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Subjects to discuss:

Hadron collider basics

Cross section formula and collider kinematics
Higgs physics at the LHC

o Review of SM and MSSM Higgs sector

o Higgs boson production and decay

o Signals at the LHC

o Measurement of Higgs couplings

o BSM effects and effective Lagrangians

NLO effects

Beyond fixed order perturbation theory: parton shower
Merging of NLO and parton showers
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Hadron collider basics

To study the deepest layers of matter, =~

P
; %
we need the probes with highest energies. —'—"¢"""/~XV

Two parameters of importance:

4
1. The energy: cmpe p}( -
' P2
/i
- 3= 2 _ | (E1+ E3)? in the c.m. frame p; + o = 0O,
s = (Dl -+ 112) - { "l_% + m% + 2(E1E2 == 73'1 .]72).

2FE1 =~ 2FE> in the c.m. frame p1 4+ p> = 0,
v2E1mo in the fixed target frame p> = 0.

Een = \/: ~ {

2. The luminosity:

Colliding beam

ny Ry

ED> > «— D
_
t=Lf

L x fnins/a,

(e some beam transverse profile) in units of #tparticles/cm?/s
=103 cm 2 1=1nb1s1a10 fb1/year.
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Tevatron and LHC T

LHC precursor: Tevatron, pp collisions at
Vs = 1.96 TeV L£7~2-3x10%cm Zsec! — 2 —3fb !/year

LHC, designed for pp collisions at

Vs =14TeV L =~ 10%3-10* cm 2sec ! <= 10-100fb~ ! /year

lower energy and luminosity at beginning;

Vs=7+8TeVand [Ldt~5+20fb!in2011/12 Run 1
Vs=13TeVand [Ldt=25fb 1in2015 Beginning of Run II

Advantage: available energy is much larger than ate’e™ colliders

e {f pairs could not be produced at LEP...

Disadvantage: protons are composite —>

e hard scattering is between
partons = quarks, anti-quarks, gluons

e useful energy = /3 of partons << /5

e proton-(anti)proton cross section is large
Giot (pP) = 100 mb = 10! times new physics cross sections
— Must understand patterns of SM and new physics processes to identify something new
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The LHC is housed about 100 m underground in a 27 km
circumference tunnel straddling the French-Swiss border ﬂ(IT

February 2016 LHC physics lectrues at HRI Dieter Zeppenfeld




Experiments at the LHC ﬂ(".

Collisions take place in four
experiments

m ATLAS and CMS are general
purpose detectors aiming at study
of all hard interactions

m LHCD looks for B-mesons and
baryons produced in the forward

direction

m ALICE is a detector designed for
the extremely high particle

LHC-B numbers produced in heavy ion
collisions

v Octant3 /

Low B
(B physics)

Low B (pp)
High Luminosity
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What to look for at the LHC? ﬂ(".

m Jet production = elastic parton-parton scattering
m Top Quarks
m Electroweak gauge bosons: W and Z
m Higgs production and decay
a Evidence for beyond the SM physics
- Supersymmetry
- non-standard electroweak interactions
- extra gauge bosons
- e the unexpected
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Expected cross sections in pp collisions ﬂ(IT
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Detecting hadrons, leptons and photofis

What we ‘“see” as particles in the detector: (a few meters)

For a relativistic particle, the travel distance:

: T
d = (Ber)y = (300 /1/11)(10_12 ‘.) 2

e stable particles directly ‘“seen’:
p. P. e*, 8
e quasi-stable particles of a life-time r > 1019 s also directly “seen":
e, A, KE, iy g we, KE

e a life-time 7 ~ 10— 12 s may display a secondary decay vertex,
“vertex-tagged particles”:

BO.E  pPO.E  LE

e short-lived not ‘“directly seen”, but “reconstructable':
70, p9F.. . Z W=E.t H..
e Missing particles are weakly-interacting and neutral:
L, ‘):jo,(-;]\-K...

February 2016 LHC physics lectrues at HRI Dieter Zeppenfeld



10

Basic concept of a general purpose detector

hadronic calorimeter

beam

ECAL

tracking

*

vertex detector

pipe | |
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T For stable and quasi-stable particles of a life-time
+>10"10 ~ 1012 5, they show up as

Tracking Electromagnetic Hadron Muon
chamber calorimeter calarimeter chamber

Faw

o

7’

—

5 L«(

Innermost Layer... P ...Outermost Layer

For details see lectures by N.K.Mondal
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Charge identification and momentum resolution ﬂ(".

A closer look: B

®

.
-

T heorists should know:

For charged tracks : Ap/p o p.

typical resolution : ~ p/(10% GeV).
1
For calorimetry : AE/F x —.
/ \,/[.'f

typical resolution : ~ (5 —-80%)/VE.
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t For vertex-tagged particles r =~ 10712 s,
heavy flavor tagging: the secondary vertex:
4

displaced
¢ tracks
X
, Secondary ;/ .- i<
S vertex R
-
Nt by -

-~
-~
g ;
-

Primary -~ j
vertex % dO
s ';.-"'f." 'fl

.
~

prompt tracks

Typical resolution: dg ~ 30 — 50 pm or so
= need at least two charged tracks, that are not colinear

For theorists: just multiply a "“tagging efficiency" ¢, ~ 40 — 60% or so.
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Short lived and ,,invisible* particles:

 For short-lived particles: + < 1012 s or so,
make use of kinematics to reconstruct the resonance.

T For missing particles:
make use of energy-momentum conservation to deduce their existence.
(or transverse direction only for hadron colliders.)

obs.

I)Zl + ])22 .- Z pf+Pn‘liss-
!

But in hadron collisions, the longitudinal momenta unkown:

obs.

0= ) Pt 1+ Pmiss T
f
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Cartoon of a general purpose detector
hadronic calorimeter
ECAL
tracking
beam  ——

vertex detector

pipe | | = * ‘

l

muon chambers
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AT
Layout of the CMS detector
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Components of the ATLAS detector ﬂ(".

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker
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Cross sections for hadronic collisions
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Parton distribution functions ﬂ(".

Factorization Theorem for infrared and collinear safe observable i.e. observables which are
insensitive to soft gluon emission or collinear splitting

Any infrared and collinear safe observable (depending on hard internal momenta Q) in the
scattering of two hadrons h; and h, can be expressed as a convolution of parton distribution
functions f, j, (x, ur) with hard scattering kernels Hgy,

1
H = Zﬁfﬂ dx1dx3 fopn, (X1, 1) Han (Q; szﬁlzr#fﬂhfxﬁ(ﬁl))fz:,-*hz(-'xzr#f)

2
Abep

+ terms of order QE

e The hard scattering kernel is calculable in perturbation theory and is independent of long
distance effects, in particular it does not depend on the nature of the hadrons h; and h».
Trick: consider the special case with h; = external partons

e The pdf’s are universal in that they only depend on the nature of the hadron hy, h; and the
extracted parton a, b, but not on the details of the hard process.

19 February 2016 LHC physics lectrues at HRI Dieter Zeppenfeld



PDF‘s continued ﬂ(".
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The physical observable H is independent of the factorization scale p¢. Using the perturbative
dependence of the H,;, one obtains evolution equations for the pdf’s, the DGLAP equation

d . 1 ds .
P-d_Hfﬁrf}! {,x, 1“} = 12%?13/-1_ ?P” (E, ﬁ_;{:y}) fjfrh [:E’”u}

where the P;; are exactly the Altarelli-Parisi evolution kernels

By combining information from many experiments, the pdf’s are extracted from data
e DIS = deep inelastic lepton nucleon scattering

Drell-Yan data at hadron colliders

di-muon data in v, DIS give information on s(x) via s—c¢ CC transition and c—puX decay

Inclusive jet production at Tevatron and LHC as input for g(x)
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( Example DIS input data with CTEQS6 fit )

BCDMS proton data : NMC proton data

LIl A B S x=0).75

4 .\\.
I * \
el ggpa—a, | xﬁ).ﬁ-{ | . \.\NL‘\\ 6-82
|} . L =
el g,y e, =055 [ ‘T\ Dlgl

o

it

e 444 a 43 =1,
500| e 0 7 15| \ >
Jm) ' — I .
e ) P 027 = | .‘““\1*“_\"\‘ i
-~ LM
!2 08t *%ﬂlfrt—l.!*‘ x=0225 fg [ 3.85
L) IR,
i M s i’; L rede ==l
7} ] _ 298
v . ) M YA
06t ppr—ter—+t 30 ] 05 M 2.34
o~ [ 8 : " a 211
05| o - | Qv
4 6 8% 10 12 14 16 I8 01 02 03 04 05
Q [GeV] X

CTEQ and MRS and NNPDF and ... perform global fits to available data...
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( CTEQ6 pdf’s at two different scales )
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e gluons dominate the xf;;,(x, Q)
e large valence u and d quark contributions at x > 0.01

e pronounced scale (Q = ) dependence of pdf’s
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relative errors on: u(x, Q) at Q* = 10 GeV?

Ratio to CTEQ6E

23

2.0

1.0

05

( Uncertainties of pdf determinations

lllllll T | T T l
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Uncertainties of pdfs ﬂ(".

Modern pdf parameterizations provide information on uncertainties which arise from
e experimental errors: statistical and systematic
e theory errors, e.g. missing higher orders in cross section calculations

Note: limitations of ansatz for functional form of pdf’s cannot be included in error estimates

Typical uncertainties are in the 5-10% range, but much larger at x = 0.3 for gluons, x = 0.5 for
valence quarks. Note that these ranges are factorization scale dependent!

Large selection of pdt’s available as C++ packagEE
(google LHAPDF)

Some errors are correlated and cancel in cross section calculations
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a Rapidity, pseudorapidity and transverse momentum
a W and Z production
|
|

Hadron collider kinematics

Missing ET and transverse mass
Transverse momentum distributions
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Observed lepton pT distribution at the Tevatron ﬂ("'

1000 |— my, = (80321+ 66) MeV

y2ldof =72 | 62

Events / 0.25 GeV

500

P r (GeV)

Jacobian peak at mW/2 clearly visible, but smeared out
by width effects and due to extra parton emission
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Observed
neutrino

PT distribution

at the LHC

27
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Comparison of Z transverse momentum: ﬂ(“.
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1‘—_‘ 10s T T T T T 17TTT T T T T T 1TTT T T T T LI
theory vs. data il l -
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% Bt
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[ JMultijet

—
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L g Ik

go.oe: § : :?:L

SR %R * DO runl
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Data/Simulation

T T T 4 g . —q—,.._.,“'ﬂ”‘.“‘*ﬂ_
0.00 .
Pr el C L
1 10 10?
Need resummation of gluon emission for pZ [GeV]

correct description of Z transverse momentum distribution

Modern tool: NLO QCD calculation combined with parton shower programs like
PYTHIA or Herwig
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