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Motivation: Criticality at crossover 

E-by-E	fluctuations:	
	

Ø 	To	study		dynamics	of	the	phase	
								transitions	
Ø  	To	locate	phase	boundaries	

		Tc
lattice =154±9MeV , TfoALICE =156±3MeV

freeze-out	at	the	phase	boundary!	

A.	Bazavov	et	al.,	Phys.Rev.	D85	(2012)	054503		

2 
ISOQUANT  Kick-off Workshop, 20.02.17, Obergurgl, Austria  



Mesut	Arslandok,	Heidelberg	(PI)	 2	XII	WPCF,	Amsterdam,	16.06.2017	

Outline	

	
①  	Analyses	of	event-by-event	fluctua.ons	in	ALICE	

Ø  	Par6cle-ra6o	and	net-baryon	fluctua6ons	
Ø  	Iden6ty	Method	
Ø  	Results		
	

②  	ALICE	Time	Projec.on	Chamber	(TPC)	in	RUN3	
Ø  	Introduc6on	to	ALICE	TPC	
Ø  		MWPC	vs	GEM		

	

③  	Summary	&	Outlook	



Analyses	of	event-by-event	
fluctua.ons	in	ALICE	



Analyses	of	event-by-event	fluctua.ons	in	ALICE	

Mesut	Arslandok,	Heidelberg	(PI)	 3	

Mo.va.on:	Cri6cality	at	crossover	

XII	WPCF,	Amsterdam,	16.06.2017	

Baryochemical	Poten0al		

Te
m
pe

ra
tu
re
	

Hadron	Gas	

Quark	Gluon		
Plasma	

Nuclei	

Cross-over	

LHC	
	Early	U

niverse	 Cri0cal	Point	

1st	Order		
Phase	Transi0on	

Tc			155	~	

Event-by-Event	fluctua.ons:	
	

Ø  	Study		dynamics	of	the	phase		
							transi6ons	
Ø  	Locate	phase	boundaries	



Analyses	of	event-by-event	fluctua.ons	in	ALICE	

Mesut	Arslandok,	Heidelberg	(PI)	 3	

Mo.va.on:	Cri6cality	at	crossover	

XII	WPCF,	Amsterdam,	16.06.2017	

		Tc
lattice =154±9MeV , TfoALICE =156±3MeV
freeze-out	at	the	phase	boundary!	

A.	Bazavov	et	al.,	Phys.Rev.	D85	(2012)	054503		

Baryochemical	Poten0al		

Te
m
pe

ra
tu
re
	

Hadron	Gas	

Quark	Gluon		
Plasma	

Nuclei	

Cross-over	

LHC	
	Early	U

niverse	 Cri0cal	Point	

1st	Order		
Phase	Transi0on	

Tc			155	~	

v  Close	to	chiral	limit	(mu,d=0)		
						LaTce	QCD	calcula.ons	signal		
						cri.cal	behavior	

Event-by-Event	fluctua.ons:	
	

Ø  	Study		dynamics	of	the	phase		
							transi6ons	
Ø  	Locate	phase	boundaries	



Analyses	of	event-by-event	fluctua.ons	in	ALICE	

Mesut	Arslandok,	Heidelberg	(PI)	 3	

Mo.va.on:	Cri6cality	at	crossover	

XII	WPCF,	Amsterdam,	16.06.2017	

		Tc
lattice =154±9MeV , TfoALICE =156±3MeV
freeze-out	at	the	phase	boundary!	

A.	Bazavov	et	al.,	Phys.Rev.	D85	(2012)	054503		

Baryochemical	Poten0al		

Te
m
pe

ra
tu
re
	

Hadron	Gas	

Quark	Gluon		
Plasma	

Nuclei	

Cross-over	

LHC	
	Early	U

niverse	 Cri0cal	Point	

1st	Order		
Phase	Transi0on	

Tc			155	~	
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Mean	pT	,	Mul6plicity,	Net-charge,	Net	proton	number,	Iden.fied	par.cle	ra.os	…	
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Main	detectors	used	in	the	analysis:	
	

Ø  	Time	Projec6on	Chamber	(TPC)	
•  	Tracking	and	PID	

Ø  	Inner	Tracking	System	(ITS)		
•  	Vertex							
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Main	detectors	used	in	the	analysis:	
	

Ø  	Time	Projec6on	Chamber	(TPC)	
•  	Tracking	and	PID	

Ø  	Inner	Tracking	System	(ITS)		
•  	Vertex							

Data	Set:	
	

Ø  	Pb-Pb	Collisions	(RUN1,	2010)	
•  																						TeV,		13	M	events	
	

Ø  		Acceptance:	
•  	|η|<0.8,			0.2	(0.5)	<	p	<	1.5	GeV/c	

sNN = 2.76

A	Large	Ion	Collider	Experiment		
Analyses	of	event-by-event	fluctua.ons	in	ALICE	

TRD	



 Signal (a.u.)x/dETPC d

40 60 80 100 120 140 160

c
o

u
n

ts
 (

a
.u

.)

1

10

210

310

410

510 Data

Total Fit 

Electron 

Pion 

Kaon 

Proton 

 = 2.76 TeVNNsALICE Preliminary, Pb-Pb 

c<0.75 GeV/p<0.3, 0.73<η0.2<

Generalised Gauss function:

 
2σ

)µ(x-
αerf1+

β

σ
|µ|x-

-
    Ae

ALI−PREL−121523

π	
K	

e	
p	

Mesut	Arslandok,	Heidelberg	(PI)	 5	

Iden.ty	Method	

XII	WPCF,	Amsterdam,	16.06.2017	

Analyses	of	event-by-event	fluctua.ons	in	ALICE	



 Signal (a.u.)x/dETPC d

40 60 80 100 120 140 160

c
o

u
n

ts
 (

a
.u

.)

1

10

210

310

410

510 Data

Total Fit 

Electron 

Pion 

Kaon 

Proton 

 = 2.76 TeVNNsALICE Preliminary, Pb-Pb 

c<0.75 GeV/p<0.3, 0.73<η0.2<

Generalised Gauss function:

 
2σ

)µ(x-
αerf1+

β

σ
|µ|x-

-
    Ae

ALI−PREL−121523

π	
K	

e	
p	

Mesut	Arslandok,	Heidelberg	(PI)	 5	

Iden.ty	Method	

XII	WPCF,	Amsterdam,	16.06.2017	

Analyses	of	event-by-event	fluctua.ons	in	ALICE	

Use	addi.onal	detector	informa.on	
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²  Solu.on	to	Misiden.fica.on	
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n  = A−1 Wj

n

1. Introduction

tion with beam energy and do not reveal an indication for critical behavior in the range
6.3 <

p
sNN < 200 GeV. Disagreement between NA49 and STAR data for ⌫dyn[K, p] and

⌫dyn[⇡, K] at
p

sNN < 10 GeV was explained in Ref [28] with the acceptance dependence of
⌫dyn. Above this energy, both experiments report positive values for ⌫dyn[⇡, K] and a weak
energy dependence, whereas ⌫dyn[K, p] is negative and approaches zero as

p
sNN increases.

The results for ⌫dyn[⇡, p] are also negative and approach zero, while the hadronic transport
models HSD [29] and UrQMD [30] indicate a sign change in the RHIC energy regime.

The ALICE detector at the LHC is ideally suited to extend these measurements to higher
collision energies. In particular, the excellent charged-particle tracking and particle iden-
tification (PID) capabilities in the central barrel of the detector allow for measurements
of ⇡, K and p on an event-by-event basis at mid-rapidity and low transverse momentum
(pT). The ALICE results for ⌫dyn in Pb–Pb collisions at

p
sNN =2.76 TeV are presented

Chapter 6.

1.4.2. A solution for misidentification: the Identity Method

Unlike single-particle spectra measurements, the results on second and higher moments of
particle multiplicity distributions cannot be corrected in a model independent way for the
limited experimental acceptance. Therefore, one keeps the acceptance reasonably high by
combining the information of several detectors, for instance ITS+TPC+TOF. However,
this costs a reduction in the particle detection e�ciency, which is also di�cult to correct
for. Namely, the main challenge in the fluctuation analyses is to identify each particle
track uniquely keeping the acceptance and detection e�ciency large.

Thereby, the particle identification (PID) in ALICE is mostly based on the TPC, which
provides a momentum resolution better than 2% and single particle detection e�ciencies
up to 80% for pT > 0.3 GeV/c. The PID in the TPC is based on the specific energy
loss (dE/dx), charge, and momentum of each particle traversing the detector gas. When
the dE/dx distributions of di↵erent particle species are well separated, a unique particle
identification is possible which allows for finding the moments by counting the number of
particles on an event-by-event basis. However, it su↵ers from the misidentification prob-
lem when the measured particle dE/dx distributions overlap. Although, it is impossible
to identify particles uniquely in the overlap region, one can determine with high accuracy
the percentage of a given particle type among others. Below, It will be shown that this
probability information is su�cient to overcome misidentification problem.

A new experimental technique called the Identity Method was proposed in Ref. [31] as
a solution to the misidentification problem for the analysis of events with two measured
particle species. In Ref. [32] the method was further developed to calculate the second
moments of the multiplicity distributions of more than two particle species. Finally, in
Ref. [33] it was generalized to second and higher moments of the multiplicity distributions
in events consisting of an arbitrary number of di↵erent particle species. First experimental
results using the Identity Method was published by the NA49 collaboration in Ref. [28].

Instead of identifying every detected particle event-by-event, the Identity Method calcu-
lates the moments of particle multiplicity distributions by means of an unfolding procedure
using only two basic experimentally measurable event-by-event quantities, ! and W . They
are defined as
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²  	Keeps	the	par6cle	detec.on	efficiencies	high	and	flat	
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νdyn =
NA (NA −1)

NA
2 +

NB (NB −1)
NB

2 − 2
NANB

NA NB

ü  Measures	devia.on	from	Poissonian	behavior	
ü  Correla.on	between	par6cles	A,	B	
ü  Robust	against	detec6on	efficiency	losses	
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Model	Comparison:	
	

Ø  		HIJING:	no	centrality	dependence	

Ø  		Hadronic	rescafering	increases		
							correla6ons	while	String	mel.ng	reduces	
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•  	νdyn[π,p]	:	Increasing	correla.on	with		
																	decreasing	centrality		

•  		νdyn[π,K]	:		increasing	an6-correla6on	between		
																											π-K	or	increasing	dynamical	fluctua6ons		

νdyn =
NA (NA −1)

NA
2 +

NB (NB −1)
NB

2 − 2
NANB

NA NB

ü  Measures	devia.on	from	Poissonian	behavior	
ü  Correla.on	between	par6cles	A,	B	
ü  Robust	against	detec6on	efficiency	losses	

Model	Comparison:	
	

Ø  		HIJING:	no	centrality	dependence	

Ø  		Hadronic	rescafering	increases		
							correla6ons	while	String	mel.ng	reduces	
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Par.cle-ra.o	fluct.:	Energy	dependence		

Ø  	ALICE	data	has	larger	values	for	all	three		
							cases	and	exhibits	a	sign	change	for		
							νdyn[π,p]	and	νdyn[p,K]	
	

²  Less	correla.on	or	larger	dynamical		
							fluctua.ons	?	
	

q  	Usage	of	ITS:	Rejec6on	of	secondaries	
	

q  	Different	kinema6c	ranges	
							(Physical	Review	C	89,	054902	(2014))		
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Net-proton	fluctua.ons	
Tool:	Net-par.cle	cumulants	

P
T 4 =

1
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κ2 ΔNB( )
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Nucl.	Phys.	A	960	(2017)	114–130	
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à		For	a	thermal	system	in	a	fixed	volume	V	within	the	Grand	Canonical	Ensemble		
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Net-proton	fluctua.ons	
Tool:	Net-par.cle	cumulants	

Correla.on	term	may	arise	from:	
1.   Resonance	contribu.ons	
	
2.   Global	conserva.on	laws	
									baryon	number,	strangeness	etc.	

		ρ→π +π − ,φ→K +K − ...
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correla6on	term	
		κ 2 p− p( ) =κ 2 p( )+κ 2 p( )−2 pp − p p( )

²  	Devia.on	from	skellam	
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Ø  	non	Poisson	(an6)protons?	
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²  	Par.cipant	fluctua.ons	

correla6on	term	
		κ 2 p− p( ) =κ 2 p( )+κ 2 p( )−2 pp − p p( )

²  	Devia.on	from	skellam	
	

Ø  	correla6on	term?	
Ø  	non	Poisson	(an6)protons?	

		κ 2 Skellam( ) =κ1 p( )+κ1 p( )

(Nuclear	Physics	A	960	(2017)	114–130)	
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Net-proton	fluct.:	Acceptance	Dependence	
v  	In	reality	(experiments)	conserva6ons	depend	on	the	acceptance	(pT,	y)	

à	Contribu6on	from	global	baryon	number	conserva6on	?	
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Net-proton	fluct.:	Acceptance	Dependence	

(Phys.	Leh.	B	747,	292	(2015))	

Ø  	Inputs	for															from:			
B

acc

Ø  Extrapola6on	from												to	
	

													using	HIJING	and	AMPT	models	
	
B

acc
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4π
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Net-proton	fluct.:	Acceptance	Dependence	

(Phys.	Leh.	B	747,	292	(2015))	

Ø  	Inputs	for															from:			
B

acc

Ø  Extrapola6on	from												to	
	

													using	HIJING	and	AMPT	models	
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acc
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4π
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Physics	Summary		
ü  		Iden6fied-par6cle-ra6o	and	net-proton	fluctua6ons	are	measured	for	the	first	6me		
							at	LHC	up	to	second	order	moments	(cumulants)	

Ø  	Par.cle-ra.o:	Sign	change	for	νdyn[π,p]	and	νdyn[K,p]	as	a	func6on	of	energy	
																																	Sign	change	for	νdyn[π,p]	as	a	func6on	of	centrality		
																																	HIJING	and	AMPT	do	not	describe	the	data	
Ø  	Net-protons:		Devia6on	from	skellam	baseline	à	Baryon	number	conserva6on	
																																	Agreement	with	LQCD	predic6ons	
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Physics	Summary		

What	is	next	?	à	Higher	moments	à	Higher	stat.	+	Good	PID	

6th	and	8th		order	cumulants	of	the		
net	baryon	number	fluctua.ons	at	μq/T	=	0	
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

In Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χB

6 correspond approx-
imately to the zeros of χB

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χB

2 and χB
4 , we obtain the ratios RB

n,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. In the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
In particular, they show pronounced minima with RB

n,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and

13
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RUN1:	2nd	order	(~13M	events)	
	

RUN2:	4th	order	(~150M	events)	
	

RUN3:	?	

ü  		Iden6fied-par6cle-ra6o	and	net-proton	fluctua6ons	are	measured	for	the	first	6me		
							at	LHC	up	to	second	order	moments	(cumulants)	

Ø  	Par.cle-ra.o:	Sign	change	for	νdyn[π,p]	and	νdyn[K,p]	as	a	func6on	of	energy	
																																	Sign	change	for	νdyn[π,p]	as	a	func6on	of	centrality		
																																	HIJING	and	AMPT	do	not	describe	the	data	
Ø  	Net-protons:		Devia6on	from	skellam	baseline	à	Baryon	number	conserva6on	
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à  Designed	to	measure	up	to	20000	primary	and	secondary	par.cles	in	a	single		
						central	Pb-Pb	collision	
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•  Ne-CO2-N2:		90-10-5	
	

•  Read-out	chambers:	72		
	

•  159	rows	(maximum	number	of	clusters	per	track)	
	

•  Pads	(readout	channels):		557568	
	

•  Time	bins	(samples	in	z	direc6on):	1000	
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Gas	Amplifica.on		
MWPC	(Mul6-Wire	Propor6onal	Chamber)	or	GEM	

à Electrons	with	~1000	larger	dris	velocity	
à Original	charge	is	mul6plied	by		
						a	factor	of		several	thousands	

Signal	Genera.on	

Ioniza.on	

Electron	Dris	

2.2. Time Projection Chamber (TPC)

The reconstructed laser tracks, together with the CE signal, are used for the calibration
of the electronics, alignment of the ROCs, studying field distortions and E ⇥ B e↵ects,
gain and drift velocity calibration [59]. In this thesis, the signals from the laser tracks are
used for the investigation of the TPC signal response.

The data taking system of ALICE is designed to take data in various run configurations,
either in dedicated calibration runs with laser triggered events only or in a mode where
the laser events are interspersed between physics events. For stand-alone calibration runs,
a fixed total number of events (typically 1000-5000) is recorded. In case of physics runs,
a set of laser events, a so-called burst, with a fixed number of events (e.g. 100 events)
are interleaved between physics triggers. After one burst is taken, the laser is put into a
standby mode for a period of about 1 hour. Therefore, depending on the length of the
run, one run can include more than one burst. This burst mode of operation is handled
automatically by the DCS (Appendix A) and is designed to ensure a reasonably long laser
flashlamp lifetime [59].

Figure 2.10.: Schematic illustration of the working principle of TPC [61].
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ALICE	TPC	in	RUN3	
(Gas	Electron	Mul.pliers,	GEMs)	

7MPGD 2013, Zaragoza 01.07.2013

 Introduced by Fabio Sauli (1996)

 50 μm thick kapton

 5 μm layers of copper on both sides

 Voltage of several hundred volts produce an

electric field of several 104 V/cm

 Amplification within the holes

● A multi-GEM structure reduces significantly 

the discharge rate

● A multi-GEM structure allows an optimization

of field configuration to minimize the IBF

● Excellent spatial resolution (ILC, CLIC)

 Intrinsic Reduction of the IBF to cope with

high rate resp. high charge density (ALICE)

Gas Electron Multiplier (GEM)

140μm  

70 μm  

Highlights of the R&D programme

Andi Mathis | TU München | MPGD 2017 - Philadelphia 8

Parallel optimization of IBF and energy resolution

• IBF < 2 %

– Keep space charge distortions at tolerable level

• Local energy resolution < 14 % for 55Fe

Stable operation under LHC RUN3 conditions

• Irradiation with alpha particles and hadron beams

– Discharge probability
– < 10-10 (measured with alpha particles)

– (6.4±3.7)×10-12 per incoming hadron 
(SPS RD51 beam time)

• Research extended: Single-GEM stability

– Poster by P. Gasik

Various full-size prototypes built and operated!

24 May 2017
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Future	TPC:	(Gas	Electron	Mul.pliers,	GEMs)	
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Collision	rates	of	50	kHz	in	Pb-Pb	beyond	2019	
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4.1 Readout chambers 45

sufficiently large signal in the cathode segments (readout pads). The necessary signal amplification is
provided by avalanche creation in the vicinity of the anode wires. The two-dimensional segmentation of
the cathode plane provides the measurement of many individual space points per particle track in the r-ϕ-
plane. The additional measurement of the drift time of each of the pad signals allows a three-dimensional
reconstruction of the particle track [8].

4.1.2.1 Wire planes

The ALICE TPC readout chambers employ a scheme of wire planes commonly used in a TPC, i.e. a grid
of anode wires above the pad plane, a cathode wire grid, and a gating grid. All wires run in the azimuthal
direction. Since the design constraints are different for the inner and outer chambers (see below), their
wire geometry is different, as shown in Fig. 4.6. The gap between the anode wire grid and the pad
plane is 3 mm for the outer chambers, and only 2 mm for the inner chambers. The same is true for the
distance between the anode wire grid and the cathode wire grid. The gating grid is located 3 mm above
the cathode wire grid in both types of chambers. The anode wires and gating grid wires are staggered
with respect to the cathode wires. Henceforth we abbreviate the wire geometry of the inner chamber by
(2-2), and that of the outer chamber by (3-3).

Inner Chamber

3mm

3mm

3mm

1.25mm

2.5mm

2.5mm
2mm

2mm

3mm

1.25mm
Gating Grid

2.5mm
Cathode Wire Grid

2.5mm

Anode Wire Grid

Pad Plane

Outer Chamber

Figure 4.6: Wire geometry of the ALICE TPC outer (left) and inner (right) readout chambers.

Anode wire grid

Because of the high particle multiplicity and the relatively large gas gains required for the readout cham-
bers (see below) a small anode wire pitch was chosen for the ALICE TPC to minimize the accumulated
charge per unit length of the anode wire and hence the risk of rate-induced gas gain variations. This
led to the choice of a 2.5 mm pitch for the anode wires (see also Section 4.1.3). Since the anode wires
are not read out, there are no field wires in between them to prevent crosstalk between adjacent anode
wires. Furthermore, field wires would reduce the signal coupling to the pads, as they pick up a significant
fraction of the signal [9]. The absence of field wires also considerably reduces the mechanical forces on
the wire frames. However, a chamber without field wires requires a somewhat higher voltage to achieve
the required gas gain, as shown in Section 4.1.3.

MWPC	
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Figure 4.16: The drift lines of ions distributed randomly around the anode wire in
the IROC (left) and OROC (right) with an open gating grid. The
ions initially have a distance of 10µm from the wire surface and an
angular distribution of ±0.675⇡ with respect to the drift direction of
the ionization electrons. They end up on the pad plane, cathode wires
and GG wires or escape into the drift volume and are collected by the
central electrode.

distortions in the TPC drift volume caused by back-drifting ions due to an open
gating grid are studied in Section 5.3.

The simulation of the ion drift is performed exactly the same way as in Section 4.3.1
except the nominal voltage settings for the open state of the gating grid are used.
The GG offset voltage is set to V

G

= �70V for the IROC and V

G

= �155V for
the OROC and the gating voltage is set to ±�V = 0 V for both types of readout
chambers. The calculated ion drift lines in the IROC and OROC are shown in
Figure 4.16. They are symmetric on both sides of the anode wire which is not the
case for a closed gating grid because of the different potentials at neighboring GG
wires. Most of the ions end up at the pad plane, cathode wires and GG wires but a
considerable fraction of the ions moves into the drift volume.

The ion drift time of the collected and escaped ions is calculated. The drift time
of the escaped ions is defined by the time it takes them to reach a virtual plane
which is 200µm above the gating grid. It is assumed that the attractive potential
of the GG wires is too weak to collect the ion once it reaches this plane. The total
distribution of the collected and escaped ions in the IROC and OROC as a function
of the ion drift time is shown in Figure 4.17 for the Ne- and Ar-based gas mixtures.
Similar as in Figure 4.11, three peaks are observed for the distribution of the col-
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Figure 4.10: The drift lines of ions distributed randomly around the anode wire in
the IROC (left) and OROC (right). The ions initially have a distance
of 10µm from the wire surface and an angular distribution of ±0.675⇡

with respect to the drift direction of the ionization electrons. They end
up on the pad plane, cathode wires and GG wires.

the ion mobility and the electric field in the amplification region. Because of their
bigger mass Ar+-ions are slower by a factor of about 2.5 compared to Ne+-ions as
discussed in Section 4.1.3. The CO

2

+-ions in Ne are also faster by about the same
factor than in Ar. Thus a change of the main gas component from Ne to Ar leads to
an increase of the ion-collection time. The time the gating grid is kept in the closed
state has to be adjusted accordingly.

The ion-collection time is calculated for different Ne- and Ar-based gas mixtures.
The results for Ne-CO

2

(90-10) and Ne-CO
2

-N
2

(90-10-5) are compared to Ar-CO
2

with CO
2

fractions of 10 % and 12 % since it provides the required electron transport
properties (Section 4.1.1). Ne-CF

4

(90-10) and Ar-CF
4

(90-10) are also used in the
simulations. The offset and gating voltage of the gating grid are varied to study
the effect on the ion-collection time. For comparison the ion-collection time and the
fraction of ions escaping into the drift volume are calculated for the case of an open
gating grid. The accuracy of the calculated ion drift times is correlated with the
precision of the ion mobility data.

4.3.1 Ion-Collection time

Although the avalanches in the amplification region have some lateral extent, the
ion-collection time is determined by the ions with the longest drift time which are
created in the vicinity of the anode wires. A total number of 200 000 ions are dis-
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Figure 3.4: Garfield/Magboltz simulation of two avalanche processes inside a GEM
hole. Two electrons (yellow lines) enter the amplification region and are
multiplied. The positive ions (red lines) created in this process drift in
the opposite direction closely following the electric field lines [35].

The upgraded readout chambers will be based on stacks of four GEM foils. A
GEM foil consists of a 50µm thin insulating Polyimid foil with Cu-coated surfaces.
The foil is perforated to form a dense regular pattern of double-conical holes with
an inner diameter of ⇠ 50µm and an outer diameter of ⇠ 70µm. The GEM holes
serve as amplification structures and provide charge transport. Applying a moder-
ate voltage difference of 200–400 V between the Cu layers, the electric field strength
inside the GEM holes is sufficiently large for gas amplification. The complicated dy-
namics of charge movement and avalanche creation inside a GEM hole is illustrated
in Figure 3.4. The positive ions created during the gas amplification process closely
follow the electric field lines because of their small diffusion. Most of the ions end
up on the top layer of the GEM since the electric field inside the hole is much higher
than the one above the hole. A fraction of ions escapes into the region above the
GEM foil. Using a combination of four GEM foils with different hole pitches for the
upgrade of the TPC readout chambers, an ion backflow (IBF) of the order of 1 %
is achieved. To minimize the space-charge density inside the drift volume due to
the back-drifting ions, the gas composition will be changed to Ne-CO

2

-N
2

(90-10-5)
because of the higher ion mobility of the Ne+ and CO

2

+ ions in this mixture and the
smaller primary ionization of Ne compared to Ar. The resulting drift field distortion
are well within acceptable limits and can be sufficiently corrected [35,36].
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sufficiently large signal in the cathode segments (readout pads). The necessary signal amplification is
provided by avalanche creation in the vicinity of the anode wires. The two-dimensional segmentation of
the cathode plane provides the measurement of many individual space points per particle track in the r-ϕ-
plane. The additional measurement of the drift time of each of the pad signals allows a three-dimensional
reconstruction of the particle track [8].

4.1.2.1 Wire planes

The ALICE TPC readout chambers employ a scheme of wire planes commonly used in a TPC, i.e. a grid
of anode wires above the pad plane, a cathode wire grid, and a gating grid. All wires run in the azimuthal
direction. Since the design constraints are different for the inner and outer chambers (see below), their
wire geometry is different, as shown in Fig. 4.6. The gap between the anode wire grid and the pad
plane is 3 mm for the outer chambers, and only 2 mm for the inner chambers. The same is true for the
distance between the anode wire grid and the cathode wire grid. The gating grid is located 3 mm above
the cathode wire grid in both types of chambers. The anode wires and gating grid wires are staggered
with respect to the cathode wires. Henceforth we abbreviate the wire geometry of the inner chamber by
(2-2), and that of the outer chamber by (3-3).

Inner Chamber

3mm

3mm

3mm

1.25mm

2.5mm

2.5mm
2mm

2mm

3mm

1.25mm
Gating Grid

2.5mm
Cathode Wire Grid

2.5mm

Anode Wire Grid

Pad Plane

Outer Chamber

Figure 4.6: Wire geometry of the ALICE TPC outer (left) and inner (right) readout chambers.

Anode wire grid

Because of the high particle multiplicity and the relatively large gas gains required for the readout cham-
bers (see below) a small anode wire pitch was chosen for the ALICE TPC to minimize the accumulated
charge per unit length of the anode wire and hence the risk of rate-induced gas gain variations. This
led to the choice of a 2.5 mm pitch for the anode wires (see also Section 4.1.3). Since the anode wires
are not read out, there are no field wires in between them to prevent crosstalk between adjacent anode
wires. Furthermore, field wires would reduce the signal coupling to the pads, as they pick up a significant
fraction of the signal [9]. The absence of field wires also considerably reduces the mechanical forces on
the wire frames. However, a chamber without field wires requires a somewhat higher voltage to achieve
the required gas gain, as shown in Section 4.1.3.
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Figure 4.16: The drift lines of ions distributed randomly around the anode wire in
the IROC (left) and OROC (right) with an open gating grid. The
ions initially have a distance of 10µm from the wire surface and an
angular distribution of ±0.675⇡ with respect to the drift direction of
the ionization electrons. They end up on the pad plane, cathode wires
and GG wires or escape into the drift volume and are collected by the
central electrode.

distortions in the TPC drift volume caused by back-drifting ions due to an open
gating grid are studied in Section 5.3.

The simulation of the ion drift is performed exactly the same way as in Section 4.3.1
except the nominal voltage settings for the open state of the gating grid are used.
The GG offset voltage is set to V

G

= �70V for the IROC and V

G

= �155V for
the OROC and the gating voltage is set to ±�V = 0 V for both types of readout
chambers. The calculated ion drift lines in the IROC and OROC are shown in
Figure 4.16. They are symmetric on both sides of the anode wire which is not the
case for a closed gating grid because of the different potentials at neighboring GG
wires. Most of the ions end up at the pad plane, cathode wires and GG wires but a
considerable fraction of the ions moves into the drift volume.

The ion drift time of the collected and escaped ions is calculated. The drift time
of the escaped ions is defined by the time it takes them to reach a virtual plane
which is 200µm above the gating grid. It is assumed that the attractive potential
of the GG wires is too weak to collect the ion once it reaches this plane. The total
distribution of the collected and escaped ions in the IROC and OROC as a function
of the ion drift time is shown in Figure 4.17 for the Ne- and Ar-based gas mixtures.
Similar as in Figure 4.11, three peaks are observed for the distribution of the col-
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Figure 4.10: The drift lines of ions distributed randomly around the anode wire in
the IROC (left) and OROC (right). The ions initially have a distance
of 10µm from the wire surface and an angular distribution of ±0.675⇡

with respect to the drift direction of the ionization electrons. They end
up on the pad plane, cathode wires and GG wires.

the ion mobility and the electric field in the amplification region. Because of their
bigger mass Ar+-ions are slower by a factor of about 2.5 compared to Ne+-ions as
discussed in Section 4.1.3. The CO

2

+-ions in Ne are also faster by about the same
factor than in Ar. Thus a change of the main gas component from Ne to Ar leads to
an increase of the ion-collection time. The time the gating grid is kept in the closed
state has to be adjusted accordingly.

The ion-collection time is calculated for different Ne- and Ar-based gas mixtures.
The results for Ne-CO

2

(90-10) and Ne-CO
2

-N
2

(90-10-5) are compared to Ar-CO
2

with CO
2

fractions of 10 % and 12 % since it provides the required electron transport
properties (Section 4.1.1). Ne-CF

4

(90-10) and Ar-CF
4

(90-10) are also used in the
simulations. The offset and gating voltage of the gating grid are varied to study
the effect on the ion-collection time. For comparison the ion-collection time and the
fraction of ions escaping into the drift volume are calculated for the case of an open
gating grid. The accuracy of the calculated ion drift times is correlated with the
precision of the ion mobility data.

4.3.1 Ion-Collection time

Although the avalanches in the amplification region have some lateral extent, the
ion-collection time is determined by the ions with the longest drift time which are
created in the vicinity of the anode wires. A total number of 200 000 ions are dis-
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S-LP-LP-S	configura.on	

Collision	rates	of	50	kHz	in	Pb-Pb	beyond	2019	TPC Upgrade TDR 21
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Strong back
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Figure 4.6: Schematic exploded cross section of the GEM stack. Each GEM foil is glued onto a 2mm thick support frame
defining the gap. The designations of the GEM foils and electric fields used in this TDR are also given. Edrift
corresponds to the drift field, ETi denote the transfer fields between GEM foils, and Eind the induction field between
the fourth GEM and the pad plane. The readout anode (see Eq. (4.2)) is indicated as well. The drift cathode is
defined by the drift electrode not shown on this schematic.

with this technique. Another important constraint is the size of the industrially available base material
and of the machinery required for the processing, both being presently limited to a width of 600mm.

The first limitation can be bypassed by employing a single-mask technique [17]. This technique has
proven to deliver comparable results with respect to homogeneity and gain performance of the GEM-
foils as the standard technique. A small decrease in gain by 25% has been observed in comparison with
a standard GEM at the same conditions, which can easily be compensated for by a slight increase of the
operating voltage.

Large-size foils with single-mask GEM technique have been pioneered in the framework of R&D for the
cylindrical GEM tracker of the KLOE-2 detector by the RD51 collaboration [18]. For the construction
of the full-size KLOE-2 tracker, which has been completed recently [19], a total of 50 large-size single-
mask foils with active areas of up to 430⇥700mm2 have been produced at CERN. After thorough testing
with QA criteria similar to the ones to be adapted for ALICE (see Sec. 4.7), only eight bad foils were
identified. Most of the problems were related to an over-etching of the polyimide, a problem which,
according to the CERN workshop, has been resolved in the meantime. GEM foils with even larger active
areas (990⇥ (220 – 455)mm2) are now routinely being produced in the framework of developments for
the CMS muon system [15, 20]. At the time of writing this TDR, six full-size triple-GEM detectors
with single-mask GEM foils have been built by the CMS GEM collaboration. This collaboration also
measured the uniformity of the gain of a final detector to be within 12 – 15 % (RMS). The GEM foils
needed for the ALICE TPC4 are of a similar size. Hence the single-mask technique can be considered
mature for application to the ALICE TPC.

In order to reduce the total charge stored in the GEM foil, one side of the foil is segmented into HV
sectors with a surface area of approximately 100cm2, as shown in Figs. 4.8 and 4.12. The inter-sector
distances are reduced to 200 µm. Each HV sector is powered separately through high-ohmic SMD5

loading resistors soldered directly onto the foil and connected to a HV distribution line implemented on
the boundary of the foil. This scheme has proven to reduce the probability of discharges propagating
between GEM foils and from the last GEM foil to the readout circuit [5]. Figure 4.11 shows a detailed
view of the segmented side of an IROC GEM foil with the loading resistors in place and the frame of the
next GEM layer on top of it. The voltages to each GEM foil are supplied by two external HV sources,
one for each side of the foil (see Sec. 4.4).

The GEM foils will be pre-stretched with a force of 10N/cm on all four sides using a stretching technique
developed at GSI and TUM, making use of a pneumatical method. A frame originally designed for the
stretching of stencils for PCB assembly was modified to meet the stretching force needed for GEM foils.

4See Tab. 4.1
5Surface Mount Device (SMD)

ü  	Ion	backflow	à	~10-5%	

q  	Readout	rate	à	e-	drir	100μs	+	Ion	drir	180μs	
																															à	Max.	rate	=	1/280	=	3.5kHz		



GEM:	Challenges	

Mesut	Arslandok,	Heidelberg	(PI)	 16	XII	WPCF,	Amsterdam,	16.06.2017	

ALICE	TPC	in	RUN3	

ü  Main	components	of	the	exis6ng	TPC	will	be	reused	
ü  Nominal	gain	=	2000	in	Ne-CO2-N2	(90-10-5)		



GEM:	Challenges	

Mesut	Arslandok,	Heidelberg	(PI)	 16	XII	WPCF,	Amsterdam,	16.06.2017	

ALICE	TPC	in	RUN3	

ü  Main	components	of	the	exis6ng	TPC	will	be	reused	
ü  Nominal	gain	=	2000	in	Ne-CO2-N2	(90-10-5)		

44 The ALICE Collaboration

confirmed by the pulseheight data of a single-wire proportional counter used as reference (left panel).
The wire counter data is used to correct the gain variations of the GEM detector. In Fig. 5.3 the corrected
GEM gain is shown for a period of about 21 hours, just after the gain was increased. Within this time
the corrected gain remains very stable, within 0.45 %, as indicated by the fit of the right panel of the
figure. Thus, no settling time is observed after changing the operating conditions. It should be noted that
a humidity level of about 180 ppm of water was maintained for the entire period.

5.1.3 Results of ion backflow measurements

Baseline solution

A suitable working point in terms of ion backflow and local energy resolution was found by utilizing a
quadruple GEM system in which the foils in layer 1 and 4 have a standard hole pitch (Standard, 140 µm),
whereas the foils in layer 2 and 3 have a hole pitch that is two times larger (Large Pitch, 280 µm). This
arrangement, denoted S-LP-LP-S, allows to block ions efficiently by employing asymmetric transfer
fields and foils with low optical transparency. An increasing sequence of gas gains down the GEM stack
helps reducing the ion backflow since ions created in the inner two layers are blocked more efficiently.
On the other hand, the efficiency for electron transmission, in particular in the first two layers, is also
affected by this configuration. Therefore, a combined optimization with respect to both ion backflow and
energy resolution is mandatory.
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Figure 5.4: Correlation between ion backflow and energy resolution at 5.9 keV in a quadruple S-LP-LP-S GEM in Ne-CO2-N2
(90-10-5) for various settings of DUGEM2. The voltage on GEM 1 increases for a given setting between 225 and
315 V from left to right. The voltages on GEM 3 and GEM 4 are adjusted to achieve a total effective gain of 2000,
while keeping their ratio fixed. The transfer and induction fields are 4, 2, 0.1 and 4 kV/cm, respectively.

In Fig. 5.4 the ion backflow and energy resolution at 5.9 keV obtained with a S-LP-LP-S arrangement are
summarised for various voltage settings, illustrating the competing mechanisms of electron transmission
and ion blocking. The results are obtained in a Ne-CO2-N2 (90-10-5) gas mixture for different com-
binations of DUGEM1 and DUGEM2, and at different ratios DUGEM3/DUGEM4 . Clearly the ion backflow
improves for lower gains at GEM 1 and GEM 2, while the energy resolution deteriorates accordingly.
Typical values of ion backflow around 0.7 % at energy resolutions of ⇠12 % are reached. This per-
formance fulfills the requirements for maximum allowable space-charge distortions and proper dE/dx
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4 Offline Baseline Correction for the Ion-tail and Common-mode Effects222

The offline baseline correction is applied on the cluster level. A cluster, which is regarded as hit points223

in the TPC, is defined as peaked deposited charge within a search window of 5 bins in pad and 5 bins in224

time direction, as shown in Figure 18. The Ion-tail effect correction uses the so-called “Time Response225

Functions (TRFs)”, i.e. normalized pad signals including the Ion-tail, as the sole input. They are pro-226

duced using the laser events for different external parameters and saved in a look-up table. For a given227

pad, each cluster is corrected with the following vector operation:228

A = Ain +aIT ·Qtot,pad ·T, (1)

where A and Ain are the corrected and input pad signals, respectively, Qtot,pad is the integral of the229

positive part of the input pad signal and T is the time response function for the given relative pad230

position to the center of gravity of cluster. After cluster finding the coordinates of the center of gravity,231

Qtot and Qmax of each cluster are available but pad-by-pad information is lost. Therefore, the shape of232

a given cluster is approximated with the so-called “Pad Response function (PRF)”, which has a Gauss233

function shape, in both time and pad direction for simplicity. This allows for an easy calculation of the234

relative position of each pad and its Qtot,pad. On the other hand, threshold effects, i.e. zero-suppression,235

lead to missing charge and clusters, which are then compensated by the fudge factor aIT. Also, since236

a cluster is defined by five pads, the tails of clusters, which spread over more than 5 pads, are ignored.237

Moreover, because the TRFs are produced by laser tracks from a single IROC or OROC with a certain238
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confirmed by the pulseheight data of a single-wire proportional counter used as reference (left panel).
The wire counter data is used to correct the gain variations of the GEM detector. In Fig. 5.3 the corrected
GEM gain is shown for a period of about 21 hours, just after the gain was increased. Within this time
the corrected gain remains very stable, within 0.45 %, as indicated by the fit of the right panel of the
figure. Thus, no settling time is observed after changing the operating conditions. It should be noted that
a humidity level of about 180 ppm of water was maintained for the entire period.

5.1.3 Results of ion backflow measurements

Baseline solution

A suitable working point in terms of ion backflow and local energy resolution was found by utilizing a
quadruple GEM system in which the foils in layer 1 and 4 have a standard hole pitch (Standard, 140 µm),
whereas the foils in layer 2 and 3 have a hole pitch that is two times larger (Large Pitch, 280 µm). This
arrangement, denoted S-LP-LP-S, allows to block ions efficiently by employing asymmetric transfer
fields and foils with low optical transparency. An increasing sequence of gas gains down the GEM stack
helps reducing the ion backflow since ions created in the inner two layers are blocked more efficiently.
On the other hand, the efficiency for electron transmission, in particular in the first two layers, is also
affected by this configuration. Therefore, a combined optimization with respect to both ion backflow and
energy resolution is mandatory.
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Figure 5.4: Correlation between ion backflow and energy resolution at 5.9 keV in a quadruple S-LP-LP-S GEM in Ne-CO2-N2
(90-10-5) for various settings of DUGEM2. The voltage on GEM 1 increases for a given setting between 225 and
315 V from left to right. The voltages on GEM 3 and GEM 4 are adjusted to achieve a total effective gain of 2000,
while keeping their ratio fixed. The transfer and induction fields are 4, 2, 0.1 and 4 kV/cm, respectively.

In Fig. 5.4 the ion backflow and energy resolution at 5.9 keV obtained with a S-LP-LP-S arrangement are
summarised for various voltage settings, illustrating the competing mechanisms of electron transmission
and ion blocking. The results are obtained in a Ne-CO2-N2 (90-10-5) gas mixture for different com-
binations of DUGEM1 and DUGEM2, and at different ratios DUGEM3/DUGEM4 . Clearly the ion backflow
improves for lower gains at GEM 1 and GEM 2, while the energy resolution deteriorates accordingly.
Typical values of ion backflow around 0.7 % at energy resolutions of ⇠12 % are reached. This per-
formance fulfills the requirements for maximum allowable space-charge distortions and proper dE/dx
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confirmed by the pulseheight data of a single-wire proportional counter used as reference (left panel).
The wire counter data is used to correct the gain variations of the GEM detector. In Fig. 5.3 the corrected
GEM gain is shown for a period of about 21 hours, just after the gain was increased. Within this time
the corrected gain remains very stable, within 0.45 %, as indicated by the fit of the right panel of the
figure. Thus, no settling time is observed after changing the operating conditions. It should be noted that
a humidity level of about 180 ppm of water was maintained for the entire period.

5.1.3 Results of ion backflow measurements

Baseline solution

A suitable working point in terms of ion backflow and local energy resolution was found by utilizing a
quadruple GEM system in which the foils in layer 1 and 4 have a standard hole pitch (Standard, 140 µm),
whereas the foils in layer 2 and 3 have a hole pitch that is two times larger (Large Pitch, 280 µm). This
arrangement, denoted S-LP-LP-S, allows to block ions efficiently by employing asymmetric transfer
fields and foils with low optical transparency. An increasing sequence of gas gains down the GEM stack
helps reducing the ion backflow since ions created in the inner two layers are blocked more efficiently.
On the other hand, the efficiency for electron transmission, in particular in the first two layers, is also
affected by this configuration. Therefore, a combined optimization with respect to both ion backflow and
energy resolution is mandatory.
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Figure 5.4: Correlation between ion backflow and energy resolution at 5.9 keV in a quadruple S-LP-LP-S GEM in Ne-CO2-N2
(90-10-5) for various settings of DUGEM2. The voltage on GEM 1 increases for a given setting between 225 and
315 V from left to right. The voltages on GEM 3 and GEM 4 are adjusted to achieve a total effective gain of 2000,
while keeping their ratio fixed. The transfer and induction fields are 4, 2, 0.1 and 4 kV/cm, respectively.

In Fig. 5.4 the ion backflow and energy resolution at 5.9 keV obtained with a S-LP-LP-S arrangement are
summarised for various voltage settings, illustrating the competing mechanisms of electron transmission
and ion blocking. The results are obtained in a Ne-CO2-N2 (90-10-5) gas mixture for different com-
binations of DUGEM1 and DUGEM2, and at different ratios DUGEM3/DUGEM4 . Clearly the ion backflow
improves for lower gains at GEM 1 and GEM 2, while the energy resolution deteriorates accordingly.
Typical values of ion backflow around 0.7 % at energy resolutions of ⇠12 % are reached. This per-
formance fulfills the requirements for maximum allowable space-charge distortions and proper dE/dx
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Fig. 15: Integrated laser track signal on a given pad-row which illustrates the Common-mode effect.
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Fig. 16: Integrated charge of the four anode wire segments on a given IROC.

4 Offline Baseline Correction for the Ion-tail and Common-mode Effects222

The offline baseline correction is applied on the cluster level. A cluster, which is regarded as hit points223

in the TPC, is defined as peaked deposited charge within a search window of 5 bins in pad and 5 bins in224

time direction, as shown in Figure 18. The Ion-tail effect correction uses the so-called “Time Response225

Functions (TRFs)”, i.e. normalized pad signals including the Ion-tail, as the sole input. They are pro-226

duced using the laser events for different external parameters and saved in a look-up table. For a given227

pad, each cluster is corrected with the following vector operation:228

A = Ain +aIT ·Qtot,pad ·T, (1)

where A and Ain are the corrected and input pad signals, respectively, Qtot,pad is the integral of the229

positive part of the input pad signal and T is the time response function for the given relative pad230

position to the center of gravity of cluster. After cluster finding the coordinates of the center of gravity,231

Qtot and Qmax of each cluster are available but pad-by-pad information is lost. Therefore, the shape of232

a given cluster is approximated with the so-called “Pad Response function (PRF)”, which has a Gauss233

function shape, in both time and pad direction for simplicity. This allows for an easy calculation of the234

relative position of each pad and its Qtot,pad. On the other hand, threshold effects, i.e. zero-suppression,235

lead to missing charge and clusters, which are then compensated by the fudge factor aIT. Also, since236

a cluster is defined by five pads, the tails of clusters, which spread over more than 5 pads, are ignored.237

Moreover, because the TRFs are produced by laser tracks from a single IROC or OROC with a certain238
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2)	Common-mode:	Online	correc.on	

3)	Discharge	probability	<	10-10			(measured	with	alpha	par6cles)	
																																													<	(6.4±3.7)×10-12		(measured	with	a	close-to-MIP	beam)	
4)	Average	pileup	of	5	events	at	50kHz	
5)	Space	charge	distor.ons	up	to	20cm:	Reduc6on	down	to	200μm	using	ITS	and	TRD	matching	
6)	Data	processing:	New	electronics	(SAMPA)	
																																				Online	reconstruc6on	and	data	compression	by	a	factor	of	20	

ü  Main	components	of	the	exis6ng	TPC	will	be	reused	
ü  Nominal	gain	=	2000	in	Ne-CO2-N2	(90-10-5)		

CERN-LHCC-2013-020	

Fe-55	source	



Mesut	Arslandok,	Heidelberg	(PI)	 17	XII	WPCF,	Amsterdam,	16.06.2017	

ALICE	TPC	in	RUN3	

GEM:	Performance	
Excellent	dE/dx	performance	maintained	demonstrated	also	with	test	beams		
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GEM:	Performance	

Simula6on	studies	show	that	calibra6ons	will	restore	momentum	resolu.on	
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Figure 8.10: Distribution of measured minus real residual distortions for all fluctuation scenarios integrated over full acceptance
of the TPC. (Left) rj-distortions. (Right) r-distortions.

tions (blue points) and including the expected residual distortions after the first reconstruction stage
(red points) and after the second reconstruction stage (black points), i.e. after application of the high-
granularity corrections derived from the ITS-TRD interpolation method as described above.

The TPC tracking efficiency is not affected by the residual space-charge distortions, even when only the
scaled average correction map is applied (first reconstruction stage). The TPC-ITS matching efficiency
is about 1% lower compared to undistorted tracks, after application of the high-granularity space-charge
corrections using the interpolation method. A better tuning, taking into account the measured residual
distortions, will further improve the matching. For residual distortions as expected during the first recon-
struction stage, the matching efficiency is further reduced, however this does not significantly affect the
requirements for the subsequent calibration step in the second reconstruction stage.

Figure 8.11 shows a comparison of the transverse momentum resolution for undistorted tracks (left panel)
as well as for tracks with residual distortions expected after the first (middle panel) and second recon-
struction stage (right panel). After the first reconstruction stage, the residual distortions lead to a dete-
rioration of the pT resolution by about a factor ⇠ 1.5 – 2 as compared to the ideal case. A significant
improvement is achieved after application of the corrections derived in the second reconstruction stage.
While the TPC standalone resolution after the second stage is still somewhat lower than in the ideal case,
the detector resolution of the undistorted case is practically fully restored if combined TPC-ITS tracks
are considered.
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Figure 8.11: Comparison of the momentum resolution without distortions (left) and with residual distortions after the first
(middle) and second (right) reconstruction stage in Pb–Pb collisions at 50kHz.

In summary, the voxel alignment approach employing interpolation of track segments from the ITS and
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Summary	&	Outlook	
What	will	TPC	upgrade	bring	us	?	

And	more	:		
Ø  	Low	mass	dielectrons	and	heavy	flavor	hadrons	
Ø  	Produc6on	of	quarkonia	
Ø  	Produc6on	of	(an6)	nuclei	and	hyper-nuclei	as	well	as	exo6c	hadronic	states		
Ø  	… 	
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

In Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χB

6 correspond approx-
imately to the zeros of χB

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χB

2 and χB
4 , we obtain the ratios RB

n,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. In the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
In particular, they show pronounced minima with RB

n,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and
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ü  	Excellent	dE/dx	performance	as	in	MWPC-based	readout.	
ü  	Opera.onal	stability	against	electrical	discharges		
ü  	A	factor	100	more	sta.s.cs		

à	Moments	of	par.cle	mul.plici.es	up	to	6th	and	8th	order.		
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UrQMD:	strings	à	heavy	baryonic	and	mesonic	resonances	à	light	hadrons	such	as	K,	π	
HSD:							strings	à	decay	directly	to	‘light’	hadrons	(from	the	pseudoscalar	meson	octet)		
																or	the	vector	mesons	ρ,	ω	and	K∗	(or	the	baryon	octet	and	decouplet	in	case		
																of	baryon	number	±1)		

HIJING:	independent	superposi6on	of	p-p	interac6ons	
	
AMPT:		HIJING	+	collec6vity	

²  	String	mel.ng:	Quark	coalescence		
²  	Hadronic	rescafering:	Addi6onal	resonances		

1.4. Event-by-event fluctuations

where hN
a

i and hN
b

i are the event-averaged multiplicities of particle types a and b, re-
spectively. It vanishes when the multiplicity distributions of a and b are Poissonian and
independent of each other. Moreover, a negative value of ⌫dyn[a, b] 1 indicates that a and
b are correlated, whereas anti-correlation is signaled when ⌫dyn[a, b] is positive. By defi-
nition, Eq. 1.6 is symmetric under the transposition of particles a and b. Although it is
free from volume fluctuations, it has an intrinsic multiplicity dependence which has to be
taken into account.

For su�ciently high particle multiplicities one finds the approximate relation [28];

⌫dyn ⇡ sgn(�dyn)�
2
dyn. (1.7)

However, this relation is only approximate and its accuracy decreases inversely with mul-
tiplicity. In order not to rely on this approximation, the NA49 collaboration published
also the ⌫dyn results in Ref [1].

As shown in Figure 1.7, measurements from NA49 and STAR show a smooth evolu-4

Figure 3 depicts the values of dynamical K/⇡ fluctu-
ations in central (0-5%) Au+Au collisions from

p
sNN =

7.7 to 200 GeV, as measured by ⌫dyn,K� from the STAR
experiment (black stars). Unlike ⌫dyn,p� and ⌫dyn,Kp,
the inclusive charged particle ⌫dyn,K� are always positive.
This indicates that for produced kaons and pions either
the variance of the two particle species dominates and/or
there is an anti-correlation (hNKN�i < 0) between the
produced particles. The primary resonances that con-
tribute to ⌫dyn,K� are the K�(892) and �(1020). A study
of the resonance contribution to K/⇡ fluctuations using
UrQMD was shown in [34]. The measured STAR experi-
mental value of ⌫dyn,K� is approximately independent of
collision energy in central (0-5%) Au+Au collisions fromp

sNN = 7.7 to 200 GeV.
The predictions for ⌫dyn,K� from UrQMD (open stars)

and HSD (open triangles) tend to overpredict the magni-
tude of the fluctuations at high energies, but approximate
the qualitative trend from the observations. UrQMD is
also consistent with a flat trend. HSD predicts increased
fluctuations at the lower energies and agrees with the
measurements of �dyn,K/� by the NA49 experiment (blue
squares) [26]. The di↵erences between the two predic-
tions are primarily the result of the treatment of reso-
nance decay. The measured energy dependence of the
dynamical K/⇡ fluctuations in central (0-5%) Au+Au
and central (0-3.5%) Pb+Pb collisions is similar betweenp

sNN = 11.5 and 19.6 GeV. Below
p

sNN = 11.5 GeV,
there is a large di↵erence between measurements from
the two experiments, with the STAR results remaining
approximately energy independent and those from NA49
increasing rapidly.

Examining the energy dependence of the dynamical
K/⇡, p/⇡, and K/p fluctuations in the central (0-5%)
Au+Au collisions from

p
sNN = 7.7 to 200 GeV, there do

not appear to be any trends in the beam-energy depen-
dence that represent clear evidence of critical fluctuations
or the deconfinement phase transition. The two primary
interpretations are that dynamical particle number fluc-
tuations may not be sensitive to these phenomena, or
that the phase transition at these baryon chemical po-
tentials does not cross through a critical point.

In summary, STAR has made measurements of the
dynamical K/⇡, p/⇡, and K/p fluctuations in Au+Au
collisions across a broad range in collision energy fromp

sNN = 7.7 to 200 GeV. This is the first time these
measurements have been carried out over more than
an order of magnitude in the collision energy, with
the same colliding species, and with the same detector
at a collider facility. The dynamical p/⇡ and K/p

fluctuations (measured with ⌫dyn) in central (0-5%)
Au+Au collisions from

p
sNN = 7.7 to 200 GeV are

negative and approach zero as the collision energy in-
creases, indicating less correlation between the measured
particles. The dynamical K/⇡ fluctuations in central
(0-5%) Au+Au collisions from

p
sNN = 7.7 to 200 GeV
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FIG. 3. K/⇡ fluctuations as a function of collision energy,
expressed as ⌫dyn,K�. Shown are data from central (0-5%)
Au+Au collisions at energies from

p
sNN = 7.7 to 200 GeV

from the STAR experiment (black stars), predictions from
UrQMD and HSD filtered through the same experimental ac-
ceptance (open stars and open triangles, respectively), and
data from central (0-3.5%) Pb+Pb collisions at energies fromp

sNN = 6.3 to 17.3 GeV from the NA49 experiment (blue
squares) [26].

are always positive and approximately independent of
the collision energy. The beam-energy dependence for
dynamical fluctuations of the three pairs of particles
evolve smoothly with collision energy in central (0-5%)
Au+Au collisions and do not exhibit any significant
non-monotonicity that might indicate the existence of a
phase transition or a critical point in the QCD phase
diagram. The study of the multiplicity scaling of the
energy dependence of the particle number fluctuations
and the charge dependence of these results may provide
additional insight into the mechanisms that cause the
observed fluctuations and correlations.

We thank the RHIC Operations Group and RCF at
BNL, the NERSC Center at LBNL and the Open Sci-
ence Grid consortium for providing resources and sup-
port. This work was supported in part by the O�ces
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Germany, CNRS/IN2P3, FAPESP CNPq of Brazil, Min-
istry of Ed. and Sci. of the Russian Federation, NNSFC,
CAS, MoST, and MoE of China, GA and MSMT of the
Czech Republic, FOM and NWO of the Netherlands,
DAE, DST, and CSIR of India, Polish Ministry of Sci.
and Higher Ed., Korea Research Foundation, Ministry
of Sci., Ed. and Sports of the Rep. of Croatia, and
RosAtom of Russia.
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FIG. 2. K/p fluctuations as a function of collision en-
ergy, expressed as ⌫dyn,Kp. Shown are data from central (0-
5%) Au+Au collisions at energies from

p
sNN = 7.7 to 200

GeV from the STAR experiment (black stars), predictions
from UrQMD and HSD filtered through the same experimen-
tal acceptance (open stars and open triangles, respectively),
and data from central (0-3.5%) Pb+Pb collisions at energies
from

p
sNN = 6.3 to 17.3 GeV from the NA49 experiment

(blue squares) along with charge-separated K

+
/p fluctuations

(open squares). [27].

correlated as the collision energy is increased.

The predominant source of correlated proton and pion
production comes from the formation and decay of �
resonances. Weak decays (such as from ⇤0 hyperon) are
suppressed via the DCA cut described earlier. As the
collision energy increases, the numbers of protons and
anti-protons created via pair production also increases.
Protons and anti-protons that are pair produced will not
be correlated with the pions produced via, e.g., � reso-
nances. Therefore if the rate of pair production exceeds
the rate of resonance production, the relative correlation
between protons and pions will decrease, leading to the
observed energy dependence.

Also plotted in Fig. 1 are two transport model pre-
dictions for the values of ⌫dyn,p� from the UrQMD (open
stars) [25] and Hadron String Dynamics (HSD, open tri-
angles) [28] models, with the same kinematic acceptance
cuts as the data. These transport models do not in-
clude a phase transition nor a critical point. UrQMD
predicts negative values for ⌫dyn,p� at the lower energies,
but positive dynamical p/⇡ fluctuations above approxi-
mately

p
sNN = 60 GeV. HSD predicts a similar quali-

tative trend, but crosses zero at approximately
p

sNN =
20 GeV. In both models, the production rate of pair-
produced p and p particles grows with increasing energy,
driving the prediction of ⌫dyn,p� positive at values that
depend on the model. Both models are in relatively good
agreement with the measured values of the present dy-
namical p/⇡ fluctuations at

p
sNN = 7.7 GeV, but HSD

overpredicts at the other energies, while UrQMD over-
predicts the present results above

p
sNN = 19.6 GeV.

Figure 1 also includes the dynamical p/⇡ fluctuations
as measured by the NA49 experiment, which used the
observable �dyn,p/� [26]. It is expressed as

�dyn = sgn(�2
data � �

2
mixed)

q
|�2

data � �

2
mixed|, (2)

where � is the relative width of the K/⇡, p/⇡, or K/p

distribution in either real data or mixed events. The two
variables are related as �

2
dyn ⇡ ⌫dyn [29, 30]. Because

NA49 is a fixed target experiment, there are di↵erences
in kinematic acceptances at each beam energy and also
between the two experiments. In the range

p
sNN = 7.7

to 19.6 GeV, there is consistency between measurements
of dynamical p/⇡ fluctuations from both experiments.

Figure 2 shows dynamical K/p fluctuations, measured
with ⌫dyn,Kp, as a function of the collision energy. The
energy dependence observed in the most central (0-5%)
Au+Au collisions from

p
sNN = 7.7 to 200 GeV (black

stars) for ⌫dyn,Kp is similar to that observed for ⌫dyn,p�

(cf. Fig. 1). The value of ⌫dyn,Kp is most negative
at

p
sNN = 7.7 GeV, becoming less negative and ap-

proaching zero as the energy is increased to
p

sNN =
200 GeV, indicating a decreasing correlation between
produced kaons and protons as the beam energy is in-
creased. The UrQMD and HSD transport model predic-
tions are also shown by the open stars and open squares,
respectively. The UrQMD predictions for the dynami-
cal K/p fluctuations are similar to those for dynamical
p/⇡ fluctuations, which are negative at lower energies,
then cross zero and become positive at higher energies.
For ⌫dyn,Kp, the HSD model prediction is always positive
and almost energy-independent, unlike the prediction for
⌫dyn,p�, which was qualitatively similar to the UrQMD
prediction. One di↵erence between the two models is
that they treat resonance decays in di↵erent ways, so the
final state correlations are model dependent [31].

Figure 2 also includes the measured dynamical K/p

fluctuations from �dyn,K/p converted to ⌫dyn,Kp from the
NA49 experiment [27], which used similar central (0-
3.5%) Pb+Pb collisions. Unlike the energy dependence
that is presently observed below energies of

p
sNN = 11.5

GeV, the NA49 results for dynamical K/p fluctuations
trend toward zero (and ultimately cross zero), and be-
come positive below

p
sNN = 7.6 GeV. The energy and

charge dependence of ⌫dyn,Kp in central (0-5%) Au+Au
collisions have negative values and do not cross zero [32].
Therefore, the change in sign of the inclusive K/p dy-
namical fluctuations is not reproduced. The di↵erent
momentum space coverage between NA49 (forward ra-
pidity, p > 3.0 GeV/c) and STAR (mid-rapidity) and its
e↵ects on ⌫dyn was discussed in Ref. [33]. They find that
⌫dyn at low SPS energies (20A and 30A GeV) has a de-
pendence on the phase space coverage that explains the
di↵erences between NA49 and STAR results.

2

algorithm. These improvements have reduced the statis-
tical and systematic uncertainties in the present results
compared to those discussed in Ref. [19].

The data presented here for K/⇡, p/⇡, and K/p fluc-
tuations were acquired by the STAR experiment [21] at
RHIC in minimum bias (MB) Au+Au collisions at

p
sNN

= 7.7, 11.5, 19.6, 27, 39, 62.4, and 200 GeV (3, 4, 15, 29,
10, 17, and 33 million events, respectively). The main
particle tracking detector at STAR is the Time Projec-
tion Chamber (TPC) [22]. The position of the collision
vertex along the beam line was restricted to the center
of the TPC to ± 30 cm at

p
sNN = 19.6 to 200 GeV,

and ± 50 cm at
p

sNN = 7.7 and 11.5 GeV. A distance of
closest approach (DCA) of a track to the primary event
vertex of less than 1.0 cm was required to reduce the
number of particles not originating from the primary col-
lision vertex. Each track was required to have at least
15 fit points in the TPC, and a ratio of number of fit
points to maximum possible number of fit points greater
than 0.51. Collision centrality is determined using TPC
charged particle tracks from the primary vertex in the
pseudorapidity range |⌘| <1.0, with pT > 0.15 GeV/c,
and more than 10 fit points.

Particles were identified using a combination of the
TPC and the recently completed TOF detector [23, 24].
With these two detectors, the particle identification ca-
pabilities reach total momentum p, ⇡ 1.8 GeV/c for pi-
ons/kaons and p ⇡ 3.0 GeV/c for protons. The transverse
momentum, pT , range for pions and kaons was pT > 0.2
GeV/c and total momentum p < 1.8 GeV/c, and for pro-
tons was pT > 0.4 GeV/c and p < 3.0 GeV/c.

Charged particle identification involved measured ion-
ization energy loss, dE/dx, in the TPC gas and total
momentum p of the track. The energy loss of the iden-
tified particle was required to be less than two standard
deviations, �, from the predicted energy loss of that par-
ticle. Exclusion cuts were utilized to suppress misidenti-
fied particles. It was required that the measured energy
loss of a pion(kaon) was more than 2� from the energy
loss prediction of a kaon(pion). Similar exclusion cuts
were used for proton identification. All charged parti-
cles in the interval |⌘| < 1.0 satisfying these cuts were
included in the present analysis.

Particle identification was also carried out by adding
TOF information to that given by the TPC, which then
provides a measurement of the mass-squared, m

2, for
each track. Mass-squared cuts used for particle identi-
fication required an identified particle to be less than 2�

from the predicted time-of-flight of that particle.
The final particle identification information uses both

the TPC and TOF simultaneously, with the total accep-
tance for pions and kaons: |⌘| < 1.0, pT > 0.2 GeV/c,
and p < 1.8 GeV/c, and for protons: |⌘| < 1.0, pT > 0.4
GeV/c, and p < 3.0 GeV/c. For particles with no TOF
information, only the TPC dE/dx was used.

The statistical error bars were obtained using a sub-

sampling method and are generally small. The main
sources of systematic errors in this study are from parti-
cle misidentification and electron contamination. These
were estimated by relaxing the 2� TPC dE/dx cuts to
3�, thereby increasing particle misidentification. This ef-
fect is most significant for K/⇡ fluctuations and minimal
for p/⇡ fluctuations. For K/⇡ fluctuations, the rate of
kaon misidentification (integrated over all momenta) is as
large as 17% when using dE/dx alone. However, the pion
contamination of the kaons is less than 4% when using
combined dE/dx+TOF information. Particle misiden-
tification contributes a 3% relative systematic error to
K/⇡ and ⇡ 1% to p/⇡ and K/p fluctuation measure-
ments. Electron contamination provides an additional
5% relative systematic uncertainty. Simulations based
on the Ultra Relativistic Quantum Molecular Dynamics
(UrQMD) model [25] indicated that the contributions to
the present results from pT -dependent ine�ciencies are
much smaller than the present uncertainties.
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π
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FIG. 1. p/⇡ fluctuations as a function of collision energy,
expressed as ⌫dyn,p�. Shown are data from central (0-5%)
Au+Au collisions at energies from

p
sNN = 7.7 to 200 GeV

from the STAR experiment (black stars), predictions from
UrQMD and HSD filtered through the same experimental ac-
ceptance (open stars and open triangles, respectively), and
data from central (0-3.5%) Pb+Pb collisions at energies fromp

sNN = 6.3 to 17.3 GeV from the NA49 experiment (blue
squares) [26].

Dynamical p/⇡ fluctuations in central 0-5% Au+Au
collisions as a function of the collision energy,

p
sNN,

are shown in Fig. 1. Statistical error bars in all figures
(where larger than the data point) are shown as the ver-
tical lines and systematic errors are represented as caps
above and below the data points. Figure 1 shows that
⌫dyn,p� (stars) is negative across the entire energy range
studied, is most negative at the lower energy Au+Au
collisions, and becomes less negative as the energy is
increased, eventually approaching zero at

p
sNN = 200

GeV. This indicates that protons and pions become less

Figure 1.7.: ⌫dyn results of NA49 [1] and STAR [26] collaborations.

tion with beam energy and do not reveal an indication for critical behavior in the range
6.3 <

p
sNN < 200 GeV. Disagreement between NA49 and STAR data for ⌫dyn[K, p] and

⌫dyn[⇡, K] at
p

sNN < 10 GeV was explained in Ref [1] with the acceptance dependence of
⌫dyn. Above this energy, both experiments report positive values for ⌫dyn[⇡, K] and a weak
energy dependence, whereas ⌫dyn[K, p] is negative and approaches zero as

p
sNN increases.

1In this thesis, ⌫dyn[a, b] was taken to be ⌫dyn[a+a, b+ b], where a and b are the anti-particles of a and
b, respectively.
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6. Event-by-event Identified Particle Ratio Fluctuations

explicitly by calculating both quantities for 62.4 and
200 GeV Auþ Au collisions. We find that !2

dyn ¼
"dyn;K# within errors for all centrality bins except the two

most peripheral bins at 62.4 GeV. In Fig. 3, we make the
correspondence between the incident energy for the NA49
results and dNch=d$ using the systematics in Ref. [20].
The solid line in Fig. 3 represents a fit to the STAR data of
the form cþ d=ðdNch=d$Þ where c and d are constants.
We choose this functional form because we expect "dyn;K#

to scale with the inverse of the multiplicity. The fit for
"dyn;K# versus dNch=d$ has a %2 of 26.6 for 16 degrees of

freedom. If we make a similar fit for "dyn;K# versus Npart,

we obtain a %2 of 50.7 for 16 degrees of freedom. Thus, the
fit for "dyn;K# versus dNch=d$ is significantly better than

the fit for "dyn;K# versus Npart. The NA49 results shown in

Fig. 3 show a steeper dependence on dNch=d$ than the
STAR data and have a %2 of 50.8 for 5 degrees of freedom
compared to the best fit to the STAR data.

Using the results of the fit for dNch=d$, we can deter-
mine the value of "dyn;K# as a function of dNch=d$. We can

then make a correspondence between incident energy and
dNch=d$ for central collisions using the systematics in
Ref. [20]. Finally, employing the relationship !2

dyn ¼
"dyn;K#, we can draw the solid line shown in Fig. 2, which

relates the incident energy dependence of !dyn in central

collisions to the collision centrality dependence of "dyn;K#

at higher energies. This line shows a slight increase as the
incident energy is lowered, while the NA49 results show a
steeper increase as the energy is lowered. Thus, the inci-
dent energy dependence of the NA49 results is not simply
due to the change in multiplicity as the incident energy is
lowered.

In order to gain insight into the origin of these K=#
fluctuations, we calculate "dyn;K# for Kþ=#þ, K%=#%,
Kþ=#%, and K%=#þ. We observe that, within errors,

"dyn;Kþ#þ is equal to "dyn;K%#% and "dyn;Kþ#% is equal to
"dyn;K%#þ . We report the average of the fluctuations of the
ratiosKþ=#þ andK%=#% as same sign and the average of
the fluctuations of the ratios Kþ=#% and K%=#þ as oppo-
site sign in Fig. 4 along with results for K=# as a function
of dNch=d$. Because "dyn;K# approximately scales with
the inverse multiplicity, we multiply our results for "dyn;K#

by dNch=d$ to study the collision centrality dependence
more effectively.
The scaled "dyn;K# results for all cases in Fig. 4 increase

as the collisions become more central. The scaled results
for the summed signs are always positive. The scaled
results for the opposite sign are always negative indicating
a strong correlation for opposite sign particles. One might
expect such negative opposite sign correlations from pro-
cesses such as the decay K&ð892Þ ! Kþ þ #%. The scaled
"dyn;K# for the same sign are slightly negative in peripheral
collisions and slightly positive in central collisions, cross-
ing zero around dNch=d$ ¼ 400. The fact that "dyn;K# for
same sign particles is close to zero indicates that the
correlations between same sign particles are small.
Also shown in Fig. 4 are HIJING calculations for 62.4 and

200 GeV Auþ Au collisions with the acceptance cuts of
j$j< 1:0 and 0:2< pt < 0:6 GeV=c applied, which are
the same cuts as applied to the data. In contrast to the
experimental results, HIJING predicts no collision cen-
trality dependence or incident energy dependence for
ðdNch=d$Þ"dyn;K#. Therefore, we show the HIJING predic-
tions as horizontal lines. HIJING predicts that the summed
sign fluctuations are always positive (dash-dotted line), the
same sign fluctuations are always zero (dotted line), and
the opposite sign fluctuations are always negative (dashed
line). One explanation for the increase in the measured

FIG. 4 (color online). The dNch=d$ scaled K=# fluctuations
for summed charges (stars), same signs (circles), and opposite
signs (squares) as a function of dNch=d$. The errors shown are
statistical. The dash-dotted, dotted, and dashed lines represents
HIJING calculations for summed charges, same signs, and oppo-
site signs, respectively.

FIG. 3 (color online). Measured K=# fluctuations in terms of
"dyn;K# for 62.4 and 200 GeV Auþ Au compared with !2

dyn

from central Pbþ Pb collisions at 6.3, 7.6, 8.8, 12.3, and
17.3 GeV from NA49 [7]. Statistical errors are shown for the
STAR data. Statistical and systematic errors are shown for the
NA49 results. The solid line corresponds to a fit to the STAR
data of the form cþ d=ðdNch=d$Þ.

PRL 103, 092301 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

28 AUGUST 2009

092301-5

Figure 6.7.: (color online). STAR collaboration results of the dNch/d⌘ scaled ⌫dyn[⇡, K] for summed
charges (stars), same sign (circles), and opposite sign (squares) as a function of dNch/d⌘. The
errors shown are statistical. The dash-dotted, dotted, and dashed lines represent HIJING
calculations for summed charges, same sign, and opposite sign, respectively [89].

collision centrality decreases. The dominant source of correlated pions and protons may
come from the baryonic resonances.

Moreover, the centrality dependence observed in ⌫dyn[K, p] and ⌫dyn[⇡, p] is similar: flat
from central to mid-central events and approaching zero for the most peripheral events.
On the other hand, ⌫dyn[⇡, K] is almost independent of centrality from most peripheral to
mid-central events and rises as the centrality increases. This might indicate an increasing
anti-correlation between pions and kaons or can be related to the increasing dynamical
fluctuations for the most central events.

Figure 6.6 also shows that HIJING results for all three cases of ⌫dyn are independent of

Centrality (%) hNparti Data HIJING
AMPT AMPT AMPT

S. Melting ON S. Melting ON S. Melting OFF
Rescattering ON Rescattering OFF Rescattering ON

0-5 1601±60 382.8±3.1 1693 1378 1377 1230
5-10 1294±49 329.7±4.6 1353 1115 1113 998
10-20 966±37 260.5±4.4 995 833 831 750
20-30 649±23 186.4±3.9 660 560 558 509
30-40 426±15 128.9±3.3 424 366 365 337
40-50 261±9 85.0±2.6 257 225 225 211
50-60 149±6 52.8±2.0 145 127 127 122
60-70 76±4 30.0±1.3 73 65 64 64
70-80 35±2 15.8±0.6 33 29 29 29

Table 6.2.: dNch/d⌘ values measured in |⌘| < 0.5 for di↵erent centrality classes. ALICE data are taken
from [80]. For HIJING and AMPT, track by track counting is performed on the generator
level. hNparti values are obtained using the Glauber model [80].

centrality and always positive. Furthermore, HIJING over-predicts the data except for the
⌫dyn[⇡, K] in the most central collisions. The centrality dependence of ⇡/K fluctuations
within the kinematic range of |⌘| < 1 and 0.2 < p < 0.6 GeV/c as measured in Au–Au
collisions at

p
sNN =200 by the STAR collaboration [90] shows a similar trend, as shown

in Figure 6.7.
As stated before, hadronic rescattering process produces additional resonances at the
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Figure 3.2: Radial and azimuthal distortions for four gas mixtures as a function of r at z = 0, where the distortions are largest.
The parameter e is defined in Eq. (4.2).

In the anticipated configuration of our GEM system rather large transfer fields are used. However, at
fields around 4 kV/cm amplification starts in Ne-CO2, as shown in Fig. 3.3, which reduces the ion back-
flow performance and also reduces the stability. An increased concentration of CO2 rapidly decreases
the drift velocity unless the field cage voltage is increased beyond its certified limits. The addition of N2
alleviates both issues as shown in the figure and explained in [1].
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Figure 3.3: Effective Townsend coefficient for three gas mixtures as a function of the electric field strength. The onset of gain
is shifted by 1 kV/cm by the admixture of N2 to the neon mixture. For the argon mixture it is substantially higher.

The base gas mixture is therefore Ne-CO2-N2 (90-10-5). The basic properties of the most interesting gas
mixtures is summarized in Tab. 3.1.

Gas Drift velocity Diffusion coeff. Eff. ionization Number of electrons per MIP
vd DL DT wt energy Wi Np (primary) Nt (total)

(cm/µs) (
p

cm) (
p

cm) (eV) (e/cm) (e/cm)

Ne-CO2-N2 (90-10-5) 2.58 0.0221 0.0209 0.32 37.3 14.0 36.1
Ne-CO2 (90-10) 2.73 0.0231 0.0208 0.34 38.1 13.3 36.8
Ar-CO2 (90-10) 3.31 0.0262 0.0221 0.43 28.8 26.4 74.8
Ne-CF4 (80-20) 8.41 0.0131 0.0111 1.84 37.3 20.5 54.1

Table 3.1: Properties of a few gas mixtures used in modern TPCs. The diffusion coefficients are evaluated at 400 V/cm.

Status & schedule

Andi Mathis | TU München | MPGD 2017 - Philadelphia 14

Two final design IROC and OROC pre-production chambers built and successfully tested

9 Green light for mass production

• Production of the first batch of chambers (10/80) ongoing

– Mass orders placed

200/720 of all GEM foils already produced – ~95% yield!

24 May 2017
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§  Each	source	is	treated	Grand	Canonically	

§  Mean	proton	mul.plici.es																							from	real	data		
	
§  Centrality	selec.on	like	in	experimental	data	
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P.	Braun-Munzinger,	A.	Rustamov,		J.	Stachel	
Nuclear	Physics	A	960	(2017)	114–130	

§  Expected	results	without	volume	fluctua.ons:	
	

•  Par6cles:	
	

•  net-par6cles:	
	
kn =Nw n = p = p

		kn = p + −1( )n p

Modeling	Par.cipant	Fluctua.ons	



Mesut	Arslandok,	Heidelberg	(PI)	 23	XII	WPCF,	Amsterdam,	16.06.2017	

>W<N
100 200 300

)p
(p

 - 
4
κ

0

20

40

60

80

100
=7.7 GeVNNsAu+Au@

 fluct.WN
 fluct.WN
 fixedWN

calculations
calcualtions

>W<N
100 200 300

)p
(p

 - 
2
κ)/p

(p
 - 

4
κ

0

1

2

3

4
=7.7 GeVNNsAu+Au@

 fluct.WN
 fluct.WN
 fixedWN

calculations
calcualtions

Figure 9: Left panel: Fourth cumulants of net-protons for Au+Au Collisions at

p
sNN =

7.7 GeV. Right panel: Ratio of fourth and second cumulants. Red points correspond to

fixed number of wounded nucleons while, for the black points, the fluctuations of wounded

nucleons are included. The centrality bin width is 2.5% for the blue points, while for the

black points variable bin widths (see Fig. 1) are used. The lines (black and blue) are

calculated using eqs. 22 and 24.

the centrality determination are not removed entirely. We note, in this con-
text, that a significant contribution to net-proton fluctuations will originate
from fluctuations of the number of net � baryons. This will introduce strong
pion-proton correlations into the sample implying that a part of the auto-
correlation problem survives, even if one excludes protons and antiprotons
from the data used for centrality determination.

Like in case of protons at
p
s
NN

= 2.76 TeV (see the left panel of Fig. 6),
we observe small e↵ects of the participant fluctuations for the most cen-
tral bin in Fig. 9. As explained above, this stems from the negative values of
3(NW

) and 4(NW

). However, this also depends on the mean number of par-
ticles or net-particles. To show this explicitly we present, in Figs. 10 and 11,
cumulants of net-protons for Au+Au collisions at

p
s
NN

=39 GeV. Mean val-
ues of protons and antiprotons are taken from [20]. For the second cumulants
of net-protons we observe quite small contributions from participant fluctu-
ations. However, for the third and fourth cumulants these contributions are
significant. Moreover, even for the most central bin 4(p � p̄)/2(p � p̄)
deviates from unity if participant fluctuations are included.

18

²  Solu.on	for	volume	fluct.	:	Centrality	bin	width	correc.on	???	
Ø  	Subdividing	a	given	centrality	bin	into	smaller	ones	and	then	merging	them	together	incoherently.		
Ø  	Incoherent	addi6on	of	data	from	intervals	with	very	small	centrality	bin	width	will		
							eliminate	true	dynamical	fluctua6ons.		

RHIC	Energies	
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`Model`	vs	ALICE	data	
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LHC	Energies	
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Acceptance	and	centrality	dependence	

Effect	of	global	baryon	number	conserva.on	is	more	significant		
in	peripheral	collisions	
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Net-pions	and	Net-kaons	

Warning:	Skellam	is	not	a	proper	baseline	for	net-pions	and	net-kaons	
	

perfect	agreement	with	HIJING	 reasonable	agreement	with	HIJING	

resonance	pion	and	kaon	produc.on	is	likely	to	explain	the	measured	trend	
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Efficiency	Correc.on	

Efficiency correction for Identity results 

A. Rustamov, Physics Forum, May31, 2017 
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νdyn	is	robust	against	efficiency	losses	
only	mean	multiplicities	will	be	corrected	
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ITS	Upgrade:	Low	mass	dielectrons	

TPC Upgrade TDR 3

Pb–Pb collisions a resolution s(dE/dx)/hdE/dxi of about 5.5 % and 7 % is achieved, respectively. Fur-
ther PID capabilities arise from topological reconstruction of the weak decays of strange hadrons and
gamma conversions.

The readout chambers are operated with an active bipolar Gating Grid (GG) which, in the presence of
a trigger, switches to transparent mode to allow the ionization electrons to pass into the amplification
region. After the maximum drift time of ⇠100 µs the GG wires are biased with an alternating voltage
DV = ±90 V that renders the grid opaque to electrons and ions. This protects the amplification region
against unwanted ionization from the drift region, and prevents back-drifting ions from the amplification
region to enter the drift volume. In particular, the latter would lead to significant space-charge accumu-
lation and drift-field distortions. Due to the low mobility of ions (µion = (10�3) ·µelectron), efficient ion
blocking requires the GG to remain closed for ⇠180 µs after the end of the event readout, corresponding
to the typical time it takes the ions in a Ne-based gas mixture to drift from the anode wires to the GG.
This gating scheme leads to an intrinsic dead time of the TPC system of ⇠280 µs, implying a principal
rate limitation of the present TPC to about 3.5 kHz. It should be noted that due to the present TPC readout
system the data rate is limited to ⇠300 Hz for central Pb–Pb collisions.

Operation of the TPC at 50 kHz cannot be accomplished with an active ion gating scheme. On the other
hand, back-drifting ions from the amplification region of a MWPC without gate will lead to excessive
ion charge densities and drift distortions that render precise space-point measurements impossible. The
proposed scheme therefore entails replacement of the existing MWPC-based readout chambers by a
multi-stage GEM system. GEMs have proven to operate reliably in high-rate applications and provide
intrinsic ion blocking capabilities, therefore enabling the TPC to operate in a continuous, ungated readout
mode at collision rates of 50 kHz. The TPC upgrade increases the readout rate by about two orders of
magnitude as compared to the present system, thus giving access to previously inaccessible physics
observables. As an example, the low-mass dielectron invariant mass spectrum is shown in Fig. 1.1,
accumulated in a typical yearly heavy-ion run (⇠ 3 nb�1) with the current (left) and upgraded (right)
TPC.
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Figure 1.1: Inclusive e+e� invariant mass spectrum for 0 – 10 % most central Pb–Pb collisions at psNN = 5.5TeV, assuming
2.5 · 107 events (left panel) and 2.5 · 109 events (right panel). The spectra include a set of tight primary track cuts
based on the new ITS system to suppress leptons from charm decays. Also shown are curves that represent the
contributions from light hadrons (blue), charm (magenta) and thermal radiation from a hadronic gas (red) and a
QGP (orange). The figures are from [2].
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freeze-out conditions χB
4 /χ

B
2 χB

6 /χ
B
2 χQ

4 /χ
Q
2 χQ

6 /χ
Q
2

HRG 1 1 ∼ 2 ∼ 10
QCD: T freeze/Tpc<∼0.9 >∼1 >∼1 ∼ 2 ∼ 10
QCD: T freeze/Tpc ≃ 1 ∼ 0.5 < 0 ∼ 1 < 0

Table 1: Values for ratios of cumulants of net baryon number (B) and elec-
tric charge (Q) fluctuations for the case that freeze-out appears well in the
hadronic phase (third row) or in the vicinity of the chiral crossover tem-
perature (fourth row). We give results based on current lattice calculations
[20, 33] and on the calculations presented here. In the second row we give re-
sults of a HRG model calculation [33]. We also note that unlike the cumulants
of net baryon number fluctuations the ratios of cumulants of electric charge
fluctuations vary somewhat as a function of the baryon chemical potential
along the freeze-out line.

ble 1 shows, that ratios of cumulants of charge fluctuations are very sensitive
to possible differences in freeze-out and crossover temperature. Finally, we
note that these results do not account for possible finite volume effects nor
for possible effects of the evolution from chemical towards thermal freeze-out
in heavy ion collisions.
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Appendix

Here we summarize the basic steps involved in the calculation of the free
energy of the PQMmodel within the functional renormalization group (FRG)
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

In Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χB

6 correspond approx-
imately to the zeros of χB

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χB

2 and χB
4 , we obtain the ratios RB

n,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. In the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
In particular, they show pronounced minima with RB

n,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and
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