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Event Simulation at the
Large Hadron Collider

® Monte Carlo event generation:

* theoretical status and limitations
® Recent improvements:

“ perturbative and non-perturbative

® QOverview of results:

* W, Z, top, Higgs, BSM (+jets)
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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

Event Simulation at the LHC 4 Latsis Symposium, ETH, 04/06/13



A high-mass dijet event

CMS Experiment at LHC, CERN

Data recorded: FriOct 512:29:33 2012 CEST
Run/Event: 204541 / 52508234

Lumi section: 32

o ij= 5.15TeV

Event Simulation at the LHC

CM5 Experiment at LHC, CERN

Data recorded: Fri Ot 5 12:29:.33 2012 CEST
Run/Event: 204541 / 52508234

Lumi section: 32

CMS PAS EXO-12-059
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LHC Dijet
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LHC Dijet
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LHC Dijet
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LHC Dijet

- 5

Hard process
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LHC Dijet
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LHC Dijet
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NN o
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Parton showers
’));(‘ Underlying event
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LHC Dijet

4
L7

Hard process
Parton showers

* Underlying event
7 Confinement
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| HC Dijet// ™"

— | beam

beam <
jet <« P

Hard process
Parton showers
Underlying event

Confinement
Hadronization

uark jet
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Theoretical status
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Theoretical status

Exact fixed-order
perturbation theory

——p

Hard process
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Theoretical status

Event Simulation at the LHC

Exact fixed-order
perturbation theory

Approximate all-order

perturbation theory

<5
7

2
<

o
=

——p

Hard process
Parton showers
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. uark jet
Theoretical stazie™

Exact fixed-order
perturbation theory
Approximate all-order

perturbation theory
Semi-empirical

local models onl
P \ Y —> | beam

jet

beam <
jet <« P

Hard process
Parton showers
'Underlying event

Confinement
Hadronization

uark jet
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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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Parton Shower Approximation

® Keep only most singular parts of QCD matrix elements:
d¢; dqbz

. o
® Collinear doyii~ >3 Pulzi¢:)dz : £ =1 — cost,
® Soft do ~ B (—=T;-T;) Pi"Pj  a. d¢; d¢z

n+1 9 — ( jp@kpjk i 7'(' On
as §ij dw dgbz
— —T, T, Z o,
2m » ( J)ﬁi £ w 4 7r
. @s dw df,,,
~ Qﬂ. Z]( T’L T])@(é-lj fz) ‘Sz Un
W = (1 — Zz)E
zi b

=P Angular-ordered parton shower (or dipoles)
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Hadronization Models

® |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

® Colour, flavour and momentum flows are only
locally redistributed by hadronization
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Hadronization Models

® |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

® Colour, flavour and momentum flows are only
locally redistributed by hadronization

__—
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<
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String Hadronization Model

Event Simulation at the LHC

In parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

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

Before that, at scales Qo ~ few x Aqcp, there is

universal preconfinement of colour

Colour flow dictates how to connect hadronic

string (width ~ few x Aqcp) with shower

__—
S~
<

m

| 4
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String Hadronization Model

Event Simulation at the LHC

In parton shower, relative transverse momenta
evolve from a high scale Q towards lower values

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

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

Colour flow dictates how to connect hadronic
th shower

string (width ~ few x Aqcp) wi

__—
S~
<

m

|5

\

JTA
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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 direct
basis for hadronization

—

N

<
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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 direct
basis for hadronization

_<

<=
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Cluster Hadronization Model

Primary Light Clusters
O.g LI | .' .l I ) L ] ) ) LI I L ] )
) = 35GeV

08 - 4 % - Nt O X7
F — Q =91.2GeV

0.7F | & Q =189GeV -
0.6 - |
05 | _
04§ _
0.3 | _

0.2 | % _

0 v gl 1 1 P e T TR B [ 1 (.

M/GeV
® Mass distribution of preconfined clusters is universal

® Phase-space decay model for most clusters

® High-mass tail decays anisotropically (string-like)
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Hadronization Status

® No fundamental progress since 1980s

% Available non-perturbative methods (lattice,
AdS/QCD, ...) are inapplicable

® [ess important in some respects in LHC era

“* Jets, leptons and photons are observed
objects, not hadrons

® But still important for detector effects

“* Jet response, heavy-flavour tagging, lepton
and photon isolation, ...
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Underlying Event

® Multiple parton interactions in same collision
“ Depends on density profile of proton

® Assume QCD 2-to-2 secondary collisions
“* Need cutoff at low pt

® Need to model colour flow

* Colour reconnections are necessary

Event Simulation at the LHC 20 Latsis Symposium, ETH, 04/06/13



Underlying Event

leading jet

towards
|A¢| < 60°

transverse
60° < |A¢| < 120°

transverse

\4

60° < |A¢| < 120°

away
|Ad| > 120°

Charged particle 77 at 9goo GeV, track p;, > 500MeV, for Ny, > 6

No recon

2.6

2.4

2.2

1/Ney dNgn/dy

Col recon

1.8
1.6

—e— ATLAS data (min bias)
—— Hw++ 2.4, p? = 1.0, pTin = 3.0
—— Hw++ 2.5, MBgoo-CTEQ6L1

1.4

1.2

1.4
1.2

|

|

ﬁ

MC/data

0.8
0.6

\
N
\
=
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U

Gieseke, Rohr, Siodmok, arXiv:1206.2205
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Dijet Mass Distribution
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Event Simulation

Dijet Mass (GeV)

CMS PAS EXO-12-059

Events

Significance

10

ATLAS Preliminary
-e- Data
— Background

Vs =8 TeV
der=13.0fL-f1

B

||||| ||||IHIII|

P | P P | P
3000 4000 _
Reconstructed m, [GeV]

ATLAS CONF-2012-148

"5000

® No sign of deviation from Standard Model (yet)

at the LHC
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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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Event Simulation at the LHC

Generator Citations

1200 I I I I I I I I I I I |
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- / ‘Pythia6 |
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4} 800 — i ]
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-+—> /
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B “\Herwig6 :
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=00 — Herwig++ —

e A A Pythia5 -

O _”’1”’ | 1 | 1 //1/ —-_-_'_-_'_-_-—-—lHerlvv-lgt—)l ]

2000 2005 2010 2015

Year

® Most-cited article only for each version

® 2013 is extrapolation (Jan to mid-May x3)

24

Latsis Symposium, ETH, 04/06/13



Other relevant software

(with apologies for omissions)

@ Other event/shower generators: PhoJet, Ariadne, Dipsy, Cascade, Vincia

@ Matrix-element generators: MadGraph/MadEvent, CompHep, CalcHep,
Helac, Whizard, Sherpa, GoSam, aMC@NLO

Matrix element libraries: AlpGen, POWHEG BOX, MCFM, NLOjet++,
VBFNLO, BlackHat, Rocket

Special BSM scenarios: Prospino, Charybdis, TrueNoir

Mass spectra and decays: SOFTSUSY, SPHENO, HDecay, SDecay
Feynman rule generators: FeynRules

PDF libraries: LHAPDF

Resummed (p. ) spectra: ResBos

Approximate loops: LoopSim

Jet finders: anti-k; and FastJet

Analysis packages: Rivet, Professor, MCPLOTS

Detector simulation: GEANT, Delphes

Constraints (from cosmology etc): DarkSUSY, MicrOmegas

Standards: PDF identity codes, LHA, LHEF, SLHA, Binoth LHA, HepMC

Sjostrand, Nobel Symposium, May 2013
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Parton Shower Monte Carlo

_ 4 http://mcplots.cern.ch/
® Hard subprocess: gq — ZO/W“

_ 1960 GeV ppbar Z (Drell-Yan) _ 7000 GeV pp Wilets _ 7000 GeV pp Walets
:.: 10 3 :\-: 10 { f._’ |
S = ATLAS S AT
N 'Y fm [y rwig o .
= ° thia & © 10 Pyt
g ]

1 . \\\

107 | \\“* , \

300 50 100 50 100
p.(Z) [GeV] p_(1st jet) [GeV] p.(2nd jet) [GeV]

T > Ratio to ATLAS v Ratio to ATLAS
-r | :

1 Jf. ] ¥ N T R L T R R SRR = 0.5 et — 0.5 ettt et e—— e

100 200 300 50 100 50 00

® |eading-order (LO) normalization s need next-to-LO (NLO)

® Worse for high pt and/or extra jets ssp- need multijet merging
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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

—

-

NLO Hard subprocess
(real emission)
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Improving Event Simulation

paill
e

NLO Hard subprocess VASE
+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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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

® 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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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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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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Vector boson
production

Event Simulation at the LHC 39 Latsis Symposium, ETH, 04/06/13



10°

10

dc."de (Z) [pb/GeV]

10 ¢

10% &

10°

10 E

0.5 |

70 at Tevatron

1960 GeV ppbar

Z (Drell-Yan)

p.(Z) (muon channel)
® Do
o Herwig++
s l. Herwig++ (Powheg)
.8
.
R
m
»
b
s . =
s 2 -
8 i
0 100 200 300

— -

0 T 100 200 300

Event Simulation at the LHC

-—

-

ern.ch

ols.C

http://mcplots.cern.ch/

® Absolute normalization:
LO too low

® POWHEG agrees with
rate and distribution
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® POWHEG agrees with distribution (and NNLO)
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W asymmetry at LHC

Muon charge asymmetry in W decays
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® Asymmetry probes parton distributions
ud - W+ - pt v, vs du—>W~ —pu ,
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o(W + = n-jets)

o(W + = n-jets)

o(W + = (n-1)-jets)
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W+jets at LHC
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Inclusive Jet Multiplicity, N

Very good agreement with predictions from merged simulations,
while parton shower alone starts to fail for nje = 2
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Top quark pair
production
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Top mass & kinematics

CMS preliminary, Vs =

7 TeV, lepton+jets

CMS preliminary,

(s =7 TeV, lepton+jets
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® Reconstructed top mass depends on kinematics

® But different generators track data well with a
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Top mass & hadronization

Mangano, Top LHC WG, July 2012

|. Hard Process
2. Shower evolution
3. Gluon splitting

4. Formation of
“even” clusters
and cluster decay
to hadrons

5. Formation of
“odd” cluster

6. Decay of “odd” clusters, if
large cluster mass, and
decays to hadrons

® Study dependence of reconstructed mass on “odd” clusters
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Top mass & hadronization

Mangano, Top LHC WG, July 2012

Controlled by perturbative
shower evolution, mostly

insensitive to hadronization
modeling

Partly shower evolution, partly
color reconnection, ambiguous

paternity \

e \
/ Out-of-cone radiation,

q ~— nu controlled by perturbative
E/ shower evolution, minimally
\ sensitive to hadronization

modeling
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Top mass & hadronization

Meop(E+O) — 172.5

M¢eop VS pt(top)
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Toptjets

CMS PAS TOP-12-018 (i+jets) 1\do(N,,,) CMS PAS TOP-12-023

ATLAS-CONF-2012-155 (l1+jets) p dem (dilepton)
CMS Preliminary, L=5 ft" at {5=7 TeV CMS Preliminary, 5.0 fbo at\J5=7 TeV
- 1 & [ e e u| - Dilspton Combined

MC/Data

o8 L

3 r 5 5 =8
Jet Multiplicity

® Matched NLO not adequate for >2 extra jets

® Merged multijets better there (for do/c)

Event Simulation at the LHC 50 Latsis Symposium, ETH, 04/06/13



[pb]

{e]4

Production Cross Section, o, ..

LHC Cross Section Summary

.
o

—_—
o
-

—
o
w

—
o
8]

-l
o

Nov 2012

CMS

)

' =
W ' O

' |

7 TeV CMS measurement (statbsyst)
: # 8 TeV CMS measurement (statbsyst)
- ——— Z : b4 y
| w7 T@V Theory prediction
. A
! - —— 8 TeV Theory prediction
—3—- .'i :
2] 3
~ = y Wy :
= = 3 el & '
4 <+ o wwavz: WW E
- " >4 R o, S i) '
1 T e WZ 1
> . —o— Il
= ) Ge) . = '
p 4 _3_—.—:
' =z 50b' 49’ 40"
36, 19 pb 50 35 111b 53

ATLAS Preliminary

e
= 35pb’ : ’
C . : LHC pp ¥s =7 TeV
- 35pb" Theory
= © Data(L=0.035-4.6f
- LHC pp ¥s =8 TeV
= mmm Theory
- 58" | * Data(L=58-201b )
B : B :
o= 58 fb"
= 1o’ F - :
= i ; i E
- 10f" . 13fb"
; 20 fb'

- 46 fb’ :
- 21fp! L E
= : 46"

w oz o T ¢ T ww wz I owt | ozz

® 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]
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® |nteresting excess of (single) b quark jets
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Combined matching+merging

® NLO calculations generally refer to inclusive cross
sections e.g. 6(W+2n jets)

® Multijet merging does not preserve them, because
of mismatch between exact real-emission and
approximate (Sudakov) virtual corrections

® When correcting this mismatch, one can
simultaneously upgrade them to NLO

® There remains the issue of merging scale
dependence beyond NLO (large logs)
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Combined matching+merging

® Many competing schemes (pp, under development)

<

<

<

<

<

<

MEPS@NLO (SHERPA) Hache et al., arXiv:1207.5030
FxFx (aMC@NLO) Frederix & Frixione, arXiv:1209.6215
UNLOPS (Pythia 8) Lénnblad & Prestel, arXiv:1211.7278
MatchBox (Herwig++) Plitzer, arXiv:1211.5467
MiNLO (POWHEG) Hamilton et al,, arXiv:1212.4504

GENEVA Alioli, Bauer et al., arXiv:1212.4504

® Some key ideas in LoopSim Rubin, Salam & Sapeta, JHEP1009, 084
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Combined matching+merging

Inclusive Jet Multiplicity Inclusive Jet Multiplicity
= E_] | | | 337 | | | | E
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UNLOPS: Lonnblad & Prestel, arXiv:1211.7278
® Scale dependences almost eliminated
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Higgs boson production
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Higgs Production by
Gluon Fusion
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Higgs Production by
Gluon Fusion
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Higgs Production by
Gluon Fusion

Event Simulation at the LHC 57 Latsis Symposium, ETH, 04/06/13



Higgs Production by
Gluon Fusion
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Higgs Production by
Gluon Fusion
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Higgs Production by
Gluon Fusion

’ € H €
IE f'

Event Simulation at the LHC 59 Latsis Symposium, ETH, 04/06/13



Higgs Production by
Gluon Fusion

t W™
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Higgs Production by
Vector Boson Fusion
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Higgs Production by
Vector Boson Fusion
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Higgs Production by
Vector Boson Fusion
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Higgs Production by
Vector Boson Fusion

G) ® Forward jets
® Few central jets

® Central jet veto
increases S/B
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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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gg - Higgs(+jet)

Higgs boson production total cross sections in pb at the LHC, 8 TeV
Kr, Kp 1,1 1,2 2,1 1,3 s, 1 .3 2,2
HJ-MiNLO NLO | 13.33(3) | 13.49(3) | 11.70(2) | 13.03(3) | 16.53(7) | 16.45(8) | 11.86(2)
H NLO 13.23(1) | 13.28(1) | 11.17(1) | 13.14(1) | 15.91(2) | 15.83(2) | 11.22(1)
HJ-MiNLO LO | 8.282(7) | 8.400(7) | 5.880(5) | 7.864(6) | 18.28(2) | 17.11(2) | 5.982(5)
H LO 5.741(5) | 5.758(5) | 4.734(4) | 5.644(5) | 7.117(6) | 6.996(6) | 4.748(4)

Table 1: Total cross section for Higgs boson production at the 8 TeV LHC, obtained with the
HJ-MiNLO and the H programs, both at full NLO level and at leading order, for different scales
combinations. The maximum and minimum are highlighted.
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® Match/merge MiNLO+Pythiaé
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g—» Higgs+jets
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® FxFx: Match/merge MC@NLO+Herwigé

Frederix & Frixione, arXiv:1209.6215
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VBF Higgs+jets
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® Matched MC@NLO and POWHEG
Frixione, Torrielli, Zaro, arXiv:1304.7927
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Beyond Standard
Model Simulation
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BSM Simulation

® Main generators have some BSM models built in

% Pythia 6 has the most models

* Herwig++ has careful treatment of SUSY spin
correlations and off-shell effects

® Trend is now towards external matrix element
generators: FeynRules + MadGraph, ...

® QCD corrections and matching/merging still
needed
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Searching for new signals

ATLAS CONF-2013-054
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Event Simulation
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® Dashed = Herwig++ gg, g — t+f+)?(1)

® Background: mostly Sherpa LO multijet merging

at the LHC
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NLO Squark Production
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® NLO with POWHEG matching to different generators

Gavin et al., arXiv:1305.406 |
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ATLAS SUSY Search

T T T T T 11 T
MSUGRA/CMSSM : 0 lep +j's + E 1 s g =7 mass |
MSUGRA/CMSSM : 1 lep +j's + E 7 e =g mass
o Pheno model : 0 lep + ' + E 7 e Gmass  (m@ <2TeV, ight) ATLAS
% Pheno model : 0 lep +j's + E s Gmass  (m@)<2TeV, light%,) Preliminary
§ Gluino med.%" (G—>q0x") : 1lep +j's + E, g mass  (m(z,) <200 GeV,m(z) = H(mGz }+m(@)
& GMSB INLSP) :216p (OS) + i + Er 1 gmass  (tans<15)
o GMSB (T NLSP) : 1-2t +'s + ET'm,Ss L=20.7 fb", 8 TeV [1210.1314] 1.40Tev. § Mass (tang > 18)
B GGM (bino NLSP) :yy + E_™ gmass (mi)>50GeV)
i 1 -1
§ GGM (wino NLSP) :y + lep + E:"‘,SS g mass f Ldt=(4.4-20.7) fb
. . . ,miss N
S GGM (higgsino-bino NLSP) :y +b + E e gmass  (mG))>220Gev) (s=7 8TeV
GGM (higgsino NLSP) : Z + jets + E 1 e Q mass  (m(F) > 200 GeV) -
Gravitino LSP : 'monojet' + E s F scale (m(@G)>10" eV)
e B G iep 4 by E G mass  (mi) <200 Gov
€ o ® . T, =
) S kS g-ﬂt’ig :2 Sé-lep + (0-3b-)j's + E T::: L=20.7 fb", 8 TeV [ATLAS-CONF-2013-007] 900GeV. gmass  (any me) 1 8 TeV, all 2012 data
R G>tty’ : 0 lep + multi-j's + E, gmass  (m(,) <300 GeV) _
= 0 ! ,miss ~ (O
B o G 0 lep +3bi's + Ep - gmass  (mGz,) <200 Gev)
__ bb,b—by :0lep+2-b-jets + E, ... bmass (m)<120Gev) _
< bb, b —t%" : 2 SS-lep + (0-3b-)j's + E-. . L=20.7 fb", 8 TeV [ATLAS-CONF-2013-007] 430Gev. b mass (mE)=2mE)
f ) ~ X"I N p . I T,miss ~ o 1 1
S 5 1t (light), t—>t§g 2172 lep (+ b-jet) + E tmass  (m(x,) =55 Gev)
T 3 tt (medium), t—>b7q 1lep +Db-jet+E; . |L=207" 8 TeV [ATLAS-CONF-2013-037] 160-410GeV. t Mass  (m;) =0 GeV,m,) = 150 GeV)
. 9 tt (medium),t—b¥%* :2lep + E, ... |L=13.0m", 8 Tev [ATLAS-CONF-2012-167] PEE0Ee t mass (m@) = 0 GeV, m{{)-m(%*) = 10 GeV)
S g ~— —~ 0 X1 T,miss ~ 1 o 1
3= ot (hegvy), t—>t%1 :1lep +bjet + E; . |L=2071" 8 TeV [ATLAS-CONF-2013-037] 200610Gev. t mass  (m@)=0)
o8 tt (heavy), i—=t3° : 0 lep + 6(2b-)jets + E Tmiss | =205 0", 8 TeV [ATLAS-CONF-2013-024] 320-660GeV. tMmass  (mG)=0)
(SIS Ut Q’latgral GMSB) 2 Z(—ll) + b-jet + E I fb', 8 TeV [ATLAS-CONF-2013-025] 500Gev. t mass (m&f) > 150 GeV)
_____________ tt, L,=t+Z 1 Z(— |D~+J _|_e_F3 +b-jet+E 7__'“96_ L=20.7 fb", 8 TeV [ATLAS-CONF-2013-025] _ 520GeV. t, mass  (m(f)=mG,) + 180 GeV)
L= :2lep+ E;  |L=a7"7Tev [1208.2884) esesieeV | mass  (m() =0)
> k3] Z:Z;,_Z:elv(lﬂ 12lep + Eq g [L=47 1077 Tev [1208.2884]  110-340GeV ’)Zj mass (m(i‘:) <10 GeV, m(i¥) =&(m() +m(;(§)))
o Q o lx , X;:’%V (tv) : 2T+ E Fmiss | =207 0", 8 TeV [ATLAS-CONF-2013-028] 180-330 GeV ’)Z; mass (m(fc?) <10 GeV, m(T¥) =8(m(x) + m(x,)))
© X% — vl |(VV1), VI 1(Vv) :3lep+ E_ |L=20.7b", 8 TeV [ATLAS-CONF-2013-035] 600GeV . Mass  (m@)=m@E), mG) =0, m{iv) as above)
12 Lol ( )~0L ()0 T,miss . X1 0 o 2 1
..................... %Zy WX ZTY, 231 + Ep e [£=207 107, 8 TeV [ATLAS-CONF-2013-035] 315GeV. ) Mass (m(c;) = mlx,), m(x,) = O, sleptons decoupled)
S Direct . pair prod. (AMSB) - long-lived X, X, mass (1 <t() <10ns)
23 Stable g, R-hadrons : low B, By g mass
S e _GMSB, stable T : low B I Tmass  (5<tanp<20)
§ 8 L GMSB,’;Z?—WG : non-pqinting photons %, mass (04 <r(;z:’)~<2 ns) )
........... %, 7>.9qu (RPV) : 1 + heavy displaced vertex qmass (1 mm <cr<1m,gdecoupled)
LFV : pp—v_+X, Vv ,—e+u resonance v.Mmass  (a,=0.10,4 ,,=0.05)
LFV : pp—Vv_ +X,Vv,—e(u)+t resonance vV, Mmass  (2,,=0.10,4,,.,=005)
N Bilinear RP\({ CCI)\/ISSM i1lep+7j's + Eq s G=gmass (et <1mm)
% ')ZT&E*V\L? X, >eevy,euv 4lep+E,  |L=20715" 8 TeV [ATLAS-CONF-2013-036] _, T60Gev X mass (m(x)) > 300 GeV,,, >0)
A Kp oes XTIV, 8TV Blep+1t+E, . |L=2071b" 8 TeV [ATLAS-CONF-2013-036] 350 GeV ¥, mMass (m(x,) >80 GeV, 1, > 0)
. 9 — qqq : 3-jet resonance pair g mass
.............. 9T, Tobs 2 SS-lep + (08b)'s + £ |isaurtstaviatias-conrasisson G80GeY. G mass (i)
Scalar giuon : 2-jet resonance Pair | L=4.6 ", 7 Tev [1210.4826] [Ho02876Gev] sgluon mass  (incl. limit from 1110.2693)
. . . € nNance p g
WIMP interaction (D5, Dirac ) : 'monojet' + E_ M* ﬁcale (m, <80 GV lmitof <687 CeV for D) |
’ | | L1 1 11 | | | L1 1 11 | |
-1
10 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.
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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
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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
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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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"Transverse"” PT Distribution (charged)

1.0E+01 5
1.0E+00 1
1.0E01 3

1.0E02 1

dNchg/dPT (1/GeV/c)

1.0E03

1.0E04 5

1.0E05

CDF

data uncorrected
theory corrected

PT{chgjet1) = 5 GeVic

Pythia CTEQAL (4, 2.4 GeVic)

1.8 TeV n|<t

2 4 6 8 10 12 14
PT{charged) (GeVic)

Event Simulation at the LHC

1/I\]ev chh/dﬂ

MC/data

- Underlying Event

> O ]
g L e data, uncorrected 1
/C - pzmm =3.5, N2:1-50: Xt2ot/N:3'1 1
wdf~ ——— pmi 35 =125 x2, /N=2.9 n
<= | t 05 495 Xtot . . ]
S0 10 150, N8 Herwig++ |
v [ i
3» —_
i -~ ){_‘ H
I H wafs
2l Hie T *T+
1 :

Charged particle 1 at 9oo GeV, track p; > 500 MeV, for Ny, > 6

=T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T |
- —e— ATLAS data =
. —— Hw++ 24, p? =1.0, pmin = 3.0 4
r —— Hw++ 2.5, MBgoo-CTEQ6L1 .
R e
? | | | | | | | | | | | | | | | | | ‘ | ?

\
N
1
-
@]
-
N

=

<d2Nchg/d’7d¢>

MC /data

. - 50
PP (GeV)

Transverse Nchg density vs. pirkl, Vs =7TeV

—e— ATLAS data

—— UE-EE-3-CTEQ6L1
—— UE-EE-SCR-CTEQ6L1
—— UE7-2

:

?

N

4

N L

6 8 10 12 14 16 18
p1 (leading track) [GeV]

()

ATLAS PRD83(2011)11200]
Gieseke, Rohr, Siodmok, arXiv:1206.2205

77

Latsis Symposium, ETH, 04/06/13



A high-mass dijet event
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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 0.06 :__
> = S Herwig-++ 006 F 43 = | e Herwig++ =
O (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
10-5 e _
> E - E > A
- 1076 T =
A= ;
0 e 0
O O
2 a
= >

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

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

(a) 50 GeV< My, <80 GeV a) 50 GeV< My, <80 GeV
(\IP_-‘ 10_ F T | | L | T 1T | T 1T | L | T 1T T ’;‘ = I | L | 11 | 11 | L | L | L T :
5 b 3 L
U - T ~ —
~ = o] B _—l_=
8, A = —e— DO data g —e— DO data
= - —_ - S~ -1 [ #: .
& —— —— Hw++ POWHEG < 10" — Hw++ POWHEG — i = =
& — i - —+— -
= 03 L -+- — - - Hw++ LO ) - - ——— Hw++ LO
S - — d— g B _+__ =
= - g S
A - <
3 i S 1072 —
T : -
wote . — 3 - Z
- 1 -
- o e e b b b b by | - :l oo e e b b e | | =
_S 3 o ;_I L | T 11 | T 11 | T 11 | T 11 | L | T 11 | T I_; E 30_ §|_ 11 | 11 | L | L | 11 | 11 | I | _;
© = = [¢] = =
o} 20 E — o) 20 = —
10 :5_ | — ' 10 B i —
% oo i I — Lz) oo f : —i— i
< acE e = vy S L | I
20 E- e e t-————————= = -205 —— - - =
-3 o ;_I L1 1 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L1 1 I_; -3 v L1 1 | L1 1 | L1 1 L1 1 | L1 1 | L1 1 | L1 1 | ] I_;
10 20 30 40 50 60 70 80 1.6 1.8 2 2.2 2.4 2.6 2.8 3
p’7 [GeV] Ay [rad]

® 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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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 at 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.

82

M Peskin, arXiv:1207.2516
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Achievable Precision?

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

A 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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