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Estimation of Threshold Energy

Multi-particle final state

Consider an inferaction: ‘\.

v’ Projectile A with mass, my and energy in the laboratory
system, E, collides with a target, B of mass, mg at rest (pg = 0)

v’ There are n number of final state particles produced

v' Let them be: Cl, Cg, ......... ,Cn ’ with masses, Mcy, Mca, weeee., Mcp,
respectively.

A+B — Ci+Co+C3+.cunvnvennn..+C,,
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Estimation of Threshold Energy

Threshold Energy: energy required to produce the final state particles (any
number of) with zero Kinetic energy.

Meaning: The particles in the final state are just produced at rest.

The Recipe: (same for any other kinematic problem)

“* Write-down the 4-momenta for the reactants and the products separately
% Estimate the fotal 4-momenta before and after the collision

% Suitably choose the frame of reference for the convenience of calculation

“*» Apply the Lorentz invariant property of the scalar product of 4-momenta

“* You are done !
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Estimation of Threshold Energy

Step-1: (Write 4-momenta)
4-momenta for particle A : ps = (Ea, Pa)
for particle B : pg = (mg 0)

For the final state particles, as their kinetic energy is zero at the threshold
production, the four-momentais: (Mgy + Mo + ...... + Mg, 0).

Step-2: (Estimate the total 4-momenta)

In the laboratory frame, before the collision, ptror = (Ea + Mg, pa )

In the center-of-mass frame, after the collision,
p/%OT/ — (Z mC’Z, O) MC’, O)

Step-3: (Apply LI property of 4-vector scalar product)

p2ror after and before the collision is Lorentz invariant

H M
Pror Pu, TOT = ProT' Pu,TOT’
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Estimation of Threshold Energy

Step-4: (Simplify)

u B
Pror Pu,T7OT = Protr! Pu,TOT!

= (EA—i—mB)2—p_AQ:M(2;

= Ei—l—mQB—FZEAmB—pjf:M%

= m?4+m2B+2EAmB:Mg
M? m?

= E,=—¢ Qmi; B

N ETh = (> i1 me,)® —mi —mp
2mp

Ref: Relativistic Kinematics for Beginners:
(CRC Press- 2020)

Raghunath Sahoo & Basanta K. Nandi
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Estimation of Threshold Energy

Example 2.8 In WASA-COSY experiment at Jiilich, Germany, proton beam is
used on a fixed proton target to produce 77 mesons. Estimate the threshold energy
required for the formation of ns: (pp — ppny).

Solution

Given masses of the particles are, proton mass, m, = 938.27 MeV and 7» mass, m,, =
957.78 MeV. Using Eqn. 2.47, the threshold energy for 77 production is given by

n 2_ g2 2
ETh _ (X5 me)” —my —my
lab =

2m3
~ (2my, +my,)* — me,

2my
_ [2%938.27 +957.78]* — 2 x (938.27)?

2x938.27
= 3342.67 MeV = 3.34 GeV

It would be interesting to calculate the velocity of the projectile proton to have a feeling
of relativistic energy we are working at. We know
E = my, where y = ﬁ, is the Lorentz factor.

| vy = E/m = 3342.67/938.27 = 3.562. Solving for the velocity, we get 8 = 0.95978, |
using 8 = (1 - 7‘_;)‘3. This means the projectile proton travels with 95.97835% of the
speed of light. What is your guess for the speed of the proton at the Large Hadron
Collider, CERN, where the beam energy is 3.5 TeV? If you estimate this, you shall find

| that the beam proton has a Lorentz factor ~ 3730.27 and it travels with 99.9999964% |
the speed of light. Now you may be surprised to see that even if the beam energy is
almost 1000 times higher, the speed of the proton doesn’t change proportionately. What
could be the reason? We shall discuss it further in the subsequent chapters. And you
will realize that, with change of energy and consequently the speed of the accelerated
particle, the relativistic mass of the particle changes and it becomes difficult to accelerate
further.
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The severity of damage is less. The damage is much higher !

Available
. . . Energy
Energy available for particle production: .
Fixed
g ﬁ- 2 Gov
In laboratory frame (fixed target): 4% Ge) e
Ecm = V(2M¢ Epeam)
Collding
In CM frame (collider): Beams ﬁ % S Ty
cam
Ecm = (2Epeam) [4mGe\f,| {450 GeV)
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Collider Vs Fixed Target Experiments

PHENIX

LINAC NSRL

T ENcpis et -

Relativistic Heavy-Ion Collider FAIR, GSI, Germany (Coming up)
Brookhaven National Laboratory, USA

Large hadron Collider (LHC)
CERN, Geneva, Switzerland
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Collider Vs Fixed Target Experiments

> Consider collision of two particles.

» In LS, the projectile of momentum p,, energy £; and mass m;
collides with a target particle of mass m; at rest.

—

» The 4-momenta of particles are: p, = (El,ﬁl), D, = (mz,O)
» In CM system, P, = (E:‘,ﬁf) P, = (E;,_p’f)
The square of the fofal 4-momentum of the sysfem is a conserved quantity.

> In CM system, (p1 + p2)? = (E1 + E2)? — (p1 + p3)°
= (BE1 + Ey)’

2 __
= Eep” =8

/S s the fofal energy in the CM, which is the invariant mass of the CM system.
> In LS, (pl —|—p2>2 = m% + m% + 2E1mo
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Collider Vs Fixed Target Experiments

Hence, |F., = /s = \/m% + m3 4 2Ep0;m2

It is evident here that the CM frame with an invariant mass of /s,
moves in the LS in the direction of p; with a velocity corresponding fo
the Lorentz factor:

Fy 4+ ma
Yem — \/g
= /5 = Etap This is because £= ym and
ch

Yern, = COSh™ 1%m

For a collider with head-on collision (6 = 180°),
2 2 2 n ll »
s=F m1+m2+2(E1E2+|P1 I'p, |)

cm

For relativistic collisions, m;, m, << E;, E>

Eczmz 4E1E2

00, IIT Indore, ALICE-India School, 5-20
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Collider Vs Fixed Target Experiments
For two beams crossing at an angle 0,
E. =2EE,(1+cos0)

The CM energy available in a collider with equal energies (£) for new
particle production rises linearly with £ /e.

E., ~2F

For a fixed target experiment the CM energy rises as the square root
of the incident energy:

E... ~\/2msyFE; As in LS, (p1 + p2)? = m? +m3 + 2E1mes

Hence the highest energy available for new particle production is achieved at
collider experiments e.g. at SPS Fixed-target experiment fo achieve a CM
energy of 17.3 AGeV the required beam energy is 158 AGeV.
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Collider Vs Fixed Target Experiments

Note:
> More often the collision energy is expressed in tferms of nucleon-nucleon
(NN) CM energy.

> In NN CM frame, two nuclei approach each other with the same boost factor y.

» The NN CM is denoted by «/syy and is related to the CM energy by:

Homework for beginners:

Write a ROOT based C++ program to convert LS energy to CM energy for
A+B type of collisions. This will be always required to study the excitation
function of any observable or comparison of data with low energy fixed-target
experiments.

Homework for Advanced Learners:
Write a MC program in ROOT fo use the 3-dim Lorentz boosting for the
invariant mass reconstruction of

p—=>e +e

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _
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Collider Vs Fixed Target Experiments

Exercise:

For "Be+%Be interactions, with the given beam energies, check the
following tfable.

Pheam (AGeV/e) | /snw (GeV)

19 6.1
30 7.6
40 8.8
75 11.9
150 16.8

, IIT Indore, ALICE-India School, 5-
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Collider Vs Fixed Target Experiments

Vs — A /sy | This is for a symmetric collision with A number of nucleons in
each nuclei.

v' The colliding nucleons approach each other with energy ~/syy/2 and
with equal and opposite momenta

v' The rapidity of the MV CM is yyy =0

v' Taking m; = m, = m,, the projectile and target nucleons are at equal

and opposite rapidities:
SNN \/SNN
— Ybeam — In
2 my

- o —1
Yproj — —Ytarget — cosh
my

Example: Suppose two identical particles, each with mass m and Kinetic energy 7,
collide head-on. What is their relative kinetic energy, 7’ (i.e. K.E. of one in the rest
frame of the other). Apply this to an electron-positron collider, where K.E. of
electron (positron) is 1 GeV. Find the K.E. of electron if positron is at rest

(fixed target). Which experiment is preferred, a collider or a fixed target expt.?
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&) Given pp maximum beam energy, how to N

estimate the achievable energy for nuclear
collisions (pA, AA)

<* An accelerator is capable of accelerating protons upto a beam energy of E,
% What will be the maximum CM energy for pA and AA collisions?

v" In heavy-ion collision, the atom is fully stripped off with electrons

v' The nucleus has Z number of protons and N number of neutrons: (A-Z )

v" Neutral particles cant be accelerated independently (neutron here)

v The charged state of the nucleus is responsible for obtaining required
energy in the acceleration process

v' Fully stripped means the charged state equals to the total number of
protons inside the nucleus

v" Neutrons inside the nucleus are just “free riders “ in the process

v" We need to spend energy of the protons to accelerate the neutrons

v' This means the center-of-mass energy for heavy-ion collisions is just not
Z-times of the p + p collision energy - Buf a reduced value

_na’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 202_



& Given pp maximum beam energy, how to -

estimate the achievable energy for nuclear
collisions (pA, AA)

v' For head-ion heavy-ion collisions, \/snn ~ 2+v/ E1Eo

v' For a collision of two different nuclei with charges (atomic number) Z,,
Z, and atomic masses A; , A,

El — Eproton(Zl/Al)
E2 — Eproton(Z2/A2)

YAV
v Now, \V S ~ 2F roton
NN prot A1A2
AYA:

= | v/SNN = +/Spp A1A2 .

v' Here, /sy, is the CM energy of pp collisions

v’ For symmetric collisions with atomic number and

7
mass- (Z; A ), this formula becomes: VSNN = +/Spp A

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov._




Given pp maximum beam energy, how to N
estimate the achievable energy for nuclear
collisions (pA, AA)

Table 6.1 Table of collision energy, v/sn~ for p+A and A+A collisions at the LHC, as
estimated from the corresponding p + p data taken till 2018. The center-of-mass energies
with *-marks represent data already taken.

V5., (leV) | 0.9 | 236 | 276 | 5.02 | 7 8 13
p+Pb 057 | 148 | 1.74 | 3.16 4.4 5.02* | 8.16*
Pb+Pb 035|093 | 1.09 | 1.98 | 2.76* | 3.17 | 5.14*
Xe+Xe 037 | 097 | 1.14 | 2.07 | 2.88 3.3 5.44*
6’
.\(\o‘f’(
Q)Q’qob\ : . Z
O < For symmetric collisions:| \/sSNN ~ \/Spp
@é\%‘o 4
.(\QJ 05
o %20%0\ 7.7
R Y RN . 142
QY X ¥ A1 A
Qﬁg. ‘(\\)(\GQQSJ
S &
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Lorentz factor
E s

Lorentz Factor: vy

M 2Am, E, M are energy and mass of CM.
_ A\/ SNN _ \/ SNN E,.,/A (GeV)
= = 10° 10° 10 10° 10° 10’
24m,  2m, = [T
p p 5 : : : : : :
cM & 10° =
— Ebeam g
m |

p

If we assume mass of proton to

be ~ 1 GeV, the Lorentz factor is of
the order of beam energy in CM system |
for a symmetric collision.

10 10? 10°
Vs (GeV)

For asymmetric collision kinematics, please refer to my lecture note/Book.

, IIT Indore, ALICE-India School, 5-
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Experiment: Detector Coordinate System

Schematic decomposition of particle momentum (in CM frame)
into parallel and longitudinal components.

“» Beam direction: z-axis (longitudinal)
% Perpendicular to it (xy-plane): transverse

Pic: Hadrons and Quark-Gluon Plasma- Rafelski and Latessier
> In a collider, a particle is emitted from the interaction point making a polar
angle 0 with the collision point.

> Various components of momenta are determined by the tracking detectors.
The particle rapidity is given by:

Pz
\/ P2 + p2 + p?

00, IIT Indore, ALICE-India School, 5-20
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Experiment: Detector Coordinate System

And the azimuthal angle is:

The polar angle is:

0 = cos_lp—z = tan

i

A detector plane is spanned by (n, ¢) with 1 decreasing while going away

from the beam axis in annular rings and ¢ is scanned making an angle with
the beam axis and increasing it anti-clock-wise.

H
a9

n=4, §=2°

Sahoo, IIT Indore, ALICE-India School, 5-20 No
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Rapidity

The particle 3-momentum can be decomposed into:
v longitudinal (p,)
v transverse (pr)

For a Lorentz boost along z-direction pr will be L.I.

Rapidity is defined as: | _ L[ E*P.

2

E-p,

E
=In P

my

This is a dimensionless quantity being related o the ratio of forward light-cone
to backward light-cone momentum.

Rapidity changes by an additive constant under longitudinal Lorentz boost.
Shape invariance of rapidity distribution makes it a suitable variable in
describing particle production in nucleus-nucleus collisions.

00, IIT Indore, ALICE-India School, 5-20
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Shape Invariance:

Rapidity

700 prrrrrrrrrer e ~. 700
o Pb-Pb, S, = 5.02 TeV (30-40)% } S
Z 600 P O T ° < 600F
© In CM Frame E f In LS Frame
500 : 500}
400 -: 400k
Lorkentz Boost}
300 ] 3061
200 200}
100 100}

\ 4

0 [

0086420246810 02 46 81012141618
y* y
* v -
Y=Y+ Yem Yem = Yp = 8.52

1
For a symmetric collider,Yem = 5 (Ya + Ys)

Ybeam = = ln(\/ SNN/mp) — j:yma_x
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Rapidity

> For a free particle, which is on the mass shell, the 4-momentum can be
represented by (y, pr).

> (E, p,) could be written in terms of (y, pr) as:

E = m7p cosh y and p, = mp sinh y

> mr being the transverse mass and defined as | m? = m? + p7

Going from CM to LS system, the rapidity distribution shows a shape invariance
with y-scale shifted by an amount equal to yp.

hoo, IIT Indore, ALICE-India School, 5-20 N
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Rapidity
Rapidity of CM in the Laboratory System:

v’ The tfotal energy of the CM system is E.,,, = /s

v’ The energy and momentum of the CM in LS are: ch\/g and ﬁcchm\/E
v' The rapidity of the CM in the LS is:
)/cm\/§+ Cm)/cm\/;jl

1
Y, = —In

2 [ )/cm \/E - cmycm \/;
=1mF+@4

2 |1-F.

This is a constant factor for a given Lorentz transformation.

Relationship between Rapidity of a particle in LS and rapidity in CM frame:

v’ Let the rapidities of a particle in LS and CM frame respectively are:

E*+pi
E*—p:

Sahoo, IIT Indore, ALICE-India School, 5-20 Nov
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Rapidity

v’ For a particle travelling in longitudinal direction, the LT of its energy and
momentum components give:

*

E E

Pr

y -vp
o/

= . ) p;=pT

*

Pr

where p. and pr are longitudinal and fransverse momenta
components, which are parallel and perpendicular to f3,
respectively.

v’ The inverse Lorentz transformations on £ and p, give:

ol y(E"+Bp)+7(BE +p))

2 |y(E"+Bp.)-7(BE +p))

= Y=Y + Yem

The rapidity of a particle in the laboratory system is equal to the sum of
the rapidities of the particle in CM system and the rapidity of the CM in
the LS.

_’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 2_
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Rapidity

 In other words, the rapidity of a particle in a moving (boosted) frame is
equal to the rapidity in its own rest frame minus the rapidity of the moving

frame.
* In non-relativistic limit, this is like the subtraction of velocity of the moving

frame.
Is it surprising?

Show that the longitudinal velocity 3 is the non-relativistic realization of
rapidity y.

Note:
This simple property of rapidity variable makes it a suitable choice

to describe the dynamics of relativistic particles.

ahoo, IIT Indore, ALICE-India School, 5-20 N
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Beam Rapidity

» We know: E = m7 cosh v,

©
'

Beam Rapidity
oo

p, = m7p sinh y

and m3> =m? + p>

> For the beam particle, pr =0. B
> Hence F = my, cosh yp, .
ps = my sinh y T oo

where m, = rest mass of the beam particles
¥» = rapidity of the beam particles

y, =cosh™ (E/m,)
SNN
2m,

0, IIT Indore, ALICE-India School, 5-2
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Beam Rapidity

=y = In[V/syn/my) Here m, is the proton mass.

Note that the beam energy FE = /sy /2 for a symmetric collider.

Show that: |y» = Fin(\/snn/Mp) = FYmaxz

Use of y, for limiting fragmentation studies.
- We shall come back to this

Homework:
Express the rapidity of the CM in terms of projectile and target rapidities.
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Mid-rapidity in FT and Colliders

> In fixed target experiment (LS), Viqrget = O.

Ylab — Ytarget - Yprojectile — Ybeam

> Hence mid-rapidity in fixed-target experiment is given by:

yﬁ{?d — ybea/m/2

> In collider experiments (symmetric: CM system),
Yprojectile — —Ytarget — YCM — ybea/m/2
> Hence, mid-rapidity in CM system is given by:

y"rcr;% — (yprojectile + yta,rget)/Q — O

» This is valid for a symmetric collider only (A+A).
> For a collision like p+A, rapidity shift needs fo be taken into account.

» For p+A collisions, the rapidity shift is: 1 71 As
Ay ~ —In
2 [ZQA1]

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov._




Mid-rapidity in FT and Colliders .

Rapidity shift in asymmetric collisions (pA) : | Ay ~ 1ln 214
2 ZQAl

Example:

For p+Pb collisions at LHC, the rapidity shift could be estimated to be 0.465
and need to be taken into account for the comparison of the corresponding
spectra with Pb+Pb collisions.
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The Maximum Accessible Rapidity ‘“

We know o
| E+p . R o ae
y=—In < 0t E
2 \E-p,
PR 1610 Lo 1
=>tanhy=& g
E -
%z 100 |
E+p
ly  |=In — z 5!
=In[y+yB]

-8 —6 —4 o 0 2 4 6 8 10
=1n[y+m] /

=cosh™y, if y>>1

> A Lorentz boost B along the direction of the incident particle adds a
constant, In[y+yB], to the rapidity.

> Rapidity differences, therefore, are invariant to a Lorentz boost:
see homework problem.

ahoo, IIT Indore, ALICE-India School, 5-20 N
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The Maximum Accessible Rapidity

E
Furthermore, y=—t«m

m

p [
SAUV SAUV

And for symmetric collisions, E,,,, = =y =

2 2mp

Hence, y__ =cosh™

2mp

=cosh™ lab N B —In \/SNN
Am Ymaz = Yb = 9
P mp
3 380prrrrrrr
3 . . . . . E : ~
The maximum accessible rapidity is independent § ,f 5 PO -

e BRAHMS

of the collision species and only depends on the

. . 250:
CM energy (increases with energy). 3

200f
1505
While running any event generator for event 100f

simulation, check if the above formula gives
the right result.

0, IIT Indore, ALICE-India School, 5-2
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Rapidity: Properties
> Rapidity is the relativistic realization of particle velocity
> Rapidity is a dimensionless quantity

> Describes the rate at which a particle moves with respect to a chosen
reference point situated on the trajectory of motion

_ 1 [1+p

—tanh ' = = In | —=
=t 5= g |

» In terms of the energy, E and momentum, p Yy = tanh o]

of the particle: _q
— tanh ™ (p/E)

— tanh ™! (m)

Ym

1 E+p
=—In|{ ——
2 E—p

Sahoo, IIT Indore, ALICE-India School, 5-20 No




36

Rapidity: Properties
> It is difficult/ not always possible to measure E and/ or p in an experiment

> Energy measurement requires calorimetry or with trackers, the precise
identification of secondary particles (PID) with momentum information

» Introduce pseudorapidity: will be discussed
> The notion of positive and negative rapidity is purely a convention

» The positive or negative rapidities correspond to positive or negative
velocities of a particle with respect to a chosen axis

> As rapidity has a logarithmic dependence on energy and momentum of a
particle, the magnitude of rapidity is rather small, even for the most

energetic particle

» The range of rapidity, in principle is: —oo < ¢y < 400

_na’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 202_
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Rapidity: Properties

> In a collider geometry, the rapidity variable makes annular rings on the
detector plane, having higher values towards the beam pipe

> Both rapidity, y and the azimuthal angle, ¢, span the detector plane

> Rapidity formulation simply and naturally incorporates the Lorentz
transformation properties of velocity

> The differences in rapidities are Lorentz Invariants

> This is also true for the differential element of rapidity, dy

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _



Collision Geometry

® The impact parameter (b) determines the number of nucleons that
participate in the collision (Npgrt)

Participant Region Spectators s

Small impact paramefter
—>Many participant nucleons
- Big System (fireball)
—>Many produced particles

Zero-degree Qe %0
Calorimeter e >0/

Many things scale with N, [ L\ / . 4 4
* Transverse Energy —A_N arge Impacr paramerer

+ Particle Multiplicity spec —>Few participant nucleons
+ Particle Spectra >Small System (fireball)
—~>Few produced particles

00, IIT Indore, ALICE-India School, 5-20




Participants and Spectators

i spectators e
My ~

\ :,:',Tl/ e Y
& -1 participants
before collision after collision
Noort : Number of participant hadrons 1 g—re—y : : : ———
Neou : Number of binary collisions = F eo 100 150 200 260 300 350 <N
210} & Inl<?
Both are estimated in Glauber model: MC Glauber, fi " I
Optical Glauber... : See the lectures by P. Shukla 8y >
1077} “‘-»~'ff(':>:t.r?_\;‘ —_
“Global Properties of Nucleus-Nucleus Collisions.” | %)
Michael Kliemant, Raghunath Sahoo , Tim Schuster NIREEE- £ s i N
X 107 ) ~ = ¥
and Reinhard Stock. Fi® iR S i X
The Physics of Quark-Gluon Plasma: Introductory B & =
Lectures, Lecture Notes in Physics, Vol. 785, 23-103 SO IO TR TOOPTTOIT FOUPRTUUIY PUOve v et Bt W
(2010). Springer-Verlag Publication - 0 80 1200 %0 SO0
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Energy and Centrality dependence of rapidity *
distribution

(A B B B B L R S %,350 .................... e ERARSaasansssl
| -= ALICE 2760GeV 0-5% = PHOBOS 200GeV 0-6% _| r a E895 i
- = AMPT 2760GeV 0-5%  -= PHOBOS 62.4GeV 0-6% S 300 i =
2000~ = PHOBOS 19.6GeV 0-6% oonAMS ]
- i 250 =
g 1500_— n _:
Q - k' g <%0 o
G i I AMPT 200GeV 0-5% . 3
< 1000 1 AMPT 62.4GeV 0-5% . 180 =
- B AMPT 19.6GeV 0-5% ) - -
i (1 ) 100 =
500_— _____ - 50 =
U . & 0 ;-,
-6 4 -2 0 2 4 6 8 y
700 s = 200A Gev
2200 —
6 ?3::3(3‘3::::: 0-5% AU+ Au
2000 8 19.6 Gev :::::; 600 |
*_ founied quark mode
1800 ] :.:_ ;‘l(,:h(l'“n;delllnc X 5-10% .
1600 .~ KbMiine 500 |- 6 °’°o°°°°°°6._
1400
g & 400 [
. 1200 3
= zZ
51000 ° ol
s
800
600 200 - 30-40%
22?0 Y nee c‘u‘i‘bo.._..
N 1 4000000 0g0nag M0 0
200 00 8 88, ™
0% 2 0 2 4 6
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Pseudorapidity :

v’ Assume that the particle is emitted with an angle 6 wrt the beam axis.
v’ Then we can rewrite the rapidity as:

1
=—In
Y 2

E+pZ

E-p.
v At very high energies, when p >> m
1

=—1In
Y 2

p— pcost '

p+pCOSH] = —In(tan6/2)

n is called the pseudorapidity variable and mostly used in collider experiments
* For this, particle identification is not necessary

* Knowing the hit position is good enough

* Hence at very high energies, |y ~ 1 = —In [tan(0/2)]

* In terms of particle momentum, n could be rewritten as: 7= lln pl+p,

2 |1pl-p.
_’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _
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Pseudorapidity

» Pseudorapidity is defined for any value of mass, momentum and energy
» Could be measured with/without momentum information which needs a
magnetic field.

n=0 \

n=0.88 \\
/ =0 \\
| | T~

0 = 90° 0 = 450 | | ‘ \

g=100 — =244 0O 3 60 90 120 150 180
0= 00 7= oo 6 [deg]
n=0
6 =90°
n=-1 n=1
f = 130° 0 = 40°
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Pseudorapidity :

Change of variables from (y, py) te (Ub/ )

B | T T T T T T |

1 1 | 1_5 | '|'l)Z 800I— » 0-8% Au+Au 200 GeV 025-35%_:
n=—nl— - o 8-15% ¢ 35-45% -
2 | p | _p ! = 15-25% ..oum'o.,-'...m,. ¢45-55%:

—

I AL S (D Ay 2

—_— , -

—

Ipl-p, Ipl+p,
Adding both the equations we get: |
~ ;C;\,,;-“" 5 & .
| pl= p, coshn = 7 °
Subtracting both the equations we get: The mid-rapidity dN.,/dn for Au+Au

D. =Dy sinhn collisions at /syy =200 GeV.
<

Using these equations in the definition of rapidity we gef:

\/pT cosh’n+m’ + p,sinhn
\/pT cosh’n+m’ - p,.sinhn

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _




44

Pseudorapidity

Similarly n can be expressed in terms of y as,

1 \/mi cosh’ y—m® +m,sinhy

0=
2 \/mi cosh’ y—m’® —m,sinhy

The distribution of particles as a function of rapidity is related fo the
distribution as a function of n by the formula:

dN __ |,__ m dN
dndp, m..cosh’y dydp,

Note:

» In the region y >> 0, dN/dn and dN/dy which are
essentially the pr-integrated values, are the same.

< In the region y = O, there is a small “depression” in dN/dn
distribution compared to dN/dy distribution, due to the above
transformation. Called "mass dependent suppression”.

% At very high energies, where a mid-rapidity plateau is expected for
dN/dy distribution, this transformation gives a small dip in dN/dn
distribution around n= 0.

hoo, IIT Indore, ALICE-India School, 5-20
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Pseudorapidity

Note:

» For massless particles like photon, this dip in dN/dn is not expected:
could be seen from the above equation.

dN \/1 m? dN

dndp,
% Independent of the frame of reference where n is measured, the

difference in the maximum magnitude of dN/dn appears due to the
above transformation.

B m;.cosh® y dydp,

% In CM system, the maximum of the distribution appears at y #n =0
and the n-distribution is suppressed by a factor:

% In LS, the maximum is located around half of the beam rapidity i.e.
n = y,/2 and the n-distribution is suppressed by a factor:

2
m 2
\/1_—<m§>008h (y,, /2) which is about unity.

IT Indore, ALICE-India School,
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Pseudorapidity

Note:

“* We know that the shape of the rapidity distribution is frame independent.
However, the peak value of n-distribution in the CM frame is lower than
its value in LS. This suppression factor at SPS energies is ~ 0.8-0.9.

% The Jacobian associated with the conversion of 1 €2 vy, J(y,n) is the
multiplier on RHS of the equation, which depends on the momentum
distribution of the produced particles.

dN —\/1— m*  dN

dndp, m..cosh’y dydp.,

% Jlym) =1form<<p

% <pr> increases with collisions energy: J(yn) is smaller at LHC (J = 1.09)
energies, compared to that of RHIC (J = 1.25).

“* Rewriting the top eqn. and integrating over py, one obtains, dN _ v(y)—N
dn dy
v(y): velocity of the particle which depends on rapidity.
< At mid-rapidity, y =n =g 9N a, A
dn " dy

Sahoo, IIT Indore, ALICE-India School, 5-20 No



dN_ /dn

Particle Production: Pseudorapidity Distribution

® Midrapidity peak / plateau

Pt = PL
0 =45 (135) degrees
n = +0.88

I'lll'l

Pr=PL

® Sensitive to hadroproduction details

® Related to energy density

Bjorken formula (requires a “central-
plateau structure” in the y distribution
of produced particles)

(m;)

- B dN
PL>>Pr | €p = der, \dy )
® \Width of the distribution

1000 . .

| pL>>pr
800

6001 — ® Information on longitudinal expansion,
stopping vs. transparency, Speed of
Sound (EoS)

400 I~ = - | ®Fragmentation regions

® Investigate effects connected with
200 target and projectile fragmentation

® Hypothesis of Limiting Fragmentation

0 1 | 1 | 1 | 1 | 1 | 1
6 -4 -2 0 2 4 6

Pseudorapidity n
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& Particle Production: Pseudorapidity Distribution

® The maximum of pseudorapidity distribution (dN../dn | nex ) at nen=0:

® Most frequently used variable to characterize the multiplicity of the
interaction

®Independent of phase space acceptance = allows comparison between
different experiments

® Increases with collision energy (+/s) and centrality

800 T I T I T I T I T I T T I T I T I T I T I T T I T I T I T I T
19.6 GeV 130 GeV 200 GeV

— central

e 0-6%
600 — © 6-15% _

central T 1525%

N

-5 400

/d

dN

peripheral

peripheral =

o ‘s > 1 1

a

O -

a

a¥q
T
.
i
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(Pseudo)rapidity Distributions

v' Rapidity spectra is sometimes parameterized using the following eqn. to
extract meaningful physics message.
1 2
+exp.[_5()’+ Yo )

dN _ (N) [l(y—yo)z

= exp.|——| —==2
dy 22m0?
[ o Bt AUSALI200GEY o pEHERE

2\ O
v' <N>, 6 and y, are fitting parameters and o is
the width of the rapidity distribution 800 ces o

’ . T :-15—25% aPetttn tugs anaty, & 45-50% -
v' Landaus energy dependent Gaussian rapidity 600 s, =

distribution is given by

1 do dN
Oin dy dy

= #exp.(—y2 /2L)

where L= %ln(s/4mi)

=Iny
= In(\[s,, /2m,)

_h BBONIIT Indore, ALICE-India School, SE2CiNED _
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(Pseudo)rapidity Distributions

Comparing Landaus equation with the
parameterized eqn. we get:

oy = \/In[v/3nn/2m,)

* Width of the rapidity distribution is related to the boost factor.

* The width of the rapidity distribution is related to the longitudinal flow and
velocity of sound in the medium.

* Hence could be a useful probe of equation of state of the produced matter.

* With the assumption that the velocity of sound, ¢ is independent of
temperature, the rapidity density in Landau hydrodynamical picture is

given by:
1/4 2
d_N=K S v exp.| - Y > K is a normalization factor
dy 270° 20,
where o> _8 c; ln( S | 2m )
Y3 1=¢t W i

_’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 2_



51

(Pseudo)rapidity Distributions

g (2 Width of the rapidity distribution helps us
— 05 _°_ % ln y in estimating the velocity of sound in the
31— medium and hence in probing the EoS.

» For an ideal gas (Landaus prediction), cs? = 1/3.

» For a hadron gas, ¢2 = 1/5 > expansion of a hadron gas is slower
compared fo an ideal gas.

» The Equation of State (EoS) is given by: % =2

de

where P is the pressure and ¢ is
the energy of the system.

> As the expansion of the matter proceeds as longitudinal and superimposed
transverse expansions, a rarefaction wave moves radially inwards with the

velocity of sound.

0, IIT Indore, ALICE-India School, 5-2
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(Pseudo)rapidity Distributions

> 3 o 0.6
© [ NA61/SHINE WORLD i NAG1/SHINE WORLD
25 - N+N Pb+Pb 0.55F N+N Pb+Pb
“~I Be+Be . AU E Be+Be Al u
- . 0.5
2,'_ —linear fit -
[ —-Landau, c;=1/3 0-45:-
151 0.4F"
: 0.35F .
N 35F ©
3 i - m %0 o
05F -~ : -
C 0.25(
- 1 A(?S 1 ISP|S 1 1 | 1 |RHI|C o 2 EAGIS' L1 |S|F|,S 1 | RHIC
® 2 4 6 ' 10 10
Ybeam Sy (GeW)

The NA61/SHINE Collaboration : arXiv:2008.06277

The softest point in the EoS could be a signature of deconfinement transition.
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Phase Space of ALICE Experiment

* Central Barrel (-0.9 < h < 0.9)
e tracking, PID (ITS, TPC, TRD,
TOF)
® single arm RICH
e single arm EM cal (PHOS)
® Elecromagnetic Calorimeter
e Mulfiplicity
e charged (barrel+FMD): (-5.4 < h

< 3)
. e photons in PMD (-2.3 < h < -3.7)
2 F MUON | SPD iayer 1 | PMD e Forward muon arm (2.4 < h < 4.0)
5L  Moiyerz e absorber, dipole magnet
g s ew e tracking and trigger chambers
S5 FMD 930~ FMD e Trigger, timing, luminosity:
= TPC full
4 JI W e ol R 1 e ZDC, VO, TO, SPT
3: TRD
n ™ JOF L
o HMPID* —L|
- Pups- f '-Llj
1 ~L.ZP* . EMCaI i ZEMA- ZP T ZN
| ACORDE" _L\-Ll&_
coa v b b by Ty |

S e BN I B S S s
n

T Indore, ALICE-India School,
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Invariant Yield

* Cross sections are the probabilities of nuclear reactions expressed by
effective areas.

e The cross section, o is measured in the units of barn or millibarn
(1 barn = 1024 cm2 = 100 fermi2 , 1 mb = 0.1 fermi? ).

* This describes the total yield of a reaction regardless of energies of the
emitted particles or of their spatial distributions.

« Differential Cross Section: For example, do/dE (mb/GeV) or da/d6
(mb/radian) are used to study the energy and spatial distributions of the
emitted particles, respectively.

* Double Differential Cross Section: For example, d?a/dEdf - at a given
E and 6, dN number of particles are emitted into an angular region between
6 and 6 + dO , whose energies lay between E and E + dE.

_una+h Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 202-
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Invariant Yield

* Subdivisions of nuclear cross sections into smaller parts or in other words
making it higher order differential cross section, would require, what
information need to be derived from the study/measurement.

* Here, one may consider taking independent variables like v, E, pr 0, v, 1,
etc. to study the reaction cross section.

* o0 is a Lorentz Invariant quantity. However, differential cross sections may
or may not be invariant. For instance, do/dE and do/dQ.

* As the Lorentz transformation of common differential cross sections are
more often cumbersome and difficult, one thus needs the use of invariant

cross section.

* We know that the energy, E and the momentum, p taken independently
are not Lorentz Invariants.

* However, a suitable combination of E and p i.e., the energy-momentum
four-vector is Lorentz Invariant. The length of E-p four-vector is
Lorentz Invariant, as it equals to the rest mass of a particle.

VE?—p? =m?

-huna’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 2020 _




Invariant Yield "

d’o _ d’o where dp3 is the elementary volume in
dp; dp, dp,  dp? momentum space.

* As the changes in E and d30/dp3 cancel out under Lorentz
transformation, Ed3a/dp3 (o,,) is Lorentz Invariant.

* The rapidity variable has the useful property that it transforms linearly
under a Lorentz transformation so that the invariant differential single
particle inclusive cross section becomes:

Ed’o Ed’c d’o dp
= = ; where dy =—*
dp”  p,dp;dp,d¢  pdp,dyd¢ E

because: p, = mr sinh v,
dp, = my cosh y dy = po dy

_fh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. 2_
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Invariant Yield

3
One can proceed to show that 4P s L.L

E
3
In tferms of experimentally measurable quantities, 4P could be expressed as:
E
dp .
E T
= ppoTd¢dy
= m, dm d¢dy
The Lorentz invariant differential cross-section Ejf =Ejfv is the invariant
yield and could be shown in terms of P P
experimentally measurable quantities as: Edc 1 d>N
dp’>  m, dm,dgdy
1 &N
To measure the invariant yields of identified 2am, dm,dy
particles (known as pyor my -spectra), the 1 4PN
above equation is used. =
27p; dpdy

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov._




Invariant Yield -

Edo 1 d’N
dp’ - m, dm, d¢dy
1 4N
" 2am, dm,dy * To have a statistically significant number in the
| N differential yield, one combines many events of similar
= nature, e.g., say central events or peripheral events or
27 p; dppdy events of a particular centrality class. This requires at

the end, an event normalization, which changes the
above equation to:

ESN 1 1 &N
dp®  Neys 27 pr dprdy

This formula is used to measure the invariant
yields of identified particles experimentally.

_ Sahoo, IIT Indore, ALICE-India School, 5-20 Nov._
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Invariant Yield

Caveat:
* The invariant cross section and the invariant yield are not necessarily the

same, as it is used more frequently in an erroneous way.
* One lands up with a dimension crisis, while frying to equalize the both.

* The connection: When we calculate the differential cross-section from
differential yield, we need to divide the integrated luminosity to the

differential vyield,

d’o 1 d®Nyiela
21 prdprdy  Lin: 27 prdprdy

Nyiela the number of particles and Lin; is the integrated luminosity,
given by

Lint — /Linsta dt

Linsta 1S the instantaneous luminosity

Will come back to luminosity later !

_’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _




Average population

60

Invariant Yield

Maxwell-Boltzmann distribution function

1

10

1N g N/ (dp_dy) (GeV/c)"
o

10°°)

1077

1 2 3 4 5 6 7 B 9
Energy
- ALICE Preliminary 4
r pp \s =13 TeV (INEL), |y| < 0.5 1
| Normalisation uncertainty: 2.55% |
& + T+
- 4; L K+ —
e, e
s, pP+pP x2")
L . - |
%'.33 . °o A+ A (x2?)
m OO.DDD ++ " K*0+K*0 (x2%)
o % e et * O (x2°) -
R N L +
e R Nl ¢ E +E (x27)
® +
%‘\&'ﬁ°-‘3 p—- o Q +Q (x2°%)
L \* ﬁsﬁr 00 .o “o *
o 0‘:** * @ . D g : e
* . =] - *
— <><> 0‘ > . o - + . —
o 0‘ * Yo 75 - - -
00 * > Sty —— . .
K <>‘0 e " — ]
S - *
L % =
| P T TN S TN NN T T S SN ST SO S N
5 10 15 20
[ (GeV/c)

Boltzmann Distribution:

f(pr) = App e /T

Particle yield exponentially drops down
with increase of mass.

Many different functions are fitted to the
spectra: Boltzmann, Fermi-Dirac, Bose-Einstein,
Tsallis eftc.

Note:

> low-pr part is dominated by soft
processes, high-pr has pQCD
contributions

» Spectra deviates from Boltzmann-type

> Follows Levy-Tsalliss distribution
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Invariant Yield: Extracting Kinetic FO

o T T T I LI B | I L [ LI B B I L I LI - 2
K ] Teg =T +0.0m < 8 >
> L [e]ALICE |
c % 0-20% Pb-Pb (5, =2.76 TeV
4 F — Aexp(-p/T) ’ , )
Sla | T, =304 + 115% + 40”° MeV - Inverse slope Collective radial flow
% O 1E (5] PHENIX .
Q - _20o, _ _ 3 .
s F 0-20% Au-Au Vs, =0.2TeV 3 Random thermal motion
= | — Aexp(-p/Tey) -
e ‘o Ty = 239 £ 255 £7%° MeV
N

Hardening of the spectra: higher Ty

S
N
T |IIIIIII
11 IllIlIl

] s 02— ]
() = ]

10°E 7 ] 1o s %WR\& g
- o] E = 0.16F W \ =

- e 11 0.14 % N -

I i 0.2 %%% =
107 3 0.1F- % -
- | 3 "'F  Global Blast-Wave fit range: 3

C s ’ 0.08= 7 (0.5-1.0 GeV/c), K (0.2-15 GeV/c), p (0.3-3.0 GeV/c) =

i 7 F  ALICE Preliminary =
10—50—1 [ B R é b by ey Tl 5 L 0.06 - B Pb-Pb, |5, =276TeV v Xe-Xe, S =544TeV ]
0.04F ¢ p-Pb, s, =502TeV A Pb-Pb,\s,=502Tev  —

pT (GeV/c) = . + pp,\s=7 ’:‘I"\;V B

0'02: ® pp,\s=13TeV -

C 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I_

® 01 02 03 04 05 06 07

8
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Invariant Yield: Extracting Kinetic FO

(Getting a common FO temperature and radial flow velocity)

» Hydrodynamically motivated Blast Wave Model (assumes thermalization)

R : P
N «< j rdrmyl, (prsmhp(r)) S
ppoT 0 Tyin

S 10°
% Kl (mT COShP(T) ’ % 108 } \: - Kg(”(x109)
T
n

I e o LA B e s
ALICE pp \'s =7 TeV
(event multiplicity classes)

10* 3 5 S~ (VI

» Make a simultaneous fit to the identified - . SO A o
particle pr-spectra (pr ~ 2-3 GeV/c) '

B S VID E4E (x10%)

vV 0+ 0
Se (IX4+X)

Simultaneous fit: T ST TR
0] 2 4 6 8 10 12 14
T =163 £ 10 MeV, p.. (GeV/c)

<B+>=0.49 +0.02

ALICE: Nature Phys. 13 (2017) 535
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Invariant Yield: Extracting Chemical FO

* Experimental measurements are with a low-p; cut-off

* Fit a well-described function in the range of pr =0 to pymax

 Integrate the function (bin counting) in the range to get dN../dn or
for identified particles dN/dy

max

Pr dN
Spectra dpr = ———
/0 dy(n)

* Get <mT> or <pT> and use the information to study Bjorken energy
density, order of the phase transition (van Hove signal) etc.

* Use GCE for pp high-multiplicity, pA and AA collisions fo extract T and pg

* Using T and pg estimate other thermodynamic observables

For a thermalized system, the number density of i particle species in GCE
is obtained from the partition function as:

- T (6111 Zz) o gi / d3p
"V ou V,T (2m)° ) exp[(Ei — pa) /T] £ 1

pi = Bipp + Sips + Qipg

For details: see the lectures by Prof. Jean Cleymans
ahoo, IIT Indore, ALICE-India School, 5-20 N
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Invariant Yield: Extractina Chemical FO

time K, p
man KK 0 KR p+b E4E Q4T SH+ SAH N i
2 2 s 2 ¢ A 2 2 3 e
&
e F : o : 3
D 10° s : i ALICE Preliminary | 3
3 12k |l | e Pb-Pb 15y, = 5.02 TeV, 0-10%
i e el Y ¥ ;
¥ T e :
TE | E
10-1 ;F & Notin fit B .é
102 b Model TMev) V() ZINDF 3 b quark
, [ |—THERMUS 4 152+2 7832484 58710 | E
107 F |- GSl-Heidelberg 153+2  7260+410  41.9/10| ! E (1< 1 fmic)
104 | |msHARES 153+3  5211+703  49.7/10| P R To
E T T T H H H T : BR=25% 3 C qual’k
3 05 E R : : E >
£ O A z
s ok S S i g Boo Ly il i
° Fobg = B0 B g GLL
S sk plo L
E L wor LA} beam
I S e e SRR A+ B R S SRS ST E
< E E
R JEESE0 N L S S S A LN nE .
3 O Froeeeeeeeed oo ST e e 3 F T T 9 I T T T
- e A = Y. 1 ] i
R N S N S O S : ] : ] I
. ?Q . Qg Q E 800 [+ N
r - O A A ] (A
140 [ < "m\JI T = N
—~ L B N L _
Pb-Pb at 5.02 TeV N BEIEN
2120 & q1 % L :
= F * 12t
I3 100 l 1 = 400 5 ;m{ 4
80 A . 200 L ‘Q}Q ]
B .,'A ] m@
“Fa E Fagg
T R R B ot ! AR P i
10 10? 10° 10 10 10°
VSan (GeV) VSnn (GeV)
A ICFO A AGS A ICFO A AGS
O 2CFO: strange A sps O 2CFO: strange A sps
#r 2CFO: nonstrange A RHIC )f.‘; 2CFO: nonstrange A RHIC
----- Cleymans et al. A LHC (yields: SCE) ~+++ Cleymans etal. A LHC (yields: SCE)
------ Andronicetal. Andronic et al.

Review on KFO & CFO: Sandeep Chatterjee, Sabita Das, Lokesh Kumar, D. Mishra,
Bedangadas Mohanty, Raghunath Sahoo, and Natasha Sharma
Advances in High Energy Physics, Volume 2015, Article ID 349013 (2015)
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Spectra: Indication of a finite Hadronic Phase Lifetime

250

I T T L II 1] T T TTTTT I T T L II T T 1] tlme
T = T,STAR —e— T, STAR Au+Au (0-5%) | - K, p, ...
- —— T,,SIS e T, STAR Cu+Cu (0-10%) - % /Tfo .
200__ —— Tch AGS L7 Sh Tkin PHENIX __ % ‘ /Ch
| —&— T, ALICE —m— T, ALICE Pb+Pb (0-5%) _ § . Freele'O“ ,\7—,c
B - (¢} Kinetl
: A R . - o
s 1501 o - %
[0)] : ’o.. * H 4 : ‘\0%6\
§ : K + # + + + % ® i ! W€
1oor t + ' b quark
_— .%! ] (to< 1 fml/c)
S0 - & ------ Cleymans et. al - (o quark
= ." _ e ,
0 ,_l 1 I .: 1 1 1 L1 111 I 1 1 1 L 111l I 1 1 1 11111 I 1 1 1 I_
1 10 102 10°
VSNN (GeV) beam beam

Review: "Freeze-out Parameters in Heavy-Ion Collisions at
AGS, SPS, RHIC and LHC Energies.”

S. Chatterjee, S. Das, L. Kumar, D. Mishra, B.

Mohanty, Raghunath Sahoo, and N. Sharma, Adv. in High
Energy Physics (AHEP) (2015) Vol. 2015, Article ID 349013,
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Luminosity

* Luminosity is defined as a quantity which measures the ability of a particle
accelerator to produce the required number of interactions.

* This is an accelerator specific parameter.

* The number of useful interactions (events) becomes important especially
when rare events with smaller production cross sections (a;) are studied.

* The relationship between rate of the interaction and cross section is:

dR 2 —1

— = L.o, Lisinem™“s

dt

_’rh Sahoo, IIT Indore, ALICE-India School, 5-20 Nov. _



Luminosity :

Cross section, Luminosity, Reaction Rate

4
Fixed target experiment
E - ___ - R=rate of reaction
I > -
Incident flux x Area T~ T R-1 aAN I
= Incident rate N, = Number/area"‘\..__\
Y
Collider experiment \ T /
> <
2 3
Nf ..Ng > < R=Lo
> <
> <
= Incident rate [ N/4nc*2 = Number/area
& / J \..\ / /

R = rate of reaction

Cepends on f,,, revolution frequency
— N foomy n, number of bunches
e W N number of particles/bunch
: . ¢* beam size or rather overlap
integral ot IP .
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Luminosity in Fixed Target Experiment

Example 6.10 Luminosity Estimation for a Fixed Target Experiment:

In a fixed target experiment, liquid hydrogen target is used, which is charcterized by a
target density, p = 0.072 gm.cm™ with a target thickness of 15 cm. The beam flux is
given by Npeam = 10'! protons/sec. Estimate the luminosity for this set up.

Solution

Here the number of target protons is given by: n = 6 x 107> x0.072 ~ 0.432 cm™ x 10%.
Hence the luminosity is given by:

L7 = Npeam 1. [ = 10' X 0.432 x 102 x 15 = 6.48 x 10** cm™2.sec™!.

<. X _~
@;ng“é% pre®®

hoo, IIT Indore, ALICE-India School, 5-20
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Luminosity and Event Statistics

Example 6.11 Effect of Accelerator Luminosity on Event Statistics

The Large Hadron Collider (LHC) is a 40 MHz particle collider. We consider pro-
ton+proton collisions at a center-of-mass energy, /s = 13 TeV, with 1.15 x 10'! pro-
tons/bunch and 2808 bunches/beam with a beam size of 16 um at the interaction point.
Calculate the luminosity of the LHC machine for this configuration. If you are inter-
ested in a rare process having cross section, o, = 1 femto barn (=107 ¢m?), to bound
the statistical errors by 2%, how much time the LHC has to take data?

Solution

Here, n; = np = 1.15x 10" protons/bunch,

n, = 2808 bunches/beam,

o = beam size at the interaction point = 16 um = 16 x10™* cm,

Given LHC is a 40 MHz particle collider = f= 40 x 10° sec™!. Now the luminosity is

00, IIT Indore, ALICE-India School, 5-20
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Luminosity and Event Statistics

Aro?
40 x 10° sec™ x (1.15x 10'")* x 2808
a 47 % (16 x 1074 cm)?
= 46.168 x 10%® cm2sec™!

Givenop, = 1 fb= 107 cm?,

=107 cm? x 46.168 x 10°¢ em 2 sec™

Ref: Relativistic Kinematics for Beginners:

5
C
]
Z
N4
S
c
c 7~
S
= 46.168 x 10~ sec™ “ o
3 N
=166 hr™' o
S 3
This means there are 166 events occurring per hour at the LHC. To bound the statistical 3 g
errors by 2% means, _'_g &
1 c &
—=0.02
VN 5
o N = 2500 -
- 0.022

Hence to bound statistical errors by 2%, LHC needs to run for: 2500/166 ~ 15 hours.
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FUTURE CIRCULAR COLLIDER at CERN

Get tuned for a brighter future in HEP

Euture
‘Circular

2
- Collider -
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