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> Introduction



QCD phase diagram studies (compl. to LHC, SPS, RHIC,...)

Neutron star

% HADES objectives :

S
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The Heavy lon context
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In heavy-ion collisions at a few AGeV, pion dynamics crucial to describe the evolution of the collision :

v real pions copiously produced

v NN interaction driven by pion exchange
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D. R. Marlow et al., Phys. Rev. C30, 1662 (1984), Pion
cattering From C and Ca at 800-MeV/c.

N - ~ N quasi-elasfic process
affected by rescattering.

AN — NN absorpfion process is
important.

A (1232) region (p,, =250 MeV/c) well-known

= data

sum

o 25
E L

e | = 32 wio 4(1232)

pn -> pp

S. Teis et al. Pion production in heavy ion collisions at
sis energies. Z. Phys.,A356 :421, 1997.

For p+A or A+A at Vs, > 2.6 GeV, information on higher lying resonances needed .
N(1520) region p,, ~ 700 MeV/c has not been explored.
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Investigate different hadronic exit channels in m- + '2C reaction for 2" resonance region :
Provide very new data to an unexplored region .

> Important to test cascade code used as a hadronic model in geant4 (binary
collision, only included)

> Important to test transport models used for the description of heavy ion collisions
(includes ) ,

> We also use event generator to easily test phase space effects.

» Complementary to e+e- production channel already studied by HADES.



Pion beam experiment @ GSI

o August 2014 commissioning experiment
o Total ~15 days of measurements
0 Main run: momentum p_, = 0.690 GeV/c

X |
o Polyethylene (CH,) and carbon targets Q%
O Secondary pion beam v /
sllicon detectors start L‘IE[ECIV -
% : : , ~ / HADES detector
! dispersive plane i :n-heam’-
60 _ 5 i “--.____\‘ ‘.:H. nE

. , [0.69 GeV/c], 2x105/s
pion target | AP = 1.7% (rms)
g HADES target
) N # Polyethyi
, gk olyethylen
20 e 2AGeV], 6x1019/s - ] 2 v
- e connons [ ] / (X1, (x2, y2) (CHzln and C
DO.D ’ ofs 1?0 1fs - 2.0 | HADMU1 2 DUUbIE'SidEd Si“ﬂﬂn SENs0rs
P, [GeV] 100 x100mm?, 300um thick
2 x128 channels
- Data on carbon mainly used for subtraction of m+C interactions in CH2 target to study m+p

reaction.
HADES collab., Phys.Rev. C102 (2020) no.2, 024001

- Large statistics for hadronic channels (m*, - ,p ) on carbon target to be used for dedicated
analysis .



HADES

High Acceptance
DiElectron Spectrometer
(GSI, Darmstadt)

Experiments (2004-2019)

Hadronic matter studies :
C+C 1&2AGeV,
Ar+ KCI 1.75 AGeV
Au+Au 1.25 AGeV

Ag+Ag 1.65 AGeV Cold matter:

p+Nb 3.5 GeV,
n+C/W 1.7 GeV/c

Elementary reactions :
p+p 1.25,6 2.2, 3.5 GeV,
d+p 1.25 GeV/nucléon
n+CH,/C 0.7 GeV/c

> Acceptance: Azimuthal angles 85% (6 sectors)
polar angles: 18° - 85°

> Detected particles: e, p, nt, K*

> Tracking: MDC

> p, nt, K* identification TOF-Tracking

détecteurs de gerbes

zone de champ magnétique

6 bobines supraconductrices




Data Analysis

DST (Data Summary Tape): Calibration-> included tracks and physics observables, P, ToF, dE/dx...

}

PAT (PostDST Analysis Tool): Particle Identification + channel selection: ex: 1zt 17~ and 1 proton at least.

\

FAT (Final Analysis Tool): File of events with all physical variables (invariant masses, angular
distributions...)

Velocity Vs Momentum

P [G8VICTg

. . . _ O¢l
Data normalisation (counts -> mb/unit) : Fyorm = 2 X=X Fc/ch2

el

Based on ™+ p elastic scattering in CH2 target and C/CH2 normalisation




Filtering of simulated events

Geant

Efficiency mairices

1t~ efficiency - projection yz

Acceptance matrices

Proton acceptance - projection yz

| L1 INE 1] B | mirpErm

0 [deg]
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1 “ i
l|| mim n
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CacelPr 6, ) =N...(P, 6, $)/N,,; (p, 6, D)

Ceff(p; er CI)) = Nrecons(pl er d))/Nacc (p; 6, Cb)

+ smearing function of (p, 0, ¢ ) to take into account the resolution




> Study of the quasi-elastic channel (QE) #=C - pn~ + X’

« Comparison to INCL (Infranuclear Cascade model) and PLUTO (event generator
for hadronic channels) .
« Investigate sensitivity of data to short range correlations (SRC).



Benchmark of models

Participant-spectator model :

PLUTO

Vs

12¢ = participant off-shell proton +

12 = (on-shell nucleons) nucleon
spectator on-shell 11B B ( )

Fermi gas

.

( o .
- |n.teract.W|th an off-shell. proton 1- + p (moving and on-shell) > r- + p
moving with momentum distribution in S + X

.agreement with (e, e'p) (1)

-

( . . . . . . .
Further interaction of particles not taken Further interaction of particles taken into
into account account, depending on cross section
N Nuclear mean field is acting on products.
\_
Only elastic channels included (by choice). (
inelastic channels are also included

&

Pluto is a Monte Carlo simulation framework developed by the HADES collaboration for heavy ion and hadronic-
physics reactions.
INCL is used in toolkits for the simulation of the passage of particles through matter (Geant).

(1) K. Nakamura et al.,Nuclear Physics A, Volume 268, Issue 3, 21 September 1976, Pages 381-407


https://www-hades.gsi.de/?q=node/134

. Quasi-elastic (QE) and inelastic cuts

QE similar to ==+ p —» ™+ p but still different

0024 | Elastic cut

* HADES data

Py VS Py typical of binary
reaction w+p >mw+p

— Pluto
— INCL
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Angular distributions

Missing mass

0025 — data : 'C target
E " cFi)'Tlta M-+ P (CZH4- 12C iss — - +Pp_PT[_inC_PCi)
002 1 - uto -
B L. —— INCL 0.025| -
N T —— INCL:wC>pr ''B -
0.015|— h 0.02
E 0.015_—
0.01— -
- 0.01—
0,005:— 0.005;— 11B T 11B+1‘[
B C e =
07 | o | | QIO 10.05 10.1 10.15 10.2 10.25 10.3 10.35 10.4 10.45
20 40 60 80 100 120 Mf;:i‘;::n‘p) [GeV /C]
o,
c
Pluto: effective momentum distribution, no rescattering

\

n-+p’+ B> n-+p+ 1B

INCL: Fermi gas + rescattering

« Angular distribution is different from ™+ p.

- INCL describes rather well the pion angular distribution
* PLUTO doesn’t fit well the pion angular distribution ?

« Mmiss is close to 1B mass.



Fermi momentum

Prmiss = Py~ Pp — P,

« pure quasi-elastic » :

0.012 —
data T- + p scattering on an off-shell participant (p, P})

0.01

— Pluto ST pT Pl BT

| INCL Pn+Pp=Pp+Iit)

0.006 Pmiss — AP — _P;J

0.004

SRC ? \“\\ S
\ , SRC : short range correlations

- I : .
o e, 1 Nucleon pairs that are close together in the nucleus

01 02 03 0.4 — 05, high relative and low c.m. momentum, compared
P.ss [GeV/C] | to the Fermi momentum (kF)

_____________________________________

0.002

‘l
.

O\\I‘I\\‘\I\‘\\I‘\\\‘\\\‘\\

o

Pluto : effective spectral function: describes the missing momentum quite well.
INCL : Fermi gas distribution + rescattering : proton momentum underestimated
Data : Large tail for high proton momentum in Carbon. SRC or rescattering effects?



Reaction mecanisms forn™ + *C->n~ +p + X’

o o . .
TP olisions =1  pyre quasi-elastic
Or ch.ex. (Nn= 1)
TthD"‘) T[on___) N
Tp?
Collisiong > 1 =1 Quasi-elastic + rescattering (NN)

Nn > 1 Quasi-elastic+ inelastic (pion production)

COlliSions = 1 —_
TP N N_.>1 Inelastic

Neotiigion, s 1 < N,=1 Inelastic + pion absorption

N

>1 Inelastic + rescattering



. SRC preliminary study:

X%Q ae9
Adjusting cuts to reduce rescattering effects : p® T
(] (] ege — p
> Restrict Ap (coplanarity condition of p and ™)
» Cut high missing mass values (=high excitation energies)
5 af S
% 20f- INCL QE selection (A¢[150,210]) %
9 g oy | e INCL QE selection (A¢[170,190)) 0]
E 16 :_ INCL QE with possible NN rescattering (FSI) S
é 14 Recoiling 11B* e
a - Recoiling 11B* no evaporation o
o 12—
8w %
8 .
6 Rescattering+SRC rescattering
4; l
O 0‘10‘203 0.4 0.L5L "o.le 0T 0 PR oS et —
101 10.2 10.3 10.4 10.5 10.6 10.7

missing P (GeV/c) M., [GEV/C?]




QE cross section :

i data in acceptance f f
60% data in 4xn corrected using INCL (Pp +Pr’)
° Acceptqnce Correction : 50;: data in 4n corrected using Pluto
For each spectrum : L 0% ¢ p(4m) = 5.82mb
30| 07 ¢ pp(4m) = 6.78 mb
(Acc) 20|
1 Bm Content ; -
— 10|
I? ( TI) - e e e -
corr (i) Bin Content i =925 713 135 1.4 145 15 1 55 “i%
M., [MeV/c?]
Data — —
O-C ,QFE (411:) — 5' 93 i O 39 mb 0'14: data in acceptance
o o 0.12— data in 4x corrected using INCL
(pl’ehmm dl’)’) - data in 4x corrected using Pluto
0.1—
olV¢l(4m) = 6.14 mb s A
(:(Zl; 0.08—
- Oa ¢ n-p(4m) = 5.30 mb
O'Os;crq comp4T) = 5.79 mb
OcQE= OH,el Lot 213 0.04— reme
v OHel ™ 19.0 mbil Omb 0.02;

— Zgsr =0.175 +0.03

||“‘ ) ) ) | | | | | | ! I |-
40 60 80 100 120 140

Zefp << 6 om
Bproton [deg]




» Study of inelastic exclusive channels
e m Copm m~
e« T Coprnnt



Inelastic yields

) - .
= - - “'-.,. . data (n'C->pn'+X) Inelastic
 No clear presence of 4(1232) : § ooef- INGL (£C-»pr'+X) Inelasti
E 0.05
:\:E 18 ; data (n C->pr+X) Inelastic 8 004
8 16 INCL (n'C->pr'+X) Inelastic 8 0.08—
E e (]02E
é 12; e
5 o} —— A(1232) 0.01
8 8l — Pn threshold T —
61— 0, (degre)
o
2|
OZIIJI\.J\\.\..\\...\..\\..\.\\.. -
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§ - e . data (xC->pm+X) Inelastic
16— - e 1 : i
_ 2 i - - - —— INCL (r C->pn'+X) Inelastic
Minv - M(pr+Pnf) [GEV/C ] % 14}~
" _ . . £ 12p
N = A%z , A® - pn~ (+ possible rescatteri ng) R
Atm~ , AT - pr® 2 o
s
47
« INCL underestimates inelastic channels by 20%. e
— Better investigation of the different processes, N S N R R L
0 0.1 0.2 0.3 0.4 0.5

° ° — — —_— +
looking at exclusive channels pr~n~and pr™n P, (GeVic)




n C-pnn +X:

e T +n-op+mn +mnr +C primary collision

e T H+n-op+n +nw +11C - m+pon +p+ 1B
I—}n‘+p—>n‘+p+1OB I—Vp+n—>p+p+1t‘+1°B
e mm+pon +p+ 1B e m+n->nm +n+11C
I—V n+n-op+n +n +°B I—}n+p—>p+p+1t‘+1°B
e T +n-on +n+11C e m+n-o>n +n+11C
L’ﬂ"+n—>p+n‘+1t‘+1°C I—}n+n—>p+n+n‘+1°(;
n Nom m N (_Iuasi — free
followed or preceeded by a quasi-elastic n~ N >mn + N
m N— 71 N step followed by
NN - NNm™

would imply the 15t 7 to be emitted
backwards — not detected



n C-opn " +X':

e +pon +p+n +nt+1B

n+p-on +p+ 1B
n+p-on+nt+mn +''Be

n+pon +nt +n+ 1B

L’ n+p-on +p+ '"Be

n+p-on’+n+1B
I—» " +p-op+nt+n +Be

quasi — free
m N-m + N
followed or preceeded by
m N-> N rm'

primary collision (but with
a very small cross section)

- m+pon +p+ 1B

L’ p+p-on+p+nt+1°Be

quasi — free
m N ->m + N

followed by

NN - NN7t*

would imply the 15 7 to be emitted
backwards — not detected



pt—nt~ channel (absolute normalisation) :

n+n-p+n +n+11C.

\ - data (TC->prw+X)

—— INCL (mC->prm'+X)

1.2

1

0.8

0.6

do/dm (mb/(GeV/c?)

0.4

0.2

OI\\‘\I\‘I\I‘\I\‘I\I‘\\\‘\\

q _
M ... [GeV/c?]
 much smaller contribution from primary collision than predicted by INCL

» broad distribution for higher missing mass values ->remnant is more excited due to rescattering :
of pion and/or nucleon.



pt—ntt channel (absolute normalisation) :

& 12—
Q L
= B
8 1— data (n C->prnnt+X)
o - ] )
c 0.8— —— INCL (wC->prnnt+X)
% 06/
B L
o L
0.4 —
0.2 :—
Oju,mwtuuﬂuﬁ‘ v ] \ ] \ \ e ] \ |
10.1 10.2 10.4 10.5 10.6
2
M. [GeV/cT]

- prn n~ Yyield overestimated by INCL

 Different from pr~n~ channel, no production from a primary reaction
— allows a selective study of rescattering processes
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v’ Study of different channels in m~C reaction @ 0.69 GeV/c: Quasi-elastic ,

rescattering and 2 pion production : )

v’ Detailed comparison with models, starting with INCL : Discussions with experts on-going to adjust some
parameters.

* INCL describes rather well the yields of elastic and inelastic channels but doesn’t describe perfectly
the kinematics and excitation energies distributions.

* Extraction for the quasi-elastic cross section in 41t :
. systematic errors to be checked (acceptance corrections using other models).

: allow for a detailed test of multi-pion production mechanisms and rescattering.

» Investigations of rescattering/Short Range Correlations effects in the QE process.
» On-going studies with transport models (including baryonic resonances) SMASH, RQMD.

» Other channels to be studied (ppX,...) @ 1 absorption channels .



Thank you for you aftention !



BACKUP



o -
< 20 PW x 0.72

i : ¢~ Exp. data ]
o "'-H ES =12-21 Me¥Y

°

Fig. 10a. Distorted (DW) and undistorted (PW)
momentum distributions for the lp,,, proton
state of '2C, calculated from the bound-state
potential given by Elton and Swift '?), Data
points are arbitrarily normalized.

K. Nakamura et al.,Nuclear Physics A, Volume 268, Issue 3, 21 September 1976, Pages 381-407



. NORMALISATION  counts — mb/unit

Ol

Data: Fuorm =2 X N, X FC/CHZ-

el

= Normalisation for pi-+p cross section CH2 target (all statistics): %= 1.107x10~7

el

* 0, - known cross-section of elastic scattering in full solid angle.
* N, - number of elastic scattering events in full solid angle
* Np - number of collisions of the reaction of interest.

= relative normalisation C (all stat.)/CH2 (all stat.) =F ¢ /cp,=1./0.2178.

|NCL : _ O reaction

F
Norm ™ Number of shots

Oreaction = 1462.32 mb.
= Number of shots = 100 000 000.
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* Particles move in straight lines
* Momentum of the particles does not change
e For a given momentum (p), a particle can move in sphere of radius Rmax(p)

And this works well!

However, at low energy, interaction cross sections vary rapidly with « p »
- The right momentum is needed

- INCL momentum must be corrected

- A local energy must be calculated (to get the right cross sections)

How?

- At a position « r », the minimum momentum to reach it is p_min such as r=Rmax(p_min)

- Then, at this position, the minimum energy required to reach it is E_min=(p_minZ+ m?2)¥/2 —m

- And, at this position, a particle of momentum p_min should have no more kinetic energy, but a potential energy
instead

- This potential energy is E_min

- And this potential must be substracted to the energy of your particle (probably higher than E_min)



Local E (J.C David)

B 10 P 10 10* 10°
A L Py (GeV/o) (for 7 p)

LOOf-f-ersevs oo oo

0 ity
[ lt

Cross section (mb)

i
10— . }‘"U'

gt b AR gt elastic

"1[?"‘."’1rl \/: (GeV)

1 10 100 71000

HADES: 0.680 MeV/c

If we consider a proton of p=250 MeV/c
- Ey=1.61 GeV (without local energy)
- E.=1.48 GeV (with local energy)

To be checked, but
The proportion of elastic increases with
local energy...

100¢

Cross section (mb)

501

10F

M+
Ll !

|



Local E test INCL

0.09 ~— . data 0.09 . data ‘f-\
0.08 INCL default 0.08 INCL default ¢ .
— INCL : Local Energy = :never | ¢

INCL : Local Energy = :never

do/d® (mb/degre)
do/d6 (mb/degre)

3 i
0.06 — 0.06 -
— ‘.'
0.05 E_ 0.05 .:'
0.04 — 0.04 >
003 — 0.03
002 — 0.02
001 0.01
0g - 20 80 80 100 T 7 R T W 05 e 80 100 120 ) 180
B.y,(T-) (degre) Ocm(P) (degre)
oL 1400 = =
o - + data 2 PE . data
> | © 80— .
8 1200 m INCL default ] = . A INCL default
= - . - =
"‘g 1000 | INCL : Local Energy 7 :never £ SR '. INCL : Local Energy & :never
c:..-r : : SDE_ - -
E 800 j ..__? 50— -
o — © =
‘5 - o wE
S 600 |— 40 .
L - .
- 30
400 — = .
I 20 - -
[ 2
200 — 10
x 20.08 20.06 “5.04 Y B 0.02 Oy N X TR Ry S 0.5 o Ty T e

(missing mass)? (GeV/c?)?

missing P (GeV/c)




Quasi-free T p—-» m p followed by NN — NNm~™ kinematics :

(1.Ciepal)

Ekin p

For nucleon rescattering,

r ) osst X EMN(N) = 300 MeV
Minimum nucleon energy for NN-> NN~ o.of
> 300 MeV
\_ J o2 5
e O1ap(P) < 25
elab n_ > 95° DII;I I TE!I}I I Idvll}l I ;irl}l I jBD 100 120 140 1680 1BO
Pion not detected _ OLas P
g 13&5—

160

0, (pion) > 95°

140

120

Most events expected from 7~ N- ™ m N (with or
without rescattering).




pt- - channel kinematics . data & INCL
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Data (on proton target) :
« Narrow peak expected due 1o energy and momentum conservations.

Data (on Carbon target) :
o Broader distribution due to Fermi momentum + rescattering.
o Effect partially described by the simulations. Pluto describes much better Mmiss.
o Intriguing small peak similar to free elastic — interactions with hydrogen in C target |

data : Carbon target
data:m-+p T Y 120)
0.0025 PLUTO

INCL

0.002

0.0015

0.001

0.0005




Vertex study for hydrogen-like events .

—-60<V; <-10 V,>0

--
=™

LN
o
1
1

Events with 7>0 due to
1 inferaction of &~ with RICH tube. |

o
TTT TTTT]TTTTTTTT]TTITT TTTTTT TTTT
I \ I I \ (W]

This pattern confirms that

o —— : R \ the second group of reactions

= o —— originate from the RICH tube
S B - A (C fiber material) and are

S ———————— A - folded with the Start detector

A e ——F—1 _F =1 shape (trigger effect)

. 800

In H-peak

Total events | 7
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Interest for pion momentum calibration :

Iterative method : Selection of free elastic scattering events :

transformation, By is 25000
1 determined from initial 20000
: 2. T~ at Pﬁf:,b and proton. oo
pla PM :
l’n n CM 10000:
* P;=, deduced from o

3. If P%,?lb+1 gaus Fit. Mgl St

wtpom tp

e Using Lorentz

lab CM M. 2 (GeV/c2)2
Pl,n lab o \/E X Pn ( mzss) ( € /C)
. in+l — -
Continue Myroton o In H-peak
\/s is calculated from 600;
zsof)fab = 669.6 + 0.4 MeV/c.| measured 7t"and proton. so0-
. bl b
zolPCY = 425.2+0.2 MeV/c | Il -
- |H | 3005—
150: | 2002—
100i 9‘I:')O44 -80 “—60“‘|0“I—2|0“I0“I20‘I
: zmm)
s0[
S oot Incident pion momentum calibrated for the CH2
0 .0.54‘ “.hldﬂ.gﬁhlhw ”10438 - 0[4 I ‘O.LZI I ‘0.11-4I ‘ ‘D.LB‘ - 'F‘-D..LBEJI' - DJ.5

POM [GeViA] target using n~+p — ™ +p elastic scattering
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Targets for pion beam time AUG14

Polyethylen target

Diameter: 12 mm
Length: 46 mm
Lab position of center: -32.7 mm

Carbon target

MNumber of segments: 7
Diameter of segments: 12 mm
Thickness of segments: 3.6 mm
Distance between segment centers: 7.1 mm
Total length: 46.2 mm
Lab position of center: -32.6 mm

Target holder:
carbon-fibre tube with outer diameter of 26mm and wall

thickness of 0.5 mm



(M,,;.s)* for quasi-elastic : m+ 12C >+ p + X

0,008/
- data : 7- + 12C)
0.007— . -
- data:m-+p (CZH4- C)
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and

« Hydrogen> Z position of the Vertex in the
pea
H-like peak
800 :— %;;r:r\i,:;e“mh
700; Stzalgev
GOOi—
é 500?—
Z‘gﬁ 300
L | M 200 —
0 0.01 0.02 -
M | )2 (GeV/C2)2 100?
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Selection for Quasi-free events :
Peak at -0.000254.262 (GeV /c*)?
Selection between :
peaki = peak-0.0005 (GeV /c?)? + V250

peakf = peak+0.0005 (GeV /c?)?

As showed in magenta



(Mmiss)z for Zyertex < —10 and fOT Zyertex > 0 :
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Hydrogen content:
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RICH tube (carbon fiber):

m
— —(5.54+0.5)x 1073
mc

target region (high purity carbon):
my _4
=(0.8+0.1) x10

mec




GSI (Gesellschaft fur Schwerionen Forschung)
g FAIR (Facility for Antfiprofon and lon research)

The 4 pillars of FAIR:

APPA  (Atomic Physics, Plasma and Applied sciences)

NUSTAR (Nuclear Structure, Astrophysics and Reactions)

CBM (Compressed Earyonic Matter: HADES & CBM experiments)
PANDA (AntiProton Annihilation at Darmstadt)

1st experiments in 2025

Primary beams :
Au - 10%s - E, . /A=11GeV

C,Ca,.. - 10%s - E_, /A=14GeV :L";?;awﬂ“
p . 10'/s - E... =29GeV S

meters

. Existing facility

Collector /ff "‘\\ / . Planned facility
ring CR /
. Experiments



FAIR: construction planning

Modularized Start version (MSV): experimental program in 4 phases :
Phase O0- with instrumental devices (detectors, prototypes, etc.) of FAIR before the start of FAIR 2018

Phase 1- with SIS100 and secondary beames, first version of detectors ("day 1") 2025

Phase 2 - complete detectors ~ 2027
Phase 3 - beyond MSV ; requires additional funding (SIS300, RESR)

|

Beyond MSV (planned, but not yet funded):
SIS300 At Emax: 11535 AGeV

- RESR pre-storage of antiprotons

- 103cm2s' -5 2 102cm-%s!

SI1S100/300
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Various high intensity
beams will be provided :
Protons, antiprotons,
heavy ions...



CBM and HADES Resource Coordinator
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