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| orentz transformation

Postulates 1. There is no preferred inertial frame

2. The speed of light in vacuum has the same value ¢ in all

iInertial frames of reference

(Contravariant) space-time four-vector in system S:

xH = (XO,Xl,Xz,X3) = (t,X) = (t, x,y, 2)

In system S' ty by’
(follows from the two postulates) _B=ve
S S
/
XO — fy(XO — 6X3) R
Z
X1/ — 1
X2/ _ X2 X X
/ 1
x> = y(x* — Bx°) B=v/c

R -
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—nergy-momentum four-vector

General four-vector:
transforms under Lorentz transformation like the space-time four-vector
Relativistic energy and momentum:

E=~vym, p=~8m, m = rest mass (h=c=1)
Contravariant four-momentum vector:
p' = (p°, p', p*, p*) = (E, B) = (E. Pr, pz) = (E, px, Py, P-)

Covariant four-vector:

23)

xH = (XO,Xl,X X 1 2 3)

— X, = (XO,—X —X° —X
Scalar product of two four-vectors a and b:
a-b=at'b, =a,b"* =a"h" —3.b

Relation between energy and momentum:

E2 = p? 4 a-a=FE-p?=m>
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Center-of-Mass Sys’[em (CMS) [actually: center-of-momentum system]

Consider a collision of two particles. The CMS is defined by

53 — _,Bb

pa — (Eav 53) pb — (Ebv 5b)
@ > < o

The Mandelstam variable s is defined as
s:=(ps+pp)’ = 4 (E; + E,)° Homework A

/

4-vector

JS is the total energy in the center-of-mass frame ("center-of-mass energy")

Example: LHC. beam energy 6.5 TeV: |/s =2 E = 13 TeV (lab frame = CMS)
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More on LHC energies

2
, — N — \%
From ‘centripetal force = Lorentz force: F, =qv X B = —
r
R = B = N_HC,bend ° Bl Hc, BLHC,max ~ 83T (% this limits \/g)
/TN
"rigidity”" 1232 dipoles x 14.3 m/ (2 m) = 2804 m Homework B: Calculate pmax
: A- nu n
protons: R = Pproton ons: R=_"F > cleo
4

201 1/1 2: pproton — 35 TeV — anCIGOI"I — pr/A — Z * pproton — 138 TeV
/
corresponding energy of nucleons in
Pb ion for same B field (same rigidity)

Center-of-momentum energy per nucleon-nucleon pair:

Pb-Pb (2011/12): +/snn = 2.76 TeV Pb-Pb (2015/18): v/snv = 5.02 TeV
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Js for Fixed-Target Experiments

E{ab mos ?
S = - —|_ —
() (%)

lab ®

my, E 9 2 lab
®
total energy °

(kin. + rest mass) lab _

M2, P2 = = /s = \/m%+m§+2E1'abm2

EP®>my, my
~ \/2 Ellabmg

Example: antiproton production (fixed-target experiment):
p+p—pt+tp+p+p

Minimum energy required to produce an antiproton: In CMS. all particles at
rest after the reaction. i.e.. /s = 4 mp . hence:

(4mp)2 — 2m/[23

2my,

4m, L \/2m/[23 + 2E{ab’mi“m,D = Ellab’Imiln = = 7m,
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Rapidity

The rapidity y is a generalization of

the (longitudinal) velocity 5L = pL/E:  beam axis
1 1+ 1 E+p
y := arctanh 3, 2n1_6L 2nE—pL
y = p for 5 <1
: E+ p _ E—pL
W'th ey — , e Y —
\/E — PL \/E + pL
' 1 X —X 1 X —X
and SlnhX:§(e — € ), COShX:§(e 4+ e )

one obtains

where my := \/m2
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p:\/pfﬂ?%

E = mt - coshy,

pL. = mt -sinhy

p> s called transverse mass

3l
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Additivity of

A lab system S A

Rapidity under Lorentz Transformation

moving system &'
—» (velocity Bs)

o —p

Object with rapidity y measured in S'
-

Lorentz transformation: E = y(E
_ ] In E ¥ P
" T2 E-p,

_ 1 o(E'+ Bpz) + (P + BE)

"+ BpL), = ~(p; + BE")

y is not Lorentz invariant.
however. it has a simple

= —In
2 y(E'"+ BpL)

—(p; + BE')

transformation property:

_ 1 A+ B(E +p) y=y +ys
2 (1-B)E —p)
1. 1+5 1 E’+pZ
= —In + —=n
2 1-7 2 El—
- A ~ /
rapldlty of S'as /

measured in S Y
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Velocity Lorentz transformation

A

d
y _dz
di

A u/ — dZ,
— —, / — _ l.
o di 7 =y(z— pr)
, t'=y(t—zp)
S

/ dZ,

u = p

> dt

dz v

dZ’ }/(dZ — %dt) Z —

dr " ydr-tdz) o1k

c dt
, u-—yv
e —w
C2

Much more complicated than rapidity!
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Rapidity of the CMS (I)

My, Ya M, Vi a=(E,0,0,p,)
) an ) b= (E»,0,0, —ps)
Velocity of the CMS:
i s a; + b
d, — /ch(az — BCI\/IaO) — _bz — _ch(bz — 6CI\/IbO) = 5cm —
do bo
Using the formula for the rapidity we obtain
1ll+@' hﬂ%+&“%+@}
= —in cm — A
) 1 -4, g ao — a; + bo — b;

Writing energies and momenta in terms of rapidity:

mT = m ]_ maeya 1 mbe)/b
Yem = 5 In —Ya | —Yb
E = mrcosh(y) Ma€ 7o 7~ Mp€
. 1 ]_ Ya | Yb
p. = mgsinh(y) — (st )+ = In m,e mpe
. . 2 2 m,eYs + mpeYa
cosh(y) + sinh(y) = e
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Rapidity of the CMS (Il)

For a collision of two particles with equal mass m and rapidities ya and yb.
the rapidity of the CMS yem is then given by:

Yem = (ya + )/b)/2

In the center-of-mass frame. the rapidities of particles a and b are:

1 1

yfzya—ycmz—i(yb—ya) y;’;:yb—ycmZE(yb—ya)

Examples (CMS rapidity of the nucleon-nucleon system)

a) fixed target experiment:  Yem = (Vrarget + Ybeam)/2 = Ybeam /2

b) collider (same species and beam momentum): Ycm = (Vrarget + Ybeam)/2 =0
c) collider (two different ions species. same B field, approximation: p >> m):

1 Z4iA

cm:_I
Yem =5 A Z,

Homework C  p-Pb beam at LHC: Yycm == 0.465
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—xample: Beam Rapidities

nE+pZ 2E

Beam momentum (GeV/c) Beam rapidity

158 5.81

2760 (= 7000-82/208) 8.86

6500 0.54
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Pseudorapidity n

cos(2a) =2cos’av —1 =1 —2sin’a
1I E+pcosq9p>>m1I 1+ cosv /1 2 cos® ¥ n v
— — |n ~ — 1IN — — 1IN = —1INn n—| =.
Y =5 E — pcos? 2 1—cosd 2 2sin®% 2 d

y=mn for m=0
n=0 mid-rapidity

n=+1(6 = 40.4°)

n=+2(6=15.4°

n=1+3(6=57°

beamline

Analogous to the relations for the rapidity we find:
p = pT - coshn, pL = pT - Sinhn
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Brief summary




dN_/dn

Particles

PHOBOS. Phys.Rev. C83 (2011) 024913

o 00,%
B °® * ..... ° o.
.o o...o.. o
¢ n
° ...I ] L Il.
(] l. -..l..l.l e
() u -
B ° " [
o |
m o
° ..
* I. n
i ... - . ®ee
e | p-p, inel., 410 GeV
an" ...
[ = | p-p, inel., 200 GeV
I 1 1 1 1 l I
__ES () ES

—xample of a Pseudorapidity Distribution
of Chargec

Beam rapidity (E = 100 GeV):

E+p
m

= 5.36

Ybeam — In

Average number of charged
particles per collision
(pp at /s = 200 GeV):

dN,p,
N.) = dn ~ 20
< h> / dn T

QGP physics SS2021 | P. Braun-Munzinger, A. Schmah | 2. Kinematic Variables

15



Difference between dN/dy and dN/dn in the CMS

dN m2  dN \/pTcosh n + m? + prsinhy
— =4 /1 - y(n) = |og

2 2
dn m<%- cosh” y dy \/pT cosh? n 4+ m? — prsinhny

Difference between dN/dy and dN/dn
in the CMS at y = 0O:

dN/dn or dN/dy
2.5

Simple example:
Pions distributed according to

1 d?N
— G - exp(— 0.16
ST— /(y) p( /TT/ )

Gaussian witho=3  prin GeV

QGP physics SS2021 | P. Braun-Munzinger, A. Schmah | 2. Kinematic Variables 16



LHC dipole

| —
"
gy

1 . 7
\ Vacuum vessel
\@
v’

/ “" ‘

j.‘

o

Beam pipe 5

\ & <

L
- U
\ ~

Source: CERN

143 m,upto8.3T

Cosine-theta magnet

Almost constant (opposite) magnetic fields in one yoke

Liquid helium line
(CryoLine)
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http://lhc-facts.ch

LHC parameters

transverse beam radius: about 20 pm
Frequency: ~10kHz (¢/27km)

Particles/bunch 1.35-10" 1.2-108

Bunch spacing 50 ns (=15 m) 200 ns

peak luminosity 3.65-10* cm?s™ 0.5-10* cm*?s™

https://home.cern/resources/brochure/accelerators/Ihc-facts-and-figures
https://www.lhc-closer.es/taking a closer look at Ihc/1.Ihc parameters
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Luminosity and cross section

d/Vint
dt

—o-L

1cm _2) (Number of particles passing each other per area and time)

L = luminosity (in s~
dN,,:/dt = Number of interactions of a certain type per second

o = cross section for this reaction

N1 N2 feoll =R ),

A

ni, np = numbers of particles per bunch in the two beams
fcoll = bunch collision frequency at a given crossing point

A = beam crossing area (A ~ 4wox0o,)
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Lorentz invariant Phase Space Element

Observable: Average density of produced particles in momentum space

1 d3Ng 1 d3>Ny

Lint d35 B Lint dpxdpydpz

However. the phase space density would then not be Lorentz invariant
(see next slides for details):

>N I(px, py, p-) d*N  E d>N
dpldpl,dp,  O(pL. p,.p.) dpxdp,dp, E’ dp.dp,dp,

ﬁ _ dpx dp, dp;
E

Lorentz invariant phase space element:

The corresponding observable is called Lorentz invariant cross section:

d3c 1 d3N 1 d3N
E—: E — E [e)
B35~ Lim @3B  Newror d3p

this is called the invariant yield
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2roof of invariance
| orentz boost along the z axis:

_orentz invariant Phase Space

P = Px
P, = py
p, =7(p: —BE),  p;=1(p; + BE)
E'=~(E—-pBp:), E=~(E"+ Bp;)

—lement:

Nowpnr) | 7 o
X1 ' MZ 8 8y
Jacobian: apePyPzl 1o 55 O
o(px: Py PZ) " o,
0 o 2
P’
0Py op op, 0 OE’
=1, L =1, = / EN=~(1
Ip, op, o0, op. [v (p; + BE")] 7( +58p;
OE' 0 2 2 2 2\ 1/2 ol op: _ P\ _E
ap;:ap;[(m +pl +py + p)) }:E o 1+6%5 ) =5
a(pX1p)/1pZ) L E

And so we finally obtain:

o(p,. p,.p.)  E

QGP physics SS2021 | P. Braun-Munzinger, A. Schmah | 2. Kinematic Variables 21



Invariant Cross Section

Calculation of the invariant cross section:

E =my-coshy, p; = my-sinhy
d3 1 d3

- 4
d>p pT dprdp,dyp

dp,/dy=mt cosh y=FE 1 d3o

pT dprdydy
symmetry in @ 1 d20'
2pT dprdy

Sometimes also measured as a function of mr:

1 d?o 1 d’c  dpr

27TmT medy B 27TIT)T dedy me N 27TpT dedy

Integral of the inv. cross section

Average yield of particle X per event

d3o /
/EdTP d°p/E = (Ny) - 0ot

E*d’s/dp® (mb-GeV 2.¢c?)

Aclc (%)

(Data-QCD)/QCD

—h

10"
10
-3
10
10
10
10
10

-8
10

40
20

-20
-40

o N & O DN

Example: Invariant cross section
for neutral pion production in
p+p at /s = 200 GeV

a)

I PHENIX Data
— KKP NLO
— Kretzer NLO

;_ 1 1 b

E_ ' (I | I I ‘ )

E— ....... N

c>

%

: /\‘\/\ d)

0 5 10 - 15
pr (GeV/c)
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Average path length of produced particles before decay

L|ab=V°v-T=5°7°T-C=L-T-C
mc

mass (MeV) meanlifet |cT Liab (o = 1 GeV/c)

T, TU- 139.6 2.6-108s 7.80 m 56 m

o 135 8.4-10-17 s 25 nm 185 nm

K+, K- 494 1.23-108s |3.70 m 7.49m

KsO 497 0.89:-10-10s [2.67 cm 5.37 cm

K0 497 5.2-108s 15.50 m 31.19 m

D+, D- 1870 1.04-10-12s |312 pm 167 pm

B+, B- 5279 1.64-10-12s  |491 pm 93 um
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invarian

Reconstruction of unstable particle via the

" mass calcula

‘ed from daughter particles

Consider the decay of a particle in two daughter particles. The mass of
the mother particle is given by (“invariant mass”):

7= |G
2

:ml e

:ml e

)+ ()]

m5 + 2E,E; — 2Py - Pa

m5 + 2E1Ey — 2p1 po

Example: i© decay:

7T0—>’Y+”Y, my =my =0, E; = p;

= M = \/2E,E>(1 — cos )

Y1

QGP

108 events p+p Vs =7 TeV ]
raw data % ]

ALICE -

PERFORMANCE

cos ¥

counts (arb. units)

™, —y(—e'e e*e™)

vy pair p. > 0.4 GeV

—e— reconstructed
—— scaled background

0.1 0.2 03 04 05 06 07 08 0.9 1
invariant mass (GeV)

in the lab. system
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Summary of kinematics part

= Center-of-mass energy 4/s:
Total energy in the center-of-mass system (rest mass + kinetic energy)

= Observables: Transverse momentum pr and rapidity y

= Pseudorapidity n =y for E » m (n =y form = 0. e.g.. for photons)

= Production rates of particles described by the Lorentz invariant cross
section:

Ed3(7 1 d°o
d3p  2mpr dprdy
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Overview of particle detectors

Why do we need different detectors?

o What is
Usage Characteristics measured? Detector types
Good spacial :
luti ¢ Space points, _ o
resolution (um to particle tracks or Tlme-prOJe_c_tlon
Tracking mm), |arge tracklets ch.amber, SI|ICO.n
coverage (full ¢ strip, MAPS, drift
azimuth, large — momenium, chambers, etc.
vertices
eta)
Eve|_1t : Fast, large Evc?nt multlpluflty, Scintillators, RPC,
characterization/ high energetic
: : coverage : gas detectors
triggering signal etc.
. Lan:ge galn,_good Energy loss, Gas detectors,
Particle time-of-flight momentum, total .
identification resolution (~20 energy, time-of- calorimeters,
gy, RPCs, Cherenkov
ps) flight, TR
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Time-Projection Chamber (TPC)

B-field

afru\
5m e

E-field E-field
—_—
Z
\/
Magnetic field, Lorentz force
— Momentum Zo = VD™ 1o
(time) Projected z-coordinate TDl’ift velocity Time

Charged particles ionize the gas in the chamber, electrons are
drifting to the end caps

Typical values: E-field ~400 V/cm, B-field ~0.5 T, vb ~ 3 cm/us

Gas: Ar-CO2, Ne-COo

B
pr = 0.3— p=curvature

P
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ALIC

2466 mm
32 Rows

1986 mm |

Nr. of pads
15842

64 Rows

1346 mm

PC Readout

[ 1]
—]

charged particle track
Pads = g
oL drifting electrons from
, primary ionization
homn gating plane NG

N

1321 mm

64 Rows

841 mm

- N
-_-_--_--_-___"1"‘. ..... N cathode plane \\:'-'
. Tfosmm anode plane B“‘
m T E-field
A
x\ e

Z (drift time)
<
\\\_

i

\ /

560k readout pads
Space point resolution ~ 1 mm
(old) TPC gated readout system — avoids ion backdraft

(new) TPC GEM based pad plane — continuous readout!
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_I

PG Performance

https://cds.cern.ch/record/451098/files/open-2000-183.pdf
Physics Procedia 37 (2012 ) 434 — 441

n_.-0.25_
o - ALICE, Pb-Pb, \[s, = 2.76 TeV, |1|<0.8 "5 200 : '. i —:
% . e TPCATS p, resolution © 180 E '} PP@\Ns=7TeV
0.2 fit (p,>1 GeV/c) -1 = ( \ =
- I syst. errors S 160 - i e =
T 140 E R - ALIC 5.
kS Q toq B prciirgl
= 120 =
100 & —
0.1 =
80 =
1 o 60 F
0.05 ALICE oy
ALICE Performance 40 . Y
22/05/2011
4PPE BITE TR I e 1 10
% 20 a0 60 80 100 p (GeVlc)
P, (GeV/c)

» Used for tracking, momentum resolution ~ few % for pr < 20 GeV/c

» Used for particle identification (PID), specific energy loss (dE/dXx)

» Capable of tracking down to low pr in a high multiplicity environment
—perfect for central heavy-ion collisions
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construction, operation, and performance

q D) The ALICE Transition Radiation Detector:

Transition Radiation Detector (T

Stack O Stack 1 Stack 2 Stack 3 Stack 4
} Im
o AT —+—— cathode pads S R N
amplification | [/ ) g ) W) . £ 120~ o e dE/dx + TR N
region | A I JIN N7 anode wires — dE/d -
oremy \UJY | | ‘ VW) cathode wires < L me X
2100 a7 dE/dx
e
3 80
ceaion &
:§0 cm \i % 60_
, & -
S
I <7
)  drift
electrode 20
radiator_t
4.7 cm B
X v B
/ / d
> pion electron

Similar principle as TPC (gas, drift, dE/dx) but ~500 individual detectors
High speed electron (large gamma factor) create transition radiation
photons in the radiator = additional energy loss

Used for PID, tracking, triggering
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210.62

Used event characterization (event
plane, centrality, triggering)

744 channels in total, symmetric in eta
Scintillators + WLS fibers + SiPMs
Cheap and fast to build
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Silicon Pixel Detectors

detector, 2018 i ‘
{

STAR HFT

» Monolithic Active Pixel Sensor (MAPS)
— integrated readout, very thin

» Pixel size (STAR) ~ 2020 um

— high precision vertexing, important for
charm reconstruction (e.g. D9)
* Next generation: bent ALPIDEs for
ALICE ITSS3 (Inner Tracking System 3rd
generation)
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ALICE ITS2 Installation

9
]

&

SN S 4 'ﬁ
\ s "7V :\??‘i\ \ 1 j
| @Vl £3D

Monolithic Active Pixel Sensors (MAPS).
Installed in the past weeks.
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Solenoidal Tracker at RHIC (STAR)
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Overview of the ROOT analysis package

https://root.cern/ can be installed on all platforms

6.22/08 is the most recent version

Used for large scale data analysis

From simple histograms up to neural networks and 3D graphics, all
included in one C++ based framework

Input/output via ROOT (.root) files = can contain any kind of
objects, e.g. histograms (2D, 3D, ND), Ntuples, Trees, etc.
Interactive sessions and “on-the-fly” compilation of macros or
libraries in a complex code

. + | |
4 h 1Z) d,*He
SIS AN 0 weass
) ). wlo MDC dE/dx cut

T 00000000 akeie 3
0 1000 2000 3000
polarity * (mass/Z) [MeV/c?]
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https://root.cern/

(Get started

1. Install root (~150 MB, 5 minutes installation)
2. Write the following program with an editor of your choice (vim, efte,
emacs, notepad, etc.), save it under the name “Fill_histogram.cc”

vold F1ill_histogrami

A4 Define the histogram
TH1D* h_hist new TH1D("h_hist","blubblf. _ _ : S/ name, title, number of bins, lower r

Int_t M_itter ;A4 number of 1tterations
Double_t mean s S
Double_t silgma . A4 slgma of Gaussian

Double_t ran_wvalue;
TRandom ran_gen; /7 random number 2
foriInt_t 1_1tter ; 1_1tter < M_i1tter: 7S loop

ran_wvalue ran_gen.Gausimean,sligmal; /5 Z rate a random number, samples from 3
h_hist —-:*Filliran_wvalue); / F1ll the histogram

H_hist —»Draw A4 Draw the hilistogram
blubb
14 ) 14 . . b} 3500 : h_hist
3. Type “root” and then “.x fill_histogram.cc : ~ e Yomo
3000— r \ StdDev  11.96
Alexs-MBP-161:Software marialex$ root - ﬁ L
2500— ] 11
| Welcome to ROOT 6.22/03 https://root.cern | - r L
| (c) 1995-2020, The ROOT Team; conception: R. Brun, F. Rademakers | C H
| Built for macosx64 on Nov 10 2020, 17:25:50 | e
| From heads/v6-22-00-patches@v6-22-02-2-g3b7967a70f I = HJ 1
| Try '.help', '.demo', '.license', '.credits', '.quit'/'.q' I 15001— r y
- [ L
1000— J H
root [@] .x Fill_histogram.cc = Jr H1
500(— ¢ 4
- r ol
E i T
_I 111 | | .} L—J—'—P—r,_r—i | | | | | I | | I | | | 1111 | | | i%T"I*kL
-50 -40 -30 -20 -10 0 10 20 30 40 50
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http://fill_histogram.cc
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Satz (2018):
https://link.springer.com/content/pdf/10.1007 %2F978-3-319-71894-1 . pdf
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Appendix E
Covariant and Contravariant vectors

— —

v =v'e; Contravariant, transforms opposite to basis

e

e, v =V; Covariant, transforms same way as basis

QGP physics SS2021 | P. Braun-Munzinger, A. Schmah | 2. Kinematic Variables 44



