane
using pattern matrix
or Hough transform

VUV mirror

2. Check the ring hypothesis
around the expected ring enter

weeweri: MoOtivation and advantages

CaFz window

2. Use angular correlations
to match rings with tracks S'de View ofthe RICH detector | i 11 resolve overlapping rings

in drift chambers |
* Removal of close pairs
(y-conversion, combinatorial

background)
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Background Subtraction

1. Combinatorial background is estimated by:

(BG4 ) =k - 2{/(FG, {FG__)

2. With the k-factor:

_ e, +e,(1—€; )][e_+e (1—€, )] (FGYIX)
e+ +e,(1—ep)][e--+e(1—€_) \/(FGMIX)(FGE/I_IX)
3. This tells us that not only geometry but also reconstruction y
efficiency is important. osh
4. ltis valid for any event-by-event distribution of leptons : .'f

-+ Sim. reco.

S
60.95
. o L
produced in the event. < 09/ o Exp. data

.. . . 0.85F
Take home: k-factor from event mixing is well-founded mathematically ;fL o Sim. FILTERED by ACC
I . 0.8 [ )
and necessary in case of charge asymmetry of the detection! 1 jS'm-‘F'LTERlED bvﬁ\CCx ElFF
0.75 e e P e B By
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Invariant Mass Distribution
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Results obtained with the two analysis
methods agree

Agreement in the n%-Dalitz region

with the prevoiusly measured 1/2(np+pp)
reference confirms the constistency of
the reconstruction.

Above 0.15 GeV/c? clear enhancement
compared to the reference
— Medium radiation
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Constraining the Cocktail
by the Measurements in the Same Experiment

E 8 ]
. Radiator gas [EEg
1i® and n reconstruction 57 Target holie
C. Behnke, J.Phys.Conf.Ser. 599 (2015) « © Beam pipe

Segmented

= Conversion method target RS
= Challenge: Low mass spectrometer! :

= Conversion probability: =1% Bhme
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Constraining the Cocktail
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Constraining the Cocktail
by the Measurements in the Same Experiment

AuAu 1.23A GeV 0-40%

— |

= 70 from charged pions

HADES multiplicity, cross-checked
by Preliminary 4 with the conversion method
! _nHADES
. — %anes .
— ogay = n from the y conversion

= ¢ from the K*K~ channel

= o from the Statistical
Hadronization Model
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Quantifying the Excess
What is "Non-trivial" Physics?

HADES performed a thourogh study of various collision systems
In the same energy regime.

o Freeze-out contributions removed
(7° by normalization, ny by subtraction)

o '2c:2C 1 AGeV
o '2C+%C 2 AGeV

T —

—t
o

o The remaining radiation in C+C
is already present in N+N

0
o0

(1/N_dN/dMY**P* 7 (1/N - dN/aM)WN
(9)]

| |
o
= ——ié —Hlﬁ——%!; ¢L é _$____+_
%53 200 500

M., [MeV/c?]
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Quantifying the Excess
What is "Non-trivial" Physics?

HADES performed a thourogh study of various collision systems
In the same energy regime.

o Freeze-out contributions removed

=z T T ‘ T | ]
(=° by normalization, n by subtraction) 2310_ ° 8g1Agev J> _
n | 2A GeV |
o The remaining radiation in C+C g L s pND35GeV §
is already present in N+N o PND 3.5 GeV , _so0 wovie N
o On the other hand, enhancement is ;Z_- I 1
visible in p+Nb (for slow dileptons) = a- .
- B _
< I |
<f--\ | |
S 4 ‘_
z | bl m
zlﬂ 2_O || N | é_*—f— _+_+__ T T_ i I L
z 2 tH
|
00
M. [MeV/c?]
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Quantifying the Excess
What is "Non-trivial" Physics?

HADES performed a thourogh study of various collision systems
In the same energy regime.

o Freeze-out contributions removed

T T ‘ T |
(=° by normalization, n by subtraction) 10 © CC1AGev J>
o o 0 GG 2AGeV
o The remaining radiation in C+C s pNDB5GeV , o
i i ¥ pNb 3.5 GeV
is already present in N+N . 8« Arkol176A GEOM

o On the other hand, enhancement is
visible in p+Nb (for slow dileptons)

o Much stronger excess in Ar+KCl

I

|
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Quantifying the Excess

What is "Non-trivial" Physics?
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HADES performed a thourogh study of various collision systems

In the same energy regime.

o Freeze-out contributions removed

2 ' |
(=° by normalization, n by subtraction) 2’2“10__ J> ]
o The remaining radiation in C+C g | = AuAu1.23A GeV 0-40% |
is already present in N+N ©. gl B
o On the other hand, enhancement is ;Z_- i HA[_)E_S |
visible in p+Nb (for slow dileptons) g Preliminary -
o Much stronger excess in Ar+KCl é i { \ \ ! ]
< [
o Even stronger excess in Au+Au s al ++ * + M * { { \ N
o 1 i
Z | L e ' T 1
T | WL * 1. * i TF ‘ i
le 2 |# __é _+_+__ I L
- %ﬁ @%ﬁ . :—E‘ijﬁ%ﬁe by
\ |
%200 400 600
M. [MeV/c?]
AN \ Yoy
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Quantifying the Excess D e
What is "Non-trivial" Physics? DARMSTADT

HADES performed a thourogh study of various collision systems
In the same energy regime.

o Freeze-out contributions removed
(7° by normalization, ny by subtraction)

Yo om—

—
o

o The remaining radiation in C+C
is already present in N+N

= AuAu 1.23A GeV 0-40%

HADES
Preliminary

| UUMM '_

I
Co

o On the other hand, enhancement is
visible in p+Nb (for slow dileptons)

o Much stronger excess in Ar+KCl
o Even stronger excess in Au+Au

I

=

o Question of "medium" is about the

(1/N dN/dM)AA’pA/ (1/N_dN/dM)™
A L S i

effects beyond simple superposition N # é | % i
of NN collisions P~ Jr—+—— ;
— Regeneration of baryonic M ﬂﬁd}'} i :}E %%%THE T "
resonances o %200 400 600
e Mee [MeV/c?

AN \
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Subtracting the Reference

AuAu 1.23A GeV 0-40% _
HADES o Isolation of the excess by

Preliminary subtracting the experimentally
measured reference

Lc
=
IIII| | I\I\IH| T H

Ly Ring Finder
Eﬁﬂ% " Backtracking

fiin
% ;

o How to describe the excess
radiation theoretically?

M

§
5 L |

!
<
R

% (np+pp) subtracted

oL I N N
10702 04 06 08 1 12

M., [GeV/c?
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Low-mass ete” Excitation Function
JSNN = 2.42,17.3, 19.6-200 GeV
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NA60: H.J.Specht, AIP Conf.Proc. 1322 (2010)
Model: Rapp/Wambach/Hees

m=lry, o6 AutAu \[Syy =27 GeV

—&— data =

10°F

n

o
=
[

v excess dimuons
* Renk/Ruppert

- P
— NU
s >
s =
(=) =
I F z
g = F ]
g 5 o L i
O 10°F * Hees/Rapp ~ p
S = Dusling/Zahed - 107 E E
P - g 1
o ~a L ]
= < 3 :
S 1% Z 107 -
] = ]
3. @ - i
z s 10
© 10°F s f .
2z [ STAR preliminary .
S
Z g
10 = | 1 H
107 ) 0 0.5 1 15
M,. (GeV/c?)

p - AIN" couplings play substantial role in p melting observed in UrHIC

. - ) At low energies the same couplings govern
“"“*-....5 P """“\:©L<‘r off-shell p production by resonance decay
et o - — HADES Au+Au with p spectral function
‘@’ »

within the coarse graining framework
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Vector Meson Dominance

Data measured by HADES in
exclusive np (secondary beam)
reactions with /s = 0.55 GeV

o Strong deviation from unity show the
time-like contribution to the
resonance decay and confirm the
validity of the VMD

@)

- HADES
- Preliminary

—
Ic|)l

—_
LN

—
o

o

Exp.Excl.ete=/ N(1520) QED
N

N A~ O

F(q?)

=
o

T N N IR RV ¥
200 300 400 500 600
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Coarse Graining & Data
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p— A LI trT tTT \ =
0,00 HADES  auau1.23a Gev 0-40% |
=  Preliminary

— CG FRA
— CG GSl-Texas

%(np+pp) subtracted
| | | 1 | ‘ |

0.2 04 06 038 1 1.2
M., [GeV/c?]

o Medium contribution calculated through p in-
medium spectral function with thermodynamic
parameters obtained from UrQMD ambient

T T T T ] ' [T T T
HADES ArKCl 1.76A GeV 0-34% |
Preliminary

— CG FRA

— CG GSl-Texas

|
o
T HHHI‘

—k
<
[o2]
T

\
-q
\

<
(o]
T \\HHI‘ T TTTTT

% (np+pp) subtracted

10*9 1 ‘ L 1 L | 1

02 04 06 08 1 1.2
M., [GeV/cF]

o Both calculations are consistent and in
good agreement with measured data

CG FRA: Phys. Rev. C 92, 014911 (2015)
CG GSI-TAMU: Eur. Phys. J. A, 52 5 (2016) 131
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C10o HADES  aoit76m Govoas
. > E P | . E
o HSD analysed in the same Bioak A e o
way as data: =
= constrain reference F°
= subtracted from Ar+KCl S0
(component-by-component) Z107
o Incoherent sum of NN and =N =
Bremsstrahlung, A, p T N\
10°702 04 06 08 1 12

M., [GeV/c?]

o Both approaches agree well with the data — go for multi-differential analysis

HSD: Phys. Rev. C 87, 064907 (2013)
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Centrality dependence

300 < I\/Iee <700 [MeV/cZ]

) B 160
o 2.5 I
— Scallng o< A part Wlth a ~ 1 3 i
b4 L ® 150 < M,, < 550 [MeV/c’]
© o HADES o :
@ L — | ® 0<M, <150 [MeV/c]
> r Preliminary in
@ | < - HADES
1.5 ] I imi

3 5; 2 Preliminary
L|>j i = 100

* o]

1- n g L q

- 9 E

E = sl

0.5 Four centrality bins | i _ iirs T S
i Two centrality bins ] 60 % =
| ‘ L ‘ | ‘ L1 | ‘ | ‘ | ‘ L1117 _‘ 1 | Ll [ [ | L |
50 100 150 200 250 300 350 100 150 200 250 300 350
Apa” <Npart>

o Two observables indicate the formation of longer-lived and
hotter medium in the most central collisions

03.06.2016 | CPOD 2016, Wroctaw | Szymon Harabasz | 23 %//Q%\ H-QM 352’&"&2?3"5&3722 s S{p JAGIELLONSKI
HADES M W KRAKOWIE




TECHNISCHE
Summary and Perspectives UNIVERSITAT
y p DARMSTADT
Conclusions T GBUU ol —— o7
, |)—>e:e: ______ 8
» HADES explores baryon rich matter at SIS 18 10 ‘g:ﬁ;g SN DX
ow—sne’e 1o
. .. . o s efey ------ (O]
» Heavy-ion and elementary collisions are measured simultaneously 103 ‘nﬁr?Z-;i - iE
A— Nefe —— ]
. . L
= Properly extracted dilepton excess yield agrees well 100 | %ﬂ E(E%E% =
. . . S 13 ]
with theory predictions R Sui(1620) 1=
10° & . {2
Coming soon from dilepton analysis : -
. . . 10 & .
» Completion of the e*e- excitation function :
= Extraction of a fireball lifetime 107k : : Ll
. . 0 0.2 0.4 0.6 0.8 1
-> centrality dependence of the excess yield ;
10 Au+Au, 2 A GeV, b=0.5 fm h
= Extraction of an emitting source temperature? 1075\ HSD: |
ol (Y ee -
« Mass above 1 GeV/c? > statistics! 5wl | o P
» From mt spectra = when  is known ERT S coll. broad. ] 2
% w b ] +dr0p.mss._§<_s-§-§l
Outlook N RN 823
“\ 1E %é
= Now: HADES Upgrade il M\ 6ds
10 0.0 0.2 0.4 U,Iﬁ 0.8 ll.() 1.2

» FAIR phase 0: Ag+Ag at 1.65 GeV/u and pion induced reactions
» FAIR phase 1: SIS 100 > Ag+Ag at 3.5 GeV/u
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BACKUP SLIDES
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Efficiency and Purity
Ring Finder Case
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NPAGCB dEJ‘dxMDC AQ, pand..

920 PM MetaQa 0
L M HT MetaQa ®
B AHTO

900 v ¥o

L v P nothing else
B W iprme

880 ZPu
%’:—PM RICH QA (Geant PID)

Original distribution

© B “¥ PM (Geant PID)
;__J 860 TZPM (SIM like EXP)
i 4 Hard cuts Random matches
840
820 4
|: N I [ I Y I [ I O [ | Signal

57.5 98 98.5 99 995 100
Purity [%]

Efficiency of different methods can be confronted
by comparing total yields of identified leptons
Most points lie in the same place — this indicates
the stability of the "training"” procedure

Counts/Event

0.006

0.005

0.004

0.003

0.002 -

0.001

Purity is estimated based on measured data
by reproducing random RICH ring-MDC track matches
(matching tracks and rings from different HADES sectors)

% 5 6 -4 -2

d R\

AP X sind

(for illustration of the method all pre-
selected lepton candidates, without
strict PID cuts, are shown)
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Multi-differential Analysis

0-40% most central 0-10% 0-5%
a f ; : : : — | : & f ; : — |
B.,\w:—-ql? SRERHRRLLEL S Lt U %-,,W‘E" s 0 : HADE‘S g.,\mg
R S P © | SUETTTN - Preliminary ©
] S iy oo 3wk 3 L 3l
2 | s f SE g S
§-|'°'a """"""""""""""" E-'mdg-" §-| i E-.ﬂr‘-r--
S NG N S'F o T 1ok
‘qu ? E mEc EO mEJ o -
- | e - . - F
PN SR A AN i Z10 = Z
2 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
my[MeV/c?] my[MeV/c?] my[MeV/c?] my[MeV/c?]
10.20% 20-30% 30-40%
— [ — F T ; —
; i : HADES E
E’\m.s %‘:‘Amar . %‘:‘Aﬂ)’é
s I S S |
107 © 107 107
2 =" 2
St e o
T F 3 3
% w0k % 10° % 10°
o f & &
T > 10 Sl
Eb E" E
=" =" : Zo
~10 - U S Rt S W P B ~
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
my[MeVi/c?] my[MeV/c?] myMeV/c?]
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300 <M., <700 [MeV/cZ]
m T 1T ‘ T 1T ‘ T 1T ‘
O 2.5+ :
— I Scaling « A part Wlth a ~ 1 3 —~ T .
x | = 160 :
% 2- HADES = 140  AuAu1.23AGeV 0-40% ‘ -
> Preliminary 2 100k [ ]
9] L i C ]
§ 1.5 B 100 | + .
oo 1 80~ ; ! £
1; R 60 .
i ] 400 HADES =
0.5 Four centrality bins ] o0F- Preliminary
i Two centrality bins ] : | ‘ | | .
e b b b b by g1 G [7] 0. 0, 0,
50 100 150 200 250 300 350 %“a’Seev,:f%vaa;“%evc»ﬂsf‘%W.ef%ﬂ
A t e.l//QE el el//cg
par

o Two observables indicate the formation of longer-lived and
hotter medium in the most central collisions
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Event Selection
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Number of events

all
kGoodTRIGGER
> 4 secs

> 5 secs

6 secs

mult bin 0

mult bin 1

mult bin 2

mult bin 3

mult bin 4

kNoVETO
mult underflow

kGoodSTART
kGoodSTARTVETO
kGoodSTARTMETA

kGoodVertexCand
kNoPileUpSTART

% of PT3

DST gen 8

New standard event flags

File lists of good sectors

Track selection and sorting also standard
Lepton identification:

Neural networks trained on data with two
sets of input variables

Neural network trained on SIM like on data
Neural network trained on Geant PID

Hard cuts

All based on RICH ring finder, no usage
of backtracking

Centrality  Nyetanit, cut > NMmeTanitout S

Multiplicity overflow
0-10 %
10-20 %
20-30 %
30-40 %

Multiplicity underflow
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Why We Need the k-Factor

[A. Adare et al. Phys. Rev. C 81 034911]
1. Assume that ete~ are always produced in pairs (charge conservation)
2. The probability to register n, out of N pairs is given by the binomial
distribution B(n,,N,¢,)
3. Out of the remaining pairs there are three possibllities:
a) No track is detected
b) One e* is detected
c) One e is detected

4. They are described by the multinomial distribution
oo(n+,n_):M(n+,n_;N-np;g+,g_)
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Why We Need the k-Factor /") UNIVERSITAT
2 DARMSTADT
[A. Adare et al. Phys. Rev. C 81 034911]
5. Number of all like-sign combinatoins of reconstructed leptons is:
N—Hp N—Hp N—H;, N—Hp
(n,_) = ng + 11y Z n+a:r(n+i + 11y Z nw(n_}]+ Z Z non_cw(n,, n_)
ny=1 n_=1 ne=1 n_=1
Sum from o(n,,n_) Sum from o(n,,n.)
over all possible n_ over all possible n,

6. Similar formula is for unlike-sign pairs:

N_ 17
¥ (ny +ny)(ny +ny—1)
(M4y) = Z > w(ny)
H+:1

7. To get the expected number of reconstructed pairs we average also over n;:

(N.-) =} (n,)B(1, N, )

HH‘
£
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Why We Need the k-Factor

[A. Adare et al. Phys. Rev. C 81 034911]

8. Next, averaging over N producd pairs yields the foreground pairs:
(FG,) = ) ANLOP(N) = [e+e.(1-¢p)l[ey+e_(1=€,) (N =(ND))+€,(N) = (BG._)+(S)
N

Some boring
algebra

9. And similarly for ulike-sign...

1
(FGy) = ) (Nw)P(N) = Sle + (1= )P ((N?) = (NY)) = (BG...)
N

1
(FG--y = ) (N-)P(N) = 5ley + e-(1 = &)P((N?) = (NY)) = (BG_.)
N

10. And in the end the paper says, that when g, =g, =¢_=¢, then:

(BG._) = 24/(BG.,)(BG__) = 2\/(FG,, }(FG__)
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Why We Need the k-Factor

Well, but if efficiencies are different, we are left with some ugly thing:

_ e, +e(l—e, )][e,_+e (1-€,)

B = e el —elle_+e - )

}2 V(FGL)(FG_)

Fortunately, the same formula stays valid in the event mixing, with the exception,
that there is no signal there, and the unlike-sign foreground = like-sign background.

So, we can juggle and replace the factor with epsilons by:
(lower-case denotes the spectra from event mixing)

(BG,_) = ——L8) 5 (FGLEG_) = k2 EGL)FG_)

2 \KF g fe—)

Take home: k-factor from event mixing is well-founded mathematically and

necessary unless you are getting it =1
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Low-mass Dileptons at 1 — 2A GeV
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high-field, p,> 0.1 GeV
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QO C+C: After 1 subtraction, coincides with (pp+np)

O T

056
M, [GeV/c?]
Phys.Lett. B 690 (2010) 118

0.2 0.4

0.6 0.8
M, [GeV/c?]

Phys.Rev.C 84 (2011) 014902

HADES Preliminary
Au+Au 1.23 GeV/u

1/2 [pp+np]

i

02 03 04 05 06

M,, [GeV/c?]

O Ar+KCI: First evidence for radiation from the “medium” in this energy regime!

O Rapidincrease of relative yield reflects the number of A's/ N*'s regenerated in

fireball
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Observables: light vector mesons UV
i Vacuum
Vector Meson Dominance
Both p and y* have JP=1"
In low mass region (M, < 1.1 GeV): . et
1 2
ImlIl,, = [ImD, +§lme +§lmD¢] o
E’H_/ Medium
8t p(770) %:i%mv = 8 N*
[ 1 N — I

[ ] " NP <0 P
i 6Ff f” 4 / |-
f“ 4t ] nn interactions and baryonic excitations
= : q

T 3 F ]
: Additional contributions to self-energy
Lt s of the p meson:
PN PP iy L \ 1
° 0 02 04 06 08 1 12 14 Dp(M, q;T)ug) =

2_m2 - -
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