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Outline

 The AGS heavy-ion program
— History and overview of AGS heavy-ion program
— Particle spectra and yields
— Collective Behavior
— HBT

* The fixed-target program at STAR
— History and overview
— Review of test run results
— Preview of 2018 — first physics run at 3.0 GeV
— Plans for runs in 2019, 2020, and 2021

* Perspective and Conclusions
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Alternating Gradient Synchrotron

* The first accelerator utilizing strong-
focusing principle
e July 29, 1960: First beam, 33 GeV

e Three Nobel Prizes:

— 1962: L. Lederman, M. Schwartz and J.
Steinberger

muon neutrino
1988 Nobel Prize W

— 1964: J. Cronin and V. Fitch .NSR{.;--,:;;,%-*:':{" RAGS _

e > WG AT yp—<Experiments

CP violation in Kaon decay )
1980 Nobel Prize

— 1974:S.C.C.Ting
discovery of J/{
1976 Nobel Prize

e 1988-92: Silicon beams at 14.6 AGeV/c S
» 1993-95: Gold beams, 2.8-11.7 AGeV/c St
* 1999-present: Injector for RHIC |
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E802/E859/E866/E917 Experiment

E802 — Spokesperson: Chellis Chasman, Shoji Nagamiya

E859 -- Spokesperson: Ledoux, Robert J.; Remsberg, Louis P.; Zajc, William A.
E866 -- Spokesperson: Chasman, Chellis; Hamagaki, Hideki; Steadman, Steve G.
E917 -- Spokesperson: Mignerey, Alice; Seto, R.K.

Main Results:
 Mid-rapidity spectrometer Pions
Kaons
Protons
Henry Hig TR‘ TR OACK Light nuclei
Anti-proton
TRHYMX@\%%\ Anti-lambda
HBT
Bec:m TOF

Counfers

ZCAL

Target / J Becm Line \
Assembly FT1 @M / HODO
T t
PHOS arge ,.-1-2 FTOF Bullseye
TPC1 FT.'S FT4
Collimat
ollimator 1PC2
Daniel Cebra Probing dense baryonic matter with hadrons Slide 4 of 41

12/Feb/2019 EMMI Workshop - GSI



E810/E891 Experiment

E810 — Spokesperson: Lindenbaum, S.J.; Platner, E.D.
E891 — Spokesperson: Platner, E.D.

* Time Projection
Chamber

Main Results:
KOs (Si+Au)
Lambda (Si+Au)
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E814/E877 Experimental Setup

E814 — Spokesperson: Braun-Munzinger, Peter
E877 — Spokesperson: Braun-Munzinger, Peter

* Forward spectrometer
* TOF & Calorimetry

S1I BVER's ISS
Main Results: |—r m
- AR
Pions oG 2/
Protons

. . VTX AR
Cl
Light nuclei reaL / FS

Lambda ¥
Anti-lambda - ' ! ||
Directed flow ".
Elliptic flow
Magnet
HBT Target POAL
UPSILI. MWRC's

L \ I \ \ \ I
om Em 12m ” 31m 35m
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ES64 Experiment

E864 — Spokesperson: Majka, Richard D.; Sandweiss, Jack
E941 — Spokesperson: Huan Huang

* Forward spectrometer s
e TOF & Calorimetry

Main Results:
Protons

Light nuclei
Anti-proton
Anti-deuteron

Found no
strangelets

M1,M2: Dipole analyzing magnets.
H1,H2H3: TOF hodoscopes.
$1,82,S3: Straw tube arrays.

(S1 not shown)

CAL CAL: Hadronic calorimeter.
Downstream vacuum chamber
not shown.
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E895/E910 Experiment

E895 — Spokesperson: Gulshan Rai
E910 -- Spokesperson: Cole, Brian A.

* Time Projection Chamber

Main Results:
Pions

Protons
Lambdas
Directed flow
Elliptic flow
HBT
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AGS Results: pion, kaon, proton spectra

Spectra — pions:

 E895 PRC68(2003)054905 — nt* and m spectra and dN/dy at 2, 4, 6, 8 AGeV
 E802_PRC57(1998)R466 — t* and 7 spectra and dN/dy at 10.5 AGeV

» E877 _PRC62(2000)024901 -- =+ and 7 high rapidity spectra and dN/dy at 10.5 AGeV
« E917 PLB476(2000)1 — " mid-rapidity spectra at 2, 4, 6, 8 AGeV

Spectra — Kaons:

 E866_PLB490(2000)53 — K* and K- mid-rapidity spectra at 2, 4, 6, 8, 10.5 AGeV
 E866_NPA630(1998)571c — K* and K- dN/dy at 10.5 AGeV

=>» Need Charged kaon dN/dy for AGS scan energies

Spectra — Protons:

 E895 PRL88(2002)102301 — proton spectra and dN/dy at 2, 4, 6, 8 AGeV Some
 E917 PRL86(2001)1970 — proton spectra and dN/dy at 6, 8, 10.5 AGev issues
 E802_PRC57(1998)R466 — proton spectra and dN/dy at 10.5 AGeV

* E802_PRC60(1999)064901 — proton spectra and dN/dy at 10.5 AGeV

 E877 _PRC56(1997)3254 — forward rapidity proton spectra at 10.5 AGeV

 E877 _PRC62(2000)024901 — forward rapidity proton spectra at 10.5 AGeV
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AGS Results: pion and kaon spectra

* pion ratio comes from initial n:p ratio as low p; pions are produced primarily through
the A channel =¥ accounted for by p, is statistical models related to stopping
* Pion ratios provide another way to ‘image’ the size of the source
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* Kaon ratios come from associated production, which feeds K* only
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AGS Results: proton spectra
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AGS Results: anti-protons and light nuclei

Spectra — Other:

 E864 PRC60(2000)064903 — neutron spectra and dN/dy at 10.5 AGeV

 E864 _PRC61(2000)064908 —p, d, t, 3He, “He spectra and yields at 10.5 AGeV
 E864 PRL85(2000)2685 — anti-deuteron yields at 10.5 AGeV

 E864 PRL79(1997)3351 — anti-proton yields at 10.5 AGeV

 E917 PRL(2001)242301 — anti-proton spectra at 10.5 AGeV
 E802_PRL81(1998)2650 — anti-proton spectra t 10.5 AGeV

« E814 PRC61(2000)044906 — deuteron spectra at 10.5 AGeV
 E802_PRC60(1990)064901 — deuteron spectra and dN/dy at 10.5 AGeV

 E814 PRC61(2000)044906 —t and 3He yields at 10.5 AGeV

Need to map these out across the AGS energy scan range
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AGS Results: Strangeness (V%s)

E895 ¥ E896
NA49
NA57,NA44
STAR

—— thermal model

AT

02l BF

0.15

V% — Kaons:
* No spectra of yields

ECe» -

VO — Lambdas:

« E877 _PRC63(2001)014902 — A spectra and dN/dy at 10.5 AGeV
 E895 PRL91(2003)202301 — A yields at 6 AGeV

0.05 |-

=/

10x E
I
—0— F
|

0.15
V0s — Anti-Lambdas: | # ?
e E917 PRL(2001)242301 — mid-rapidity yield at 10.5 AGeV i .,
VO — Phi: W 0 _
» E917_PRC69(2004)054901 — ¢ mid-rapidity spectra t 10.5 AGeV g
8 0.15

V% — Cascades: ) o
 E895 PRL91(2003)202301 — =" yields at 6 AGeV .

Need energy scan results to identify the o T

turn on of multi-strange baryons Vs (GeV)

Daniel Cebra Probing dense baryonic matter with hadrons Slide 13 of 41
12/Feb/2019 EMMI Workshop - GSI



AGS Results: Directed Flow

Directed Flow — pions:

e E877 PRC56(1997)3254 — nn* and " at 10.5 AGeV € Need
Influenced by shadowing and Coulomb

Directed Flow — Kaons:

energy scan

« E895_PRL85(2000)940 — KO at 6 AGeV € Need charged kaons
Influenced by shadowing g ,
Directed Flow — Protons: 03s [ L
 E895 PRL84(2000)5488 —at 2, 4, 6, 8 AGeV 03 | /’\ i
* E877 PRC56(1997)3254 — at 10.5 AGeV -
- - 025 | ... .. :
No anticipated minimum =» 0o | - ‘
Directed Flow — Anti-protons: <l = ¢+ .
« E877 _PLB485(2000)319 — at 10.5 AGeV 015 T I
€ Need energy scan 011 —BEi;-/II-.klilz{fd"'ﬁ‘:dep) -
Directed Flow — Lambdas: 0.05 :EE% %soﬁ_‘%_d)ep)----.,.__ T
 E895 PRL86(2001)2533 —at 2, 4, 6 AGeV o L e o
. E877_PRC63(2001)014902 — at 10.5 AGeV 1 10
E.., (AGeV)
Follow protons
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AGS Results: Elliptic Flow

Elliptic Flow — Protons:

e E895_PRL83(1999)1295 —at 2, 4, 6, 8 AGeV

« E877_PRC56(1997)3254 — at 10.5 AGeV

« E895 PRC66(2002)021901 —at 2, 4, 6 AGeV with centrality cuts

Pmax/Po: ~2 ~3 ~5 ~7
gl " ) e T
i IeSS pressure =}
___________ . Crossover from squeeze-out to in-
il cascade h plane at 4 AGeV
N g i Relevance to the change of stiffness
S ' DATA i of EoS?
8 05| o Plastic Ball
i o EOS
210
® E895
010 300 G’ e
K=380 MeV  rore prossure Need other particle species
llll L 1 lllllll L 1 lllllll 1 l-l
0.1 05 1.0 50 10.0
Eiean/A (GeV)
- ____________________________________________________________________________________________________
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AGS Results: HBT

HBT - Pions:

* E895_PRL84(2000)2798 — R, 4, R.iger Riong @t 2, 4, 6, 8 AGeV
* E802_PRC66(2002)054096 — R, R.iger Riong @t 10.5 AGeV
« E877 PRL78(1997)2916—-R_ ., R at 10.5 AGeV

out’ "‘side’ Rlong

HBT — protons:
 E814 PRC60(1999)054905 — correlation functions for protons

—T5F F F
S 4 Out | Side | Long Across the AGS energy range,
o .. .
6.5t b n : the source radii are falling
5'_ L
- 4
550 E E
5 ++ + T ++ -+ 4+ * Need to do negative pion
45 *omE e | ,H’ g 4 positive pions separately
R | 1 y * Need to get the “tilt” angle
g Y B | . o * Need more pp HBT
I II3 I =|l I é I 3 I 4 I ] I 3 I 4 I 5

|
\snn (GeVic)

=
Daniel Cebra Probing dense baryonic matter with hadrons Slide 16 of 41
12/Feb/2019 EMMI Workshop - GSI



Fixed-Target Program

The Fixed-Target Program
will extend the reach of
the RHIC BES to higher pi.

LHC 2.76 TeV

@» Quark-Gluon
Plasma

Goals:
Search for evidence of
the first entrance into
the mixed phase
Control
measurements for BES
collider program
searches for Onset of
Deconfinement
Control
measurements for
Critical Point searches

v
S
3
et
o
%
o
©
-

Baryon Chemical Potential
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History of Low Energy Running at RHIC

RHIC Runs at or Below Nominal Injection Energy:

1. Au+Au 19.6 GeV 2001 100 k events
2. Cu+Cu 22.4 GeV 2005 250 k events
3. Au+Au 9.0 GeV 2007 ﬁ!‘iiﬁ?éﬁiﬂi?iia
4. Au+Au 9.2 GeV 2008 serious concern 7 k event

5. Au+Au 7.7 GeV 2010 4 M events
6. Au+Au 11.5 GeV 2010 12 M events
7. AU+AU 5.5 GeV 2010 | we conclude tha

8. Au+Au 19.6 GeV 2011 | \tcannotachievea | 36 M events
9. Au+Au 5.0 GeV 2011 | rateats0Gev

10. Au+Au 14.5 GeV 2014 20 M events

STAR and RHIC recognized the importance to run at energies down to and below 7.7 GeV
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Studies using Beam Halo Background

2010 - 2014

Goals:

* Understand the Beam Halo Background

* Determine the applicability of STAR for fixed-target
* First of FXT results =» Au+Al
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Beam Halo on Al Vacuum Pipe

12/Feb/2019

EMMI Workshop - GSI

. L -
XY Vertex Position After Cuts M =3.0 GeV XY Vertex Position After Cuts M =3.5GeV XY Vertex Position After Cuts |5, , = 4.5 GeV
5p 5p = 240
E L . % £ F , E L ,
S 4- Entries 61589 = Entries 98402 S 4F Entries 44792 220
=) C [ C c C
S i 140 S it g 5 200
7 L 5 § 180
2 2 120 2 2 & 2=
: H: L ‘““
[ | 100 L= s 1=
2 f S F St 140
» ol > e » o
clE 0 clE : 120
_1:_ _1:_ _1} 100
E 60 C C
E E F 80
2 2 2
o 40 o A3 00
; |E_':‘;_- . _..-- 20 ; g i
4 R S 4 L 4= 0
:I\\I‘\\I\‘I\\\‘I\\I‘\\II‘II\\‘I\\I‘\\II‘\I\\‘I\\I :I\\I‘\\I\‘I\\\‘I\\I‘\\II‘II\\‘I\\I‘\\II‘\I\\‘I\\I :\\\\‘l\\\l\\ll‘\\\\‘I\\\‘\\\I‘\\\\‘II\\'\\\I‘\\\\
54 3 2 T 1 2 3 4 5 ° 54 3 2 4 0 1 2 3 5 4 3 2 4 0 1 2 3 4 5 °
X-Vertex Position (cm) X-Vertex Position (cm) X-Vertex Position (cm)
10E - 3 . 0
ZlZ TE | E zZZ F |
“JFE =, Pion Multiplicity at |8,,, = 3.0 GeV v nght Pion Multipliciy at |8, = 3.5 GeV "P\ 5 Pion Multiplicity at |s,,, =45 GeV
- i E E - 4 15—.
i e, . o Ay, +Al Dala ;_'.. lons o Ay, +Al Dala “ R " A +A Data
*, - T
0'e 'h,' —— AusAl Glauber NG + NB 3 Glauber MG + NB 10" _:':.. — AusAl Glauber MG + NB
F ., F 3 E
102 * - y ..' 0%
: : «, ~Heavy -
10'g *+T 10'g * 0
1, "lons
0 1L 0 m" o'k ﬁm
E 4 E ' E
105 . 105 ?'? 0%k "'HT
E Top 10%: ﬁ F Top 1050 T B Ton 0%
10 N=11 10 M=t I 100 Noest
107 — 107 — 107 —
10.f....|....| N BT T I A 1 | T T m.g:.‘..u.. TR TR | P m.n:mm.u.\m‘|H.m.u.|‘..‘|...|....|....|‘..‘
0 018 %30 B 40 B8 0 10 2 k) 20 5 &0 v 10 2 3 40 50 6 70 & 10
N, N,
Daniel Cebra Probing dense baryonic matter with hadrons 20 Slide 20 of 41



Pion Ratio Analysis
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1__ _ E 20 i #*  KaoS AutAu —40.2 Za
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We conclude that there are gold nuclei in the beam halo
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Target Design 2014 and 2015

The success of the beam pipe
studies motivated installing an
internal gold target

Target design:
Gold foil
1 mm Thick (4%)
~1 cm High
~4 cm Wide
~2 cm below beam axis
210 cm from IR
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2014 =» 3.9 GeV Au halo + Au target

Energy Loss in TPC

3.8cm 10

radius Al
Beam

STAR Fixed-Target Run14 Set-up
[ | : | | : | | [ | 1

Fixed target
atz=21m

102

dE/dx (keV/cm)

B 3
ok 7k
5. o
- 5. 10
S {F =
A Iam Pipe 2.0 cm radius 3=
m Be Beam Pipe i of
E 1
ToF = =
%4 2 0 2 4 6
Ipl/a (GeVic)
Lots of , The most intense beam halo is
background, but deflected by the dipole magnets
the target e:/ents in the positive x direction. These
are evident S are Auy, ,+Alp. . pipe Dackground
| ey : E . I 10 vacuum pipe
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S, : 2 0 1
> . A
-5
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Direct Beam Test Run
2015

Goals:

* Check the conclusion that there are gold ions in the halo

* Determine if the direct beam is a better conduct of operations
* Acquire enough data for significant feasibility studies

* Physics Analyses = Reproduction of AGS results
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FXT Resul

ts: pion spectra

7 Rapidity Density
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FXT Results: proton spectra
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FXT Results: VO yields

= 14 > 16
S bk KSSTARFXT Y5 =45GeV S [ %  ASTARFXT 5y =45GeV
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Consistent with AGS results

No AGS KO results at this energy
But similar to K*/K average
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FXT Results: spectra overview
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FXT Results: baryon directed flow
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FXT Results: meson directed flow
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FXT Results: proton elliptic flow

Consistent with AGS proton results
No AGS pion results

0.1
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FXT Results: HBT
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2018 = 3.85 GeV Au+Au (VS,, = 3.0 GeV) Data Set

Data taking started: Thursday 31 May 2018 03:19 EDT with Run 19151029

Data taking completed: Monday 04 June 2018 07:48 EDT with Run 19155021

Total hours of beam: 60

Total physics triggers: 340 Million First FXT Physics Run
Result should be available soon

Total good events: 309 Million

Tigger efficiency: 90%

(Also, we took 7.2 GeV Au+Au FXT data for 72 hours, for a total of 237 M triggers)
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Au+Au 3.0 GeV 2018
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Well centered beam spot; no background
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\\ Centrality = established minimum bias trigger
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Physics Goals of the FXT Program

The Onset of Deconfinement:

*High p; suppression

*Nq scaling of Elliptic Flow

*LPV through three particle correlators (CME)

*Balance Functions

*Strangeness Enhancement

Compressibility = First Order Phase Transition

*Directed flow

*Tilt angle of the HBT source

*The Volume of the HBT source
*The width of the pion rapidity distributions (Dale)

What a STAR FXT Program will not do:

* Omega’s

e Charm

* Doublely Hyper nuclei

* p+p scan

* p+A scan

* peripheral collisions

* > 200 Million event per energy
* > two weeks of beam time

*The zero crossing of the elliptic flow (~6 AGeV)
*VVolume measures from Coulomb Potential

Criticality:
*Higher moments

T

*Particle Ratio Fluctuations

Chirality:
*Dilepton studies

— | measurements in

-

No

this energy range

Hypernuclei: = Lifetime of the hypertriton

Daniel Cebra
12/Feb/2019

Probing dense baryonic matter with hadrons Slide 38 of 41

EMMI Workshop - GSI




Plans for the Future
2019-2021

* Full FXT proposal was included in the May 2018 Beam Use Request
* Approved to run three energies in 2019
* Additional energies will be scheduled in 2020 and 2021
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2 |
FXT Program 178 | H‘”H‘ 3
T //r(% ) :> > > "
1.5 100:&\ E 333 =
) S IR
Collider Fixed- Single Center- Mg (MeV) Year to 1.25 (”77/; a
Energy Target | beam of-mass complete Barrel TOF PID A b
Energy | AGeV Rapidity 1 R " A
624 77 303 210 2019 o7s | B 2| T
/0 ~ %’/}\
39 6.2 18.6 1.87 487 20217 0.5 //r"fb,, N 1
dE/dx PID
27 5.2 12.6 1.68 541 20217 0.25
196 45 89 152 589 2019 e — I
14.5 3.9 6.3 1.37 633 2019 25 i '§”§
11.5 3.5 4.8 1.25 666 2020 s L S E
9.1 3.2 3.6 1.13 699 2020 05 e %, SR
\]00\ N O
7.7 3.0 2.9 1.05 721 2018 ” IV
4’(/}77\
15 | Barrel TOF PID 4, p
* Data rate is DAQ limited Cln,
* Would need 100 Million Events at each 1 dE/prTg”"f

energy to make the sensitivity of BES-II 05 |
* Roughly one to two days per energy o —— Lo pulor ELOPE
0 0.5 1 1.5 2 2.5 3
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Conclusions

* AGS Program provided extensive results at the top
energy, but left many observables unmeasured across
the energy scan.

* FXT program will allow for comprehensive
measurements below 7.7 GeV

* Acceptance and physics have been demonstrated in
test runs and other studies
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Extras
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Low Energy Electron Cooling at RHIC

:mp.rove.t ¢ f 100 || Wihe-cooling ot ool ll 3X improvement
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The STAR Upgrades and the FXT program

upgrade
ndcap

vent 'lane | 'etector

...........

> ==
BT

\ Sy o
.Z'l...lu‘ '

iTPC Upgrade: S .
e Rebuilds the inner EndCap TOF Upgrade:

EPD

sectors of the TPC * Rapidity coverage is critical Upgrade:

e Continuous Coverage * PID at forward rapidity * Improves trigger

« Improves dE/dx * Allows higher energy range « Reduces background
* Extends 1 coverage of FXT program e * Allows a better and
from 1.5to0 2.2 * Ready 2019 independent reaction

plane measurement
critical to BES physics

* Lowers p; cut-in from
125 MeV/c to 60 MeV/c

« Ready in 2019 ﬂ ;‘ = « Ready 2018
84 ﬁ*‘."‘v -
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TOF. Internal Fixed Target
Z=-270 cm PseudoRapidity Considerations
e AZ = 480 cm [ s |
Riyin =110 cm L A =0
. Rinax = 220 cm Small acceptance gap cm
Barre¢l TOF
/7\\1 \\\ .
P 32 ez, 190
S ~L6 & | /oy, f\\\Outer Sectors Outer Sectors
= @ Sty
S @ tf&C/(S ) //’77/1‘ 2 pad rows 32 pad rows

Inner eTOF edge matches tracking limit
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Comparison of Facilities

Daniel Cebra
12/Feb/2019

Probing dense baryonic matter with hadrons

Facilty RHIC BESII | | SPS NICA SI1S-100 J-PARC HI
SI1S-300
Exp.: STAR NA61 MPD CBM JHITS
+FXT + BM@N
Start: 2019-20 2009 2020 2022 2025
2018 2017
Energy: | (7.7-19.6 ||4.9-17.3|/2.7-11 2.7-8.2 2.0-6.2
Vsyy (GeV)| | 2.5-7.7 2.0-3.5
Rate: 100 HZ 100 HZ || <10 kHz <10 MHZ | 100 MHZ
At 8 GeV 2000 Hz
Physics: | | CP&OD CP&OD || OD&DHM || OD&DHM | OD&DHM
Collider Fixed Target Collider Fixed Target Fixed Target
Fixed Target _ _ Fixed Target . -
Lighter ion CP = Critical Point
collisions OD = Onset of Deconfinement

DHM = Dense Hadronic Matter

EMMI Workshop - GSI

Slide 48 ot 41




Prospects for Higher Moments

IP——— s New HADES results
critical () 4+ . N -
point - AutAu :0-5% .
;\1‘9%\ S baseline - X Net-proton ]
/" e e - ! 0.4<p <2 (GeVic) [y|<0.5
l - \ e Efiiciency Corrected
e [ e Nb \ \ £ Efficiency Uncorreted
i1 E Entries 268375 2 . ]
= T o 1
L [ +
i STAR preliminary | | Need 1 A a**-=f —
e data /: U \* b ‘“/
ol Net-Chargé multiplicity here oL \f o N
- 2 3 4 67810 20 30 40 100 200
—J | ISy (GeV)
s L hproMult
210 Mean. - zo47
I RMS 5809 * Expect to have a sensitivity roughly
- v Proton multiplicity comparable to the 7.7 GeV data point
L * Analysis has not yet started
- * Goal is to have preliminary result ready by
0 STAR preliminary April 2017 for use in the Beam Use Request
] 15 .
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n=2.24

1.25

0.75

0.5

0.25
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EMMI Workshop - GSI

Collision| Single Fixed Single | Center of
Energy | Beam Target Beam Mass Chemical Events
(GeV) | Energy Root s Rapidity | Rapidity |Potential n,| (Millions)
200 100 13.713 5.369 2.685 0.276 NA
130 65 11.083 4.938 2.469 0.325 NA
62.4 31.2 7.737 4.204 2.102 0.420 100
39 19.5 6.170 3.734 1.867 0.487 100
27 13.5 5.185 3.366 1.683 0.541 100
19.6 9.8 4.468 3.042 1.521 0.589 100
14.5 7.25 3.904 2.741 1.370 0.633 100
11.5 5.75 3.528 2.507 1.253 0.666 100
9.1 4.55 3.196 2.269 1.134 0.699 100
7.7 3.85 2.985 2.097 1.049 0.721 100
5.0 2.50 2.320 1.644 0.822 0.774 100
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Run 14 and 15 Setup

] I
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BES Phase |l Proposal

BES Phase Il is planned for runs in 2019, 2020, and 2021

s (MeV) 370 315 250

BES | (MEvts) 43 - 117 24 36
Rate(MEvts/day) 0.25 1.7 2.4 45
BES | .Z (1x10%/cm2sec) 0.13 1.5 2.1 4.0
BES Il (MEvts) 100 160 230 300 400

Improvement (X) 4 4 4 3 3

Revised

Beam Time (weeks) 12 9.5 50 55 4.5 estimates
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AGS EB96 Experiment

E896 -- Spokesperson: Crawford, Henry J.; Hallman, Tim J.

0

120 PLANE
.~ DISTRIBUTED DRIFT CHAMBER

* Forward spectrometer

OXFORD 4.7 1

e TOF & neutrons swecrex waer

MUFFTHNS

Main Results:
Did not find the
HP di-baryon

TOF

SILICON

DRIFT DETECTOR
48048 1.7 T ANALIZING HAGHET
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Spectra
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Spectra -- pions
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Spectra -- pions

Au+Au (central ) at 11.6A GeV/c
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Spectra -- pions
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Spectra -

Kaons
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Spectra -- Kaons
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Spectra -- Kaons
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Spectra - Protons
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successive spectra have been divided by ten for clarity.
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classes at all three beam energies from Boltzmann fits to the
]im-'a,riant cross sections. The open symbols are the data re-
Thﬂected about mid-rapidity. The errors are statistical only.
The curves represent double Gaussian fits to the data (see
text), the centroids of which are indicated by the arrows.
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Spectra -- protons
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Spectra -- protons e
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Spectra -- protons
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Spectra -- protons
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Spectra -- Protons
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FIG. 1. Transverse mass spectra for protons produced in central (o ¢pira/geom=0.04) Au+Au

collisions. The dots correspond to constant p; bins of 20 MeV., and y bins of 0.1 units. Beginning
with rapidity bin y=3.3-3.4, spectra have been multiplied by successively increasing factors of ten.

Full lines are two component exponential fits to the data. The histograms are RQMD predictions.
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Spectra -- Neutrons

E864_PRC60(2000)064903
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FIG. 5. Neutron invariant multiplicities in 10% most central
- . L g N/ A —_— . ek s v . : .

Au+Pb collisions as a function of transverse momentum for rapidi- FIG. 10. dN/dy measured for “‘participant™ neutrons in central

Au+Pb collisions. For those m ranges not covered by direct mea-
surements (or having a large contribution from spectator neutrons).
a Boltzmann fit is used for the integration in my. Hollow points
denote a reflection about center-of-mass rapidity.

ties from near center of mass (y=1.6) to beam (y¥=3.2). Each
rapidity range is multiplied by a successive factor of 10 for presen-
tational purposes. Proton multiplicities measured by E864 in central
collisions are shown for comparison for rapidities 1.7 to 2.5.
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Spectra — Light Nuclei 107
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FIG. 1. Invariant yield as a function of nuclear number A.
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Spectra — anti-deuteron
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FIG. 3. Antimatter invariant yields measured by E864 in 10%
central heavy ion collisions (statistical errors only).
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Spectra — hyper-nuclei
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Spectra — anti-proton
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FIG. 3. p invariant multiplicities as extrapolated to pr = 0
in E864 and measured in E878 (scaled to 11.5A GeV/c¢). for
10% central Au + Pb and Au + Au collisions. Fits to the
E864 and E878 data are also shown. The errors are statistical
only. Two predictions based on first collision scaling (without
annihilation) are also indicated.
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Spectra — Anti-protons and anti-Lambdas
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FIG. 1: Invariant spectra as a function of transverse mass
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point-to-point systematic error due to acceptance correctic
The solid lines are from the simultaneous fit as described
the text and the dashed lines are from independent fits
A and p spectra shown for comparison. Solid and dashed
lines overlap for the p spectra.
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FIG. 3: The A/p ratio is shown as a function of the centrality
given in terms of the percentage of the total interaction cross
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values with the 98% confidence level of the minimum value
indicated by the lower error bar. Upper limits are not given.
Horizontal bars indicate bin widths.

12/Feb/2019 EMMI Workshop - GSI



Spectra — anti-protons
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FIG. 2. Invariant differential yields of p in 1.0 <<y < 2.2
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experiments are also shown. Error bars are statistical.
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Data from other AGS

See text
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Spectra -- deuterons

E814 PRC61(2000)044906

FIG. 7.
yinned in units of .1 in rapidity and 20 MeV in p;. The y = 2.5— 2.6 and y = 1.8 — 1.9 spectra are
syroperly normalized and the yields for the lower rapidity bins are multiplied by successive powers
of 10 for clarity of the presentation. e.g. The y = 1.7 — 1.8 bin is multiplied by a factor of 10,

s [ 2 17 = 1.6 — 1.7 bin is multiplied by a factor of 100, etc. The error bars reflect the statistical
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FIG. 6. Measured double differential yield for deuterons, in dif-
ferent rapidity intervals as a function of transverse kinetic energy
m;—myg. These spectra are for the 0—3 % centrality cut. The lines
are fits to Eq. (4) (see text). The error bars are only statistical; the
E802_P RC60(1990)064901 systematic errors are discussed in the text.
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Spectra — tritons and helions *He *H
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FIG. 8 Invariant multiplicities of *He and *H for the 4% inclusive E, bin. Plotted is the
Tt cToss section at the center of the bin assuming an underlying thermal distribution similar
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Spectra—d, t, h
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Spectra — anti-proton and anti-deuteron
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FIG. 6. Antiproton invariant multiplicities as a function of cen-
trality showning the 1994, 1995, and 1996 data sets from E8§64. The
error bars shown are statistical only. Systematic errors are estimated
to be 20% on the 1994 data, 15% for the 1995 data. and 10% for the
1996 data. not including a 6% systematic error for the projection to
pr=0. The fits are constrained to have a mean value at midrapidity
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FIG. 16. Coalescence scale factors as a function of kinetic en-
ergy per nucleon of the colliding beam. The upper limit on 3_2 from
E864 is shown as an arrow. The E864 value for deuterons B, is also
shown. The simple coalescence level is shown as a line with low-
energy AA and high-energy pA results.
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Strangeness
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Strangeness - Lambdas
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represented by solid svmbols and reflected about mid-rapidity (open symbols). The histograms

correspond to ROMD v2.3 predictions.
semi-central [ 4 —10% @ geom - right side] Au+Au collisions. Beginning with rapidity hin y=3.1

spectra have been multiplied by successive factor of 10. The solid lines are the exponential Boltz-
mann fits to the data. The dashed lines and dotted lines are the predictions of RQMD v2.3 model

run in cascade and mean-field modes, respectively.
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Strangeness — Phi meson
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FIG. 4: The invariant yvield of ¢'s as a function of transverse
mass (m; — mg) in five centrality bins labeled by ¢ /ge. In
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y < 1.6 and is divided by 100 for presentation. The total
errors are calculated as the quadrature sum of the systematic

and statistical errors, while the magnitudes of the latter are E917_PRC69(2004)054901

indicated by the cross bars. The lines are the results of the
exponential fits described in the text. -
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FIG. 13: Same as Fig. 10 for the ratios of ¢/(N..n), where
(Neon) is the number of binary collisions. For the E917 data
point, an estimated total ¢ vield is plotted as described in the
text.




Strangeness — Phi meson
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FIG. 9. The normalized fiducial yield of ¢ mesons per number
of binary collisions (N.y) as a function of (N.,;). The accepted
rapidity region is 1.2<<y<{1.6.
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Strangeness — Lambdas and Cascades
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Spectra — Anti-protons and anti-Lambdas
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FIG. 1. Invariant yields as a function of transverse mass for FIG. 3. The A/p ratio is shown as a function of the centrality

A (solid circles) and total p (open circles, multiplied by 0.1 for
clarity) in the three centrality classes. The error bars include
a 2% point-to-point systematic error due to acceptance correc-
tions, and an arrow on the bottom error bar is to indicate it
extends below the plot limits. The solid lines are from the si-
multaneous fit as described in the text and the dashed lines are
from independent fits to A and p data shown for comparison.

s Solid and dashed fit lines overlap for the p spectra.
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Probing dense baryonic matter with hadrons
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given in terms of the percentage of the total interaction cross
section, &,. The E917 data are integrated over all p, and
1.0 < y << 1.4 and are shown as solid circles with 1o statistical
error bars for the A/p ratio. The E864/E&78 indirect results are
at p, ~ 0 and y = 1.6 and are shown as most probable values
with the 98% confidence level of the minimum value indicated
by the lower error bar. Upper limits are not given. Horizontal

B hars indicate bin widths.
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Directed Flow
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Directed Flow -- Protons
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Directed Flow -- Lambdas

E895 PRL86(2001)2533

Daniel Cebra
12/Feb/2019

e

0.8

0.7

0.8

0.5

Ap Flow ratio

04

0.3

0.2

L A Sideward Flow Excitation Function { b < 6fm )

- J. @ . Es95 A
= RQMD (2.3) A

2 3 4 5 G 7

E... (GeV)

beam (

FIG. 4. (a) A hyperon flow vs beam energy.
stars and squares represent data and RQMD results respec-
tively. (b) A/p flow ratio vs beam energy for the same im-

pact-parameter range.
2/3.

Probing dense baryonic matter with hadrons

EMMI Workshop - GSI

Filled

The dashed line indicates a value of

Slide 90 of 41



Directed Flow — pions and nucleons
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Directed Flow — protons and pions

2 015 F -
| % L |
3 I RQMD 2.3 kY 1
A [ —— RQMD 1.08 + § + ]
& 01 - —
0.05 - -
0 B A e N ]
.0.05 - i ]
- | .- ® protons 1
I = m i
— b A 7 -
0.1 ¢ LT * nucleons |
| "y b X :
I TT 1
-0.15 ' —
I PR NN S NN N N N S [ PN T N SR T S M N N I

-1 0 1 2 3 4

y

E877 _PRC56(1997)3254

———
. 11.  Mean pro _]ECt-lOI] (pe) of the proton ancl pion transverse momentum onto the reaction

Daniel Cebra 11Vl 5\4\_ 1o uu Y\J LAST R R Le ) 9 9 W | viuil uauiIviio Jlluc jL UI l—'-J_
12/Feb/2019 EMMI Workshop GSI



Directed Flow — Protons and anti-protons
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Fig. 6. Mean values of the transverse momentum projected into the reaction plane
(pz) of protons (dashed lines) and antiprotons (solid lines) as a function of rapidity
for Au4-Au collisions at 11.5A GeV /c with impact parameters b < 10 fin generated

by using the RQMD v2.3 (cascade mode - thin lines; mean field mode - thick lines).

E877_PLB485(2000)319

Daniel Cebra Probing dense baryonic matter with hadrons Slide 93 of 41
12/Feb/2019 EMMI Workshop - GSI



Directed Flow -- Kaons 6GeV K! sideward flow (b < 8fm)
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FIG. 3. Experimental < p® > vs yp for K mesons (stars).
< p*© = values have been corrected for reaction plane disper-
sion. The solid curve represents a linear fit to the data. Error
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Directed Flow — Lambdas and Protons
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Elliptic Flow
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Elliptic Flow -- protons
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Elliptic Flow -- protons
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Elliptic Flow --- protons
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FIG. 1. Fit parameters for the measured correlation functions
decomposed with the BP (left panels) and YKP (right panels)
decompositions are shown as stars. Triangles and circles repre-
sent the results of fits to correlation functions from RQMD in
cascade and mean field modes, respectively.
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FIG. 8: m7 dependence of Bertsch-Pratt radii for Si+Au,
Au+Au, Au+Au at forward rapidity [44], and for Si+Au

rescaled by N2 to match Au+Au. The solid line is a fit

total
of the form e'*+"™7) to the Si+Au points, rescaled according

the N'/® for Au+Au. The Au+Au forward rapidity data

total
are also shown after being rescaled to match the mid-rapidity
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HBT -- pions

e "
TABLE II. Parameters of the fit to three-dimensional cor-
relation functions C(Gout, Gside, Jlong ) =
1 + }'l GXP{—RDutZQ'uutE — Rﬁi{lezq.laidci + _Rlunggqmngz

—2|R1| Ro1@outGlong ). The fit results are corrected for mo-
mentum resolution. That is why A’'s differ from the values in
Table 1.

A Rﬂl]t{fm} Rl—ii.(il’.‘{ﬁll} Rlu::g(fmj Rul{fnl}
o+ 0.62+£0.06 5.84+0.5 3.9+0.8 55+04 2.4+0.7
7w 0.62+0.05 6.5+0.5 5.6+£0.7 5.8+04 3.7+0.8

TAELE III. Pion phase space density at freeze-out as a
function of p: and y. The statistical errors from danfdgp
are about 2%. The systematic error from d°n / d*p, combined
with the error from the correlation analysis, is 24% for 7™
and 18% for 7. (This error acts on all numbers in the Table
collectively. )

-+

m T
p: (GeV/e)|y=3.056 y=3.15 y=3.25|y=3.05 y=3.15 y=3.25
0.05 0.190 0.167 0.146 | 0.158 0.134 0.115
0.10 0.124 0.110 0.094 | 0.100 0.083 0.071
0.20 0.039 0.033 0.027 | 0.028 0.022 0.018

E877_PRL78(1997)2916
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FIG. 5. Same as Figure 3, but for 6 AGeV collisions.
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HBT -- protons

E814 PRC60(1999)054905

. 3.

Two-proton correlation functions for Si+Pb (upper panel) and for Au+Au (lower panel) central collisions
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al results are shown as filled circles while the RQMD model predictions are shown as open squares.
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