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May 5, 2015:
First collisions at the LHC after two years of maintenance

p+p collision at 450 GeV/c beam energy

From June 2015 on: p+p collisions at 6500 GeV/c beam energy
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Notations and Conventions

Natural units: c=h =1 also: kpy=1— FE=kgT, T =2 102K ~ 172 MeV
useful: 1 = hc=0.197GeV - fm

Space-time coordinates v 0 1 2 3 R
(contravariant vector): v (¢7, 2%, 2% 2%) = (,7) = (t, 2,y, 2)

Relativistic energy and momentum:

1

E=~vym, p=~vypm, v = ,
V11—

4-momentum vector: p* = (p°,p',p%, p°) = (E,p) = (E,pr,p.) = (E, pe, Dy, D-)

m = rest mass

Scalar product of two 4-vectors aand b: a - b = a®® —a-b

Relation between energy and momentum: E? = p2 + m?
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Center-of-Momentum System (CMS)

Consider a collision of two particles. The CMS is defined by pa = —Pb
Pa — (Eaaﬁa) Py = (Eb7ﬁb)
([ J — «— [ J
: : : 2 CMS 2
The Mandelstam variable s is defined as s := (p, + pp)° =" (E, + Ep)

The center-of-mass energy Vs is the total energy available in the CMS
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Vs for Fixed-Target und Collider Experiments (l)

Fixed-target experiment:

Target Elab Mo 2
=[G )+ (%)
my, Eiab o p P1 0

lab? 1 2 2
total lab = B+ 2E"ms +mj —pi
(kin. + rest mass) 7 = mi+my+2E""my

— /5 _ V/m2 + m3 + 2B m,

E¥>>my, mo b

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

Minimum energy required to produce an antiproton:
In CMS, all particles at rest after the reaction, i.e., Vs =4 m,, hence:

: : A4m,)? — 2m?
4m,, L \/ng + 2Eiab’mmmp = Eiab’mm — ( p; E'=1Tm,
mp
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V's for Fixed-Target und Collider Experiments (ll)

Collider:
my, B mo, B . .
101 > < i 02 S = (E1+E2)2—<p1—|—p2)2
= mi+ms+2E1Fy — 251Ds
for p1 = —po and m1; = mo : Vs =2F where E=FE; =EF,
Example: LHC 1232 dipoles x 14.3 m /(2 )

rigidity R =2 = rigcpend - Bugc,  BLuCmax & 8.3 T limits /3
q

protons R = Pproton lons: R = A- prglcleon
A
2011122 pproton = 3-5TeV = Paucteon = Ppb/A = — - Pproton = 1.38 TeV

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

2011/12 Pb beam: v/sSyn = 2.76 TeV 2015 Pb beam: v/syn = 5.1 TeV
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Rapidity

The rapidity y is a generalization of the
(longitudinal) velocity BL = pL/E:

y := arctanh 07 = 5 In =

y =~ [ for B <1

With e — E+pL B
E+pr

e””—e_”; : cosha;—2 e’ 4+ e )

and sinhx =

l\DIr—\

we readily obtain  FE = my - coshy, pr = m7p-sinhy

where myp = \/ m? + p% Is called the transverse mass
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Additivity of Rapidity under Lorentz Transformation

4 lab system S

A

moving system S'
— (velocity Bg)

o —>

Object with rapidity y* measured in S'

Lorentz transformation: E = v(E' + 6p.,), p. =v(p. + BE") (B = Bs)

1. E+p.
—In

y is not Lorentz invariant, however, it
has a simple transformation property:

E'+ 8p.) +~(p, + BE’)

X -
Y E T B — (v, + BE) Y=Yy TYs
1

A\ N J
rapidity of S' as
measured in S
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Rapidity of the CMS

Consider collisions of two particles with equal mass m and rapidities y_and y,.
The rapidity of the CMS y_ is then given by:

m, Ya m, Yp

° ° YycmMm = (ya + yb)/2

v
y 3

In the center-of-mass frame, the rapidities of a and b are:
vr=—(Yo — Ya)/2 and vy = (Ub — Ya)/2

Examples (CMS rapidity of the nucleon-nucleon system)

a) fixed target experiment:  Ycm = (Ytarget + Ybeam)/2 = Ybeam/2
b) collider (same species and beam momentum):  Ycm = (Yrarget + Ybeam)/2 = 0
c) collider (two different ions species, same rigidity):

1 1 ZlAQ
= —In
YoM > " A, 7,

[exercise] example: p-Pb: yoar ~ 0.465
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Pseudorapidity

11 E +pcost p>m 1 L 1 4 cos v 11 2COSQg |t 0
= ~ n n——-—= n (tan — | =
YoM EC pcos 2 1—(:0819/ 2 2sin® ¥ 2 '
cos(2a) = 2cos’a — 1 =1 — 2sin’ a
Specialcase: y=1n for m=0 n=0
n=-1 n=+1(6=40.4°
n=-2 n=+2(6=15.4°)
r& ="
beam axis

Analogous to the relations for the rapidity we find:

p =pr-coshn, pr =pr-sinhn
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Example: Beam Rapidities

yzllnE—l_pZ:ln E+p- — In

2 E-p. VE? —p?

100 5.36

158 5.81
1380 (= 3500-82/208) 7.99
2562 (= 6500-82/208) 8.61
2760 (= 7000-82/208) 8.86
3500 8.92
6500 9.54
7000 9.61
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2-to-2 Hard Scattering of Massless Partons beam enegy

P = (E,p),E~|pl~ Vs/2, P=(E,—p)
p1=x1P1, p2 = z2P5
{92 t 1 Bjorken x of the partons

i 5. D3 = (prcoshys, pr, prsinhys)
H pa = (pr coshyy, —pr, prsinh y,)

Calculate Bjorken x of the two partons (1 and 2):

S
P — (x1 + ﬂfg)g = pr(cosh ys + cosh y,)
1 2 = D3 4
S . .
(1 — Qfg)g = pr(sinh ys + sinh y4)
xlzp_\/g<93+ey4) x2:p_\/€<—y3+e—y4)
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Quick Overview: Kinematic Variables

Transverse momentum

pr = psin v
rapidity

y = atanh S,
pseudorapidity
v

= — Intan —
7 nan2
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Example of a Pseudorapidity Distribution

PHOBOS, Phys.Rev. C83 (2011) 024913

4 1 I 1 I ] | I | I | I
- (a) - Beam rapidity:
31 s Ybeam = In Z12 = 5.36
= i
S
521 -
% Vbeam Average number of charged
i p+p at Yoeam particles per collision:
200 GeV i
1 (Nen) = [ e =~ 20
\
| | | | | | | | | | |
0= 1
Pseudorapidity n
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Difference between dN/dy and dN/d#n in the CMS

AN m2 AN \/pT cosh?(n) + m2 + py sinh(n)
= /11— y(n) =5 og

dn m2, cosh” y dy \/pT cosh?(n) + m2 — pr sinh(n)

Difference between dN/dy and dN/dn dN/dn or dN/dy
in the CMS at y = 0: 25

dN/dy
Simple example: /

Pions distributed according to
dN/dn

1 d*N
2mpr dprdy

= G(y) - exp(—pr/0.16)

Gaussian with 0=3

5 -2 20 2 4 1oty
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http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/dndy_vs_dndeta.nb

Total Energy and Transverse Energy
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Total energy concentrated at forward (i.e., small) angles
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Luminosity and Cross Sections (l)

LHC dipole

Beam energy (per nucleon)
Particles/bunch

#bunches per beam

Bunch spacing

RMS bunch length

peak luminosity

Liquid helium line
(CryoLine)

pp 2011

3.5 TeV
1.35-10"

1380

50ns (=15 m)
7.6 cm

3.65:10** cm?s™
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transverse beam radius: about 20 uym

Pb-Pb 2011
3.5 TeV-82/208
1.2-10°

358

200 ns

9.8 cm

0.5-10 cm?s™
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Luminosity and Cross Sections (ll)

The luminosity L of a collider is defined by:

d Nt
=0T
dt
L = luminosity (in s~ 'ecm™?)
dNint/dt = Number of interactions of a certain type per second
o = cross section for this reaction
I — n1n2fcoll \ N //W
A e
= k\
A
ni, no = numbers of particles per bunch in the two beams
feon = bunch collision frequency at a given crossing point
A = beam crossing area
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Luminosity and Cross Sections (ll)

The luminosity can be determined by measuring the beam current:

11,2 — MN1,2 - Np - e frev

Ny, = number of bunches in the beam
e = elementary electric charge
frev = revolution frequency

The crossing area A is usually calculated as

A =4ro,0,

The standard deviations of the beam profiles are measured by sweeping the
beams transversely across each other in a so called van der Meer scan.

Integrated luminosity: Lint = /Ldt



Lorentz invariant Phase Space Element

If one is interested in the production of a particle A one could define the observable

1 d®Nyu 1 d3 N 4

Lint d3p Ly dpedp,dp.

However, the phase space density would then not be Lorentz invariant:

d3N O(Dxs Dy, D) *N  E d3N

dpldp!dp, — d(p,.p,,p.) dp.dp,dp. E' dp.dp,dp.

>y dp.dp,d
We thus use the Lorentz invariant phase space element fp = e gy b

The corresponding observable is called Lorentz invariant cross section:

Ao 1 d> N 1 >N

E— p— E — E o)

dgﬁ Lint dSﬁ {Vevt,tot dgﬁ 7ot
this is\galled the

invariant yield

J/
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[Lorentz invariant Phase Space Element:
Proof of Invariance]

Lorentz boost along the z axis: Pz = Pz
P, = Dy
p, = ~p.—BE), p.=~{,+PE")
E' = ~(E-pp.), E=~FE+7p6p)
Gz 00
8 T » Uz Pa
Jacobian: (p, Py p/) = 0 F 0
(L, vy, %) 0 o o
op’,
Oop dp op %, OF'
T :1 Yy — 1 z — / El — 1
OL' 0 2 2 2 2\ 1/2 P/z
o o e ] -
Op. P, E

a T » I Z E
And so we finally obtain: PPy Pz) _

opl,, v, v.) E
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Invariant Cross Section

Example: Invariant cross section

Invariant cross section in practice: for neutral pion production in
73 3 p+p at Vs = 200 GeV
o 1 o
s = E T
d°p pr dprdp.dy v a)
dpz/dy:m_T coshy=F 1 d3o 2 107
— o dprdyd E - } PHENIX Data
T aprayay g i — KKP NLO
Symme_try in @ 1 dZO- ":—; e — Kretzer NLO
2mpr dprdy 10°
10”
Sometimes also measured as a function of m._: 10"
1 d% 1 d%0 dpr 1 d%c § “E | l' D
— — = I A B I | | . | |
2rmy dmrpdy  2mmo dppdy dmr  27pr dprdy § 0 = ST I
-40 E
Integral of the inv. cross section: 9 : 3 ‘)
d30- o ©0 R — —————
E—— d°p/E = (N,) - 0o g uF 3
d3p / S Ny /\N
Average yield of particle X B -

0- 5 10 15
per event p; (GeV/c)
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Invariant Mass

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

E B\ 17 L
M2 = KJ) + (f)] = (E1 4 E2)* — (P1 + p2)°
P1 P2
= m:+mi+2E,Ey — 2p1 - Ph
= m% + m% + 2E1E2 — 2p1p2 cos

Example: n° decay: 7 — v+, mp =mg =0, E; =p;

200468 G + Ay . 'Tr:h + W
v
= M = \/2F1 E»(1 — cos V) ] B
"1
e I
Momentum of the T° Example: [
in the lab. system ™ peak with |
combinatorial
background ) T TS

Mgy
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Points to Take Home

Center-of-mass energy Vs: Total energy in the center-of-mass (or momentum)
system (rest mass of + kinetic energy)

Observables: Transverse momentum p_and rapidity y
Pseudorapidity n = y for E>> m (n = y for m =0, e.g., for photons)
Production rates of particles described by the Lorentz invariant cross section:

. . d3o
Lorentz-invariant cross section: E —=—

d°p
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