3. Towards Physics: Reconstruction and Kinematics

3.1 Event selection, Trigger
3.2 First results on the performance of the LHC detectors
3.3 Relativistic Kinematics (repetition from Particle Physics Il)

3.4 Important variables for pp collisions
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How to Select Interesting Events?

@ Bunch crossing rate: 40 MHz, ~20 interactions per BX (109 events/s)

- can only record ~300 event/s (1.5 MB each), still 450 MB/s data rate
« Need highly efficient and highly selective TRIGGER

-= raw event data (70 TB/s) are stored in pipeline until trigger decision

trigger

NFYES
Detector —— > PIPELINE l — | save
T NO

10° evts/s \ trash , 300 events/s

@ ATLAS trigger has 3 levels (CMS similar with 2 levels)

- Level-1: hardware, ~3 ps decision time, 40 MHz - 75 kHz
- Level-2: software, ~40 ms decision time, 75 kHz = 2 kHz
- Level-3: software, ~4 s decision time, 2 kHz - 300 Hz



ATLAS Trigger System

Interaction rate
~1 GHz [ CALO MUON TRACKING
Bunch crossing
rate 40 MHz . Main trigger objects:
peline
'II'_FIIEI‘{E%.LE‘I‘:! memories at Level 1:
< 75 kHz * t - ely clusters (calo)
Derandomizers - Muons (muon)
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i Readout dri -
Regions of Interest {I:E?D:lil Ll - Je_tS .(hlgh p; calo)
FENEL - Missing transverse
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Event builder

Full-event buffers

EVENT FILTER i
~ 200 Hz processor sub-farms

Data recording



LHC data handling,

Statistics:

Subrmitted: 107
Waiting: 12

Ready; 16

Scheduled: 1174

Running: 537
| Done: 427
Y Aboned: 54

Cancelled: 10 u
Aclive Sites: 80: 2326

Trigger system selects
~200 “collisions” per sec.

LHC data volume per year:
10-15 Petabytes
= 10-15 -101° Byte

GRID computing

LCG/EGEE/OSG e-Science
Grid is in production:

World-wide Coverage
Over 200 sites

20’000 CPUs
Multi-petabyte storage



From Physics to Raw Data

g 2037 2446 1733 1699
4003 3611 952 1328
t 2132 1870 2093 3271
- \_/4_ 4732 1102 2491 3216
<< \Q"“J“‘-‘: 2421 1211 2319 2133
HO @ 3451 1942 1121 3429
g 3742 1288 2343 7142
Basic physics Fragmentation, Interaction Wlth Detector Raw data
Decay detector material response
Multiple scattering, Noise, pile-up, Read-out
interactions cross-talk, addresses,
inefficiency, ADC, TDC
ambiguity, values,
resolution, Bit patterns
response
function,
alignment

« Actually recorded are raw data with ~400 MB/s for ATLAS and CMS
- mainly electronics numbers

. e.g. number of a detector element where the ADC (Analog-to-Digital
converter) measured a signal with x counts...



From Raw Data To Physics

2037 2446 1733 1699 g
4003 3611 952 1328
2132 1870 2093 3271 \/ t
4732 1102 2491 3216 4
2421 1211 2319 2133 W = e
3451 1942 1121 3429 “ HO
3742 1288 2343 7142 g
Raw data Detector Interaction with  Fragmentation Basic physics
response detector material Decay
Conv_ert to apply Pattern_, _ Physics Results
physics calibration,  recognition, analysis
quantities alignment Particle
identification

Simulation (Monte-Carlo)

¢ We need to go from raw data back to physics
-= reconstruction + analysis of the event(s)



Towards Physics:
some aspects of reconstruction of physics objects

» As discussed before, key signatures at Hadron Colliders are

Leptons: e (tracking + very good electromagnetic calorimetry)
u (dedicated muon systems, combination of inner tracking and
muon spectrometers)
t hadronic decays: 1t > - +nn®+v (1 prong)
—nnnt+na®+v (3 prong)

Photons: vy (tracking + very good electromagnetic calorimetry)

Jets: electromagnetic and hadronic calorimeters
b-jets identification of b-jets (b-tagging) important for many physics
studies

Missing transverse energy: inferred from the measurement of the total energy
in the calorimeters; needs understanding of all
components... response of the calorimeter to low
energy particles



Requirements on efy Identification in ATLAS/CMS

@ Electron identification
% Isolated electrons: e/jet separation
+ Ry~ 10° needed in the range p;> 20 GeV
+ R~ 10¢for a pure electron inclusive sample (e, ~ 60-70%)
% Soft electron identification — e/n separation
+ B physics studies (J/y)

+ Soft electron b-tagging (WH, ttH with H — bb)

@ Photon identification

* vl/jet and y/n® separation
+ Main reducible background to H — yy
comes from jet-jet and is ~ 2 -10° larger than signal

+ R, 5000 in the range E; >25 GeV
+ R (isolated high-p; %) ~3
#* |dentification of conversions



Jet reconstruction and energy measurement

* Ajetis NOT a well defined object
(fragmentation, gluon radiation, detector response)

» The detector response is different for particles
interacting electromagnetically (e,y) and for
hadrons

— for comparisons with theory, one needs to
correct back the calorimeter energies to the
Lparticle level* (particle jet)

Common ground between theory and experiment

One needs an algorithm to define a jet and to
measure its energy
conflicting requirements between experiment and

theory (exp. simple, e.g. cone algorithm, vs.
theoretically sound (no infrared divergencies))

Energy corrections for losses of fragmentation products
outside jet definition and underlying event or pileup
energy inside

®)
T
M

FH 1

calorimeter jet

. particle jet

parton jet

WL,



Main corrections:

* |In general, calorimeters show different response to electrons/photons and
hadrons

« Subtraction of offset energy not originating from the hard scattering
(inside the same collision or pile-up contributions, use minimum bias data
to extract this)

« Correction for jet energy out of cone
(corrected with jet data + Monte Carlo simulations)
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3.2 First results on the performance
of the LHC Detectors
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3.2 Detector Performance

Particles .
neutral I
hadron -

charged
hadrons




Detector Hardware Status in 2010

‘gixels 80 M 97.9%

SCT Silicon Strips 6.3 M 99.3%
TRT Transition Radiation Tracker 350k 98.2%
[LAr EM Calorimeter 170 k 98.8%
Tile calorimeter 9800 99.2%
[Hadronic endcap LAr calorimeter 5600 99.9%
IForward LAr calorimeter 3500 100%
IMDT Muon Drift Tubes 350k 99.7%
CSC Cathode Strip Chambers 3lk 98.4%
RPC Barrel Muon Trigger 370 k 98.5%
TGC Endcap Muon Trigger 320 k 99.4%
ILVLI Calo trigger 7160 99.8%

Very small number of non-working detector
channels (out of several millions) in both
experiments




T

2009-12-06, 10:24 CET
Run 141749, Event 468665

Tracking

Event with —~—
Kg— mtm—
Candidate




() Inner Detector performance: hits, tracks,
resonances,...

» Very good agreement for the average number of hits on tracks in the
silicon pixel and strip detectors

« Material distribution in the inner detector is well described in Monte Carlo
(nice cross-check with K°-mass dependence on radius in the Monte Carlo)
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(i) How well can b-quarks be tagged ?

Jet

Displaced tracks

Decay lifetime
v Ly - or, Secondary vertex
> /

[

: - /
Primary vertex

-
do” v

Prompt tracks

* b quarks fragment into B hadrons (mesons and baryons)
B mesons have a lifetime of ~1.5 ps
They fly in the detector about 2-3 mm before they decay

—> reconstruction of a secondary vertex possible
(requires high granularity silicon pixel and strip detectors close to the
interaction point)

—> tracks from B meson decays have a large impact parameter w.r.t. the
primary vertex



.... towards b-tagging

L ATLAS
LLEXPERIMENT

Run 142195, Event 284154

Decay length = 3.7 mm
Decay length signficance = 22
Lifetime = 3.1 ps

Vertex mass = 2.5 GeV
Number of tracks = 5

An example of a jet tagged with the secondary vertex tagger (SV0)
(Light jet probability: 10-4)



.... CMS b-tagged candidate event

3D @, Rho Phi

Primary
Vertex

Rha Fhi

l CMS experiment at LHC, CERN
1 Run 124022 / Event 13598392

§ 2009-12-12 00:26:16 CEST
Four Tracks Secondary Vertex




ATLAS results on b-tagging performance:

Untuned simulation & jet flavor fractions
T T T T
ATLAS Preliminary -1
Pythia Dijet MC : light jets f Ldt = 330pb
Pythia Dijet MC : ¢ jets
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Distribution of the signed transverse impact
parameter with respect to primary vertex for
tracks of b-tagging quality associated to jets, for
experimental data (solid black points) and for
simulated data (filled histograms for the various
flavors). The ratio data/simulation is shown at
the bottom of the plot.
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simulated top-antitop events.



Electron identification efficiency [96]

(i) Some performance figures on electrons from 2011 data:
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An example of a two-jet event reconstructed in ATLAS




(iv) Some performance figures on jet-energy scale from 2011 data:
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(v) How well can the missing transverse energy be measured ?
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(vi) Muons

WATLAS

EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p.(W)=27GeV n()= 07
p,(1*) =45 GeV n(u*) = 2.2

M, =87 GeV

- \
\

\

| Z>pu candidate
in 7 TeV collisions




Run: 152845, Event: 3338173
Date: 2010 04-12 16:56:44 CEST

p,(u-) =40 GeV
npw)= 2.0
E.™*=41GeV

M, =83 GeV

¢ "8 ﬂ ‘
W-uv candidate *

in 7 TeV collisions




U mass spectrum

Well known resonances. Observed widths depend on p; resolution.
Again, check for biases in mass value as a function of n, ¢, pr...

-
& p,w ¢ Jhp
%105 = 1) ' Y(1,2,3S)
QO
& 10°
10¢ = e
10° :g
102 L
CMS Preliminary
10
\Ns=7TeV, L =40 pb
1 int
llI 1 | IIIIIlI | | IIIIIII i'il
10°

1 10
_ w*u mass (GeV/c?)



3.3 Relativistic Kinematics

Throughout this section, natural units are used, i.e. h=c = 1.

The following conversions are useful: hc = 197.3 MeV fm
(hc)? = 0.3894 (GeV)?




L orentz Transformations

4 —vector p=(£,p) ==\ pl=m’
velocity of the particle p=\p| £

(E*, p*)viewed from a frame moving with velocity

\
E” — £ ;

i |5 s J/ﬂ > pr:pr V= : >
i 7 | oy

where pT(pD) are the components of ﬁ perpendicular (parallel) to



Lorentz Transformations (cont.)

Other 4-vectors transform in the same way:

e.g. space-time vectors x = (t,x)

Scalar products of four-vectors are Lorentz invariant,
independent of the reference frame:

P, b, =E1E2_i’1'ﬁ2

Therefore quantities like cross sections are expressed in terms of scalar

products of four-vectors.



Centre-of-mass energy

 In the collision of two particles with masses m, and m, the total centre-of-mass
energy can be expressed in the Lorentz-invariant form:

1/2
Ecm = (E1+ E2)2 _(p1+p2)2:| ,

R 2 1/2
=| m} +m; +2E,E, (1- 3,8, c050) |

where 0 is the angle between the particles.



Laboratory Frame

In the laboratory frame, one of the particles, e.g. particle 2, is at rest. The
centre-of-mass energy is then given by:

2 2 1/2
Ecm T (ml g m2 " 2Ellabmz)

The velocity of the centre-of-mass system in the lab frame is:

B = Piav /(Ellab 1§ mz)’
where 2, =2, and y =(E _ +m)/E_

The centre-of-mass momenta of particles 1 and 2 are of magnitude
iy
E

cm

pcm = plab



Examples

 Abeam of K" mesons with a momentum of 800 MeV hits a proton target at
rest.

mk = 493.7 MeV, mp =938 MeV, py = 0.80 GeV

Then the centre-of-mass energy is calculated to be: Ecm = 1.699 GeV
Pem = 0.442 GeV

» At the LHC protons collide in their centre-of-mass system with a centre-of-mass
energy of 14 TeV.

This corresponds to an energy of an incoming proton in a fixed target
experiment (protons on protons) of ~ 1017 GeV

(such energies can only be reached in cosmic rays!
but flux is not high enough to produce large numbers of interesting particles)



Comparison with cosmic rays

E spectrum falls as E-27
to knee at E = 5e15 eV

= 5%106 GeV
~1 particle/m? and year
origin galactic

above ~

E-3

back to E-27 at very
highest energies

conversion to Ecm

Ey [eV]

Eerm [TeV]
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=> existance of very powerful cosmic accelerators. How do they work ?



GZK (Greisen-Zatsepin-Kuzmin) Limit

The sharp drop in the cosmic ray spectrum at 10%° eV is explained by interactions of
protons with photons from cosmic background radiation

Yo F P2 A" > p+7

E, =kT =2.6-10"eV (T =3K)
oG ey

E... =1GeV

At CMS energies around 1 GeV the cross
sections for n-production through the A-
resonance becomes large. Thus protons

loose energy.

Cosmic protons at this energy have a
mean free path of 160 MLy (GZK horizon).
Thus extragalactic protons with energies
larger than 102%° eV should not reach the
earth. Recent measurements of the Auger

experiment confirm this cut-off.

Auger Experiment

http://arxiv.org/abs/1002.1975v1
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The combined energy spectrum is dotted with two functions and
compared to data from the HiRes instrument. The systematic
uncertainty of the flux scaled by E2 due to the uncertainty of the

energy scale of 22% is indicated by arrows.



Lorentz invariant amplitudes

The matrix elements for the scattering or decay process are written in terms of an
invariant amplitude —z M. As an example, the S-matrix for 2—2 scattering is

related to M by

(P 1S | pupy) =1 =i(27)*8* (py+ P, - P, - )

L M pip D)
(2 El)l/Z (2 E2 )1/2 (2 El')l/Z (2 E'2 )1/2

The normalization is such that <p' | p> =(27)°8°(p-p)

The task is to calculate the invariant amplitude M for a given physics process.
In particle physics this is achieved using the Feynman calculus
(see lecture on Particle Physics II)



Particle Decays

The partial decay rate of a particle of mass m into n bodies in its rest frame
IS given in terms of the Lorentz-invariant matrix element M by

(2m)*

dlr = < M [ d® (P;p 1 ,p,)

where dod, is an element of n-body phase space given by:

d® (P;p,J1 p.)=5'(P— Zp )ﬁ(2 e



Survival probability of Decay

If a particle of mass m has a mean proper lifetime of t (=1/I') and an energy-
momentum 4-vector of (E,p), then the probability that it lives for a time t or
greater before decaying is given by

P(t ):e—t F/y :e—th/E

and the probability that it travels a distance x or greater is

P(X) " e—me/|p|



Example (i): Two-Body Decay

In the rest frame of a particle of mass m,

decaying into two particles labelled 1 and 2 Py, 1M,
P.M
o m” —m22 +m12
\ 2m X Py, M
20 402
|p1 |:| p2 | T — —
i
2 2 2 %
[(m —(m,+m,) )(m —(m,—m,) )T
s 2m :
dr = JLApY
327° m*

where dQ2 = d¢,d(cosé,) is the solid angle of particle 1



The invariant mass m of the mother particle in a two-body decay is given
by m = Ecm using the previous formula:

- 1/2
Eon = _(El T E2)2 —(p,+ pz)z]

~ 5 1/2
=\m; +m, +2EE,(1- 4.5, cos@}

Generalisation: the invariant mass of n particles is given by:

m=(p1+ p2+ pP3+....+ pn)?



Example (ii): Three-Body Decay

P, 1,
P M Do, 1114

.p3| In3

Defining p; = p; + p; and m?; = p?,

then m?,, + m?,; + m?,; = m? + m?; + m?, + m2,
and m?;, = (P - p3)?2 =m? + m?; — 2 mE,

E; is the energy of particle 3 in the rest frame of m.

In that frame, the momenta of the three decay patrticles lie in a plane.



The relative orientation of these three momenta is fixed if their energies are known.
The momenta can therefore be specified in space by giving three Euler angles
(a,B,y) that specify the orientation of the final system relative to the initial particle

(271r) 16M | A1 [ dE, dE, da d(cos B) dy
Alternatively
1
(2 ) :|.6|\/|2 |M| | pl 1 psldmlde dQ

where (|p*,|, 2*;) is the momentum of particle 1 in the rest frame of 1 and 2,

and Q; is the angle of particle 3 in the rest frame of the decaying particle.



Three-Body Decay (cont.)

| p, |and | p, |are given by

[(m122 — (ml + mz)z)(mlzz _ (ml _ mz)z)]uz

211112

| p, =

[(m2 _ (m12 + m3)2)(m2 _ (mlz B m3)2)]1/2

| P, |= -



Sequential 2-Body Decays

C b a

Particles participating in sequential two-body decay chain. Particles
labeled 1 and 2 are visible while the particle terminating the chain (a) is invisible.

2 _ .2 2 _ .2
(mA>)?2 = (me mb)(;nb ma) ., provided particles 1 and 2 are massless.
m
b
2 2
2 o, (mg —my)
(mi5™)" =m{ + om2 If visible particle 1
b

has non-zero mass mq

(m% +mé —m2 + \/(—m% +mi —m2)2 — 4m%m§) *



Differential Cross Section

Py, my Py 13

p? Inz P n+2° mﬂ+2

In the rest frame of m, (lab)

In the centre-of-mass frame

(2m)*|.A |

do = —
4\/(3‘?1 - p2)? — mimy

X d®n(p1+p2; P3y -y Prt2) -

\/(Pl - p2)? — mimé = map) 1ap

\/(pl 'PE’}E - mfmﬁ = PlemV'$



Mandelstam Variables (two-to-two process)

S—(jiil'l-??'.a} = (p3 + pa)°

Py, my Py, Iy ='ﬂ"11 +2E]E£—Ep1 p£+m£,
>X t_(Pl—F'H} = (p2 — pa)*
Dy, Dy, My =m1 — 2k By 4+ 20 -j:l;j-l-mﬁ..

U = (pl —p4)? = (p2 — p3)°
{ —2E1E4+2p; - py +my

||
3.

§+t+u=ms+ms+mé+mj.



Cross section

pl*ml p}a 1]13

pZ* ml p4= 1]'14

Using the relations given above, the two-body cross section can
be written as:

do _ 1 1 | .,ﬁ’H Advantage to use Lorentz
T Adms |p1cm|2 invariant quantities, like t.



The variable t is given by:

t = (FErem — Eﬁcm}'z — (P1em — Fﬂcm)z — 4P1em P3cm Eiﬂz(ﬂﬂmr’(ﬂ

=19 — 4P1cm P3em SN (femn/2)

where 6, is the angle between particle 1 and 3.

The limiting values t, (6., =0) and t, (6., = ©r) for 2—2 scattering are

2 2 2 212
o(ty) = | A" TR T T psem)?
ZVE CITl CITl




The centre-of-mass energies and momenta of the incoming particles are

2 2 2 2
s+m1—m2 5+m2—m1

E = . E =
lem 2\/@ : 2cm Eﬁ

For E,., and E,.,, change m; to m; and m, to m, (same particles).

Pllab M2
E!.Ild =
Picm = \/ T Plcm = ‘\,-'"E

Here the subscript lab refers to the frame where particle 2 is at rest.



3.4 Important kinematic Variables
in pp collisions



() Rapidity y
Usually the beam direction is defined as the z axis (Transverse plane: x-y plane).

The rapidity y Is defined as:

y:lln E+p, =tanhl[&]
2 \E—-p, E

Under a Lorentz boost in the z-direction to a frame with velocity 3

the rapidity y transforms as: y_) y_ tanh_l )8

Hence the shape of the rapidity distribution dN/dy is invariant, as are
differences in rapidity.



(i) Pseudorapidity n

Rapidity: y:lln E+p, :tanhl[&)
2 \E-p, E

For p > m, the rapidity may be expanded to obtain

cos2(0/2) + m?2/4p? + . ..
sin®(0/2) + m?2/4p? + ...

In

b | =

g

~ —In tan(6/2) = n

where cos0 = p, /p.

|dentities: sinhy =cotf , coshn = 1/sinf , tanhn = cosé



Relation between pseudorapidity n and polar angle 0

% I
E 180 Jﬂ_-c -
. ) i
H‘\. = 1E0 =088 | |
i T §=90" b i
NE o 0=45° I
N 7 Y
N\ /1 b=t0—1== [
n e 00 | s el B=DH!‘]==¢ i
| 40.40 N\ — | 1 |
N ' ' B
2 15.4] 60 | a
N 360 o [
3 570 0 = — arctan e
2 2.10 — SN ]
"""'-n.._._____
i -4 3 -2 i\ 0 I ; ] 4 h g
B Psegdorapidity T
ﬁﬂ g
"—r




(ili) Distance in n O ¢ space:

¢

............... /
Ag
o [0

Rapidity v: y=1/2n[(E+ p:)/(E — p:)]
Pseudorapidity n: 1 = —Intan(6/2)

Distance in n-¢: AR = \/An? + Ag?



(iv) Invariant cross section

The invariant cross section may also be rewritten

Edaﬂr B o de; B déo
d3p  dédyp,.dp, 7 dy d(p3.)

The second form is obtained using the identiy dy/dp, = 1/E.

The third form represents the average over ¢.



(v) Transverse Energy

At hadron colliders, a significant and unknown proportion of the energy of the
incoming hadrons in each event escapes down the beam-pipe. Consequently
if invisible particles are created in the final state, their net momentum can only
be constrained in the plane transverse to the beam direction . Defining the
z-axis as the beam direction, this net momentum is equal to the missing
transverse energy vector

Miss .
missing transverse energy ET - Z PT[:E)
i

where the sum runs over the transverse momenta of all visible final state
particles.



(vi) Momenta of invisible particles

Consider a single heavy particle of mass M produced in association with visible
particles which decays to two particles, of which one (labelled particle 1) is
invisible. The mass of the parent particle can be constrained with the quantity
M; defined by

Transverse mass

M# = [Er(1) + Er(2)]* - [pr(1) + pr(2))?
= mj +m3 + 2[Ep(1)Ep(2) — pp(1) - pp(2)]

where

pr(1) = B

This quantity is called the transverse mass.



Transverse mass
M# = [Er(1) + Er(2)]® - [pr(1) + pr(2))?
= mi +mj + 2[Ep(1)Er(2) — pr(1) - pr(2)]

m1ss

where pp(l) = Ep

The distribution of event M values possesses an end-point at

J.M-%-I'IIE:{ —_ ...M.

fm;,=m,=0

M3 = 2|pp(1)||pr(2)|(1 — cos ¢12)

where ¢; is defined as the angle between particles i and | in the transverse plane.



Example: Transverse mass of the W boson

P (e+)
10000 S % 6000__| LI S N I L L B L B B T T L |__
3 —}— Datazotons=7TeV) | 5 - —4— Data2010 \s =7 TeV) :
oi 8000} [ Jwoe + T : + -
g | O € i 5000 LW~ € -
Z 6000 [Jwow . ~ B }
I 1 w QCD
det=36pb" ] ) B :
4000 ATLAS Proliminary | \ += 4000 W = v ]
] LL] - -
2000 B P i}
9_ 1 3000+ J. L dt = 36 pb =
0 30 40 50 60 70 80 90 100 : - -
E. [GeV] :ATLAS Preliminary -
2000 -
E_I_miss - i
> AMARN AR B AR RALA) MAAD LLLL) RALL 1000__ ]
& 7000:_ . —+— Data 2010 s = 7 TeV)] -
i:; 6000 ¢ |:|(}CD[dt late) :
‘g g lata template O g f f f F . h
&5 000 [Jwoeveewen 0 20 40 60 80 100 120
4000 .
’ _|-Ldl=36 o’ my [GeV]
3000 ATLAS Preliminary ]
2000
e e m, = \|2P(e)E"(1—cos Ag)
10 20 30 40 50 60 70 80 90 100 T T

ET® [GeV]

(see previous slide)
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