E and other Event-by-Event
Distributions

M. J. Tannenbaum, BNL, USA

e (Charged) Multiplicity n or dn/dy or dn/dn
* Transverse Energy E
* Average pr per event , in contrast to

- <pT> averaged over all events

M. J. Tannenbaum Erice2003



*The study of relativistic collisions involving nuclei has a long
tradition, dating from studies in the 1930’s of cosmic ray
interactions in emulsions and in cloud chambers.

*One of the burning issues in the early 1950°s was whether more
than one meson could be produced in a single nucleon-nucleon
collision (" "multiple production’’) or whether the multiple meson
production observed in nucleon-nucleus interactions was the result
of several successive n-n collisions, with each collision producing
only a single meson (" plural production’’).

*The 1ssue was decided when multiple meson production was first
observed in 1954 in collisions between neutrons of energy up to

2.2 GeV produced at the Brookhaven Cosmotron and protons in a
hydrogen filled cloud chamber. Phys. Rev. 95, 1026 (1954)

M. J. Tannenbaum Erice2003



e A single particle “inclusive” reaction involves the measurement of just one particle coming
out of a reaction,
a+ b — ¢+ anything

The terminology comes from the fact that all final states with the particle ¢ are summed over,
or included.
e A “semi-inclusive” reaction refers to the measurement of all events of a given topology or

class, e.g.
a+ b — ny particles of class 1+ anything

Kinematics
A particle of mass m has energy F, longitudinal momentum pr, transverse momentum pr,
rapidity i

E+
y=tn (2 0
mr
coshy = E/myp sinhy = pp/myp (2)

where

mr =ym?+ p+ and FE =p? + m% (3)

In the limit when {(m <« FE') the rapidity reduces to the pseudorapidity {(7)
n= —Intand/2 (4)

M. J. Tannenbaum Erice2003



Semi-Inclusive p; spectra Au+Au

PHERNIX Preliminary

PHEMIX Preliminary

PHEMIX Preliminary

s\ =200 GeV

3
10 - 10 ¢ - E —
TT - 3 K 10°L
%10’ T qnl N P
S 10 =10 "‘\.**:*f. S q1f e
= = E - T es o Ty e,
= = - = a
Fro g 1] "%"-:*::: Fo'l o
-— - ) F - t_._ ot E
S 1E a0 'k :‘:‘*:‘ S107L %—.&.ﬁ*
= | - .- E
= = .f sitzee | = f S i,
- - —al- - -3
&re Faid: | &tk R,
- . oL af R P — ,F + *?
10 = TR —10 #*#+ 10 | T
10 I i 10*“: 1 1 I I X o L MY FEUTE FUITE TN P P o
1] 0.5 1 1.5 2 0 0.5 1 1.5 2 005 115 2 253 354
P, (GeV/c) P, (GeV/ic) P, (GeV/c)

o Measurements are presented in terms of the (Lorentz) Invariant single particle inclusive
differential cross section (or Yield per event in the class if semi-inclusive):

Ed3c B o 1
dp*  prdprdyd¢ — 2m
e A uniform azimuthal distribution is usually assumed, so that qub = 2

o
prdprdy

flpr,y) (5)

R

i
Ch

R

= f(pr,y

» (pr) averaged over all events is obtained the usual way:

(pr(y) = [ prdprpr £(pr, ) (7)

| dprpri(pr,y)
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» Integrals of the single particle inclusive cross section (Eq. 5) are not equal to oy the
interaction cross section, but rather equal to the mean multiplicity times the interaction cross

sectlon : < n > X Jy.
» Integration over pr gives the average multiplicity density in rapidity, dn/dy:

dn 1 do

1
— =——=—/4d f = : 8
dy  ordy o / PTPT (pT; y) P(y) ( )

e Integration over the kinematically possible rapidity gives the overall mean multiplicity per

interaction, < n > :
<n>——/dydpfr pr f(pr, ) /dy = [ dy ply) 9)

o Terminology is dn/dy for identified particles (known m}, dn / dn for non-identified particles
(m unknown, assumed massless).

M. J. Tannenbaum Erice2003



UAS (1985) dn/dn in pbar-p

! ¥ I k

| do )b ¢ ¢ Y L:Ig?) . Normaliz.ed to Non Single-Diffractive
Tuso 4T |4 X ’ . ¢ . s Cross Section
.. MR R * This is an average quantity, averaged
IF | + . over all events.
59 b ? ) X .
o b d ' 1  The event-by-event multiplicity
? X sy distribution in regions of 1 is much
A ¢ * more interesting: Instead of averaging
2 ¢ ¢ b } $ ¢ O t over all events, plot a frequency
A s 1 distribution of the multiplicity n in an
- $ i interval of pseudorapidity Iml <),
+
X b P l e Study of fluctuations in small
T . 300 GeV ¢ intervals near mid-rapidity might allow
+ 546 GeV + observation of the “"real’’ fluctuations
- . ggo g:x | T freed of constraints like energy,
momentum and charge conservation
: ; . ! which need not be locally conserved.
0 ] 2 3 b 5
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UAS Multiplicity Distribution Inl<n,
shows huge variation event-by-event
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e Fris an event-by-event variable defined as:
Er=xE;sin0; and  dFErp(n)/dnp=sinb(n)dE(n)/dy , (10

e The sum is taken over all particles emitted on an event into a fixed but large solid angle,
(which is different in every experiment).
e Measured in Hadronic and Electromagnetic Calorimeters and even as sum of charged
particles ¥ |pr|
e Introduced by High Energy Physicists as an “improved” method to detect and study the
jets from “hard-scattering” compared to high p7 single particle spectra by which hard scattering
was discovered in p-p collisions and used as a hard-probe in Au+Au collisions at RHIC. Didn’t
work as expected: Fr distributions are dominated by soft particles near (pr).
» The importance of Fr distributions in relativistic heavy ion (RHI} collisions is that they
are largely dominated by the nuclear geometry of the reaction and so provide a measure of the
overall character or centrality of individual RHI interactions. Bjorken Energy density
e Normalization Problem: Measurement is not accurate but is very precise, good for A
dependences in a single setup; not as good (larger systematic errors) for comparison of different
experiments.
O correct from Er7 in measured aperture to B in A® = 27 An = 1 with or without
HAD/EM calorimeter response correction.
O Measure (E7),_, in same aperture and correct scale to Ep/{E7)p_p, i.6. Er in units
of {E7) per participant pair.
M. J. Tannenbaum Erice2003



NAS5 (CERN) (1980) First E dist. pp

{mb/GeV)
»

dE,
%

do
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E, (GeV)
NAS5 300 GeV PLB 112, 173 (1980)
21w, -0.88<y<0.67 NO JETS!
s=23.7 GeV
Fit (by me) 1s I' dist p=2.39 £ 0.06
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do/dz mb
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UATI (1982) (C.Rubbia) s=540 GeV.
No Jets because E; is like multiplicity

(n), composed of many soft particles near
<pr>! CERN-EP-82/122.

OOPS UA2 discovers jets 5 orders of
magnitude down E distribution!
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Typical E. distributions in RHI collisions

E866 & EB877—AGS corr to An=1 and A®=2m 14.6 A GeV/c
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PRC 63, 064602 (2001)

TR T T

102

do/dEqdn (barn/GeV)

n

=

+

&
1

1073 =

10_4 1
0 o0 100 150 200 250 300

E; (A®=2r) (GeV)

M. J. Tannenbaum Erice2003



Collision Centrality Measurement
ZeroDegreeCalorimeter

spectators

participants

PHENIX at RHIC Au+Au
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* Number of Spectators (1.e. non-participants) N, can be measured directly in Zero
Degree Calorimeters (more complicated in Colliders)

* Enables unambiguous measurement of (projectile) participants = A -Ng

* For symmetric A+A collision N, =2 N_ ..

 Uncertainty principle and time dilation prevent cascading of produced particles in
relativistic collisions y h/m_c > 10fm even at AGS energies: particle production takes

place outside the Nucleus in a p+A reaction.

* Thus, Extreme-Independent models separate the nuclear geometry from the
dynamics of particle production. The Nuclear Geometry is represented as the relative
probability per B+A interaction w, for a given number of total participants (WNM),
projectile participants (WPNM), wounded projectile quarks (AQM), or other
fundamental element of particle production.

* The dynamics of the elementary underlying process is taken from the data: e.g. the
measured E distribution for a p-p collision represents, 2 participants, 1 n-n collision,
I wounded projectile nucleon, a predictable convolution of quark-nucleon collisions.

M. J. Tannenbaum Erice2003 12
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Model at 60, 200 A GeV using ZDC

Original Discovery by W. Busza, et al
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e The classical Wounded Nucleon (Npare) Model (WNM) of
Bialas, Bleszynski and Czyz (NPB 111, 461 (1976) ) works only
at CERN fixed target energies, V: syn~20 GeV.

« WNM overpredicts at AGS energies V! san~ D GeV (WPNM
works at mid-rapidity)

« WNM underpredicts for v} sy = 31 GeV

M. J. Tannenbaum Erice2003
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AQM works with oy (and p,) or o, tor N
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M. J. Tannenbaum
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part

Observed 0, =13mb is ~ 0.5 6;=25 mb. Use
either o, for the nuclear geometry calculation
or Oy (properly taking account of the
probability p,~0.5 of detecting zero in the

detector for a collision).

Calculation by T.Ochiai, ZPC 35, 209 (87),
PLB 206, 535 (88).

This is the answer to Kopeliovich’s complaint
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Quick Course in Statistics

Two of the most popular statistics are the sum and the average:

S, = > xy E(n) = —> x;, = -5, (11)
=1 T

=1

where the z; are n samples from a the same population or probability density function, f{z).
e The probability distribution of a random variable .S,,, which is itgelf the sum of n inde-
pendent random variables with a common distribution f(x}:

S, =2x1+ 2o+ +2x, (12)

is given by f,(z}, the n-fold convolution of the distribution f{z):
fol@)= [y f) farlz —y) (13)

The mean, u,, = {(S,), and standard deviation, o, of the n-fold convolution obey the familiar
rule

fn=nl op=0Vn |, (14)
where y and ¢ are the mean and standard deviation of the distribution f{z).
e A complementary case is that of a scale transformation x — nz. The behavior of the

mean and the standard deviation for a scale transformation is ¢ — np, ¢ — no , which is
quite different than the behavior of the standard deviation under convolution (Eq. 14).

M. J. Tannenbaum Erice2003
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The WPNM calculation for a B4+ A reaction
do
(E)WPNM

B
= Op4 21 wy, Py(Er) (15)

® 054 is the measured B4+A cross section in the detector aperture,

LIERi]

* w, Is the relative probability for n projectile nucleons in the
B+A reaction.

o P,(E7r) is the calculated E7 distribution on the detector aper-
ture for n independently interacting projectile nucleons.

LBEIEAdL ) i

o If f1(Fr)is the measured £ spectrum on the detector aperture
for one projectile nucleon, and pg ig the probability for the elemen-
tary collision to produce no signal on the detector aperture, then,
the correctly normalized E'y distribution for one projectile nucleon
collision is:

o Pi(Er) = (1 - po) Ai(Br) + pod(Br) (16)

where §{ E'r) is the Dirac delta function and ffl(ET) dEr = 1.
N W A o P,(Er) (including the pg effect) is obtained by convoluting

%o 20 o %00 o th .
E (GaV) 0 39 p(Er) with itself n — 1 times

PAED) = £ T () ()

where fo(Er) = 6(Er) and f;{ Er) is the i-th convolution of f1{Fr):

filz) = [y fy) frlz —y) (18)
M. J. Tannenbaum Erice2003 18



A Favorite Function

The Gamma distribution is an example of a probability density function {pdf} which

has particularly simple properties under convolutions and scale transformations. The Gamma.
digtribution is a function of a continuous variable  and has paramters p and b

() = fle,p.b) = (b e (19)

where
p>0, >0 0<zrz<x

['(p) = (p — 1) if p is an integer, and f(z) is normalized, ;5° f(z)dx = 1. The mean and
standard deviation of the distribution are

_ p _ VR
p=le) =y o=@ =Y 5= (20)
The n-fold convolution of the Gamma distribution (Eq. 19} is simply given by the function
b
fulz) = b )P le ™ = fr(z np, b 21
@) = eyt (,mp. b 21

i.e. p — np and b remains unchanged. Note that the mean and standard deviation of Eq. 21

\/ 7 1
b b Ly A/

when compared to Eq. 20 explicitly obey Eq. 14. To summarize, the n-th convolution
of the Gamma distribution fr{z,p,b) is fr(z, np,b)—b remains unchanged.

M. J. Tannenbaum Erice2003
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First RHI data NA35 (NAS Calorimeter)

CERN 60+Pb Vs\,=19.4 GeVmidrapidity
PLB 184,271 (1987)

T T
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p+Auisal dist w. p=3.36 Upper Edge of O+Pb is 16
convolutions of p+Au. WPNM!!
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do/dE,*" (barn/GeV)

do/dE,*" (barn/GeV)

OXYGEN + Au at 14.5 GeV/c per Nucleon
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80
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ao

M. J. Tannenbaum Erice2003

E802-O+Au, O+Cu
midrapidity at
% San=2.4GeV
WPNM works 1n detail

PLB 197, 285 (1987)
7PC 38, 35 (1988)

* Maximum energy in O+Cu ~ same
as O+Au--Upper edge of O+Au
identical to O+Cu do/dE * 6

e Indicates large stopping at AGS '°O
projectiles stopped in Cu so that
energy emission (mid-rapidity)
ceases

* Full O+Cu and O+Au spectra
described in detail by WPNM based
on measured p+Au

22
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E802-AGS
pBe & pAu have same
shape at midrapidity
over a wide range of on
PRC 63, 064602 (2001)

e confirms previous measurement
PRC 45, 2933 (1992)

that pion distribution from second
collision shifts by > 0.8 units in y,
out of aperture. Explains WPNM.
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E802-AGS E; ~follow WPNM vs on
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do/dEdn (barn/GeV)

E802-AGS corrected to full azimuth
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Normalized plots in units of <E;>""¢=(1-p,) <E;>°%
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dY/dE,
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Illustrate the Nuclear Geometry

EB802 E; Transverse Energy spectra scaled by <E;>
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<Ep>%™ do/dE; (barn)

EB02 E, Transverse Energy spectra 14.6 A GeV/c

scaled by <E>
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NA35-->NA49 Pb+Pb Vs =17 GeV

PRL 75, 3814 (1995)

> E 2.1<7<3.4 o Pb+Pb
O o'k ® S+ Au
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N é
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E(2.1-3.4)--> dE/dn=405 GeV @Vs\\=17 GeV
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PHENIX and E802 E compared

PHENIX and E80Z Eq Transverse Energy corr to An=1 and A¢=Z2w
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dY/dE,

Au+Au E; spectra at AGS and RHIC are the same shape!!!

PHENIX and E80%Z E; Transverse Energy corr to An=1 and A®=2m
10_1 T T T I | T T T T | I I I T | T T T T | T I T I

okB802 * 8.1

1077 %

103

1074 —
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- Y

= E —
10—6 1 1 1 .

0 200 400 800 800 1000

Eq (GeV)
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AuAu spectrum at AGS follows WN geometry

true~l

dY/dE,

true~I
p+p

<Eo>

EB802 E; Transverse Energy spectra scaled by <E;>

Ptp
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dY/dE,

RHIC 2-3 times more E; than WNM but:

PHENIX E; Transverse Energy spectrum corr to An=1 and A®=R2m
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Are upper edge tluctuations random?

PHENIX E; Transverse Energy corr to An=1 and Ad=2m

T ||||w|WI T T TTTTT

103

dY/dE,

10~4
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o

M. J. Tannenbaum

400
Er (GeV)

Erice2003

800
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Fluctuations for central collisions

ZDC amplitude [a.u.]
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Inclusive p spectra are Gamma
Distributions

3
1“ I I I I I I I I I I I I I I I I I I I I I I
PHENIX Preliminary z PHENIX Preliminary

Au+Auysy, =200 GeV Au+Auysy, =200 GeV

p<l

{Vizn py) oM S dp sty e GevNA

ot b Positive £ . ‘t  Negative X
10° L (0-35% central) 't (0-5% central)

3 6 0 1 2
p; [GeVic]

Note: do=p; dp; I' (py, p) =dp; I (pp, p+1)
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Event by Event average p (Mp) Distributions
It’s not a gaussian, i1t’s a gamma distribution

Analytical formula for statistically independent emission (the sum of independent x,)

4

10

Events

10

10

10

| IIIIIII‘ | IIIIIII| | IIIIIII|

|

0.3

M. J. Tannenbaum

0.4

0.5
M(p) (GeV/e)

Erice2003

12 1
M = - — =k o
pr — PT(n) " ;: 1: P T

It depends on the 4 semi-
inclusive parameters b, p,
<n>, 1/k (NBD), which are
derived from the quoted
means and standard
deviations of the semi-
inclusive p; and multiplicity
distributions. The result is in
excellent agreement with the
NA49 Pb+Pb central
measurement PLLB 459, 679
(1999)

See M.J. Tannenbaum
PLB 498, 29 (2001)
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Average e Fluctuations
Run-2 Jeffery Mitchell

0-10 % Centrality

It’s not a

% 10’ = Gaussian...it’s a
S: = Black Points = Gamma distribution!
B Data
10° =~ Blue curve =
5 Gamma
- distribution
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spectra

-
[ IIIIII|

2 I IIIIII|

0.1 0.2 0.3




e compare Data to Mixed
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PHENIX nucl-ex/0309xxx
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<n> - Frequency

k(én)

EBOZ O0+Cu Central Multiplicity data in eta bins
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Large fluctuations
in AGS O+Cu
central multiplicity:
distribution 1s NBD
(correlations due to
to B-E

don’t vanish)
PRC 52, 2663 (1995)

o?/u? =1/u + 1/k

What happens at RHIC?
* Au+Au

 Lighter Ions
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<E,> - do/dE; + AE; (barn - GeV)

E802 0+Cu Central E; data in eta bins

— Is ET or
multiplicity
primary’’
Which fluctuates

& more’?

PRC 63, 064602 (2001)
a) QCD-like: first create Energy which fragments to multiplicity
b) as in Mp; create multiplicity which then gets p; according to
inclusive distribution.

Ep / <BEp>

* solid lines fit to simple I' distribution

* dotted line mult NBD followed by I for E per particle
i Al
aE, C 2 Sxep(n, Uk, ) Jr(E7,np,b) e o
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do/dE.dn (barn/GeV)

E866 & E877—AGS corr to An=1 and A®P=2m 14.6 A GeV/c
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E802 measurements of dn/dy ;t* and p confirm stopping

m" Distributions E—802 (+ Blobel et al.)
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Proton Distributions E—802 (+ Blobel.
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cf. M.Basile, et al, PLB92, 367 (1980);

M. J. Tannenbaum

Erice2003
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