Event S| at n for the

..s: \‘ N !Mv’i

"A \ ; .‘t"/')

Large Hadper £o|llder
Cavfrl;é?sﬁl Labor ratory
University of Cambridge

Event Simulation for the LHC I IFT Colloquium, UAM, 04/04/13



Event Simulation for the
Large Hadron Collider

® The Standard Model

® [epton-hadron and hadron-hadron collisions
® Event generation, matching and merging

® The Higgs boson

® Beyond the Standard Model

® Conclusions and prospects
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The Standard Model
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Lepton-Hadron
Collisions
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Deep Inelastic Scattering

1fm < 0.2 GeV
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Deep Inelastic Scattering




Deep Inelastic Scattering
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Deep Inelastic Scattering
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Quark and Gluon
(Parton) Distributions

Event Simulation for the LHC
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Quark and Gluon
(Parton) Distributions
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Quark and Gluon
(Parton) Distributions
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Deep Inelastic Scattering
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Deep Inelastic Scattering
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jet

Hard scattering
Gluon radiation

Confinement

\\ Hadron formation
quark jet
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HERA ep Collider

Located at DESY Hamburg

® Electron-proton collisions at 318 GeV (Myc*~| GeV)
® Main experiments H| and ZEUS
® Closed June 2007
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ZEUS Detector
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ZEUS Event Display

IFT Colloquium, UAM, 04/04/13

Event Simulation for the LHC



Theoretical Status

Exact fixed-order
perturbation theory

Approximate all-order
e perturbation theory
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Hard scattering
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Hadron-Hadron
Collisions
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Tevatron Collider

S Tl TYE N

Located at Fermilab near Chicago

® Proton-antiproton collisions at 1.96 TeV
® Main experiments CDF and DO
® Closed September 201 |
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Large Hadron Collider

Located at CERN near Geneva
® Proton-proton collisions at 7 TeV (2011),8 TeV (2012)
® Main experiments ATLAS and CMS

® Design energy |4 TeV
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LHC Experiments
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A Toroidal LHC ApparatuS
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ATLAS Calorimeters and Central Solenoid
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ATLAS Event D

a.
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74500044
2011-05-30 07:54:29 CEST

A

® Candidate for Higgs decay to e"e ™ u™ ™
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Compact Muon Solenoid

Magnet

Hadron calorimeter

Muon chambers

Return yoke

Length: 21.5mM | pixel-Tracker

Dlameter: 1om Strip-Tracker ?

Weight: 12,500 t " el

Magnetic field: 3.8T Electromagnetic
calorimeter
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CMS Event Display

(IS CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.2
RunvEvent; 195099 / 137440354

~>

® Candidate for Higgs decay to eTe u™
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LHC Collision
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LHC Collision

Dijet production
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Multiple Interactions

® A feature of hadron-hadron collisions, not
present in lepton-lepton or lepton-hadron:

“ Multiple parton interactions in same collision
® These give rise to extra hadron production
“* Often called the underlying event

“ Not to be confused with pile-up (multiple
proton collisions in same bunches)
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L HC Collisiggh ™"

— | beam
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Hard process
Underlying event
Gluon radiation
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Hadron formation

quark jet
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A high-mass dijet

CATLAS

_EXPERIMENT
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QCD Factorization

1
oo (B) = [ doydas fior, i) f(az. 1) 0o x (@122 )

N—— Y=

momentum parton hard process
fractions  distributions Cross section
at scale ,u2

® Jet formation and underlying event take place over a
much longer time scale, with unit probability

® Hence they cannot affect the cross section

® Scale dependences of parton distributions and hard
process cross section are perturbatively calculable,
and cancel order by order
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Dljet Mass Distribution
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® No sign of deviation from Standard Model (yet)
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Monte Carlo
Event Generation
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Monte Carlo Event Generation

® Aim is to produce simulated (particle-level) datasets like
those from real collider events

* i.e. lists of particle identities, momenta, ...

“* simulate quantum effects by (pseudo)random numbers
® Essential for:

“* Designing new experiments and data analyses

* Correcting for detector and selection effects

* Testing the SM and measuring its parameters

“* Estimating new signals and their backgrounds
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LHC Event Ge tion

Event Simulation for the LHC
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Hard process

Underlying event
Parton showers
Confinement
Hadronization
Hadron decays
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Parton Shower Approximation

® Keep only most singular parts of QCD matrix elements:

® Collinear do,.1~ g—; ZPM(Z@',@) dz; déz d(bz £ =1 — cosb;
® Soft dop+1 R (;—; Z-j(—Ti.Tj)pi].?;p];j-kwdwd& dﬁz On

- o > Tf’)ﬁfié e, o
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=P Angular-ordered parton shower
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Cluster Hadronization Model

® |n parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

® At a scale near Aqgcp~200 MeV, perturbation
theory breaks down and hadrons are formed

® Before that, at scales Qo ~ few x Aocp, there is
universal preconfinement of colour

® Decay of preconfined clusters provides a basis
for hadronization models
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Cluster Hadronization Model

® |n parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

® At a scale near Aqgcp~200 MeV, perturbation
theory breaks down and hadrons are formed

® Before that, at scales Qo ~ few x Aocp, there is
universal preconfinement of colour
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Cluster Hadronization Model

® |n parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

® At a scale near Aqgcp~200 MeV, perturbation
theory breaks down and hadrons are formed

® Before that, at scales Qo ~ few x Aocp, there is
universal preconfinement of colour
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Cluster Hadronization Model

® |n parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

® At a scale near Aqgcp~200 MeV, perturbation
theory breaks down and hadrons are formed

® Before that, at scales Qo ~ few x Aocp, there is
universal preconfinement of colour
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Colour Preconfinement
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® Mass distribution of preconfined clusters is universal
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Monte Carlo Event Generators

® Traditionally (imprecise) general-purpose tools

® Much recent work to make them more precise
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MC Event Generators

O H E RW' G http://projects.hepforge.org/herwig/

= Angular-ordered parton shower, cluster hadronization
= vé Fortran; Herwig++

® PYTHIA http://www.thep.lu.se/~torbjorn/Pythia.html

= Dipole-type parton shower, string hadronization

= v6 Fortran;v8 C++

O S HERPA http://projects.hepforge.org/sherpa/

= Dipole-type parton shower, cluster hadronization

= C++

“General-purpose event generators for LHC physics”,
A Buckley et al., arXiv:1101.2599, Phys. Rept. 504(201 1) 145
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Parton Shower Monte Carlo

http://mcplots.cern.ch/
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Improving Event Simulation

—

-

Hard subprocess
eg.qq — Z°qq
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Improving Event Simulation

—

-

NLO Hard subprocess
(virtual correction)
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Improving Event Simulation
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NLO Hard subprocess
(real emission)
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Improving Event Simulation

L,

%

NLO Hard subprocess VS
+Parton showering ‘
= Double counting??

—
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Improving Event Simulation

—

-

Multijet Hard subprocess |-
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Improving Event Simulation

Multijet Hard subprocess |-
+Parton showering
= Double counting??
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Matching & Merging

® Two rather different objectives:

® Matching parton showers to NLO matrix elements, without
double counting

+ MC@NLO Frixione, BVY, 2002

+ POWHEG Nason, 2004

® Merging parton showers with LO n-jet matrix elements,
minimizing jet resolution dependence

<+ CKKW Catani, Krauss, Kuhn, BV, 2001
* Dipole Lonnblad, 200
+ MLM merging Mangano, 2002
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MC@NLO matching

S Frixione & BW, JHEP 06(2002)029

® Compute parton shower contributions (real and
virtual) at NLO

* Generator-dependent
® Subtract these from exact NLO
% Cancels divergences of exact NLO!

® Generate modified no-emission (LO+virtual) and
real-emission hard process configurations

“* Some may have negative weight
® Pass these through parton shower etc.

* Only shower-generated terms beyond NLO
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POWHEG matching

P Nason, |HEP | 1(2004)040

® POsitive Weight Hardest Emission Generator

® Use exact real-emission matrix element to generate
hardest (highest relative pt) emission configurations

* No-emission probability implicitly modified
* (Almost) eliminates negative weights
* Some uncontrolled terms generated beyond NLO

® Pass configurations through parton shower etc
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70 at Tevatron

I 1960 GeV ppbar Z (Drell-Yan) i http://mcplots.cern.ch/
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YV at Tevatron
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® Absolute normalization =» LO too low
® POWHEG agrees with rate and distribution

® At LHC, important background for Higgs search

D’Errico & Richardson, JHEP02(2012)130
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W asymmetry at LHC

Muon charge asymmetry in W decays
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Top quark at LHC
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ATLAS, arXiv:1203.5015 S Frixione, P Nason, BWV, JHEP 08(2003)007
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Multijet Merging

® Objective: merge LO n-jet matrix elements™
with parton showers such that:

Qcut

)\

+ Multijet rates for jet resolution > Q¢ are
correct to LO (up to Nmax)

* Shower generates jet structure below Qcut
(and jets above Nmax)

* Leading (and next) Q.. dependence cancels

* ALPGEN or MadGraph, n<Nmax
CKKW: Catani et al., JHEP 11(2001)063
-L: Lonnblad, JHEP 05(2002)063
MLM: Mangano et al., NP B632(2002)343
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W+jets at LHC
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jet

Very good agreement with predictions from merged simulations,

while parton shower alone starts to fail for nje = 2
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LHC Cross Section Summary
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® Surprisingly good agreement

® No sign of non-Standard-Model phenomena (yet)
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But all is not perfect ...

® Dijet flavours versus jet pT ATLAS, arXiv:1210.044]

) T L T T T 3 ) 27 T L T T T 7] '—0'457 T L T T T 7
ol 1.1 @ Data stat. uncert. only 3 &, - @ Data stat. uncert. only ] el F @ Data stat. uncert. only ]
S t [ Pythia 6.423 . s 1.8¢ 1 Pythia 6.423 E S 4r LI Pythia 6.423 -
= 1= O Herwig++2.4.2 E = O Herwig++2.4.2 ] = r O Herwig++2.4.2 .
& [ ¥ Powheg + Pythia 6.423 1 g 1.6 v Powheg + Pythia 6.423 3 8 3.5~ Y Powheg + Pythia 6.423 3
o 0-9;’ Total error E o 1 4i Total error B S - Total error 1
@ 0.8F 4 @ " ATLAS - O 3Famas B
E ‘ ] 1.2~ = 7 F — _ -H

07F | —o 1 E i Data 2010, {s=7 TeV : 25/ Data2010, {s=7TeV, f Lat=39 pb*

: E 3 f Ldt=39 pb” E g E

00 — I os E °r g

0.5;4697 —vV—Y— 15 +
Y 4% 0.6 + ] 2 — {1
0.4 = r g ] 1;:$; = —=
. ] 0.4 - E T T o
0.3CATLAS E c _Fe:v ;Q; F
: 17 02F ¥ = 0.5
0 2;Data 2010, \s=7 TeV,det:SQ pb 3 N ] F
L 1 | 1 1 i C 1 | 1 1 1 ] C 1 | 1 1 1
50 100 200 30 0 50 100 200 300 0 50 100 200 300
Jet P [GeV] Jet P, [GeV] Jet P, [GeV]
(a) (b) (©)
'\?‘ : T T T T T N T T T : '\?‘ 18 T T T T T N T T T '\?‘ 947 T T T T T N T T T ]
2. g @ Data stat. uncert. only - & | ® Data stat. uncert. only i ol 92i ® Data stat. uncert. only e
S L [ Pythia 6.423 ] 5 L [ Pythia 6.423 i 5 r [ Pythia 6.423 ]
= [ O Herwig++2.4.2 ] = 1 O Herwig++2.4.2 _ £ goL O Herwig++2.4.2 A
§ 8 Vv Powheg + Pythi . ® L v Powheg + Pythia 6.423 , @ r v Powheg + Pythia 6.423 .
5 C Total err; S 5 - Total error 8 5 88k Total error 3
=7 e —¢— N\ 4 1 S :
6* - f i i i 84 o L
E —— — 121 . 82k i\ =
5" - —— » .o O « z —o—e 7 z
o U 2 i —- —O0— 80 —o— =
—— ] o A\ 785 =
4= - E{— ] r ]
r ] - 8 761 =
3 - ATLAS B - ATLAS 1 r ATLAS ]
- Data 2010, Vs=7 TeV, f Ldt=39 pb'] 8 Data 2010, Vs=7 TeV, f Ldt=39 pb'*] 74 Data 2010, Vs=7 TeV, f Ldt=39 pb™
C o1 I I ] o1 I I C o1 I I |
50 100 200 30 50 100 200 30 2 50 100 200 30
Jet P, [GeV] Jet P, [GeV] Jet P, [GeV]

® |nteresting excess of (single) b quark jets
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The Higgs Boson
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Opening ceremony, Paralympic Games, London, August 2012
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Riggs Boson

"The Hunt for the Higgs’, BBC TV, January 2012
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The Standard Model

Leptons
e, i, T

v
Photon

Event Simulation for the LHC

| q
Voo Vi Vi ’\
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V4
zO

Higgs Boson

68

Gluons

Quarks

u, c,t
d, s, b

9

PARADOX!
gg—H—>vy Yy
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Riggs Production
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Riggs Production
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Riggs Decay
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Riggs Decay

H W3

W-
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Riggs Production & Decay

Y
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IE f'
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Riggs Production & Decay

Y
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Higgs Production by
Vector Boson Fusion
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Higgs Production by
Vector Boson Fusion

® Forward jets

® Few central jets

® Central jet veto
increases S/B
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RHiggs Production & Decay

QATLAS

EXPERIMENT

Run Number: 203779, Event Number: 56662314
Date: 2012-05-23 22:19:29 CEST
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Higgs Production & Decay

ATLAS, Phys.Lett. B716(2012) | CMS, Phys.Lett. B716(2012)30

> FFPFFTmTmT T T T1rr o 1 s - _ 1 1
5 3500F ATLAS ¢ Data _f > C|M.S I E = I7 _Irel\/,I LI .5-1 fo \@ =8TeV, L= 53fb
< 30005 —— Sig+Bkg Fit (m =126.5GeV) 3 D . ——————
(2] — - L
g 25005_ -------- Bkg (4th order polynomial) 3 @) ] 8 ' Unweighted
i = 3 O i
2000~ =
= = : 1500
1500§ (s=7 TeV, det =4.8fb" _§ ‘9
1000E" {5 TeV, [Lat=5.910" = c
500 H—yy = )
2 - if11000

N

o

o
T
I

¢ Data
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&)
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- o . S+B Fit
1002 4 g.ata S/B We'gh_ted - A~ e B Fit Component

N — Sig+Bkg Fit (m =126.5 GeV) - ] 410

LN e Bkg (4th order polynomial) - R .
80— — [ +20 |

: : O | | | | | | | | | | | | | | | | | | | | | | | | |
60— —] 110 120 130 140 150
sl E m,., (GeV)
20— —] —

ATLAS: My
CMS Mx

126.0 + 0.4(stat) = 0.4(sys)
125.8 + 0.4(stat) + 0.4(sys)

8||||i
o +
g
p—
+p—
_’
.»—
1y
_>_
_>|
.’-
»

2 weights - Bkg
-0 ph O D O®

HCP Symposium, Nov 2012
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Higgs Signal and
Background Simulation

Process Generator

goF, VBF POWHEG [57, 58]+PYTHIA
WH,ZH,ttH PYTHIA

W+jets, Z/yv*+jets  ALPGEN [59]+HERWIG

tt, tW, th MC@NLO [60]+HERWIG
tqb AcerMC [61]+PYTHIA

qqg > WW MC@NLO+HERWIG

gg > WW go?2WW [62]+HERWIG

qq — 727 POWHEG [63]+PYTHIA

gg > 727 g92/7 [64]+HERWIG

WZ MadGraph+PYTHIA, HERWIG
Wy+jets ALPGEN+HERWIG

Wvy* [65] MadGraph+PYTHIA

q9/88 = vY SHERPA

ATLAS, Phys.Lett.B716(2012)1
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Riggs Production & Decay

Standard Model predictions for My = 126 GeV:
® O'pp_>H(7 TeV) = 17.5 pb, O'pp_>H(8 TeV) = 22.3 pb

® Prob(H — vy) =0.23%

» O-pp s H >77(7T6V) — 39fb, Jpp—)H—)’y’}/(S T@V) — 50fb

=P 80+ |10 events after selection cuts and detector efficiencies

Both ATLAS and CMS saw some excess
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Ratios to Standard Model

HCP Symposium, Nov

2012

| | | | |
ATLAS Preliminary

W.ZH — bb

Vs=7TeV: |Ldt=4.7f" °

I

L}
L]

Ye=8Tev JLdt=13m"

H— 1T
Vs=7TeV: |Ldt=46M"
Ys=8TeV: |Ldt=13m"

H— WW = vy

Ys=8TeV: |Ldt=13 @

H— vy
Ys=7TeV: |Ldt=48"
Vs=8TeV: |Ldt=591"

(*)
H—zZ" =4l
Ys=7TeV: |Ldt=48M"
Vs=8TeV: |Ldt=58"

:m, = 126 GeV

H — bb

H— 1t

H— vy

| — WW

Combined
Ns=7TeV: JLdt=46- 48"
e =8TeV: JLdt=58-13fb"

u=13+03

-
I

H— ZZ

-1

0 +1

Signal strength ()

Is=7TeV,L= 51f5' \s=8TeV,L=12.2fb"

CMS Preliminary m,=125.8 GeV

A-----------

1.5 2 25
Best fit GIGSM

® No sign (yet) of significant deviations from Standard Model
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CMS Higgs Update

\s=7TeV,L= 5.1fb' \s=8TeV,L=1221fb"

C. Ochando, Moriond, March 2013
CMS Preliminary m, = 125.8 GeV
HCP Symposium, Nov 2012 CMS preliminary =
(s=7TeV,L=51fb"
Vs =8 TeV,L=19.6 fb "
H — bb i
H— 1t H—yy .
H— vy H—ZZ =
H— WW :
H—WW om
H%ZZ |||||II|III|III|III||||||I|II|III|III
ook 00.20.40.60.811.21.B4'![.|§_t1.532
o 05 1 15 2 25 estr GGSM'
Best fit 6/o,, o VY €XCeSS went away.

Significance of observation:
m, =125.8 + 0.5 (stat.) £ 0.2 (syst.) | H=ZZ—4l » H>ZZ—41: 6.7 5 (7.2 exp.)

* H-WW: 4.1 5 (5.1 exp.)
" H—vyy: 3.2 5 (4.2 exp)

m, = 125.8 +/- 0.4 (stat) +/- 0.4 (syst) GeV o/ o, = .88 +/- 0.21

my, =125.4 + 0.5 (stat.) = 0.6 (syst.) | H—yy
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ATLAS Higgs Update

HCP Symposium, Nov 2012

| I | |
ATLAS Preliminary

W,ZH — bb

Ye=7TeV: |Ldt=47"

I [

m, = 126 GeV

Vs=8Tev |Ldt=13m"

H— 11
Ve=7Tev: ILdt=46m"

Vs =8Tev: | Ldt =
H—

;be'
— Iviv

Ys=8Tev: |Ldt=13m"

H— vy
Ys=7TeV: |Ldt=487"
s = BTe‘u’JLdt =50

H%ZZ ' 4l

Ve=7TeV: ILdt =48
Ys=8Tev: |Ldt=58"

Combined
Ys=7TeV: JLdt=46- 48"
Ys=B8TeV: JLdt=58. 131"

;—.—
i |

Event Simulation for the LHC

0

Signal strength (1)

+1

T.Adye, Moriond, March 2013

| | | |
ATLAS Preliminary

W,ZH — bb

Vs=7TeV: [Ldt=4.7 fb”

| |
m, = 125.5 GeV

Vs=8TeV: [Ldt=13fb"

H— 1t
Vs =7TeV: |Ldt = 46fb‘
\s = 8 TeV: det 13fb

H—>WW —>IVIV

\s=7TeV:
\s=8TeV:

H— vy
\S 7 TeV:
\s=8TeV:

|Ldt =46 1b"
JLdt =20.7 fb'

|Ldt =481b"
Ldt 20.7 o'

H— zz" — 4

\s=7TeV:
\s=8TeV: |

[Ldt =46 b
Ldt = 20.7 b

Combined

w=1.30+0.20

\s=7TeV: [Ldt=46-481"
Vs=8TeV: |Ldt=13-20.7 b"

my = 125.5 + 0.2 (stat) *3-2

(sys) GeV

83

Signal strength (u)
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To Be Confirmed

® Spin and parity 0*: correlations in VYV decays
® Production mechanisms: gg, VBFEWH,ZH, ttH
® Self-coupling (HH production): difficult at LHC

® Total width 4.2 MeV:impossible?

® Decay fractions:

b 56% e 6.2% v 0.23%
WW*  23% 7275 2.9% ~Z  0.16%
gg  8.5% cc  2.8% utu~  0.02%
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Achievable Precision?

Event Simulation for the LHC

g(hAA)/g(hAA)|,-1 LHC

0.4 ! !

Figure 1: Capabilities of LHC for model-independent measurements of Higgs boson cou-
plings. The plot shows 1 ¢ confidence intervals for LHC at 14 TeV with 300 fb—!. No error
is estimated for g(hcc). The marked horizontal band represents a 5% deviation from the

Standard Model prediction for the coupling.

85

M Peskin, arXiv:1207.2516
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Achievable Precision?

g(hAA)/g(hAA)|,-1 LHC/ILC1/ILC/ILCTeV

A I""'.I:: n .I IIIII i
_O_Z:W Z |b g v = c'.tinv:

Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 o confidence intervals for LHC at 14 TeV with 300 fb~!, for ILC at 250 GeV and
250 fb~! (‘ILC1’), for the full ILC program up to 500 GeV with 500 fb~! (‘ILC’), and for a
program with 1000 fb~! for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.

M Peskin, arXiv:1207.2516
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Status of the Standard Model

® |tis a respectable (renormalizable) quantum field theory

All predicted relationships between measurable
quantities are calculable (in principle)

Calculations need a short-distance (high-energy) cutoff,
but are not sensitive to its scale or nature, as long as it
respects SM symmetries

So a finite high-energy theory (ultraviolet completion) is
implicitly assumed

So far, predicted relationships are in satisfactory
agreement with experiment (| believe)
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Consistency of SM

IIIII1III[T1TI IIIT]IIII]IIIIIII
M P - [e] fitter |}
; 80.5 il BT B8 @ T [ Tk 1) : LB B B r") | ] . : : : 0.0
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Beyond the
Standard Model?
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60

50

Event Simulation for the LHC

Why BSM?

The Standard Model is incomplete

&

&

o

oo

No Dark Matter or Dark Energy (95% of Universe)

No neutrino masses

Not enough matter-antimatter asymmetry

No unification of fundamental forces

New phenomena at TeV scale could solve these

% Leading ideas: Supersymmetry and Extra Dimensions

4 6 8 10 12 14 16 18

log ,(E/GeV) 90

TN

A

— Our world

— Our directions

™ Extra directions

S« lam (10~ m)

_

\
TN
_/

[
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Searching for new signals

L I I I I I I I I I I I | I I I I | I I I I | I I I I | —] Q = | | | | | | | | | | | | | | | | | | | | | | | | | | | —
> - ~ -1 1 = - 1 ® Data2011 Ns=7TeV) -
8 Al . _gla'toaltz_ojf(\f/% S7TeV)  — 2108 = fL dt ~ 4.7 fb Background prediction 3
3 10°E o et Ne= = S S Profiminany g MRS (e qq) - -
O - I+ : 1 210°  ATLAS Preliminary T Alpgen tt— gl =
A T 1 & Ee%%e, B Alpgen W— (eurv =
8 1 03 = [ W+jetS = QC_) 1 04 ;I_ ..‘. - Alpgen Z— vv _:
"= - Bl Diboson 3 > = ® B Alpgen Z— 1t 3
= = I multijet 4 o = e s SUSY my=2960, M, ,=2407
L . W s SM+SU(500,570,0,10) 1 ©10° ° |

10°: @ R SM+SU(2500270.0,10) | g |=7jets p, >55GeV| 3

C . 1 o) ]

- ATLAS Preliminary ] g 102 ~

1 O = - = prd E
- T ... - 10 =
Lot e T BERE = | e R 0 S -
. ki nd 107
= 2 5F L L L L L L L L L L e = 5 2 =
(i) | R —— — = : LY =SSO (OSSR — S S 3
g [ S oCow——, = £ 3
< 3 + - < 1 =

£ O 9-0-0-0--0-9-0-, " _ P 3

I<DT: Ogg— ..................................................... Coo ++'+' .......................................................... - '<D‘:o.5 -------------------------- E
% 500 1000 1500 2000 2500 _ 3000 0 6 8 10 12 14 16

m..(incl.) [GeV] ErTniss/\/WT [GeV”2]

e “SUSY” = Constrained Minimal
Supersymmetric Standard Model

® Huge parameter space still to explore
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A 7/-Jet Event

7 EXPERIMENT

Run Number: 191190, Event Number: 130253155
Date: 2011-10-17 00:22:18 CEST
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ATLAS SUSY Search

ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 26, 2013)

_ T T T T T 11 T T T 1T T T 11 — 1 T T T TTT] T
MSUGRA/CMSSM : 0 lep +j's + E es d =g mass
MSUGRA/CMSSM : 1 lep +'s + E 7 e g =7 mass
o Pheno model : 0 lep +j's + E s gmass  (m@) <2TeV, light%,) ATLAS
% Pheno model : 0 lep +j's + E s gmass (m@) <2Tev, Ilghtx ) Preliminary
3 Gluino med. ¥ (G—>q0%) : 1 lep + j's +E 7 s gmass  (mi)<200GeV,m(x) = %(m()'( )+m(@)
3 GMSB (INLSP) : 2 lep (OS) +|'s + ETmiss gmass (tang <15)
o GMSEC(;M z-t;SoP) N1I_82I;)+ J 'S + ET e |07 8 Tev 12101314) 1.40Tev. G mMass (tang>18)
3 ino Yy + gmass  (mE)>50 GeV) i
§ GGM (wino NLSP) :y + lep + Erm.ss & mass g ‘ f Ldt = (4.4 - 20.7) fb™'
= GGM (higgsino-bino NLSP) :y +b + E e gmass (mi)>220 GeV) (s = TeV
GGM (higgsino NLSP) : Z + jets + ET miss g mass  (m(H) > 200 GeV) s=7, 8 Te
...................... Gravitino LSP : monojet’ +E e, F“scale  (m@>10"eV)
k] —bby’ :0lep + 3b-j's + E g mass (moz <200 GeV)
§ _§ § §—>ttxq 2 Sé-lep + (0-3b-)j's + E ; ::z L=20.7 fb", 8 TeV [ATLAS-CONF-2013-007] 900GeV  § mass  (any m(;( 8 TeV, all 2012 data
= —tty - . mass  (m(x.) <300 GeV
L B A Tl s
BB, B, b 1 0lep + 2-b-jets + E .. il D mass  (m) <120 Gev) 7TeV, all 2011 data
2s bb b —>t7* 2 éS -lep + (0-3b-)j's + E o, [£=20.71b", 8 TeV [ATLAS-CONF-2013-007] . 430Gev. bmass (m@)= 2m(;2
§ 5 tt (Ilght) t—>ty* 1/2 lep (+ b-jet) + E . tmass  (mG)=55Gev)
5] 3 tt (medium), t—>bx 1lep +b-jet + E o |L=207 1", 8 Tev [ATLAS-CONF-2013-037] 160-410GeV. tMass  (m@) =0 GeV,m’) = 150 GeV)
< g T (medlum) t—>bX 12lep + E o |L=13.0m", 8 Tev [ATLAS-CONF-2012-167] GG t mass m(;z ) =0 GeV, m(i)-m(x.) = 10 GeV)
Q= T (heavy), T—>tX 1 Iep +b-jet + E; |, |L=20.7fb", 8 TeV [ATLAS-CONF-2013-037] 200-610Gev t mass m()Z )=0)
LR T (heavy), t—>tX ‘0 Iep + 6(2b-)jets + E Tmiss | L5205 fb”, 8 TeV [ATLAS-CONF-2013-024] 320-660 GeV  t mass (m&
™ T 1t Q‘latural GMSB) Z(—ll) + b-jet + E T miss L=20.7 fb”, 8 TeV [ATLAS-CONF-2013-025] 500Gev. t mass (m(~ )>150 GeV)
_____________ t 2!2,_1 —t+Z: Z(—>||) + 1_I_e_p +b-jet+E Fmise. | =207 10", 8 Te [ATLAS-CONF-2013-025] ~ 520 GeV t mass  (m T) m(z;) + 180 GeV)
|—>F\Z 12lep + Eq e [L=47 107 7 Tev [1208.2884] [gsHesGev! | mass (m()'(
> B ’)z:&, ’)24—>|v(|v5 2lep + ET miss | =47 07, 7 TeV [1208.2884]  110-340GeV X maSS (m(;“( ) <10 GeV, m(iv) = J-(m(;z ) + mG( »)
m 2 o x+ X, TV () :2t+ T miss | L=207 fb", 8 TeV [ATLAS-CONF-2013-028] 180-330 GeV X mass m(;z ) <10 GeV,mE¥) = Jz-(m(;( )+ m(;( ))
© ’)Z”)Z -7 LV T |(VV1) |V| |(VV) 3lep + E s | L7207 157, 8 TeV [ATLAS-CONF-2013.035] 600 Gev X mass (m()'( = m(z), m(z.) = 0, m(i¥) as above)
_____________________ TX+~ - W *x Z* *~ :3lep+E .L.ymi | =207 10", 8 Tev [ATLAS-CONF-2013-035] 315 GeV X mass (m(;Z )= m(;'( ) m(;'( =0, sleptons decoupled)
S Direct % X palr prod. ( AMSB - long-lived % X, X mass (1<t(X)) <10ns)
L3 Stable g, R-hadrons : low B, [Sy g mass
& GMSB, stable T : low p i Tmass  (s<tanp<20)
5 8 GMSB, % %, —>yG non-pointing photons %, mass (o4<r(>z )<2ns)
T X —.qqu (RPV ). ‘1 + heavy displaced vertex Gmass (1 mm<cr<1mdecoupled)
LFV : pp—>v +X,V,—>e+u resonance vV.Mmass  (i,=0.10,1,,=0.05)
LFV : pp—Vv_ +X, Vv ,—e(u)+t resonance V. mass (23,2010, 4, , . =0.05)
N B|I|near RPV CMSSM 1lep +7j's + E s gmass (et <1mm)
& X X X —>W% BV ‘4lep+E Tmiss | =207 fb", 8 TeV [ATLAS-CONF-2013-036] 760 GeV x mass (m& ) > 300 GeV, %, > 0)
X1X1 X, —>-¢w erv 13 Iep +1t+E 7 miss L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-036] 350GeV. % mass (mG( ) >80 GeV,h, >0)
g— qqq 3-jet resonance pair g mass
'§—>tt t—>bS 2 SS-lep + (0-3b-)j's + E_ | L=20.7 tb", 8 TeV [ATLAS-CONF-2013-007] 880Gev. J Mass (any m({D)
""""""""""" Scalar gluon : '2'-je't' resonance Pair | L=a6 ", 7ev [1210.48261 iGo2s7Gevl Sgluon mass  (incl. limit from 1110.2693)
WIMP interaction (D5, Dirac ) : 'monojet' + E_ M* ﬂcale (m, <80 GeV,lmitof <687 CeV forD8) |
: I L1 1 111 I I I 11 I
107 1 10
*Only a selection of the available mass limits on new states or phenomena shown. Mass scale [TeV]

All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Event Simulation for the LHC 93 IFT Colloquium, UAM, 04/04/13



ATLAS Exotica Search

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)

Large ED (ADD) : monojet + E
Large ED (ADD) : monophoton + E

T,miss

T,miss

| | | | L
M, (8=2)

M, (6=2)

ATLAS

Ms (HLZ 5=3, NLO) Preliminary

Compact. scale R™

M ~R™
Graviton mass (k/Mp, = 0.1)
Graviton mass (k/Mg, =0.1)
Graviton mass (k/Mp, =0.1)
g,, Mass

M, (5=6)
M; (8=6)

det =(1.0-13.0) fb”
Is=7,8TeV
Mj, (5=6)

A
A (constructive int.)

A
2.49TeV Z' mass

430 Gev. W'mass

538Gev 3" gen. LQ mass

400GeV  b' mass
483GeV. T mass (m(AO) <100 GeV)

2 Large ED (ADD) : diphoton & dilepton, m,
RS UED : diphoton + E;
2 S'/z, ED : dilepton, m,
g RS1 : diphoton & dilepton, m,,
3 RS1 : ZZ resonance, my,
© RS1 : WW resonance, my
S RS g —tt (BR=0.925) : tt — l+jets, m
x KK . tt.boosted
W ADD BH (M, /M,=3) : SS dimuon, N, part.
ADD BH (M, /M,=3) : leptons + jets,2p
Quantum black hole : dijet, F (m,
............................ qdaq contact interaction %(m)
&) qqll Cl : ee & uy, m
uutt Cl : SS dilepton + jets + ET‘misg
............................................ 2 (SSM) - 1. e/w - S esi T 6 eV ATLAS CONFZO 1281
Z' (SSM) :m_, |L=471b",7 TeV [1210.6604]
X W' (SSM) (Mg, =87 fb™', 7 TeV [1209.4446]
W' (= tq, g_=1) EMyg |L=4.7 ™, 7 TeV [1209.6593]
W'; (— tb, SSM) :m - [L=1.01", 7 Tev [1205.1016]
................................................... W 2 My, SR
Scalar LQ pair (f=1) : kin. vars. in eejj, evjj |L=1.01b", 7 TeV [1112.4828]
g Scalar LQ pair (8=1) : kin. vars. in uwjj, wvjj |L=1.01", 7 Tev [1203.3172]
................. Scalar LQ pair (8=1) : kin. vars. in vgj, tvjj |L=471",7TeV [Preliminary]
&) " 4th generation ‘t't'— WbWb |L=47 fb™, 7 TeV [1210.5468]
s 4" generation : b'b'(T /$T5,3)—> WIWL | L=4.7 ™, 7 TeV [ATLAS-CONF-2012-130]
] New quark b' : bB™—> Zb+X, M, |L=2.0",7 Tev [1204.1265]
g Top partner : TT — it + AoAO (dilepton, M_I_2 L=4.7 fb™, 7 TeV [1209.4186]
) Vector-like quark : CC,m, q |L=48 fb™!, 7 TeV [ATLAS-CONF-2012-137]
2 Vector-like quark : NC,m,, [i=a61b",7 TeV [ATLAS-CONF-2012-137]
SR CEREEREEREE EXGEH HUATKS ty-i6t regonants, M
G & . g yjet
m 5 Excited quarks : c'iuet resonance, m
= Excited lepton : |-y resonance, m,
................... Techni-hadrons (LSTC) : dilepton,m, e/u: .

Techni-hadrons (LSTC) : WZ resonance (vlil), m_.

o Major. neutr. (LRSM, no mixing) : 2-lep + jéts

£ W, (LRSM, no mixing) : 2-lep + jets

@) H* (DY prod., BR(H™—Il)=1) : SS ee (uu), m
H= (DY prod., BR{H=—eu)=1) : SS ey, m_

Color octet scallér : dijet resonance, mi

1.4TeV Z'mass
255 Tev. W' mass

1.13Tev. W'mass
2.42Tev. W* mass
660 Gev 1" gen. LQ mass
685Gev 2™ gen. LQ mass

656 Gev. t' mass
670 GeV D' (T5/3) mass

1.12Tev. VLQ mass (charge -1/3, coupling k,q = v/mg)
1.08Tev. VLQ mass (charge 2/3, coupling k.o =v/my)
g* mass
q* mass
I* mass (A = m(l*))
p,/or mass (m(p_ /o) - m(m;) =M, )
p, mass (m(p.) = m(r;) + my, m(a,) =1.1m(p.))
N mass (m(WR) =2TeV)
Wz mass (m(N) < 1.4 TeV)
H;* mass (limit at 398 GeV for uu)
H* mass

Scalar resonance mas
1 [ I 1 [

*Only a selection of the available mass limits on new states or phenomena shown
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CMS Exotica Search

LQ1, B=0.5

C M S EXOT' CA 95% CL ExcLusion LiMiTs (Tev) 197 E=10

g* (q9), dijet
q* (QW)

q* (a2

q”*, dijet pair
q*, boosted Z
e*, AN=2TeV
e, A=2TeV

Z'SSM (ee, pp)

Z'SSM (t71)

Z’ (tt hadronic) width=1.2%
Z’ (dijet)

Z’ (tt lep+jet) width=1.2%
Z'SSM (Il) fbb=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) k/M = 0.1

G (Z(nZ(gq)) k/M = 0.1
W’ (Iv)

W’ (dijet)

W’ (td)

W’ — WZ(leptonic)

WR’ (tb)

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qQ)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qgbar)
gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

Event Simulation for the LHC

Compositeness

LQ2, B=0.5

LQ2, B=1.0

LQ3 (bv), Q=%1/3, B=0.0

LQ3 (b1), Q=+2/3 or +4/3, B=1.0
stop (b1)

b’ = tW, (3I, 2I) + b-jet
5 q’, b’/t’ degenerate, Vtb=1
b’ — tW, I+jets

B’ — bZ (100%)

T — tZ (100%)

t’" = bW (100%), I+jets
t' = bW (100%), I+l

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., pyy, destructve LLIM
C.l., pyy, constructive LLIM
C.l, single e (HNCM)

C.l., single y (HNCM)

C.l., incl. jet, destructive
C.l,, incl. jet, constructive

Ms, yy, HLZ, nED = 3

Ms, vy, HLZ, nED = 6
. Ms, Il, HLZ, nED = 3
T Ms, Il, HLZ, nED = 6

1

MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED = 3

5 MD, mono-y, nED =6
MBH, rotating, MD=3TeV, nED = 2

MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED =2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2

5

95

LeptoQuarks

1 2 3

4

5

Generation

Contact
Interactions

Extra Dimensions
& Black Holes

1 2 3
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LHC Future Prospects

® | HC ran pp at 8 TeV until end of 2012

+ 23 fb"! begins to test main Higgs properties

“* No sign of beyond-Standard-Model processes yet

® Restart late 2014 at |3 TeV
+ ~300 fb-! by 2021: Higgs properties to ~10%
“* New physics searches to multi-TeV range

® Luminosity upgrade ~2023 ==p3000 fb-! by 2030?

® Energy upgrade > 2035 would need new magnets or tunnel
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Conclusions and Prospects

® Standard Model has (so far) been spectacularly
confirmed at the LHC

® Monte Carlo event generation of (SM and BSM)
signals and backgrounds plays a big part

® Matched NLO and merged multi-jet generators
have proved essential

“ Automation and NLO merging in progress
* NNLO much more challenging

e Still plenty of scope for new discoveries!
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Thanks for listening!
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Backup
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LHC Future Prospects

The super-exploitation of the CERN complex:
Injectors, LEP/LHC tunnel, infrastructures

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

LEP e T el ool <— Previous machine

R [OWM Design, R&D = Proto Construct. Physics <— Present machine

Under Way ——— HL-LHC Design, R&D Construct. Physics

Highly speculative ——> HE-LHC [t

Bruling et al., CERN-ATS-2012-237
(submission to European Strategy
Symposium, Krakow, Sept 2012)
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MC@NLO matching

S Frixione & BW, JHEP 06(2002)029
finite virtual d|vergent

donpLo = B((I)B>+V((I)B)_/Z (I)B,(I)R dq)R dq)B+R (I)B,q)R)d(I)Bd(I)R

()

B+V—/qu)R] d®op + RdPp dPp

RM%(((I;Z)@R) Anc (kr (D5, PR)) dch]

Bd®g [Anc (0) + (Ravc/B) Anc (kr) d®g)

dJMC = B((I)B) d(I)B [AMC(O)+

( N

doyvcanLo = [B +V + / (Rye — O) d@R] d®p [Amc (0) + (Rvme/B) Amc (Br) dPg]

L ; (R RMC) AMC kT d®p d(I)R\ \ )

ﬁnitez 0 MC starting from no emission

MC starting from one emission

® Expanding gives NLO result
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POWHEG matching

P Nason, |HEP | 1(2004)040

dovic = B (9p) dop [AMC (0) + RM%(((IZIZ)@R) Avic (b (®g, @R)) d® R]
o R (T ) \

dO'pH — B((I)B) dq)B [AR (O) + AR (kT ((I)B,(I)R)) d(I)R]

B (®p)

J

§<<I>B)=B(<I>B)+v<<1>3>+/ R(@p, @)= S C; (D5, p) | dop

R(®p,®R)
B (®p)

Ap (pr) = exp [_/dq)R 0 (kr (25, Pr) —PT)]

® NLO with (almost) no negative weights arbitra&y NNLO

e High pr always enhanced by K = B/B =1+ O(as)
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W & Z° at Tevatron

DO Run I:W DO Run II: Z°
10_1 T T T T | T T T T | T T :II I I|I | Ill I II| I III I II I III: ] i T T T T | T T T T | T T T T | T ll I| T T T T T
: —POWHEG %1°F EE ——POWHEG  0.08f
I" 10—2 ;\_ “““ MC@NLO 0.08 - _E_; I" 10_2 ““““ MC@NLO 0.08 :__
> = S Herwig-++ 0.06 F 43 = | e Herwig++ =
O . 3 (with MEC) o.04 = 47 © - (with MEC) ™
N 1077k : EERS 0.02
: 0.02 — 3 wer
-8-' —4; —————— OOOF = %10_4E 0.00:""l""l""l"":_
S Y E “ .o 5 10 15 29 > | = 0 5 10 156 20
Fg s B T i Fg - e e
1075 L e _
> = B 3 > __________—E________
- 1076 T =
A= ;
0 e 0
&) O
2 2
= >

® Herwigt++ includes W/Z+jet (MEC)
® All agree (tuned) at Tevatron

® Normalized to data
Hamilton, Richardson, Tully JHEP10(2008)015
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