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72\
QCD phase diagram EATY:

* HADES explores the high baryochemical potential
region at low T, with heavy ion collisions SIS18
energies.

 Complementary to LHC, SPS, RHIC, etc ...
A+A: 1-3A GeV
Vsyny = 2-2.4 GeV SIS18 range

Temperature (MeV)
S
o

Equation of state of hadronic matter.
e Microscopic structure of baryon rich matter: baryonic 100
resonances role.

50
N(1440) %
N(1520) 0 | | | |
prrpees 0 200 400 600 800 1000
A(1620) Baryochemical potential (MeV)
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Why dileptons? N\

HADIES

R K . . | mass | I | cr | main | ere
Ideal probe of dense and hot phase of a heavy-ion collision. meson | v ey | (MeV/e?) | (fm) | decay | branching ratio
, , . o 768 152 1.3 nta- 44 107?
* No strong final state interaction: mean free path larger than the system » ) 343 534 |7 7=20 =5 105
size =reflect the whole history of the collision. @ 1019 4.43 44| K'K 3.1 10
* Informations on m r properti hiral symmetry r ration, fireball lifetim e '
ormations on matter properties ( chiral symmetry restoration, fireball lifetime, o o) [ 00 o h Eur Phys. 1. A6 :415-420, 1999,
temperature, etc ..). vacuum A
-8 pN:O-spu , \
. . . e o == Py=1.0p, \ =~
* Study in-medium properties of vector mesons (J* =17) (p,w,d), by their decay to —mee p.=2.0p, %
e*e” pairs = vector meson spectral function expected to be modified due to their 3 | g
O
coupling to baryons. 1 9
N*(1520). .. Q -4 i =
= q=0.3GeV <
o
N
-2
P S
0 EEmasama £
00 02 04 4




From heavy-ion to elementary reactions

* Elementary reactions don't produce a medium that can influence the structure of the hadrons via density and/or temperature effects.

* Dilepton inclusive channels provide reference spectra to the heavy ion collisions studies.

* Exclusive e*e”™ channels allow for selective study of production mechanisms.

Nature Phys. 15 (2019) no 10 1040 1045
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From heavy-ion experiments:

Strong broadening of in
medium p spectral function
due to its coupling

with baryonic resonances.
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Study of pp reactions with HADES

G. Agakishiev et al., PRC85 054005 (2012); Eur.Phys.J. A50 (2014) 8

Main dilepton sources for pp collisions

» 1° Dalitz-decay (BR~1.2%): mt°>ye*e".
A(1232)->Nm®, N(1520)->Nn°r, ...
» nDalitzdecay (BR ~0.6%): n = ye'*e".

N(1535)->Nn, ...
* n'Dalitzdecay (BR~4.7x107*): n' = ye*e".

* w Dalitz-decay (BR~7.7x107%): w->mPle*e".
* wdirect decay (BR~7x107°): w—>e'e". Y e
* ¢ direct decay (BR~3x107*):p>e'e".

Short lived sources v

* p direct decay (BR¥4x107%): p »e'e".

Vector dominance
model.

—_ 102 R i I PR DR ]
5 A 7n°oye'e ]
8 s W moetey *pPP@22 GeV
= 1 Mg, «pp@125GeV -
£ Z aal .
= .k Y w—e*e ]
10-1 e ! .‘AA‘ “‘Q 5

8 ; + ,(‘1, A’ ' ““A‘ 4 ;
% 10°F ' t <
B ; T 1444 4
© 103%F A-Ne'e T T 1
0%, . o a0, | T AR Gl S (TR

0 0.2 0.4 0.6 0.8 1

* Baryon Dalitz-decay A/N*>Ne'*e".

Time-like electromagnetic baryon transition form factors.

this energy.

M,. [GeV/c?]
Recent experiment pp at 4.5 GeV/nucleon FEB2

* It will be reference for future heavy-ion collisions at
higher energies (SIS100): role of baryonic resonances at

* Expected to see ¢ in the e*e™ invariant mass spectrum.

timelike
ete” —» AB
(annihilation)

not accesible

A-ete B

(Dalitz decay)

F(Q)

spacelike 2
e"A—e B e

(e~ scattering) L
N* Y.;' =
B@Q(qzw)
N

(in complementary to

electron scattering
studied in JLab)

t
—(my + mg)?

—(my—mp)?® 0

Q*=-¢*
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HADES collaboration and FAIR @ GSI

120 |nst|tut|ons from 10 European countries.

HADES actually is running on SIS18/GSI. ~

"HADES will migrate to FAIR (Facility for Antiproton and lon Research) SISlOO
accelerator. .

Emax:

*  p:4.5GeV/nucleon
. Au: 1.25 AGeV

Linear accelerator Ring accelerator
UNILAC SIS18

)
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100 metres

Experimental and

storage rings
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Emax:
. p: 29 GeV/nucleon
. Au: 11 AGeV

Ring accelerator
SIS100

Production of
new atomic nuclei

Production of
antiprotons

[l existing facility

B planned facility
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HADES experimental setup K

High Acceptance DiElectron Spectrometer

HADIES

5 HADES upemi %ﬁ@@

Forward Detector

A ==——v‘—r_.-
RICH \ —
Start \ —
Beam S =
7 =
Target —
.“ <
Veto - Y/ |—|u
Straw Tracker RPC
Forward
Wall

* Fixed target experiment.

* Large geometrical acceptance: full azimuthal
range and polar angles 18° and 85°.

* Efficient track reconstruction and momentum
determination (MDC+Magnet) and particle
Phase 0 identification (RICH, TOF, RPC and ECal).

SEEEEE < FWD: polar angles [0.5°-7°].

Experiments (2004-2022)

* Dense and hot hadronic matter studies: C+C (1 and 2 AGeV), Ar+KCl (1.75 AGeV), Au+Au (1.25 AGeV), Ag+Ag (1.65 AGeV).
e Cold matter studies : p+Nb (3.5 GeV), n™+C/W (1.7 GeV/c), i~ + CH2/C (0.7 GeV/c).
* Elementary reactions: p+p (1.25, 2.2, 3.5 and recently 4.5 GeV), d+p (1.25 GeV/nucleon).
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Track reconstruction and momentum determjnation %f%if\\xi

o MDCIII-IV

-

Principle: reconstruction of particle momentum by the measurement of their deflection in
the magnetic field.

* Two segments are fitted to the hits measured in inner and outer MDC chambers.

* Fulltrack reconstruction and momentum determination using fourth order Runge-Kutta
algorithm.

e Quter segments need to be combined with META hits (time of flight measurements in TOF
and RPC). MDC IV

Layer 6 .,
.

MDC Il \

Layer 3 \'\ N

Kick plane,,

kick plane intersection

META hit 2
METAhit 3

MDC I
Layer 6

MDC | \ N
Layer 3

CC0C JMYraNISSvAnogv'd

MDC Il MDC IV
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Lepton identification using time of flight

Time of flight measurement

Measured using difference of arrival time between
the START and the TOF detectors signals.

Time and momentum correlation

Track length + time of flight = velocity (B).

For given mass = correlation between  and P.

p=Bxm/\/1-p"

(om X

2Before Identification .

1000 —500

0

500 1000
p x q [MeV/c]

o 1.4

1.3-

0.8}

0.7t

1.2

1.1

0.9

After Ildentification

500 0 500
p x q [MeV/c]
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Lepton identification using time

Before Identification
o 2F gt 3 =3

Time of flight measurement

Measured using difference of arrival time between
the START and the TOF detectors signals.

Time and momentum correlation

Track length + time of flight = velocity (B).

For given mass = correlation between  and P.

2 71000 500 0 500 1000
_ 1
p=Bxm/\1-§ o x q [MeV/c]

1

o 1.4

1.3-

0.8

0.7

B vs P with no selection

0.8

0.6

04—

0.2

—SGUD -1500 -1000 -500 0

1000

1.2F
% o ;

0.9

of flight

500 0 500
p x q [MeV/c]

1500 2000 2500 3000
Pide\/c]
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Lepton identification using time of flight @

After Identificaion

o o 1.4

Time of flight measurement

* Measured using difference of arrival time between
the START and the TOF detectors signals.

Time and momentum correlation

C- Track length + time of flight = velocity (B).
+

1.3-

w 1.2F.
103 1.1» (K]

1

0.9

10 0.8 Sy i

For given mass = correlation between  and P.

_-_— L o7t _
2 -1000 -500 0 500 1000 1 -500 0 500
=0Xm 1—
p=pxm/y/1-f b x q [MeV/c] o x q [MeV/c]
B vs P with no selection

s 12 10 =

LA Z

Vet “% ‘0‘ . ‘a‘\O“ 10 %
Wt ¢ cali®
eC‘ 0.6 g
63“ . 10° E
| 12

—BGUD —-1500 -1000 -500 ] 500 1000 1500 2000 2500 3000
Pide\/c]



Lepton identification using time of flight @

After Identificaion

o o 1.4

Time of flight measurement

* Measured using difference of arrival time between
the START and the TOF detectors signals.

Time and momentum correlation

C- Track length + time of flight = velocity (B).
+

1.3-

w 1.2F.
103 1.1» (K]

1

0.9

10 0.8 Sy i

For given mass = correlation between  and P.

_-_— L o7t _
2 -1000 -500 0 500 1000 1 -500 0 500
=0Xm 1—
p=pxm/y/1-f b x q [MeV/c] o x q [MeV/c]
B vs P with no selection
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Lepton identification usmg RICH @

* RICH: only e*e™ give a signal (ring).
2 MDC tracks
* RICH-MDC correlation: consider spatial correlation

between the track directions found in the RICH and ¢z /, _
. o .

the inner MDCs track segments. AO and Ad between -8° and 8°.

* Need to put cuts on the differences between the AB vs Ad

angles of the track candidate and the rich ring center:
AB and Ad.

mounting frame

UV-mirror

photodetector,
with 6560 pads
in each sector

photodetector gas

connection to
readout electronics

radiator gas (C,F, )
Csl photocathode

CC0C JMYraNISSvAnogv'd
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Adjusting cuts on RICH parameters @

ABvs P Cuts on A8 in RPC
S - . 25
LEL : - - +
10° — P
E_
. B For low P, high o values due
' — . .
15~ 4 to the multiple scattering
—2f K on RICH mirror.
_B - &
_als _= = .
B G aso® 3
T, 50 0o 500 1000 ! 0.5— A EEEEEEE R R R R
B _ ﬂ | | 1 I 1 | | | 1 1 1 I | | 1 I 1 1 | | | 1 1
1000 — - 0 200 400 600 800 1000 1200
N PMeVie] =
- =
SUUj 8
- =
“~ Random matches * Do same work for Ad. %
- between a rin =
ool - « Putcuts on AB & Ad between -20 and 20. =
— and track S
- S
200— N
Uy —‘a# _F:E_WT—MI - -‘2 15



* Improvethe lepton-pionseparationat high
momenta.

* e*/e” leaveall theirenergyin the ECal (E-P close to
0).

* Hadronsleave much less energy (E-P <0).
* 6 sectorscovering12’° <0< 45,

* First sector not present.

(E. _-P)vsP 1) Apply RICH cuts

' BT N T T T BT “",._ L1l 1 1
-1000 -500 0 500 1000 1500 2000
P[Me\ic)
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Lepton identification using ECAL @

* Improvethe lepton-pionseparationat high

momenta. (E_,, -P) vs P after RICH cuts
— 1000 = - i
* e*/e” leaveall theirenergyin the ECal (E-P closeto ¢ -
0)_ w800 -
GO0
* Hadronsleave much less energy (E-P <0). : o
400f
* b6 sectorscovering12’ <0< 45, sookids
* First sector not present. 10°
1) Apply RICH cuts A . ' '
cuts [ . ' 02
(E_ _-P)vsP PPly ol ) R - : ‘
m§ : 10
(e
~1000 004 500 I 'Lﬁlt}ol = 'tln I B I5ll}[]l = ;.00 1500 2000 |
i0* P[MeVic]
»
>
10° 8
C
=
(9]
0 2) Define ECal cuts : projections+gaus fit. ‘r’%’
Take -26 < (E-P) < 20 %
(@]
_100 ||||||||||||||||||-|||| 1 §
—BGDD —-1500 —-1000 —500 ] 500 1000 15{]Dp[M V%GJUU N

=
N



Efficiency of RICH and ECal cuts @

B vs P with selection

10°
10°
10°
1) Apply RICH cuts
10
o o e o b L b L b
—BGUD —1500 -1000 -500 Q 500 1000 1500 2000 25800 3000
P[Me/c]
B vs P after RICH cuts B vs P after RICH+ECAL cuts
10
10°
@
2) Apply ECal cuts %
107 S
>
@
04 %
10 E
0.2 (@]
N
o
vt by by b by by by by by 1 B
—BGDD —-1500 -1000 -500 o 500 1000 1500 2000 2500 3000

P[MeV/ic]

=
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. . 7 2\
e ‘e “pairs selection e

» After selection of single e*/e™, they should be combined _
into pairs .

* CB mostly due to conversion: "close pairs" (small opening

* e*e” pair combinations from different virtual or real angles).

photons conversion : to be rejected! * To reject rings matched to 2 inner segments with opening
* Combinatorial background estimation based on like-sign angle <9°.

pairs. /

N_+ =2 1p‘N++N__

Correlated CB: e* and e~ coming from the same mother
particle, but not from the same intermediate (virtual) photon.

META 2 hits . META 1hit

N

2%

RICH 1ring RICH 1ring

* Cut on the opening angle between MDCs tracks to supress
the reconstructed conversion pairs which survived the
previous cuts.

* Take 6., >9°.

signal pair!

CC0C JMYraNISSvAnogv'd
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: A\
Invariant mass spectra HADES

—— 1 1 1 1 } L] L ¥ ¥ I L 1 1 T
>
010" p+p, E_=4.5GeV =
O All triggers
“o C HADES ]
e e Events = 6.28969e+09 , ,
Em e S -1 * Invariant mass spectra for data collected in 5 days.
™ R )
Dok *"’:,,&. s | Clt.ear pealfs z.arround t+he _mass OfTF , W and.cb. .
s B 'xm::::.. i ] < Still preliminary: e*/e™ selection purity will be
SZ i e, “” ¥ | improved after START detector calibration.
° [ e “
< i T * ¢ a
O - » o
Z v "', f.
o - $ -
—=107F ' g .
, 'i'." t. | >
: | 44'1s l@ T 2 §
. ! gl j L N
0 0.5 1 1.5 Z
2 5
M, (GeV/c?) :

N
(o)



7 A\
PLUTO simulations for pp @ 4.5 GeV s

* PLUTO is an event generator.

* Developed by HADES collaboration. Technical (reaction)

Staitkia l (Multiple) Reactions Physics Interface
« Based on ROOT. , |
. . ‘ . Reaction > /vloistribution Manager
* Used to describe the particles production and their Decay
Decay Manager | "} (Channels) [~—___
. . . {cocktails) 1
hadronic and leptonic decays in elementary and heavy- l I'I. 1
. . Physics Models
Ion reactions. Event Loop
\ y
. T T R TEAT . ,:;1:el?s°°p iniersace @ Particle and Decay
ry to build "inclusive" dilepton cocktail for pp at 4.5 B i s
Free bulk” decays
GeV to compare it to data, where we ask to have Bang & e THwclGs l
Particle operations
. . : 'y ¥
e*e” in the exit channel. QAR (52 DataBace

* Inputs: cross sections for the different dilepton sources
mentioned before.

* Pass events through Geant: detector

geometry+instrumental effects.

CC0C JMYraNISSvAnogv'd

* Reconstruction similar to data analysis.
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Mesons cross sections HADES

HADES Collaboration (G. Agakichiev et al.), Eur. Phys. J. A (2012) 48: 64

T —— T e —— — I L L D B , T T = T 1 1 ] r 1.1 1 1 T 1 T T 1
E | | | | _E - . o) % e 5 @5 il
|E. 1 — ‘E. 1 E- - - E E
@ 0,=0.35mb 5 i @ 0p=035mb : : S gn=1.5 f"’b :
S ) S ST (R S
: "..__HL‘ ] E + Hﬁh“uh_h E B “ ]
: ] o : 1 I _
10°%F ¢ e I : : ] w0 e -
- " ] 1 : 1 ¢ :
10 -3 ! O p+p -> X _ 10 _3:_ JI O p+p > p+X - | ? 8 pHp = n+pHp |
E @ p*p -> w+p+p 3 E | @ ptp -> ptptp E 0 u O pHp > X -
i f --0BE ] - JI --OBE E ! ----model 3
- ! _4 | | | | |! | I | | | | | | | | | | | | B L * | L | i i | | | | | | | | | T

4 PR W TN N TSNV (TN A N TN TN NN TR N WO NN N W' 10
107, 2 6 8 10 0 4 6 8 10 3 4 5 6
Vs = 3.43 GeV Vs = 3.46 GeV 112 Vs = 3.46 GeV 52 [GeV]

s'? [GeV] s [GeV]

Cross sections:

* 0,-0.83x107? g, (Measured by DISTO in pp collisions at 3,67GeV)
* 0,8x107a, (Measured by ANKE in pp collisions at 2.8GeV)

¢COT JCYL INISSVA NOogv-d
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mm° cross section

* Inelastic cross section of t° production, from pp at 3.5 GeV.

E 1 ) ) ) LI 1 ) ) ) LI ) ) )
E
=
10° - 't'#:’.*"__
N JPEL R i ]
T 0,=22.2mb ¢ B R ]
a T #j*’ i
toi 4
- ‘__,-'Ei@+ ‘+..a- -
- + , Fd
10 . —
- # ¥ ]
: a; ® ptp->Tt+X :
:; o prp->T+X
L ' : p.+p_}.:r[n+x —
-- HSD
1 1 | | | | |||| 1 | | | | |||[|}2 | | |
1 Vs = 3.46 Gev 10 1

At 4.5 GeV, one, two and three pion production coexist.

* As a first step, try to introduce one and two pion production

in the cocktail.

E.[GeV]

1.

80
70
60 -

Q50

40 |
30 |
20
101

2.

O nop= 11 mb

Very scarce information on pp—>NNrmt = use SMASH (transport model)

results.

PP

Isospin factors deduced from AA modelfor pp—=>ppn®n®and pp—>pnnnt.

SMASH-2.2
total

- elastic
- NN
- NNm

NNmn

= NNnnm

NNmmrmnmn

- NNmnmnn

- NNmnmmnmnn
- NNUAammmnm
NNTIImmmanmn

NNnmmmn
NNnmmnmn

- NNnnm
SMASH-2.1 (total)

data (total)
data (elast)

p
/273 A"
p - / m’
¥ J273
mo
e
p —
2/3 Adk \

T
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. 7\
Baryons cross sections e

‘Baryon Dalitz-decay: e*e” source SMASH

* pp—>pAt(pe*e). ] ool — total - e i + data (total) ||
— N+N, N.+£.‘ - A+A’ 4 data (elast)
« pp>pN*(pe*e). Main contributions: -
| N(1520),
* pp—>A*(pe*e”)A*(pn® / nmt*). A(1232) - r i
and A(1232) A(1232 T '
° pp9A++ (pT["' )Ao(ne"e_). ( ) ( ) \\/\
-
* N(1520):0 =5 mb, BR~2.3x107". L oy
R NGy v
e A(1232):0=11.5 mb. e S e A
e A(1232) A(1232) : 0 = 8.3 mb, BR~6.6x10"". 20 25 30 3 .0 .

‘Isvﬁ&ec‘?\f
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Cocktail at 4.5 GeV

Illlllllr

!]lll]\

llllll

IIIIIIII

= ) .3
4 mm— fo; Y 3
= 0 4 2
s, N7 -
=M — L2 E
E - I =
- a0 e — A A . =
™y N =] :
ui — N " >pp _
S —_— ) D ete-, I
i LT wn — =
=7 LT — poete =
i;i’fm-"—-\_ e ¢__) YY =
3 T _§
[k ‘ :
:DI . 1[-1:7, 1 1.lJU.:
0 0.2 1.4 1.6 1.8 2
inv 2

M.« (GeV/c?)

FUTUR PLAN:
Study the exclusive channel pp—>pe*e™X.

Detect proton (in HADES or FWD) in addition to e*e”

pair.

Select pp—~>ppe*e™ using missing mass : to be arround
the proton mass (X=p).

Selective study of pp—>A*/N* (pe*e”)p and
pp—=>ppp/w(e*e”) investigation of VDM.

e#
"
*
N* YJILE_ N* Y e’
3@ P,w, @
i N
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Conclusion and Outlook

* Dileptons are an ideal probe to describe properties of hot and dense QCD matter.

* This analysis will be a reference for heavy-ion collisions at SIS100 energies.

e Cuts on RICH and ECal help to select good leptons as much as possible.

* Waiting for more calibrations and MS correction that will improve the quality of our selection.
e Data will be compared to the transport models simulations.

e Extraction of w and ¢ cross sections.

 Study of the exclusive channel pp—>ppe*e™ is a plan for selective study of baryon resonance Dalitz decay and p/w decays.

CC0C JMYraNISSvAnogv'd
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PRODUCTION

SMASH-2.2
total

- elastic
- NN

= NNmrnn

= NNn

NNTn

++

NNmnnm

- NN
. NNmrnmn 2)pp = pnn’nt & pp - At (pr®)A* (nnt)

- NNnnnmnnm || pp — z_’\.++(pn+)f_\.ﬂ(nn0).

MPROVE ¥ KINEMATICS BY GENERATING 2 PION

Opp—NNrrr = O 70,0 T O 0+t Optpg— T+ Optp+ = 14mb

~8mb
~14mb
~8 mb o

1) pp - ppr’n® < pp - AT (pr®)A* (pr?).

2 2
a0 = 5 X E X Op+pat

NNTRAAnnm
- NNnmmum 2 1 2

NNnnmnn
NNnmn

SMASH-2.1 (total)

data (total)
data (elast)

0.0

— +=—X—X2X0ﬂ+ﬂ++l)<§0'ﬂ++ﬂ0

= 3 3

3)pp - pprtnT & pp - A (prt)A° (pr7).
1
Optp— = 1 X 3 X Opt+p0

4)pp -» nnrtnt © pp - At (meHAT (nne ™).
1 1

- == X X Op+p+
373 ATA




CROSS SECTIONS

ph = A+A+_; pp ]TUC,+£,~ OR pp — A+A+_) np ]T+(’+(’_

{ 5 5
N 4 - 2 Otot 4
war=\ 3] X\ 3] *T e ; 5~ 7 Otot
$ N 3 3 3
) =
pp - ATTAY s nptete

B e l
p '/ A'.H:; N
“‘n_ Op++p0 = %% < \[%) X O-t;’t 3
i 4 ( T
kY o /
14 \ A 1/3

O pp-NNrw = Op0p0 + Opop+ + Optp- + Optpr = 14mb
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BARYON CROSS SECTIONS

Oinel = Op + Op + ON + Opp + Opp»
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L New inputs for PLUTO.
J Add the double delta production to the cocktail.

O Simulated as AT (pete™)AT with : 10r
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