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Exploring the Phase Diagram

: Early Universe * QCD matter has a complex phase

By varying the beam energy, we structure

can change the pre_equi“brium LHC Experiments

O
| -
=
© * Heavy-ion collisions allow one to
compression. = l explore this structure by varying
, , , = the collision energy
150 - QO
. —
S | * Three Goals of BES program:
> |
2 ol * Turn-off of QGP signatures
E I * Find critical point
g | * First order phase transition.
g sof ]
e[ :
: 170 MV =2 2over.
0

Compression p/p,

v.= 0: isothermal spinodal /u — GU
v, =0: isentropic spinodal GN Critical Point
With careful planning and the Hadron Gas COI0F
_ _ Superconductor
kindness of nature, we will /
. . . Nuclear
create reaction trajectories the __Vacuum Matter _ Neutron Stars
. . 0 MeV—~“* 2 - 1 o=
probe the interesting features ! '
_ 0 MeV 900 MeV
of the phase diagram. Baryon Chemical Potential
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In the first phase of the
RHIC Beam Energy
Scan, seven energies
were surveyed in 2010,
2011, and 2014
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06/12/2014

% 62.4GeV &

(4]

& 39Gev %

LHC 2.76 TeV
RHIC 200 ¢ eV

o 14,

RHIC/AGS Program Advisory Committee
Brookhaven National Laboratory

Quark-Gluon Plasma

' 27 GeV %
w IS‘EGE".F

5 GeV n
# 115 Ge‘u’
.. 7.7 Ge‘u’

Slide 4 of 37




° Al = Au+Au 11.5 GeV
Settl n g t h e Sce n e o . ®00-05% x 5.0 ¥00-10%x 5.0
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o F 0o i § 10-20%x 2.0 *60-80%x 0.2
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(5 [ w oA O i A30-40% =05
— 2 : ¥Ao @ A40-50%x 0.4
. . . creL e 5 7 8 4 o 50-60%> 0.2
Using a statistical equilibrium model & * ;5 |omscoos
. . o L rI e Lo
and the measured particle yields, one 3 K* K2 0
can estimate the location in the phase = %Eéng
. C\.IZ i *ﬁgaﬂg é I v
© ] Ay O ; E L) v
diagram. ° AR, -
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200 . : T :
(a) EhEm-::aI FirE Eze-obt [ath (b) LGT CF Pradictions
. . ::,.
Although it is now g -BES-: 15 = 20 — 400 MeV
understood that the = T
. . £ I ¥ TR ~\ e
phase transition is a L 150 % %7000 i L 44
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. — i =t ||
lowest g, Lattice | &
Q{Q
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Disappearance of QGP Signatures - R, [
_ T T LI IIIII T T LI IIIII T T - - - -
* R, for hadrons and o[ sermsspe Mo ovg s ] STAR Preliminary * 770G
e el ticl i o e ] | Stat. errors only 115 GeV
or 1aen | I€A particles I e —vamud i ;oL Not feed-down corrected 19.6 GeV
can provide a measure 150 oo | T ] = - v 27cev
. L WozTETAV(PDRD S P E - * 39 GeV
of partonic energy loss [ sPs o ompmy - - y B 624 CeV
in the medium. 2 1 H ¢ AR FON: < =30~ 0 Gev 15 _ O STAR(2003) 200 GeV
' u 1_-—"—_‘, N
AHC i ! ?'ﬁfiili_'*'_"""'f """"""""
* Not sufficient reach 5% Bl M e
2 cg e ] =t o
to search for evidence Lt (0.59/(60-80%) oo o T L
ofhlghstuppressmn 0 Ll Ll . L S S A S
below 19.6 GeV 1T 234 10 %0 f 100 20 0 2 pT{GeVr'c} 8 10
P, (GeVic)
;“';"‘ 10 - === 10 GeV paCD+CNM - — 77 GeV
T
* Stopped Baryons 2 2 cov paco-cum | 1< P m 115 Gev
. . . = 40 GeV paCD+CHM | I 4 196 GeV
complicate inclusive R, pQCD & i . i 10 0oy
— 3 -: E 2 I T -
measurements . 8 B, B e = —— o
calculations o /;:f,:; a " > A !
o =] : ) - ;'-'li
* pQCD calculations [ [ f‘
Show high pT H1u 1 1 | | | [ -||'|| 1
g F + —— 7.7 GeV Hybrid
suppression g n 15 GeV Hybrid
Hybrid =
* Hybrid calculations calculations 3 25
. Tl
describe the low p; 1 st
behavior hd ]
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Disappearance of QGP Signatures — Av,

* There is a remarkable difference between particles and their anti-particles, especially for

the lowest energies in the range.

eDifference between

particles and their
anti-particle
decreases with
increasing beam
energy

* The difference
seems to track with
chemical potential

v (part.) - v (anti-part.)

- Hybrid model: Hybrid model (UrQMD +

hydro) with baryon stopping

- Nambu-Jona-Lasinio (NJL): Using vector

mean-field potential, repulsive or
quarks, attractive for anti-quarks

Daniel Cebra
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0-80% Au + Au Collisions at RHIC
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Disappearance of QGP Signatures — v,

* Baryon/Meson Splitting is
seen at the higher energies
(19.6 and higher)

* Constituent quark scaling
is seen as an indication of
partonic behavior

* ng scaling seen for
particles for higher energies

*The ¢ meson may not
follow the trends are 11.5
or 7.7 GeV, but

Need more p; reach at 7.7, 11.5, and 19.6

Need more statistics for f at 7.7 and 11.5

Daniel Cebra
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ot o- ax Phys. Rev. C 88, 014902 (2013) Ag“; EF i
> L Il Eiﬂ "
o g 0g
O oo T 2a + =
5 ga™ T
wh 0 | 'I ; T "'E""I | 'i""'l “. T"'T"'T"'.'""I""i""'l_
E 02 ' -1 (5) Vs, =39(GeV) - -+ |ensm_52 4(GeV) T *_
< G ¥ _a
= 0.15 P -+ éagg?m mT ggf‘:' o
2 0.1 g DEE%_‘_ 4 oma :
T & 28
0.05 -+ Da‘i T oie -
"y i
0 I Y Y N I R P [ S
3 40 1 2 3 40 1 2 3 4
Transverse Momentum p; (GeV/c)
0 SD%AU+AU Colhsmns at HHIC
[T 1 L R T LI W) B L BN LN NN NLALNLELE I
0.1E (J??Gev -1'+< i [}1156ev e 1 (3)19.6 GeV i
t =K ap *ATL ] A
osf- I et 1 fﬂ"* "t
- ' T
o O] T i SO L7 ;
[ B ]
-\-""\-\. L IIIIIII I I IIIIIIIIIIIlIIIIlIIIII
}N _|||||||||| |_|III|IIII|IIII|IIII||IIII|IIII|IIII|IIII|
£ (4) 2X GeV 1 (5) 39 GeV [ (6) 62.4 GeV
\AANE
gl g s T N R
RHIC/A 0 0.5 1 1.5 2 D D 5 1 1. 5 2 0 0.5 1 1.5 2
Brc (m,-m)/n_ (GeV/c?)




Disappearance of QGP Signatures -- CME

Same-charge and opposite charge are shown :> Here signal minus background is shown.
separately, while the signal is opposite-same Background is other physics coupled to v,
1o 2 276 TeVPb+Pb | 3 200GevAutAu 4 | *Three E % . 60 - 80% ]
T o ool ® o o ___| | particle SW St E
1 quww L % L - .
R oo 1 | correlators — ]
10 (@ | ¥ (b) C -k =1 ]
. "1 . 77 |showan - f — k=15 E
d -
PR (} 62.4 GeV Au+Au ‘3’-__ 39 GeV Au+tAu 1 | effect which EK """ k=2 ]
% 8- =+ .O__. - ma be CME : ' H — :
Za u—é—'aéa—e—g—@—ﬁ-e—_,}i‘?;@—?—g—w— v - - g @ . 30 - 60% ]
- T E e > s e .
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T, 27GeVAutAu [ & 196 GeV AurAu | ) T T~
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7] C ite ch 7 ]
S |5 e aeeT | T the lowest i
~ 0 - b . _
[ ‘o, (€ e M beam E
R B T e I : ]
: : : : e : : : energies. .
a0l % 11.5 GeV Au+Au | 7.7 GeV Au+Au | ]
30 1 | - ]
2L - o 4 $ | 1
b I @ T g n Higher Resolution at ]

@ o w =» o —w o 2 | the lowest energies is
Collision centrality (% Most Central)
needed
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Search for 1%t Order Phase Transition —v,

\ T T I T T T T T T 1 1 I
i ,"k H. Stoecker, Nucl. Phys. A 750 (2005)
\
0.1 \\
o \ f\
= | X 1 e
5 L
g | £
0 “ i
‘l l net-baryon
i )
|
| *  Hydro
ILJ I I 1 1 1 1 11 | | I
10 10?
V sy (GeV)

* First order phase transition is characterized by
unstable coexistence region. This spinodal region

will have the lowest compressibility

* v, is a manifestation of early pressure in the

system
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10-40% Centrality
gt .

i T

T
e
— - -

a) antiproton

PRL, 112 (2014) 162301

b) proton
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Search for 15t Order Phase Transition - <m>

* <m;>- m is a measure of the thermal excitation, i.e. temperature
* dN/dy ~ In(Vs,,) may represent the entropy
* The observed saturation of <m;> is characteristic of a 1°* order phase transition
* E;includes mass and is associated with the energy density

:_ﬁ'l'lTl'l'l T 1 llllll'l T 1 lllllll T 1 l T lllllli T 1 llllnl T 1 Illllll LI l: %\ i ® PHENIX
0.6F Oux* AGS,SPS,LHC T Ok AGS,SPS,LHC J S [ [SPHENIX scaleerror
B ’ ’ 4 ’ ] L W ALICE
[ Kt STAR 1 KK*STAR ® N&'[ wsTar
— L . 4 3 A NA49
N(\) 0.5: 1 1 2T " WA98
S - . i + ) % ¢ E802
D 04F - -4 3 - FOPI
S E I * * ] E 1 o
E o3k ﬁwi«* eew 13 = higess
> o T 1 - ’ 1 u
=, t 1 18 L &
€ 0.2 1 "ﬁ STAR Preliminary 71 osk '
9 _ 1 ] I
01F O AGS,SPS,LHCE- 0K AGS,SP$,LHC |
- y<n STAR I STAR Preliminary YK STAR ] i
O'_|_|_|_|_|_|_|] MEEEIIT NIRRT B AR Lol 1 |||||||] bl o 0 ) | ol ul
10 100 1000 10 100 1000 1 10 10° 10°
Center of Mass Collision Energy s, (GeV)
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Search for 15t Order Phase Transition - asHBT

* Pion asHBT allows
a study of the
coordinate space 0 4:_ " E8935 (-0.6<y<0.6, 7.4-29.7T%) —+— UrQMD
“ ” w  F &  CERES (-1<y<-0.5, 10-25%) 2D hydro EoS-Q
el —
almond sha'pe (gF) 0.35— * STAR (-0.5<y<0.5, 10-30%) == 20 hydro EoS-H
after expansion TE * STAR (-1<y<-0.5, 10-30%) ==sfe=s 2D hydro EoS-l
0.3 STAR (0.5<y<1, 10-30%) —+— 2D hydro MCKLN
o “E —+ — 2D hydro MCGLB
* The expansion in 025F 1 4 1 K, = 0.15.0.6 GeVic
coordinate space = *Model centralities
= el e correspond to data
slows above 7.7 GeV. 0.2 \ e Tt
— | | :.\ ray
But no strong 015
minimum is =
observed. 0.1
. 0.05
* Late signature, —
therefore may not o/ R T
o o 2 3
have sufficient 10 10 S 10
sensitivity
Daniel Ceb i i :
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Search for the Critical Point — kc?

* Fluctuations of conserved quantities T ——r—r—rrrrm :
Phys. Rev. Lett. 112 (2014) 32302
are the best observables to use to search 1 ys. TV 7€ (2014)
for the critical point “ o * o
, " 2 n g O o
* The variances of these quantities are - osl |
roportional to the square of the 2 L L
Prop lati | h G E ® o {a) STAR net-proton data
corre atlon engt . j?_.. 0.6 1T O 70-80% @ O-5% |
» Skew and Kurtosis are even more @ (Iy}<0.5; 0.4<py<0.B(GaV/c)
sensitive < 04l UrOMD (0-5%)  —
. > |\ 1 - Poisson
* Some features seen in net-proton Ko i+ oy ,||L| o
* Difference between signal and 10 Au+ Au Collisions at RHIC -
baselines is less than the uncertainty in o i % i
o
net charge measurements A — S s ?%? _________________ *] ______
o - -
Vqumes cancel %‘J | arXiv: 1402.1558 |
g 4 Iy - " = T {(b) STAR net-charge data
m_o(L2/T) s/ X5~ — (KG")B fﬁ A0 @ O 70-80% @ 0-5% _]
B N ".( I/ T}” 3 o D (ml=0.5; 0. 2=pr<2.0{GaVic])
ol g | T IXBH 'XB" — (SU)B = A NED (0 - 53) .
L, T Pojsson
F. Karsch, PoS (CPODO07) 026, PoS (Lattice 2007) 015 5 10 20 50 100 200

4 More data are needed Colliding Energy Vs (GeV)
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Bulk Penetrating EM Probes

Low Mass Region:

p in medium modification tied to

chiral symmetry restoration

Intermediate Mass Region:
QGP Thermal Radiation

* No strong Vs
dependence of LMR
excess yield

* Constant Baryon
density (p) from 200

GeV down to 19.6 GeV

Cocktail w/o p
19.6 GeV = 0.05
39 GeV x 1

62 4 GeV = 20
200 GeV = 200

} STAR Preliminary | |

[arXiv-1312.7397]

|_'.'_Ll'_'n—!—I"—I—.—I"" u
*Not enough statistics in
IMR {
*No handle on charm { |
continuum (in IMR)
0 0.5 1. 5 2 2 ) 3 3.5
invariant dielectron mass, Mg, (GeVic?)
Daniel Cebra RHIC/AGS Program Advisory Committee .
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Bulk Penetrating EM Probes

R. Rapp, private communication,
R. Rapp Adv. Nucl. Phys. 25,1 (2000)

Low Mass Region:

Grey lines are in medium The uncertainty is

Black lines are the Cocktail calculations from R. Rapp which purely from the cocktail
(excluding the p meson)

include both HG and QGP

components (including medium
broadened p meson). Model is
able to match the data

7
T

-

19.6 GeV

+medium
cockiail
data

49 GeV

62.4 GeV t 200 GaV¥

» 10" ] ]

% 5 TAR Praliminary | STAR Pralfminary { STAR Preliminary

] 1 ]

= 10 1 :

= t

o 8

2o 2

is 10 + i M. f ]

5 Ty T T g

TE =t —r L

< 10” - :
1I}ﬂ 1 1 1 I 1 1 I 1 1 1 1 1 1 1 1 1 1 ' 1 ' 1 1 1 ' 1 ' 1

o 02 04 06 08 10 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
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Bulk Penetrating EM Probes

Ratio of Baryons to Mesons:
Total Baryon density
increases at low energies

Au + Au Collisions at RHIC

0.3 e PHSD
'N(p+p—bar)/N(7t++Tc‘) is our Ratio! (p-p e,
proxy for total baryon g & :
density — 1
*Increases by factor of two f 0.2 \ 0.06
at lower energies e A + < 2 2

i — 0.15 VS (GRV)
*Inset is a PHSD model =
calculation of the excess in a 4
. . + 01 $ @
the region of interest a X s &
*Measure LMR excess for < o
. . 05 Y~
increasing total baryon $0-5 2. 1.
density (p) at lower Vs " A 60-80% STAR Preliminary
’ 10 30 100 300
Collision Energy Vs, (GeV)
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TR

BES Phase | — What have We Learned

* The BES at RHIC spans a range of g that could contain feature of the QCD phase
diagram

* Several signatures demonstrate that the high energy range of the BES shows features
that are consistent with a parton dominated regime

* These signatures either disappear, lose significance, or lose sufficient reach at the low
energy region of the scan.

* There are indicators pointing towards a softening of the equation of state which could
be indicative of a first order phase transition

* The critical phenomena expected as one passes near a critical point would present
compelling evidence, but these analyses are quite sensitive and place stringent demands
on the statistics in order to characterize the tails of the distributions

* EM probes offer a unique way to study chiral symmetry restoration (spectral function
changes — really need both p and al) and QGP thermal radiation, but intermediate mass
dileptons are rare and require high statistics data sets.

Daniel Cebra RHIC/AGS Program Advisory Committee :
1
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Beam Energy Scan
Phase Il

* Physics goals

* Accelerator upgrade — electron cooling

* Internal fixed-target program

* Detector upgrades — iTPC, EPD, end cap TOF

—————————
Daniel Cebra RHIC/AGS Program Advisory Committee Slide 18 of 37
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Proposed Goals of BES Phase-I|

* Measurement of the R, of identified hadrons up to a p; =5 GeV/c (not 7 GeV, maybe 9)

* Consolidate the observation of a non-monotonic variation of the slope of net-proton v,(y)
around midrapidity.

* Quantitatively address the issue of current qualitative observation of absence of partonic
collectivity below Vs, = 19.6 GeV, through measurement of v, of ¢ mesons.

* Consolidate the observation of turn-off of CME/LPV like effect at lower beam energies of
7.7 GeV.

* Quantitatively establish the suggestive non-monotonic variation of net-proton kc? with
beam energy.

* Characterize the orientation and the eccentricity of the coordinate space anisotropy of
the baryon distribution of the medium using two proton correlations

* Unigue opportunity to carry out a systematic study of dilepton production in high total-
baryon density environment. Chiral symmetry and thermal radiation can be explored.

—————————
Daniel Cebra RHIC/AGS Program Advisory Committee Slide 19 of 37
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Statistics Needed in BES phase Il | 557z

Collision Energies (GeV): 7.7 9.1 11.5 14.5 19.6
Chemical Potential (MeV): | 420 370 315 260 205
Observables Millions of Events Needed
Rep Up to p; 4.5 GeV NA NA 160 92 22
g Elliptic Flow of ¢ meson (v,) 100 150 200 300 400
Local Parity Violation (CME) 50 50 50 50 50
E Directed Flow studies (v,) 50 75 100 100 200
= asHBT (proton-proton) 35 40 50 65 80
E net-proton kurtosis (xc?) 80 100 120 200 400
9 I Dileptons 100 160 230 300 | 400
o Proposed Number of
= | |Events: 100 | 160 | 230 | 300 | 400
0

aniel Cebra
06/12/2014

RHIC/AGS Program Advisory Committee
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Disappearance of QGP Signhatures -- R,

~

The key to characterizing the parton energy loss in a colored medum is to reach to a
high enough p; where hard scattering processes dominate. Soft physics dominates the

cross section for p;less than 2 GeV/c

From the
measured
spectra at
lower p;, we
can
extrapolate
the yields to
higher py,
and then
estimate the
expected
uncertainties

Daniel Cebra
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Disappearance of QGP Signatures — v, of ¢

LA™

The ¢ meson is a promising probe of partonic media, however the current data do not
allow an unambiguous measure of v,, especially at high p; where the scaling is most

indicative
0- 80% Au+Au CoII|S|ons at RHIC
T |
0.06|  (1)Ngyy=7. 7(GeV) (2) \SNN =11.5(GeV) -
O A K -
16 B H A EE+ A
0.04 ® § .. - &
. of*? _ DQA‘+
s O A @
| . e

£ ool .87 + D%

- @ ®

: O @‘ %6 B
BES Phase Il will " o¥ o)
provi de. BESII: ¢-meson v, statistical error 5 BESII: o-meson v, statistical error
conclusive
measurements, | s 1 1 Data: Phys. Rev. C 88, 014902 (2013)
:even at the _ 0 02 05 075 1 125 0 02 05 075 1 125
owest energies

& Transverse Momentum p./n, (GeV/c)
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Disappearance of QGP Signatures -- CME

60 - 80%

s -
The CME signature seems to - ]
disappear at 7.7 GeV, however the D; =1 ]
uncertainties of the measurement = :;5 =
make it hard to reach definitive _mf_ Il error Pf?i‘-'ﬂiﬂ" E
conclusions. . e 30 - 60% E
BES Phase Il measurements will 8 F T .
allow a quantitative measurement = u}%f S
of energy where the CME signature ;_ﬁ o -
disappears S _Aurlu | —
¢ 10 - 30%
0.5 B a

/-

T
V'S (GEV)

Daniel Cebra RHIC/AGS Program Advisory Committee :
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Search for 15 Order Phase Transition — v,

[

* Study of the directed flow as a function of centrality and of particle type will help us to
relate this observable to models which incorporate a phase transition.

* As the directed flow signal is sensitive to the early phase of a collision, the initial impact
parameter (centrality) should have a big effect on the measured flow.

* BES Phase-Il data mn T
will allow for a i ¢ BES-I(10-40% Centrality)h * net proton
e ey ] BES-I(10-15% centrality)
definitive test of * B BES-II (10-15% centrality 0.01 t -
the relationship of \ \\ _——1
. e < [
directed flow and | L O ~§~ R I e ;L \ el
oM afle > —
compressibility o kS, \ /f
> >~ OF v —— a
o i © ‘* g
° 1 e
BeSt Opp.ortunlty - BES-I (10-40% centrality)
to determine the proton -0.01F B BES-I(10-15% centalit)]
softest point in the | -0-05 PRL, 112 (2014) 162301 |1 | B BESH (10-15% centralty
Lo | L ! ! Lo | ! L S B S I
EoS 2 2
10 ys Gev 10 10 yvs gev 10
NN
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r Phase Transition -- HBT

Search for 15t Orde

t = 2-4 fm/c
10

0 \..%
5 :
-10

t=4-6 fm/c

t = 6-8 fm/c

t =8-10 fm/c

Just as the directed flow is a measure of the early

compression, an azimuthally sensitive

femtoscopy measurement of the longitudinal tilt
of the source will provide a measure of the

stiffness of the equation of state

This measurement was not possible with the

limited statistics of BES |

70 -
70
® E895 60 RQMD
60 ===RQMD][cs] [from HBT]
- ——RQMD[mf] [from HBT} —50 -
A UrQMD [from HBT] g E895
a0 40 ;
T 40 - T — %D PrOJethd Errors
() ~
gn 30 e Hydro[HG]+UrQMD < 30 [ \
S ——Hydro[BM]+UrQMD BES Il (2t asHBT)
o , 200 1-————00Q900-——F—-——"—"—""—"—"—"——-
o 20
BES Il (2p femtoscopy)
10 - 10 el e
UrQMD
O . O T | ]
1 10 1000 10000 1 10 100 1000
Vs (GeV) Vsyy (GeV)
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Search for the Critical Point — Kc?

*The higher moments are
the most promising

o oy @ | T T T . T ll T I
signature for critical Au + Au Collisions at RHIC
behavior, however the Lo e
limited statistics of BES-I & #J * %
make conclusions difficult 8 i (i L™ 2
*With the errors & 0.8~ 1 1 STAR net-proton
projected for BES Phase- ° (®) i @ 0.-5% O 70-80%
I, it will become clear §. 06 T + ily|<0.5; 0.4<p,<0.8{GeVic))
whether the trends at © JISEEE BES)| orror
19.6 and 27 are a =

. . 0.4 UrQMD [0 - 5%)

manifestation of .

- Phys. Rev. Lett. 112 (2014) 32302 |  ------- Poisson
criticality L r— . [ 5 gl

5 10 20 50 100 200
Colliding Energy Vs, ,, (GeV)
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Bulk Penetrating EM Probes

BES-II:

*Measure LMR
excess for
increasing total
baryon density (p)
at lower Vs
*Measure QGP
thermal radiation
(IMR)

* Possible medium
modifications of
charm in the IMR
*Include di-muon
spectra

*Improved ePID and
acceptance with
iTPC

Daniel Cebra
06/12/2014

LMR Excess Yield / dN/dy|.. (x 109

528 576 608 772 dN/dy|_. 105

4.5 ] 1 1 1 1
4 BES-Il extrapolation
.  model expectation at BES-II
35 e data i
2-5 i 1-1-1-‘*** | |
2 ""f. 1
1.9 r }-
1 u -
LMR: 0.30 < M, < 0.70 GeV/c™
03} 200 GeV: [arXiv: 1312.7397] -
[] ] ] ] BIESl S-I:AF?: Pr?llmlrllalr}r ]

7 10 20 40 B0 100 200
"u"rSNN {Ge’u’]
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Low Energy Electron Cooling at RHIC

1x10%%;
Electron Cooling can | RHIC with cooling and long L
- _ ~ Implementation in phases:
raise the luminosity by e o1 bunches (V, = +/- Im) — P P
. ® . ———|
?af:g;c:‘::rfr?S—lozlg Eiheev Eé | Minimum — == Pha\s/e | (20513)6 Vv
- - | Projection | >&~al.-""" S = J- e
= 11026 Projection ’??% NN
i e - ey
Long Bunches £ P e = | Phase Il (2019) [additional
E 25 /7 |- 0 P .
increase luminosity by | = "° = \3/5Mey 5)3%séeervcawty]
f _— ] NN —
actor of 2-5 BES | Performance [
1x10%4 o< '
5 10 15 20
center of mass energy [GeV] 100 MHz SRF Gun
ot - 11.2 m »
n . v
ek, cooling © 250 kW
section Beam dump

delay *
line -

11.2m
cooling p—
section i “‘””"‘"u“'ﬁ‘fj‘%‘ I

58 m from IP2
gun

—————————s 3 M€V booster — CNETQGY EE
Daniel Cebra RHIC/AGS Program Ac cavity needed for correction cr:
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BES Phase Il Proposal i’iLL

BES Phase Il is planned for two 22 cryo-week runs in 2018 and 2019

Ly (MeV)

BES | (MEvts) 4.3 11.7 24 36
Rate(MEvts/day) 0.25° 0.6* 1.7° 2.4% 45"
BES | £ (1x10%/cm%ec) 0.13 0.5% 1.5 2.1% 4.0
BES Il (MEvts) 100 160 230 300 400
eCooling (Factor) 4 4 4 8 15(4)

Required Beam (weeks) 14 9.5 5.0 2.5 3.0*

* Average performance in final week of BES-1 operations (| V,|< 70 cm)
"= % Interpolated between adjacent energy points
+ Assuming triggering on only good events — saturates DAQ 1000
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What if the Onset of Deconfinement is Below 7.7 GEV?‘EJ&

* NAA49 has completed a scan at the
SPS and claimed observation of
the onset of deconfinement at 7.7
GeV.

 The disappearance of a given QGP
signature does not conclusively
demonstrate the absence of the
QGP, it could also mean that this
signature loses sensitivity.

* It is therefore critical to study
collision energies below 7.7 GeV.

* Thisis a challenge with the
collider, although much progress
has been made.

Daniel Cebra RHIC/AGS |
06/12/2014 Brookh
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Onset of Deconfinement:
early stage hits transition line,
observed signals: kink, horn, step

Predictions SMES: Results:
L APP B30 2705 (99), PR C77 024903 (08)
the dale
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width of paon rapidity spectra
fia bt e T T
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When considering heavy-ion
reaction trajectories on the
QCD phase diagram, there are
three key points:

1) Atwhdtenergy doesthe
interaction region first
achieve enough energy
density to reach the
mixed-phase?

&twhat energy does’i
pass out of the mixed
phase and reach the QGP
Onset of deconfinemen

expanding system pass
through the critical point
as it cools?

Daniel Cebra
06/12/2014

C2.76TeV

RHIC/AGS Program Advisory Committee
Brookhaven National Laboratory
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Fixed-Target Trigger:
* BBC-East

et R-.yn 14 Set-

STAR Fixed-Targ

= Not-BBC-West

= TOFmult =130
= top 30% centrality Au+Au
= 10% Au+Al rejection

BBC-East o a

| Beam Pipe
[

VPD-East

4.0cm d
Be Beam

lameter
Pipe

W

ToF
Collider mode Energies (GeV) 7.7 {11.5]14.5
Fixed Target Vs, (GeV) 30(35|39
Fixed Target pg (MeV) 720 | 670 | 633
Fixed Target y.y 1.06(1.25(1.37

Beam




3.9 GeV Au+Au Fixed-Target Events in STAR

Au+Au @ 14.5 GeV
| |

d |

-
o

y [cm]
=

:
| |||||||

X [cm]

We are able to select events
originating on the gold target.

The TPC has good acceptance
for these lower energy events.

Daniel Cebra RHIC/AGS Program Advisory Committee :
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The STAR Upgrades and BES Phase |l

upgrade

Major improvements N
for BES-II vent 'lane | ‘etector

J

EPD Upgrade:
* Improves trigger

* Reduces background
* Allows a better and
independent reaction

iTPC Upgrade:

* Rebuilds the inner
sectors of the TPC
* Continuous Coverage

EndCap TOF Upgrade:

* Improves dE/dx *Rapidity coverage is critical for plane measurement
* Extends 1 coverage several proposed BES Phase Il critical to BES physics
from1.0to 1.7 measurements

* Lowers p; cut-in from || *Particle Identification at forward

125 MeV/c to 60 MeV/c || rapidity is only possible with an end-
cap TOF

—M%
Daniel Cebra Slide 34 of 37
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The STAR Upgrades -- iTPC

nner upgrade

Several key physics analyses are improved by the additional capabilities of the iTPC:

* The directed flow measurements greatly improved with the extended m coverage

* The kurtosis studies are strongly dependent of acceptance and improved by more
coverage, the lower p; cut, and the improved dE/dx

* The Ry and ¢ meson studies benefit from the improved dE/dx

 Additional n dependent analysis (longitudinal studies are made possible)

_—
Daniel Cebra RHIC/AGS Program Advisory Committee .
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The STAR Upgrades — Event Plane Detector 7z

nner upgrade

vent ‘lane ' 'etector
)

§

/
J 1%1

e

Several key physics analyses are improved by the additional capabilities of the EPD:

* The directed and elliptic flow studies are improved using a quality reaction definition using
detectors well separated in 1| from the region of interest (analysis)

* For all studies, triggering on good events is essential

* Background was a significant issue for STAR in BES-I. For example, 95% of all triggers were
background for the 7.7 GeV system. STAR can only fully utilize the improved luminosity of
BES Phase-Il with this improvement to the trigger

Daniel Cebra RHIC/AGS Program Advisory Committee :
06/12/2014 Brookhaven National Laboratory Slide 36 of 37



BES phase Il - Outlook *

 BES Phase | told us where to search — Lattice QCD
suggests this is the region in which there are interesting
features

* Machine improvements allow for a precision search
* Detector upgrades allow for more refined searches

The focused, precise, and refined studies of BES phase |l
will help to answer several key questions which will
allow us to better understand the phases and
transitions of QCD matter.

Daniel Cebra RHIC/AGS Program Advisory Committee :
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/7.7 GeV Au+ Au

Goals: 5 M mb (no need for central
trigger — trigger peaks at a few
hundred Hz

Final Estimate 4.3 M StRefMultCorr Events/19 days

Rate Estimate: 0.25 MEvts/day

Apr 23 First Collisions 5 6L
Apr 24t Start Taking Data E -
o 5
May 27t": met mb Goals % -
R o
May 27th: 7.7 GeV run over _IE -

Acquired: 5.01 M mb good events
with |V,] <75 cm

Acquired: 4.3 M mb events with

Typical trigger rate at start of fill: 80 Hz

5 Much hard : /
.................... Work a||owed
| . us to achieve |

Initiéal Trajectory

looked

|V,] <70 cm 4
(StRefMUItcorr) u 1 1 .I L1 1 1 1 | 1A 1 1 1 1 | L1 11 1 1 | 11 1 1 !slapF?Olllr]I‘tIIr‘g
22 Anr 20 Anr  NEMav 13 Mav 20 May 27 May 03 Jun
No Scale Up the Rate Estimate: 0.25 MEvts/day
Daniel Cebra i .
o Nochangein|Vz] Slide 39 of 37



Goals: 5 M mb (no need for central
trigger — trigger peaks at a few

hundred Hz

May 27': First Collisions
May 28th: Start Taking Data

Jun 04th: met mb Goals
Jun 07th; 11.5 GeV run over

5
] 4
Acquired: 7.2 M mb good events
with |V,| <30 cm J

2

Acquired: 11.7 M mb events with
|Vz| <50 cm
(StRefMultCorr

Daniel Cebra
06/12/2014

11.5 GeV Au+ Au

Final Estimate 11.7 M StRefMultCorr Events/10 days

Rate Estimate: 1.2 MEvts/day
% 9
© 8
o
8
S 7
=
= 6
=
-l

0
27 May 03 Jun

Wed Jun 8 10:00:12 2010

Scale Up the Rate Estimate: 1.7 MEvts/day
To account for the change in |Vz|

DTUURNITOQVTTT ITVYOuIiuTTar cavuratut y
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14.5 GeV Au+ Au

Goals: 150 M triggers (BUR14-15)

VPD_mb
Feb 13t First Collisions 0
Feb 17t: Start Taking Data ]
3
Mar 11t": met mb Goals 3
=
Mar 11th: 14.5 GeV run over _.E

Acquired: 21 M mb VPD_md

After Q/A: 12.6 M events with
|[Vz| <30 cm

Final Estimate 12.6 M Q/A good evts Events/21days

Rate Estimate: 0.6 MEvts/day

24 [ Typlcal trlgger rate at start of fill: 300 Hz
22F |

20
18 |
16 |-
14
121
10

o N & O ©

13 Feb 20 Feb 27 Feb 06 Mar 13 Mar

PRI WL L.

Scale Up the Rate Estimate: 1.4 MEvts/day

- _ _ _____________________|
Daniel Cebra To account for the change in |Vz| Slide 41 of 37

06/12/2014

DTUURNITOQVTTT ITVYOuIiuTTar cavuratut y



19.6 GeV Au+ Au (201 %)

2011
Goals: 5 M mb
| mbi-fast |
Apr 21 : First Collisions T 20
Apr 24t: Start Taking Data E 18
3 1
Apr 28t met mb Goals 3 o
= 14
May 02": 19.6 GeVrunover £ 12
-
10
Acquired: 17M good events 8
defined with |V,| <30 cm
6
Acquired: 36 M mb events 4
with |V,] <70 cm 2
(StRefMultCorr) 0

Final Estimate 36 M StRefMultCorr Events/9days

Rate Estimate: 4.0 MEvts/day

Typical trigger rate at start of fill: 500 Hz

[ 'la T 0

[ T . T

r 07 May
Scale Up the Rate Estimate: 4.0 MEvts/day
Daniel Cebra H .
So/12/2014 To account for the change in | Vz| Slide 42 of 37
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2011

Goals: 5 M mb

Jun 215t : First Collisions
Jun 215t; Start Taking Data

Jun 235t met mb Goals

Jun 27th; 27.0 GeV run over

27.0 GeV Au+ Au (2

mb1-fast

Lum [M good events]

Acquired: 37M good events
defined with |V,| <30 cm

Acquired: 70 M mb analysis
events with |V,| <70 cm

(StRefMultCorr)

Daniel Cebra
06/12/2014

40

35

30

25

20

15

10

5

0

AV

Final Estimate 70 M StRefMultCorr Events/7 days

Rate Estimate: 10 MEvts/day

____________________________________ Typical trigger rate at start of fill: 1200 Hz

L I B TS La 1 - T T DE Jul
Scale Up the Rate Estimate: 10.0 MEvts/day

To account for the change in |Vz| Slide 43 of 37
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Goals: 24 M mb

Apr 8t": First Collisions
Apr 10t": Start Taking Data

Apr 11t: met mb Goals
Apr 22 39 GeV run over 230

Acquired: 250 M triggers & 169 M 200
good mb events (13.5 M with mb-

slow)

Trigger selected |V,| <50 cm

Acquired: 130 M mb analysis
events with |V,| <40 cm

(StRefMultCorr)

Daniel Cebra
06/12/2014

39 GeV Au+ Au

Final Estimate 130 M StRefMultCorr Events/12 days

Rate Estimate: 11 MEvts/day

00— Typical trigger rate at start of fill: 600 Hz
Average for the fill is ZOOHz

Nevents
' T T

150

100

50

0
08 Apr 15 Apr

T O T W T Y PE L Ta N

Scale Up the Rate Estimate: 19.25 MEvts/day
To account for the change in |Vz|

DTUURNITOQVTTT ITVYOuIiuTTar cavuratut y
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62.3 GeV Au+ Au

Goals: 100 M mb, 20 M central Final Estimate 67 M StRefMultCorr Events/12 days

Mar 18'": First Collisions Rate Estimate: 5.6 MEvts/day
Mar 239 Start Taking Data

min-bias |

%10° Typical trigger rate at start of fill: 600 Hz
- Average for the fill is 200Hz

Mar 29t": met mb Goals
Apr 03': met central Goals

160 oo

Nevents
I

140

Apr 08t": 62.3 GeV run over 120

Acquired: 140 M mb, 33 M cent. 100

80
(trigger selected |V,| <50 cm,
online HLT analysis suggests 95% 80

are good events) 40

20

Acquired: 67 M mb analysis : | |
eventSWithIVz|<4ocm ullllIiIIIIIIiIIIIIIiIIIIII

08 A 15A
(StRefMultCorr) Scale Up the Rate Estimate: 3.5 MEvts/day P P o
%2;'162'/3?3 To account for the change in |Vz| Slide 45 of 37
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Analysis |Vz| cuts Energy by Energy iquL

7.7 70
11.5 50
19.6 70
27 70
39 40
62.4 40

-
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Larger View of RHIC Projections STAL

11028
E§ 11027
&
= 1 l{:l'Eﬁ
s
]
=
E o

11024

5 10 15 20
— o, center of mass energy [GeV] Slide 47 of 37
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Projections for a finer step size in p,

neney potontal e Aeen PEShmInOSty LIRS et BT proeea DTN p’ aeahoata pEl bats
(GeV)  (GeV) (10%/em’sec) o is/day  (Mevt/day) "™V (Mevt/day) BEYSUVEY (Mewts)  set Set
19.6 0.206 4.00 1.89 1.90 70.0 33.3 0.8 400 5 1*
16.8 0.234 0.028 2.52 1.20 324 15.4 1.1 322 9

145 0.264 0.030 1.62 0.60 0.77 15.5 7.37 1.5 262 15 2
13.0 0.288 0.024 1.17 0.55 9.0 4.27 1.8 225 23

11.5 0.316 0.028 0.81 0.72 0.38 4.9 2.31 2.3 190 35 5
10.3 0.343 0.027 0.58 0.28 2.8 1.33 2.9 163 52

9.3 0.370 0.026 0.43 0.20 1.7 0.80 3.6 141 76 10
8.4 0.397 0.028 0.31 0.15 1.0 0.48 4.4 122 109

7.7 0.422 0.024 0.24 0.095 0.12 0.7 0.31 5.2 108 149 20
7.0 0.449 0.028 0.18 0.09 0.4 0.19 6.3 95 210

6.4 0476 0.027 0.14 0.07 0.3 0.12 7.5 83 290

58 0.506 0.030 0.10 0.05 0.2 0.08 9.1 73 414

|Vz|< 30 cm |Vz|< 30 cm |Vz|< 70 cm

06/12/2014 Brookhaven National Laboratory



Disappearance of QGP Signhatures -- BF e

* Narrowing of 0.6; 7.7 GeVE 11.5 Gevi_, 19.6 GeV
the balance 045:-_ » Data .. .
functions is seen ' ;ﬁ-::, * Shuffled . 7, LT
as a signature of 2 TP 3 L 3 T
partonic Telrs . ‘ "':.;- . ‘ Tteatit.,
bEhaViOF. | L |...|...|...|f.l.-f..| ] ] ] ] Lol |.|.=E| ] ] ] ] |||L-T._'-
27 GeVE 39 GeV | 62.4 GeV

* This signature . ? . — 2
is still present at : . = . [ SR Preliminary ..
7.7 GeV, which : ik, - "._._ - .":;._
could be a sign 3 Trelite.. Tesite.. F ":;:: )
Of the onset Of 0: .............................. ..'..ll ............................. -..-.l= ............................... ..--..—'_
deconfinement. 06— 200 GeV 0.6 1.2 ﬂmo 06 12 18

0 4_ . A Most central (0-5%) events only
o . . — . '}ﬂnnpmﬁn . .
n::;":; :;;'I‘:re ST - Data show narrowing at all energies
lower energies. 0 _ ‘oo, tiied B(&?}}=l N_(AR)=N,,(An) N N_ (Am)—N_(An)

0 06 12 18 2 N, N
An
BF = Balance Functions RHIC/AGS Program Advisory Committee Slide 49 of 37
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Search for 15t Order Phase Transition t@_

o4 [® AutAu (@)} e PHENIX/STAR (b) RIOng ocT
% Au+ Au {* STAR y -
N ‘& Pb+Pb 1 ALICE 106 E
f\gZO N 0-5% T m, = 0.19 GeV g R2 _R2 o Az
CEE [ ] - Q out side
el ¥ $ {05 S
i L 4 o
o, [ FT 8 T ¥ : |
(rg 12 N % 1 % 3 104 e R—Ri /Rlongocu
sl onveuy L 1 & R=+2R
- PH ENIX | N i
- preliminary T ] 0.3
4 —1 U111 O WV W 071 B O 1171 | 11111; poood vl 3o rasonl 3oy piun
0.01 0.1 1 0.01 0.1 1
VSw TeV
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Search for 15t Order Phase Transition

x107
B 2 *0-5%
0.1_V {2} /(chh/dr]) +5-10%
010-20%
0.08—
0.06—
0.04—
0.02—
i STAR F’reliminary
OIIIIJ 1 1 IIIIII‘ 1 1 L1 1 IJ| | I S T |
10 107 10° 10*

\'Sny (GeV)

0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.02

IIIIJ

STAR Preliminary

N S N |

*20-30%
430-40%
©40-50%

| I T I

10

107 10°
\'Sny (GeV)

10*

Slide 51 of 37

Daniel Cebra
06/12/2014

RHIC/AGS Program Advisory Committee
Brookhaven National Laboratory



0,0018—— - : S —
+ Data

0.0016f
0.0014¢
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0,0008F
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0,0004 .
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A Summary of BES-I Results STA

\ &, 200 624 39 27 198 115 7.7 (GeV) \ Sy 200 624 39 27 198 11.5 7.7 (GaV)
10k Authu Collisions | i —_ 'D.'D4:'. e 4 v,(P)-v EKﬂ]I
g ® = ' o 0-80%,
a [ . ;"m 0.03f = i
o} i . [
E 1 e * _____ ! ____________ b - - ] D |G2 i
E s ® Charged hadrons E 0.01F [
e Ry (0-5%/60-80%) = b mem~ 2.0 GeVic® =
| aSTAR HE"'TIIHEW pT = 3 GE‘U-'IG ﬂ | R SRS R — S —— - PR
i 0.04 - i .
C 10-40% . Au+Au collisions 1
] B (&' | | r 1
_!_L[)_(]‘]_ prolon v, slope 1 U.UE:— i T
> C o f i
S g 2 oo2f L
= 000w g : : _
S i Y é . 0.01 e °® 0-80%:
001 : (e o @ Vo{p)v,(B)
1.2¢ 0-5% net-protons B E_ e
1.0~ e e B Fe ] » I i
re @ @ - 4F 4 ® :
i 3 oerp . I X LB | i
- e & L] w < i ]
0.4 o g 2F |
02k 4 | 50-60% {cos(o 0 -2v } = J
0 100 200 300 400 0 100 200 300 400
i, (MeV) u (MeV)

-
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Directed Flow Predictions and Published Data
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