Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10"2 eV)
Luminosity 10** cm? s

Bunch Crossing rate 40 MHz
Proton Collisions =~ 107 - 10°Hz
Parton

(quark, gluon)

Selection of 1 in

Particle o ;
4 . 10,000,000,000,000
jet 3
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ATLAS DCTQCTOI" THe ATLAS DETECTOR 1S

REALLY BI1G!

- @ Length : ~ 46 m
—ln‘tangl @ Radius: ~ 12 m
@ Weight : ~ 7000 tons
@ ~ 10°% electronic
channels
C @ 3000 km of cables
(Jura)
(Geneva) P

Transverse momentum

(in the plane perpendicular to the beam) Rapidity: ~ 77=-log (tg 5

pT=psin(—) 0=90° — =0
0=100 — n=24
0=170° —- n=-24
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Kinematical variables

= Transverse momentum, p; . Pe Jlir
= Particles that escape detection (0<3°) have p=0 P-
= Visible transverse momentum conserved 3} p;'=0
Very useful variable!
= Longitudinal momentum and energy, p, and E

= Particles that escape detection have large p,

= Visible p, is not conserved
Not a useful variable

= Polar angle 6
= Polar angle 0 is not Lorentz invariant

= Rapidity:y
o L. L+ p;
* Pseudorapidity: m  y= 5

For M=0

v =1 = — In(tan =)

—

Prof. dr hab. Elzbieta Richter-Was 3



Luminosity

= Single most important quantity

= Drives our ability to detect new processes

LHC: f=c/26.7 km
f.. n N 2
[L= =Y bunch p revolving frequency: f_ =11245.5/s
4 Mo O #bunches: n, _ ,=2808
= #protons / bunch: N = 1.15 x 101
Area of beams: 4716 0 ~40 um

= Rate of physics processes per unit time directly

related:
Nops=JLdt - € - © Cross section O:
Efficiency: Given by Nature
[ optimized by (calc. by theorists)
experimentalist

17 Abllity to observe something depends on N,
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Units of cross-sections

®  Originally introduced to express areas of nuclei and

nuclear reactions.

Conversion to SI units

Unit Symbol
megabarn Mb
kilobarn kb
barn b
millibarn mb
microbarn pb
nanobarn nb
picobarn |pb
femtobarn fb
attobarn ab
zeptobarn | zb

vb
yoctobarn |[g3173

2

— T

10 ==
1 0—25
1 0—35
1 0—31
1 0—3*
1 0—3?
10—40
1 0—43
10—45
1 0—49

2
cm

lD—lB
10-21
10—24
lD—E?
lD—BD
1 0—33
1 0—35'
10—39

1 D-—LZ
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=2  “inverse femtobarn (fb1)”: is a
measurement of particle collision
events per femtobarn of target cross-
section (area) and is conventional
unit for integrated luminosity

=2 “integrated luminosity: an indication
of particle collider productivity

eg. Tevatron: 1fb! in 4 years
ATLAS: 5 fbtin 2011



Typical pp collision
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e Beam of partons
20, ”"_—_:: Radiation from incoming partons
: \,.:QQ";;_’.;—-O Primary hard scatter

.—e Radiation from outgoing partons
) b & -
) - * Hadronization
Multiple Inter. / Underlying event
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Calculating a cross-section

B Cross-section is convolution of pdf's and matrix element

Physical cross
section

Parton distribution function

Renormalization scale ug

al Pl.Pz) = Z /(1-1'111.1'2 f;’(.l‘].;lli‘ pfj[.l'g./tri Cr,j[pl.pg.(ns(;ln).g)2.;1zg.;zrl.
g Pad Q

y,

Factorization scale ug

Short distance cross
section, calculated as
a perturbation series
m dg

Calculations are done in
perturbative QCD

Z1F / ~ Possible thanks to factorisation
of hard ME and pdf's
aj(as) X Can be treated
independently
P, z2P2 » Strong couplings (a_) is large
::fj(zg)‘ g
—A X Higher orders needed
X Calculations complicated
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The proton composition

¥ It's complicated:

» Valence quarks, gluons, sea
quarks

¥  Exact mixture depends on:
Ve Q2: ~ (M2+pT2)

~ Bjorked-x: fraction of momentum
caried by a parton
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Parton kinematics

pdf’s measured in deep-inelastic scattering

2)
(R

¥ Examples:

Q°=10000 GeV”’

Gluino: M ~ 1TeV
» LHC: <xp> = 1000/7000 ~ 0.14

1.8 \
Higgs: M~100 GeV 16\ — up
. \ — down
~ LHC: <xp> = 100/7000 ~ 0.014 1.4 \ gluon/10
1.2 \\ — bottom
1

parton density function: xfix,Q

B Partons densities rise dramatically towards low Xx

» Larger cross-sections at LHC than in previous
experiments (Tevatron).
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Cross-sections at LHC

r]

{nb)

A lot more “uninteresting” than

Oiot

“interesting” processes at design S0 R
Ilglminosity (L =10%*cm™s :ju'r“ /
I
v T
>  Any event: 10%sec “’élﬂ“ o
» W boson: 150/sec U“'Z o (£ w20
»  Top quark: 8/sec ::1 : y
»  Higgs (125GeV): 0.2/sec ok oo G;’;
Interesting events gets selected: o g

| trigger (decision!) '“’j /
o :_Illtd[

II.  physics analysis (selection)
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Every event is complicated

H —ZZ—->p )

Underlying Event A ;-‘ .

i Final-State
: Eadiation

Outzoing Parton v Reconstructad tracks

with pt = 25 GeV

= “Underlying event”:
= |nitial state radiation
= |nteractions of other partons in proton
= Additional pp interactions
= LHC: ~1.5 (~23 at design values)—*
= Tevatron: ~10

= Many forward particles escape detection

= Transverse momentum ~0
= Longitudinal momentum >>0

Even >30 with present
operation conditions
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SM Higgs production at LHC

' ™ F_{ _ .
g g q
-- H -- H
g q q
(@) gg > H ) T (b) VBF p
Em \s=7 Tev |
e
I
T
g 1 5
B 3
10! =
102 =
C
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c) VH

WiZ

d

(d) nH




SM Higgs production and decays

Higgs bosons couple proportional to particle masses:

s W.Z f
H- - - ox Mw H--- x< my
W, Z f

P—

= Higgs production via couplings to W/Z bosons or top-quarks

Production at hadron colliders (pp/pp):

Decay channels for Higgs bosons of moderate mass (Mu = 300 GeV):

b, T . - g ,\_N"f\”'f “.‘lei<

H --- H--- t H -—-= {t, W H --——+
. t W, Z "

. L e '<
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SM Higgs production and decays

Higgs bosons couple proportional to particle masses:

} - W.Z fT
H- - - ox Mw H--- x< my
W, Z f

= Higgs production via couplings to W/Z bosons or top-quarks

Production at hadron colliders (pp/pp):

Decay channels for Higgs bosons of moderate mass (Mu = 300 GeV):

}-)-. T t "B ?‘-f\f\j\) R W, ;’{I_ri<
H --- H --- t H ————-‘._'::: Et,\\_ H ——__“:l..d

. t W,Z "

b, ™™ £ et R <
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SM Higgs production and decays

At L=7x108 s"lem2 and 8 TeV pp collisions, 560 = [
. s T iE
Higgs bosons of mass 125 GeV (a,,.4 =22.3 pb) 510-1_ < ~ y
are produced in ATLAS and CMS per hour 2 - .
= i
Or: every 45 min. 1 H - y, need -2 typical 107 -
160 pb°* fills to produced one H- 4 (1=e/p) - ) .
: ]
_ _ _ 10° =900 "720 140 160 180 . 200
Parametric + theoretical uncertainty: M, [GeV]
Mu[GeV] H— bb 7777 c& gg ~vy WW 77
120 3% 6% 12% 10% 5% 5% 5% +— LIII iven by 6my,
150 1% 3% 10% 8% 2% 1% 1% via Pu—vp
200 5 3% 10% 8% 2% < 0.1% < 0.1%

EW corrections significant in predictions for I'y_. x and BRig_ x
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SM Higgs production and decays

For each coupling g, measure strength in “units” of SM value: K = g/g,

— Defined in analogy to signal strength p = o/o,

Production rate is proportional to squared coupling, ¢

— Scaled each production mode i by factor k!

9 FTTIIETEY]
2

g K> (loop coupling for gluons)

g g fusion : 18 J H® K
92900000900l !

2 B (tree-level couplings)

/WW'{A ~ Byl
P HO

9 W, Z bremsstrahlung
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SM Higgs production and decays

@ =] R LR . 18
g | :
5 i
* Scaled each decay mode j & 10"
— (12 2 o]
by factor Kf = g],’/g.]. i
107
_— 2 :
KW.Z
(tree-level 103 L - : . P ,
couplings) 100 120 140 160 180 200

M, [GeV]

r T A
v o LAY
: H - B - 2
>, t K?=|1.28 k,, - 0.28 K|
3 b

1 (loop coupling
for photons)

* Example:

2
i

S

(c-BR)(gg = H —vyy) = osm(gg = H): BRgy(H — vy) -
K

sl V)
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SM Higgs production at LHC
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Some kinematic distributions

Rapidity (y) and Pseudo-rapidity (q)JI Particle
| 4
X
0 -
\_llnEer: 1]1+[)’c038 |._.z P YA P
2 —p. 2 1-—pBcosé
In thelmit g — 1 (or m << p,) then
e 3
)75}"».:0:—111 = —In tan—
2 l—cosé@

lLABSystem # parton-parton |

CM system I CM e
e*

An and p; are invariant under longitudinal boosts ||

4 1UVUl. Ul 11U, L/12,UV1vIA 1 vl iLvl ‘l\l&t\)



Some kinematic definitions

|Transverse Energy/ Momen‘l'uml p.=FEtanhy
[E2=p2+ p}+m? = pl4m’ =B p]] = HacOny
 Invariant Mass |

My, =(p! + P2 )Py, + Pyy)
:m12+m22+2(ElE2_p1.p2) ‘P
my ,my—0 »2E Eq, (coshAn—cosAg)

|Par'1'onic Momentum Fractions I

Parton CM (energy)’ — s = x,x,s
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