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"Why search for new physics?
B\\What are Exotics Searches?

"Examples of Searches
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Why search for new physics?

" \\e are reSEARCHers : |

" We strive for new understandings |

" Our goal: “create” KNOWLEDGE [ i
We are “Wissenschaftler” - s

Fluctuations | |
&
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Inspiring

Humbling

FUN
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and a LOT of work.....
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Why look beyond the Standard Model?

" Experimental Evidence

" Non-baryonic dark matter (~27%)
" Inferred from gravitational effects
" Rotational speed of galaxies
" Orbital velocities of galaxies in clusters
® Cosmic Microwave Background

" Dark Energy (~68%)
" Accelerated Expansion of the Universe

® Neutrinos have mass and mix
[ |

C. Issever, University of Oxford

Weak Interaction

Flavor
States

B

.

@]
=

']

Dark Matter

Dark Energy

neutrinos quarks
Mass States Mass Stests

Partlcle 12

3

Flavar
States

de

o
®

uonaelaju| Meapn


http://map.gsfc.nasa.gov/resources/camb_tool/index.html

Why look beyond the Standard Model?
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Another Reason: A Higgs boson

" ONLY spin O elementary particle

" Couplings are NOT dictated by gauge symmetry
" Hmm....

" Symmetry breaking
" Underlying reason?

|

® Small mass possible if new physics
" “Fine Tuning Problem”

Higgs Is an EXOTIC particle.

C. Issever, University of Oxford o]



Implications of the Higgs Discovery

® Last prediction from an experimentally well tested model.
" No real guidance on the model market
" New Insights have to come from experiments
®Generic searches!

C. Issever, University of Oxford 10



Implications of the Higgs Discovery

® Last prediction from an experimentally well tested model.
" No real guidance on the model market
" New Insights have to come from experiments
®Generic searches!
" If new boson is the SM Higgs

Ly = (D,H)T(DFH) —A(HTH)® + MWw2HTH
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Implications of the Higgs Discovery

® Last prediction from an experimentally well tested model.
" No real guidance on the model market
" New Insights have to come from experiments
®Generic searches!
" If new boson is the SM Higgs
— Know now experimentally scale of Standard Model.

Ly = (D,H)T(DFH) —A(HTH)® + MWw2HTH

"y = (V2G;)1/%2~246 GeV~10"1° cm
® Search beyond this scale - TeV and above!

C. Issever, University of Oxford 12



Many Examples for this in History
"~ PERIODIC TABLE OF THE ELEMENTS .
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The Periodic Table of Particle Physics

The Standard Model and the Higgs boson
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What else Is there beside SUSY framework?

B SUSY i1s NOT a model

" “Symmetry principle characterizing a BSM framework with an
Infinite number of models”....Lykken

® SUSY mass limits pushed to 1 TeV

" SUSY becoming more “Exotic” the higher the mass limits get.

" SUSY is only one possible way.....
% Many more ways to solve problems with Standard Model
" What if nature has not chosen low scale SUSY?
" Make sure to cover every feasible corner...

7/31/2014 C. Issever, University of Oxford 16



Fine Tuning Problem....
----- . - , ,
{Q Ei:::} G. Servant, 0 M= A

4 ways to solve it

® Supersymmetry
" Sparticles cancel particle contributions

" Extra Dimensions

" Higgs is a vector in 5D
® Higgs Is composite

" Strongly coupled new physics
" There is no fine tuning problem in SM

" Not everybody thinks SM has a fine tuning problem
7/31/2014 Nttp://arxiv.ora/pdf/ 18 Msevehifersity pf Oxford 17
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http://arxiv.org/pdf/1306.5647.pdf

Models try to answer guestions

" Hierarchy Problem

" EWK force ~ 1032 X
Gravity?

— Extra dimension models
" Fine Tuning Problem

— SUSY

— Composite Higgs

— Extra dimension modele
® What is Dark Matter?

— SUSY

— Extra dimensions....

7/31/2014

" Family structure in SM?
" Running coupling constants?

— GUT

" Have elementary particles a
sub-structure?

Not all questions
may be sensible..

C. Issever, University of Oxford 18
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Extra Dimensions
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Extra Dimensions are not a new ideal!

1920’s Kaluza&Klein unify
electromagnetism with
gravity

1970 String Theory is born

" QM of oscillating strings
" Bosonic

1971 SUSY enters the stage

1974 Gravitons “pop out” of
string theory

® 1984 Superstring Theory

" 10, 11 or 26
dimensions needed

" Compactified

B SUSY needed for
fermions

® 1998 Large Extra Dim.

" Nima Arkani-Hamed,
Savas Dimopoulos,
and Gia Dvali

" Warped Extra Dim.(1999)

7/31/2014

C. Issever, University of Oxford
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7/31/2014

Geometrisation of Gravitational Field

Gy + g F 3G T,

Geometry Matter

N

Dynamically correlated

C. Issever, University of Oxford
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Kaluza-Klein Theory

" Geometrical unification of gravity and electromagnetism

" Formulate GR in 5D
— 4D gravity + U(1) gauge theory + scalar field (radion)
® Basis of string theory

® Problems:
" Classic theory
" Not chiral, fermions are vector like

H
7/31/2014 " - C. Issever, University of Oxford 23



KK Particles

mass

6R

5R

4R

3R

mass 1 2R

difference
~ | /s1ze I 1R e

http://luniverse-review.ca/l15-74-KK.jpg
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Where are they?

" ED may explain complexity of particle physics
" Where are they?

http://www.particleadventure.org/frameless/extra_dim.htmi

...but a flea can move
in two dimensions.

7/31/2014 C. Issever, University of Oxford 25



Table Top Experiments

1/r?-law valid for R=44 pm (My~4 TeV) at 95%

E.G. Adelberger, Prog.Part.Nucl.Phys. 62 (2009) 102-134

7/31/2014 C. Issever, University of Oxford 26



Modern Extra Dimension Models

« A

Bulk fields

0 |"VVVV

“branes”
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Gravity in Extra Dimension

At small distances gravity can be very strong,
up to 1038 times stronger:

w2 _ (2TT)
G ME™ =
~ rn?Z ’ 81TGD
At large distances gravity seems weak G, =GL"
E o~ G, G
L"r® r?

G is “diluted” strength of gravity in our 3-dim. space.
G, Is the (4+n)-dimensional Newton gravity constant.

7/31/2014 C. Issever, University of Oxford 28



Production of Black Holes at the LHC

// ) N quark
n / R \
- _2G*L'M SR,
S 2 quark !
C x> /
a \\ ///
M:\/SXaXb — ¢§ Réquarks §10_18m

04.02.2009 C. Issever, University of Oxford 29



Warped Extra Dimensions

ds?

a(y)*datda’ ., + dy? , aly) = e

7/31/2014 C. Issever, University of Oxford 30



Other Warped Extra Dimension Models

Usual spacetime
directions

y

Z boson

electron

Higgs boson

/

Microscopic exira dimension

7/31/2014

C. Issever, University of Oxford

Inverse Coupling
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Supersymmetry

® Geometric interpretation using Superspace

superspace
< persp

-
-

-

“” <« translation

3 4-d space
S
=
O 4-d space-time superspace
Poincaré supersymmetry
P =(t,x,y,2) P=(txyz0,0)

7/31/2014 C. Issever, University of Oxford 32



SUSY is Symmetry Group of Superspace

superparticle

superspace
boson

(integer spin) fermion

half-integer spin)

Guidice
A-d SPace
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Role of Models in “most” Exotics Searches?

" No specific Model to guide us. ® No unified parameter phase
space to map results

T, production Status: December 2012
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The Role of Models in “most” Exotics Searches
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The Role of Models in “most” Exotics Searches
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The Role of Models in “most” Exotics Searches

" Models used to quantify our reach.
" How far did we get?
" How do we compare to previous searches?

® We use so called Bench Mark Models
" Used before by other experiments

® Simplified Models or generic resonances

7/31/2014 C. Issever, University of Oxford 37



Exotics Search Signhatures: s-channel Production

7/31/2014

Heavy gauge boson

A iLf”
-—— — -
7

Lykken, http://arxiv.org/pdf/1005.1676.pdf
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Exotics Search Signhatures: Associate Production

7/31/2014

Doubly charged Higgs

]

KK-Graviton

ai

W+

Lykken, http://arxiv.org/pdf/1005.1676.pdf
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Exotics Search Signatures: Pair Production

squarks 1 leptoguarks ,
- _ L X, _- 4\ _
g jr 0 g ; z ) g Z
g Ei% g - - - “‘[l] g g ‘_‘-" - L/

Lykken, http://arxiv.org/pdf/1005.1676.pdf
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Exotics Search Signatures: BSMstrahlung

7/31/2014

Pseudo-scalar

C. Issever, University of Oxford

Lykken, http://arxiv.org/pdf/1005.1676.pdf

41



Signhature Landscape

T he Class ics

KC’/N)V\GV\C €
- P I(;r-d‘)v’\

T. Golling
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Models and Signatures

SUPERSTRIN &
M—theovy heterotic
G‘a ‘Olcnon, E‘*E’ 4
Type-EA Type-I
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C. Issever, University of Oxford
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Complex 2D Problem
Strategy signature based

Cover all possible signatures

C. Issever, University of Oxford
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Exotics Searches

" Wide range of final states lj N KNOWN

| i;ahdu«qp
" Wide range of models | \ ’*@» il

/s SN

" GENERIC

" | ook for resonances

" Look for any disagreement
from expectations

® Extremes
" Experimentally
" Theoretically

S
C. Issever, University of Oxford 46
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Basic Principles of Exotics Searches

" ldentify your discriminant!

" Most important: Robust background estimation!

" Biases ?
" 100% blind analysis — not appropriate at LHC
" Control regions

" Trade-off between Signal and Background
" Do NOT optimize towards a specific model
" Selection cuts defined by triggers and background reduction.

7/31/2014 C. Issever, University of Oxford 47



Basic Principles of a Search

" You have a background estimate...what now?
" Check If data agrees with this expectation.

" If it does not agree...
" Is the significance increasing with more data?
" Look at time dependences...
" Cross checks....
" Discovery if significance is greater than 5 sigma.

" If it does agree....
" How far did we explore the new physics phase?
" Use models to quantify the search reach.

" Useable for others (publish acceptance and efficiencies)
713172014 C. Issever, University of Oxford 48



Exotics Searches

® Heavy resonances
_ g 10,000 (1962)  (1974) 7 (1983)
" Dileptons 2 4000
- DlJ etS g 110: * the future...
[ | Tt b ar § 1} CMS Preliminary (2010) \

e ' AR G Y L S VT VAT
1 10 100
Mass of particle decaying into a pair of muons

" HH

" Vector-like quarks

® Dark matter and extra dimension

7/31/2014 C. Issever, University of Oxford 49



Resonance Searches

Falling, smooth background
Predict from MC or data

Search for a bump

Invariant Mass

C. Issever, University of Oxford 50



Dilepton Resonance Search

Noam Tal Hod
CERN-THESIS-2012-155

Proton;

Protons,

s

7/31/2014 C. Issever, University of Oxford 51



Dilepton Resonance Search

. _ ATLAS-CONF-2013-017
Models: PAS EXO-12-061
"Little Higgs — heavy gauge boson(s) (Z'/W’)

"GUT-inspired theories — heavy gauge boson(s) (Z’'/W’)
®Strong and EWK force merged into one interaction
®Described by higher symmetry group

"Popular choices:
"|_eft right symmetric models (SO(10))
"E, symmetry models
®Sequential Standard Model (SSM)
" Z’ carbon copy of Z° just heavier
" Z' decays into any SM lepton-antilepton pair
® decay into gauge bosons is suppressed by hand
" not gauge invariant, not very realistic but
" reference model
"Randall-Sundrum ED — Kaluza-Klein graviton

. . .
7/31/2014Techn|color — narrow te@gg@geq’

rL?nrﬂv%rsity of Oxford 52



CMS Highest Dimuon Invariant Mass Event; 8 TeV

CMS Experiment at LHC, CERN

CMS I B S £ S 2L ST 3 CMS Experiment at LHC, CERN
P~ _Xi| Lumisection: 553 C S i| Data recorded: Sun Jul 22 06:02:46 2012 GMT-4
SN a #| Run/Event: 199409 / 676990060 |
o /_/ g Lumi section: 553
/ /
X < \
//{ A ﬁ _‘l_ ] l
/ [Muon 0, i
/ pt = 897.88
/ eta=0.518| 1
phi = 1.095
Muon 0,
pt = 897.88
eta=0.518
4 phi = 1.095
1. 4 \‘% 1
Muon 1,
pt = 882.75
— eta =0.988
m.., = 1824 GeV phi = -2.065
inv
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Proton-Proton Collisions

7x102 eV Beam Energy
10* ecm?s'  Luminosity
2835 Bunches/Beam
10" Protons/Bunch

7 TeV Proton Proton
colliding beams

K
O . Bunch Crossing 4 107 Hz
t:) Proton Collisions 10°Hz
Parton Collisions
I8)
New Particle Production 10° Hz
7/31/2014 (Higgs, SUSY, ....)
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® Single most important quantity
" Drives ability to observe new rare processes

® revolving frequency f = 11245.5/s
.I: %N ” N2 ) _9 q y
L . bunch P Npunch = 2808
o " N,=1.15x 1011 Protons/Bunch
41T * O.X * Gy "Area of beams: 41o,0,~40 pm

" Rate of physics processes per unit time ~ L

N —|Ldtxg*0o — | Cross section; given by
Obs I / ProCess | nature; predicted by theory

Efficiency; optimized by —
experimentalists Maximize N, = max € and L
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Our data sample for 2012

Peak Luminosity in 2012

Integrated Luminosity in 2012

= ] = -
2 10|~ ATLAS Online Luminosity Vs =8TeV — o 30 ATLAS Online Luminosity ~ \5=8Tev =
£ | e LHC Stable Beams ] E. - [ LHC Delivered -
3’; 8 :_ Peak Lumi: 7.73x 10%* cm?2 5! _: é 25 - [ ] ATLAS Recorded B
= - - £ - Total Delivered: 23.3 fb :
E 5 - ” . ‘* . o } ‘ N g 20 :_ Total Recorded: 21.7 fb _j
g T ) 3 150 E
% e t il 5 - 1
4 . — = C ]
£ 4 . : ) = 1o E
= - £ . . . i [ - ]
3 21— . ¥ _| 2 5:_ _:
4 ~ . * — - -
5 [ : : —
o 0 :’ . | * - * * @ * !. n 0 C L Lot iy Ly 1 Lo i1 N
27/03 07/06 19/08 30/10 11/01 27/03 01/06 07/08 12/10 18/12

Day in 2012 Day in 2012

Delivered Integrated L: 23.3 fb-1

Recorded Integrated L: 21.7 fb!

1b = 10%*cm?
— -39 2
7/131/2014 C. Isseve 1fb 10 cm



Rates of physics processes @ LHC

q LHC 14 TeV L=103*cm3s?! rate ev/}7ar

bam - 5 1 1017
i S e lenz 410 | Interesting physics swamped by background
— O(mb) 0 | ® Cross section for new physics:
mo § b6 1o * ~10%2times lower !!
(uHz 210" e Need to filter > TRIGGER SYSTEMS
L-4-output-=-HtT-input : 1012 .
SN ets g g ® Carefully decide what to record
ub E = 10™M
: : oo | * Youdo not have another chance
oW = kHz
‘o7 :
LWl N\ max: HEoutput 2 10°
g ® Zolv E
nb ot 108
i Hz 107
~~~99 —H sUSY GG+3g+4g -
O:f||) \ M N tan Bq:% Tig:rrg;gm"m ] 108
E T tan B=2, {i=m>=mJ
gl pb é qa%anS?‘ R\: \anB ! mg mq 1 105
% _ EEM_)YY A+=57" \\:\\ | ; mHz 104
— ARL B
Q ’%Z— Q(f ) i 103
g fb E /\\< \\\ \ 102
2 My 22 041N \
; ® Zgw—3¥ scalar LQ z \ e 10
Z | ’
50 100 200 500 1000 2000 5000
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Compare this to rates of physics processes

q LHC 14TeVv L=10%%cm32s1 rate eviyear _
17 ...leraction rate
bam 5 1 510 ~1 GHz CALO MUON TRACKING
340 Bunch crossing T
: o inelastic L1 input 3 pElar 2 rate 40 MHz .
E , ] ipeline
{ d0 LEVEL 1 mémories
F ] 3 TRIGGER
I 1014
mb . o 10 < 75 kHz
% % MHz 'é 10% ¢ Derandomizers
< ] 3 ’ Readout drivers
3 L4-outptt-= HEF-inpt 1o An12 Regions of Interest |{RODs)
E . Jets ] ]
ub E A . = 10" LEVEL 2 = Readout buffers
E ] E o TRIGGER 4 (ROBs)
E i E = 10
=N 3 kHz 3 Q) ki
r ® Wy R J A 1 409 |
E Tt AL T LU =g E|
B ® 7 v ] e .
nb e ¢t \ E E 10 EVENT FILTER Full-event buffers
C ] ] and
e ey \\i\sxn e AR ~ 200 Hz RN EALR AT
O:f||) i \ NN tan =2, u=m =m /2 i _: 108 ¢
g o T— N N tan B=2, i=mEm7 3 E
L‘I') b : aq %quQ‘;\"’ \ \ N ° d : _: 105 .
3 P o TN = E Data recording
~ - Hey =YY - NN i < 104
(o)) E - ==Y N N mHz = 10
o E — ARL 3 E
8 i P%Z___ \ N i 2 103
S N
2 M gy 22 44N \ \\
s E NG uHz o 10
= c ® 7., —3¥ scalar LQ Z H"E 3
Z [ i J1q
50 100 200 500 1000 2000 5000
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Compare this to rates of physics processes

q LHC 14 TeV L=103*cm3s?! rate ev/}?ar

bam ¢ . 1 = 1017
1101
5 o inelastic L1 input 2 Ghz 3
- - £ 10%

. ) 304 ~ ]
: bb L | 4ATLAS Trigger Operations Bphysics (Delayed)_]
| MHz o 107 o - Run 209183 Bl Hadron (Delayed) -
- . A : T2 & 1.2[Aug. 252012 Bl MinBias -
E LT OUWpt-= mici— iypit & - E - =l
EEING L jets E 3 £ 1k Muons -

ub F - - EW : B Jet/Tau/Etmiss 5
E 3 | S - -
- lein 4 J0°  » 0.8} Bl Egamma i
E ‘ez 3 3 L. 33 2.1 -
C ‘ N v ] ] g g . L"]ax=7.2x10 szs1 -
E maxrHEToutput 2 I 10 o 06_ . .
: o Zolv E : o - .

nb e ¢t 110 I 04 =
; NS L o :
E o TT—99 ~Haw ¢ NIN\SUSY qg+qg+gg .

O:f||) i \ NN tan B=2, u=n g:m“'/2 ] 1 108
| g o T— NN tan B=2, li=mEm] 3 E 0
L0 [ Q=99 Hsi SO . < 10°
Q b c T TN 3 E
@ : ~ N - E
& i Ham—7Y - SR i [T P Time
S T — \ Nar —2 3
N L = N i - 103
Nb g N E 3
2 M gy 22 44N \ A\
s E ,\f uHz = 10
= c ® Zo—3Y scalar LQ Z H‘Iﬁ 3
Z [ i J1q
50 100 200 500 1000 2000 5000
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Dilepton Resonance Search: Trigger Strategy

ATLAS CMS
ee channel ee channel
" Diphoton trigger " Dielectron trigger
" E;>35GeVand E;>25 GeV " Both clusters w E; > 33 GeV
uu channel uu channel
" Single muon triggers " single muon trigger
" E;>24 GeVorE;>36GeV " E;>40GeV
3 B L L E/gamma HLT Turn On for a 33 GeV Online Cut
g 1 ATLAS Preliminary n > 12T
= B 5 _ CMS Prelim;inary, ys =8 TeV
. 0.8:— E 1.0:— :

SUNPCEN Y

o
(=]
T T

0.6

Data 2012 (ys =8 TeV)

y S
04 © J Ldt =556 fb" - 0.6 / f }L/
i n <1.05 - i {;%

Takuya Nobe, ATL-DAQ-PROC-2012-067

0.2+ — 0.4
- o EF_mu24i_tight i ! [ / ¥ i<t
B T P T T T T 0_27 —&— [n>1.5 (runs wfo laser corr.)
0 56 30 40 50 60 70 80 a0 100 i z ;: 5? —e— [n|=1.5 (runs with laser corr.) i
u GeV g Il L L L L ‘ L L L L L L L L ]
pT[ ] 0.8 35 40 45 G vso
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https://twiki.cern.ch/twiki/pub/CMSPublic/L1TriggerDPGResults/_img825764b5103946061a8c8391df7f0aeb.png

CMS Di-Electron Event Zoomed into Inner Detector

PAS EXO-12-061

CMS Experiment at LHC, CERN

Data recorded: Tue Aug 21 07:30:43 2012 CEST
Run/Event: 201278 1 2107823234

Lumi section: 2053

Track pT > 3 GeV Electron 0,
ota = -0.027 CMS bar7 pixel detector
phi = 0.041
; Multiple interaction vertices

Require 2 1 Vertex
ATLAS + Z 2 traCkS CMS barrel silicon strip

CMS: + = 4 tracks

7/31/2014 C. Issever, University of Oxford 61



Selection for Di-Electron Channel

ATLAS CMS
E-1>40GeV E 1>35GeV

E.2>30GeV E.*>35GeV

Protons

-

\\s
Problem: jets fake electrons
Use Isolation to reduce fakes

7/31/2014 C. Issever, University of Oxford 62



Electron Isolation |, .qive

Energy/momentum around
lepton

—

ATLAS CMS

leading jcalo ) ,<0.7%-E; + 5 GeV
|trackero_3<5 GeV |Caloo.3<3OA).ET

subleading |1, ,<2.2%E; + 6 GeV

7/31/2014 C. Issever, University of Oxford 63



Acceptance x Efficiency after all Selections

ATLAS CMS

AXe(m=2TeV)=73% Axe(m=2.5TeV)=67%

Similar

7/31/2014 C. Issever, University of Oxford 64



Di-Muon Channel

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

Mwon(s') | | _Electron | | Neutral Hadron | jwm |__oPhoton |

|
6m

g s : e — : iy ECAL /\ :
( (B ot [ : Electromagnetic N ,
: o 9 o .,}jm \/
= -4z n (e . 3 HCAL - Hadron Superconducting
. - i i 33

Transverse slice [Meon sizeatare: Sigaak i the Tracker and muon chambers; slmost sothins seen in the calorimeters.
through CMS PMoons are parhaps the axest particles 1 deatify in CMS: 00 ofher charged pariicls traverses the whols datactor. Being charged,
ey 2re bant by the fiald in ons direction inide the wolenoid 20d in the opposite diraction outuide. As muom c2q ooy arive from the
[aczy of something haxviar their pravance sigaifies that somerthing poteatially imaresting has Bappenad.

Derred from CMS Detector Shce from CERN

7/31/2014 C. Issever, University of Oxford 65



Dilepton Resonance Search:: yu selections

ATLAS CMS
® Single muon triggers " Single muon trigger
" p,> 25 GeV " pr>45GeV
" |n|<2.4 " |nl<2.4
|

Suppress cosmic rays
|do| < 0.2 mm
|Z,-z(vertex)|<24 cm

" Suppress jets faking p’'s

® Suppress cosmic rays
" ]dg| < 0.2 mm
" |z,-z(vertex)|<1 mm

" Suppress jets faking y’s " $p-(AR<0.3) < 10%-p;
" 2Pr(AR<0.3) < 5%p; " |z,-z(vertex)|< 0.2mm
" Require opposite charge " Require opposite charge
Very different

Axe(m =2 TeV) = 46% Axe(m = 2.5 TeV) = 80%

7/31/2014 C. Issever, University of Oxford 66



Dilepton Resonance Search: Backgrounds ee

dominant & irreducible

w(l™)

WHWw-)

(i)

Use MC

(a) Drell-Yan (b) WW (c) Wy

- 2nd for ee channel
s q /\J\/\/\/ ! r}
q v. 4

=l
A
N

9 Use data g

(e) ZZ,Z~,yy (f) Dijets (without the exter-
nal photon line),y-+jets

7/31/2014 C. Issever, University of Oxford 67



Dilepton Resonance Search: Backgrounds ee

2"d for ee channel semi-leptonic

2nd for ee channel
data

(g) Dijets (without the ex-
ternal photon line),y-+jets

2nd for ee channel data

q

qulqa) wm(l™)
WHW-)
l]J[ Gu) & (1)
(j) W jets
7/31/2014

2nd for ee channel
data

(h) Dijets (without the ex-
ternal photon line),vy+jets

(k) Z+jets

C. Issever, University of Oxford

(1) DY to tauons to leptons
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Dilepton Resonance Search: Backgrounds pu

dominant & irreducible mc

v, Z°

=l
3

nal photon line),y-+jets

7/31/2014 C. Issever, University of Oxford 69



Dilepton Resonance Search: Backgrounds pu

qa( ) (i) q

(k) Z+jets (1) DY to tauons to leptons

7/31/2014 C. Issever, University of Oxford 70



Heavy Resonances Search: 8 TeV Dileptons

Backagrounds

“ SM Drell-Yan: y*/Z-> I*I

® shape taken from Monte Carlo

® normalisation taken from Z peak in data
“ t-tbar:

" where tt goes to e+e-, mu+mu-

" est. from MC, cross-checked in data
" also includes Z->11, WW, WZ

® Jet Background:
" di-jet, W+jet events where the jets are
misidentified as electrons/muons
“ Cosmic Ray Background:
" muons from cosmic rays

" estimated <0.1 event after vertex and
angular difference requirements

ee and pp

<

7/131/2014 C. Issever, University of_ Oxford
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Dilepton Search: The Discriminant

ATLAS-CONF-2013-017
PAS EXO-12-061

g WET P ey > 10 . S
:>J> 10° 7% o6 Seafeti Ezjy, 0] 105 CMS Prsgr_nr:ary, 8 TeV, 206 fb
1 tt -
fetl = g — el
\s=8Te : _
10* —12(1500 GeV) 0 10° ] tw, WwW, WZ, ZZ, 1t
10° 2000 GeV) 102 [ ] jets (data)
10° 10
10 1
1
1 10
10°
102
102 . X PP ) L ; 3
2 T 107
g 1(“ ¢
g ? + % 1 0“4 | 1 1 | 1 1 1 Il
g o 1 70 100 200 300 400 1000 2000
2 100 200 300 400 1000 2000 3000
? m [GeV]
G V mumu
Mg, [GeV]

Invariant mass reach of 1 - 2 TeV
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Dilepton Resonance Search: Systematic Uncertainties

Source Dielectrons Dimuons
Signal  Background | Signal  Background
Normalization 5% NA % NA
PDF variation NA 15% NA 15%
PDF choice NA 17% NA 17%
Scale NA - NA -
(¥ g NA 4% NA 4%
Electroweak corrections NA 3% NA 3%
Photon-induced corrections NA 4% NA 4%
Efficiency - - 6% 6%
Resolution - - - 30 (790
W + jet and multi-jet background NA 9% NA -
Diboson and tthar extrapolation NA 5% NA 4%
Total 5% 26% 8% 23% (26%)

7/31/2014

C. Issever, University of Oxford




Heavy Resonances Search: 8 TeV Dileptons

ee [GeV] 110 - 200 200-400  400-800 800- 1200 1200-3000 3000 - 4500
Z/y 119000 + 8000 13700+ 900 1290 +80 68«4 98 +1.1  0.008 +0.005
it 7000 = 800 2400 +400  160+60  25+0.6 0.11+0.04  <0.00l
Diboson 1830 = 210 660 + 160 03+33  48x08 079=026 0.005 +0.004
Dijet, W +jet 3900800 1260310 230+110 86+24  09+0.6  0.004 +0.006
Total 131000 = 8000 18000+ 1100 1780+ 150  84=5  11.6+13 0.017 +0.009
Data 133131 18570 1827 o8 10 0

ATLAS-CONF-2013-017
mlGeVl 110 -200 200-400  400-800 | 800- 1200 [1200-3000 3000 - 4500
% 111000 = 8000 11000 = 1000 1000 + 100 | 49 + 5 7313  0.033 +0.029
ft 5900 £900 1900 £400  140+60 | 27+07 [016+008  <0.001
Diboson 1520 + 190 520 + 140 62+26 | 28+1.0 [038+028 0.002 +0.003
Total 118000 = 8000 13300 = 1100 1160+ 120 | 55+5 78 =13  0.035+0.029
Data 118701 13349 1109 48 8 0

7/31/2014

C. Issever, University of Oxford
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What do you do now?

" Observed numbers consistent with background???
" Many ways to do it - Statistics Lectures/Tutorial
" One way e.g.:

"Pn=nyy)=1—f(n;s=0;b)=1— Zn"bs_l bne"b

n!

" Probability, assuming s = 0, to observe as many

events or more for a given expected background
amount, b.

®" For 800 — 1200 GeV bin in yy
"b =55, n,,=48 -P=84%

7/31/2014 C. Issever, University of Oxford 75



Heavy Resonances Search: 8 TeV Dileptons

ATLAS-CONF-2013-017

Mee [GeV] 110 - 200 200 - 400 400 - 800  800-1200 1200 -3000 3000 - 4500
Z/v* 119000 + 8000 13700 + 900 1290 + 80 68 +4 98 +1.1 0.008 + 0.005
1t 7000 + 800 2400 + 400 160 + 60 25+0.6 0.11 £0.04 < 0.001
Diboson 1830 £ 210 660 = 160 93 + 33 4808 0.79+0.26 0.005 x0.004
Dijet, W + jet 3900 + 800 1260 = 310 230+ 110 8.624 09 +0.6 0.004 £ 0.006
Total 131000 + 8000 18000 = 1100 1780 + 150 84 + 5 11.6+1.3 0.017 +0.009
Data 133131 18570 1827 98 10 0
Analysis: P(ee) = 18% Analysis: P(uu) = 98%
my, | GeV] 110 - 200 200 - 400 400 - 800 800 - 1200 1200 - 3000 3000 - 4500
Z/y* 111000 £ 8000 11000 = 1000 1000 + 100 49 £ 5 73+1.3 0.033 = 0.029
tt 5900 + 900 1900 + 400 140 + 60 2.7+0.7 0.16 £0.08 < 0.001
Diboson 1520 = 190 520 + 140 62 + 26 28+10 038+0.28 0.002 +0.003
Total 118000 + 8000 13300 + 1100 1160 + 120 55+5 78 +1.3 0.035 +0.029
Data 118701 13349 1109 48 8 0

No deviation from expectation found.
7/31/2014 C. Issever, University of Oxford 76



We did not find any deviation

" Quantify the sensitivity and reach of our analysis

® Again, many ways to do it....
" “Religious” wars are being fought about this.....

7/31/2014 77



Back of the envelope demonstration.....to get the idea
"N, =s+hb

" We want an upper limit (bound on s) given we expect
b background events and have observed n ., events.

" Use Bayesian method with uniform prior density
B3 =e7ST Yobs(sUP)" /nl solve this numerical
" We ignore erroron b....

" We ignore systematic errors

7/131/2014 C. Issever, University of Oxford



B 3= =S Yobs(sUP)R /nl solve this numerical

® Back to our example
“ 3800 GeV <m, , <1200 GeV
" We have observed n, . = 48 events
" We expect b=55 background events
" Our Acceptance x Efficiency ~ 50%
" We have analysed L = 20 fb-1 of data

7/131/2014 C. Issever, University of Oxford
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B 1k
101 =
= =3%
102 -
10° &=
10'45—
- suP=14
B | | | I | |
0 5 10 15 20 25 30 35 40
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Let us compare with the published limit...

E 1 ;I I I I I | I I I | I I I I | I I I I | I I I I | I I I I;

o 0 __ s =38 TeV W Expected + 1o __

= Z — up Expected+ 26

B — Observed limit ]

102 . ANy —

E - ZTx E

107 &= =

4 i

10 = JLdt:ztofb'“ E
10'5 _I | | | | | | | | | | | | | | | | | | | | | | | | |

0.5 1 1.5 2 2.5 3 3.5
M, [TeV]
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Let us compare with the published limit...

Q'
=
o

©

7/31/2014

“sensitivity” border

JLdtzzofb'“

ATLAS Preliminary --- Expected limit

‘5 =38 TeV I Expected + 16
Expected+ 2

— Observed limit
ﬁ Z,SSM

—Z,

—_— Z’“,

0.5

1 1.5 2 2.5 3 3.5
M, [TeV]

. 1OOT VI, UINVTIOILy Ul \JAIVIU
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Let us compare with the published limit...

E 1 EI I I I I I | I I I I | I I I I | I I I I | I I I I | I I I lE
o — .. -
E- - ATLAS Priallmlnary .- Expected limit
o o B Is =8 TeV W Expected+ 16
- - Expected+ 26 =
B — Observed limit ]
102 = Ay —
: —2, é
B — o
102 = R . —
i
10 ‘ e
; :
10-5 ‘ I NI N SRR NN N N
0.5 1 1.5 2 2.5 3 3.5
M, [TeV]
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Limits for both channels combined
ATLAS CMS

— 1 = T | T T T T | T T T T | T T T T | T T T T | T T T T
o E L - _1
o E oo 3 CMS Preliminary 8 TeV,ee (19.6 b)),y (20.6 fb™)
o - ATLAS Preliminary - Expectedlimit § o 10* T~ T g
o ‘_ Vs =8TeV I Expected+ 1 _— 4 - N\ e median expected 3
10 = Z =l Expected+ 26 = B I 68% expected ]
. 3 AN 95% expected
— Observed limit 10° & .., —
102 5 Zsou —= Z E
- —Zy = i —e— 95% CL limit i
B —Z ]
107 & ' 2= 10° = 3
104 :_ —: 107 &=
gee,up:det=20m'“ = = 3
o 7 Co b v by by by b SNy [
B u 500 1000 1500 2000 2500 30?|0 G 3500
—5 | 1 | | 1 | | | | | | | 1 | | 1 | | | | | | | | | | 1 | | 1 | 1 m e
10 0.5 1 15 2 25 3 35 (1) [GeV]
M. [TeV]
Z'so > 2.86 TeV@ 95% C.L. Z'sq > 2.96 TeV@ 95% C.L.
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Let us discuss a bit the difference btw ATLAS/CMS

— 1 = T | T T T T | T T T T | T T T T | T T T T | T T T T
o E L - _1
o E oo 3 CMS Preliminary 8 TeV,ee (19.6 b)),y (20.6 fb™)
o - ATLAS Preliminary - Expectedlimit § o 10* T~ T g
o 1 B Vs =8TeV I Expected+ 1 4 X - N asesssss median expected 3
e Z = Expected+ 26 = i \ \\ B 68% expected -
- 7 ) 95% expected
B — Observed limit 10° & Ze =
102 = Zy -
- = i —e— 95% CL limit i
10k = =
41 A
10 Eee,up:det=20m'“ 10 E 3
~ IR N T T TN AN N U TN T TN TN . N N T TR W SN N TN . N N A [
N 500 1000 1500 2800 2500 3000 3500
10-5 | 1 ID|5I | | | ’ll | | | I‘1 |5I 1 | | 2| | | | I2|5I | 1 | 3 1 | 1 m(ll) [GG‘V]
' | ' M, [TeV]

Z' ey > 2.86 TeV@ 95% C.L. Z'ssy > 2.96 TeV@ 95% C.L.
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Signhal Shapes and Parton Luminosities

A m (2') =11V m 2= 3TV

7/31/2014 QT{V 4 n V 36



ATLAS CMS Differences Iin the Limit Setting

ATLAS CMS
" Uses signal templates for limits " Uses narrow resonance
® | oss of sensitivity at high masses ® For cross section upper limit
= Parton luminosities "  Cross section upper limits
= Upper cross section limits model less model dependent
. u . .
specific Give outside world
description of what was done
g g T ®  Take signal shapes within +-40%
a2 K ATLAS Preliminary .. Expected limit of the mass peak into account to
o \s=8TeV Expected+ 1o | t th
107 s G* >l Expected+ 20 3 compute theory curves
i _Oenedimit 4 m Nt sensitive to parton
8z k/M,, = 0.1 . _ o'
10” kM =005 = luminosities
— kM, =0.03 3 ]
, — WM =001 1 " generic resonance search
104;— J 20 ) _;
Eee,uu | Ldt=201b 3
- ¥ KK Graviton narrow resonance
L ¥ S - ST Obs limit does not go up
M. [TeV]
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Dijet Event Display with m,., = 4.69 TeV

SUATLAS

A EXPERIMENT

: }- Run Number: 209580, Event Number: 179229707
1 Date: 2012-08-31 20:24:29 CEST




Heavy Resonance Search: 8 TeV Dijets

2 10°} arXiv:1407.1376 | vy ae :
e . | ATLAS_ E Probing
- E 1s=8 TeV, |L dt=20.3 fb"
S0 E 4 quark structure
'§106§ E ~5 TeV
D107 =
% 104;5 —e— Data E;
a 10’ — Fit -
102; --o-- g, m=0.6 TeV ;
= o--qg,m=2.0TeV =
10 g*, m=23.5TeV E
1, | =

E 1
& 0 ﬁ#
[0
S 1 -
= 2 —=
5 0 -
® =
03 04 05 1 > 3 4 5
R nstr m. [TeV
7/31/2014 8 Cgsesvte}'I 8trﬁ\gersmy[ ? Oxford 89



Heavy Resonance Search: 8 TeV Dijets

arxiv:1407.1376 | AfL A S
10° |
\s=8 Tev,jL dt=20.3 fb

‘f(x) = P1 (1 —x)f’zxp3+p4lnx

xX=mjj/\/s

-k
o
(8]

IHMIlel Hl”ym HHm HHM HHmeHthHW HHW Hﬂm [T

—e— Data
— Fit
—o-- g, m=0.6 TeV
—o-- @, m=2.0TeV
g, m=3.5TeV

Prescale-weighted events

-i?galh; Imm HMMIHMJIWM L1

E 1
& 0
48]
S 1 -
= 2 —=
5 0 =
® =
0.3 0.4 05 1 2 3 4 5
Reconstr m. [TeV
7/31/2014 8 Cgsesvte}'I 8trﬁ\gerswy[ ? Oxford 90



Prescale-weighted events
6; (_:;U'I c_:;oa 6:] (_:;00

—
o
w

[data-fit)/fit

Signif.

7/31/2014

—k
o
w

Heavy Resonance Search: 8 TeV Dijets

arXiv:1407.1376 ATLAS §

‘f(x) = P1 (1 —x)f’zxp3+p4lnx

= \s=8 Tev,jL dt=20.3 fb"
:g
=
= <
;E —e— Data E;
,;r — Fit ?:
- o q,m=0.6"TeV .
= o--qg,m=2.0TeV =
= g, m=3.5TeV =
£ ) ¢
03 04 05 1 P 3 4 5

Rgconstructed m, y[T?(\)/ ord

Issever, Universit

xX=mjj/\/s

Global x2/NDF=79/56
P-value = 0.27

Fit describes data
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Heavy Resonance Search: 8 TeV Dijets

| Previous Results: 13 fbt | | New Results: 20 fb |
p— 1 3 = : : : : : E‘ :I | I | I I | | | | | | | | | | | I | | | I | i
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Heavy Resonance Search: 8 TeV Dijets

‘Previous Results: 13 fb'l‘ | ‘New Results: 20 fb'l‘
Té_ 1 03 E T — T — ] B E| L N |* I LA L B B B B — ;
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Heavy Resonance Search: 8 TeV Dijets

‘Previous Results: 13 fb'l‘ | ‘New Results: 20 fb'l‘
Té_ 1 03 E T — T — ] B E| L N |* I LA L B B B B — ;
— E —_——— q*MC12 E &103§ === 4q =
< 102k —e— Observed 95% CL upper limit :f §\ —— Observed 95% CL upper limit 3
é S Expected 95% CL upper fimit 3 102k \ - Expected 95% CL upper limit _
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Extending Reach to low invariant masses

1'_3 : I I | | | | | | | | | | I I I I | ] T | T T T | :
::;, 10 :_ ATLAS . e o 0 © 6 & & & o o o ._:
§ E S Normal stream only o E
= B e Delayed stream added © 7
] ° o
—1 1 o =

— ® ) =
- o =
— ° O ]
- o e} 7
10 . g —
— ° =
B . 9
1 0-2 §_ . ] —§
- ° E
u °® a
| — . |
10° | | =
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- 2010 2011 ]
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200 400 600 800 1000 1200 1400
Reconstructed m;[GeV]
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Gaussian resonance limits:
mean mass, mg and 3 o

Heavy Resonance Search: 8 TeV Dijets

Breit Wigner x PDF

—

o
w
ETTIT

—he

o

Mo
TTTTT T T

\s=8 TeV

jL dt = 20.3 fiy"
O'G/ mg

0.15

o x Ax BR [pb]

—— 0.10
0.07
—— Resolution

o x Ax BR [pb]

7/31/2014

mg [TeV]
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Search for Excess in Tall

New Physics
e.g. strong gravity
guantum black holes

D N

Invariant Mass

C. Issever, University of Oxford 97



Search for Threshold Effects: Dijet Angular

Lab frame Centre-of-mass frame

y* =3y — ya)
/ Boost, /;\
» - - > -

Yboost = %(Ua =+ Ud)
Yd Yy

dé /d(cosf) o~ sin~*(6/2) t-channel Spin-1 exchange

1+ |cos 9| 1 S
Y = — X =
1—|CDSH| 1—|EDEE9| t
do  o? *
EEy X ;5 (5 fixed) § = m;; |Constantin x for fixed m

7/31/2014 C. Issever, University of Oxford 08



Search for Threshold Effects: Dijet Angular

qq’ —+ g7 = qf — qf

%nf (—1;32(2‘]! :] q q
q q
99 —+ qq
64 2 (82+a? | #2482 8 q q q
ERs ( 7T ar ‘:7}
q q g
97 = q'q ,
_ 7 q
a2 (232)
q L_’rr
99 —+ 49
g q
64,2 (;ﬂ+=]’ e Tﬁ) q q . . .
98 t2 B ElFE
R w8, QCD is a bit more complicated.....
97 —+ g9
29 on 23 2 v q q q
;-:_;3“3 [_&t:}u _ i :I [
g g q
7 g
qg —+ qg
L . g g g 4 <
].6(}'5 (.—; j::n!'.' _ %.&‘Bil_;] :I g g
' q g
7 g 7 g
99 — qq
g q
8 o140’ 320 g q g
T (:r it 7—-;:—)
g q g
g q
99 — g9 .. .
g g
o (34 £ 4 22 23 2 NGz g 2, 5 Andreas Dominik Hinzmann

g q g
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Search for Threshold Effects: Dijet Angular

main processes

4 —— :
S 10 L, o
> = 9 s=7Tev —acp
Q _ T M, >22Tev-d9->dg
2 10° B o250 4 qq' >qq
= B o X e €  -> ¢
s 10 = 02, 0 e gg->9g
3 1k : 9g->qq
T, b 015} d4--499
107 ¢ 3 ~q9q->q'q
10_2;5 Dl-l:_ qq':' gg
10°E N mamn s e RS -
- 0.05["
1055 | .-.kr...x.'| .=._+i4m.'_ oL NI RN AR AN R
500 1000 1500 2000 zsuu 3000 3500 10 12 14 16
M, [GeV] 1

dijet

low M; gg and qg dominate

QCD ~ flatin ¥
high M ; dq dominate

Andreas Dominik Hinzmann
7131/ 2%14 C. Issever, University of Oxford 100



Search for Threshold Effects: Dijet Angular

arXiv:1210.1718

o< ' I I T T T 1] I
0.25+ ]
® - J-ldt - 4.8 " \s=7 TeV ATLAS -
o - Y :
A B l .
= 02EETgt oo _
o -
0.15F -Q-c-_e__e..—e——e——e-—@"'e"_ef_
;“—_..__—_—*H_‘-;
0.1+ -
- —ﬁ:__hjn—h—rm_"—:
0.05/ 7
B —-ﬂ:_.__..—o-—l-l-‘""_"f
ot | R SR . i

1 10

7/31/2014

Y m > 2600 GeV (+0.16)

e = p

2000 < m, < 2600 GeV (+0.12)
1600 < m, < 2000 GeV (+0.08)
1200 <m, < 1600 GeV (+0.04)
800 < m, < 1200 GeV

QCD Prediction
Theoretical uncertainties

Total Systematics

QBH (n=6), I'-.I'I:I =4.0 TeV (+0.186)


http://arxiv.org/abs/1210.1718

Finer binning in m; using F, (m;)

J‘Ldt —4.8fbNs=7 TeV ATLAS

—, .  —
'l

!

0.05

1 central 10

7/31/2014 C. Issever, University of Oxford 102



Finer binning in m; using F, (m;)

chentral/dmjj
dNtotal/drnjj

Fx(mjj) =

7/31/2014 C. Issever, University of Oxford 103



Search for Threshold Effects: Dijet Angular

arXiv:1210.171°

~ 0.3 -
L i | | _[;.dr _ 481" \s=7 TeV | e
——— (QCD Prediction : f
025_ [ | Theoretical uncertainties i
_ [ ] Total Systematics i
i . data 1
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0 1 5' Lower boundary of search region . 7
0.05}- -
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[ | | | | L
01 000 1500 2000 2500 3000 3500 4000 4500
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http://arxiv.org/abs/1210.1718

Search for Threshold Effects: Dijet Angular

arXiv:1210.1718

Systematic Uncertainty (%)

7/31/2014
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Search for Threshold Effects: Dijet Angular

arXiv:1210.1718
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New Physics Searches with high-pt top quarks

QUARK MASSES " Huge mass of top
" Bizarre — New Physics?

[GeV]

200

150

" Coupled to EWK

100 symmetry breaking

50

" LHC is a top factory

up
down |
strange °G
charm @@
bottom & =
top

" Heavy new particles
Z " Couple strongly to top
" Produce boosted tops

_. .___._., Jniversity of Oxford 107


http://www-d0.fnal.gov/Run2Physics/top/public/fall06/singletop/plain_english_summary.html

Top Quark Production and Decay

Semi-Leptonic Deca

C. Issever, University of Oxford 108



Boosted Regime

5227w ATLAS-CONF-2012-065

2m  oF ATLAS Preliminary - Simulation— 250
" Rule of thumb: | dR~— %.83- o E
DT <16k Pythia Z'— tt, t — Wb_: 200
1.4?‘ .
. - 1 150
" top with p; > 350 GeV 12
. . 1= —
decay products within R~1 0.8k 100
(%) = 0.6;— _
SRR 0.4f -850
hadronic top | ,ﬁ | 0.2F B
candidate .’* V/ N N T N N T A
o 0 100 200300400 500 600 700 800 900
R=1 top p.. [GeV]
o m=197 GeV
| 7f"‘-' N E;=356 GeV
leptonic top W
candidate E
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Boosted Top Event Candidate with mttbar—Z 5TeV

} -j'iaéﬁ'onic top
>/ - candidate

Run MNumber: 209595, Event Mumber: 51048580

Date: 2012-09-09 23:10:22 CEST

r’ad ¥

| 45

e S

| 3%

clxlnlc top ERIEE 55 ET (GaV)

_ . e I” i
leptonic top candidate

[N




Top Reconstructlon @ LHC: 3 Reglmes

ATLAS

L EXPERIMENT

SCATLAS

A EXPERIMENT \ 1L EXPERIMENT

s Bacion lopcandidate

Transition region:
500GeV<Mtt<700GeV

ATL-PHYS-PUB-2008-010

® M. Villaplana (IFIC) - Boost2012 - Valencia 27/07/12 84
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Jet Substructure: jet mass

® Use jet substructure to “tag” boosted tops

[ [ [ [ | [ [ [
liminary

mulation

anti-kT, R=0.8

— all jets

----- resolved
..... partial (bq)

5 —— partial (qq’)
q-.--= monojet

0 50 . 100 150 200 250 3
7/34bbrPHY S-PUB-2010-008 Jet Mass [GeV

o

0

[ S ]
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https://twiki.cern.ch/twiki/pub/Atlas/ExoticsTopAntiTopProspects/jetmasses_antikt_08_new_magenta.eps

ATLAS-CONF-2013-052

> 6OLATLAS Preliminary ~ —=Data  [J& -

@) - @ Single top [ Multi-jets =

“‘m*- 50 ;— % W-+jets [ Z+jets —;

g 402_ y 7 // Jiboser \s=8TeV —i

R 7 ,
208" : —
10F- =

- m /Z% .

an

8 :

4]

o) 100 120 140 160 180 200 220 240 260 280

t had [GeV]
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Jet Substructure: Splitting Scale

QCD Boosted W boson

———————
-------

- -
-----------

S minprxdR =
steeply falling
spectrum

'min pt X dR =

E. Thompson, Jet Substructure and Boosted top-tagging at ATLAS

C. Issever, University of Oxford 114



Jet Substructure: Splitting Scales

CERN-PH-EP-2013-069, arXiv:1306.4945

E 0_08_ T T T | T T T | T T I | I I I | I I I | I I I | I I I
E - ATLAS Simulation

= 0-07 anti-k LCW jets, 600 < pf < 800 GeV

©

=006, 00000000 e Ungroomed Z— qq
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—— Trimmed Dijets
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Jet Substructure: Splitting Scale

ATLAS-CONF-2013-052

W -

TL

% 40 E—A Preliminary —-Data tt
@) 35E ' Bl Single top [ Multi-jets
; = 7 / Wi+jets [0 Z+jets
= 305 /. 77 // Diboson
[ 25 / 7, //// \s=8TeV
> 2/ 7 %
- ” /%W j Ldt=14.3fb
15 g =%
10F / e + jets
= boosted
55—:—:;_5—
D (B P T
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w 05 - R ARy /4 777 /4 4 794§ AR
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Resolved Selection

2 4 small jets, j, with pr> 25 GeV, |n|<2.5

=21 b jet

7/31/2014 C. Issever, University of Oxford 117



Merged Selection

3 small jets, |, with p> 25 GeV, |n|<2.5

,,,,,,

/
___________________ 3

e _—, M> 60 Ge
W
/
/
VARY >1 b jet

7/31/2014 C. Issever, University of Oxford 118



Boosted Selection

21 small jet, j, with p;> 25 GeV, |n[<2.5 AR(1,J)>1.5
21 fat-jet, J, with pr>300 GeV, |n|<2.0 Ag(1.J)>2.3
AR(1,j))<1.5 @
e W “ 21 bjet
> \
v
M,> 100 GeV

Jdi, > 40 GeV

7/31/2014 C. Issever, University of Oxford 119



Fixed Cone Size Lepton Isolation

Jet

/ Isolation = (ZEi)within cone EIepton

“Fixed” Isolation Cone

7/31/2014 C. Issever, University of Oxford 120



Fixed Cone Size Isolation

Jet

Boosted System

Aefﬁciency Increases with boost !!!

“Fixed” Isolation Cone

7/31/2014 C. Issever, University of Oxford 121



*“Mini’-Isolation

R=k/E; or kip-
e.g. k=10 GeV

Jet

|...<0.05*E (for electrons)
| :ni<0.05*p; (for muons)

“Variable” Isolation Cone

7/31/2014 C. Issever, University of Oxford 122



Efficiency Comparisons
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Efficiency Comparisons
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Geometrical Acceptance + Selection Efficiencies

3 20:| I I I I | LI | I | LI I I I LI I LI I | I I LI | I I I |
2~ 418k  ATLAS Preliminary Simulation
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S 16p U + jets, combined LXES0IVE 00S1E
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= 12:_ —— e + Jets, combined /1Boosted : e
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10 —
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7,LI§(stted selection efficient > 1 TeV my, ., ‘ Mg LTeV] 105




Discriminant distribution my,, .,

" my; resolved + boosted In e+jets and y+jets

7/31/2014

Events / TeV

Data/Bkg
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10E
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N I B L LI
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B Multi-jets W+]ets
Other Backgrounds
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Heavy Resonances Search: Ttbar

E LN B B N I N N N R 1 [ 1 1 1 11 ] T ] T — . . . . I . . r r T . ' . ' T ' . . '

L - Vs =8TeV (I?E)bs. 95:/4: ((::II__ upperll.lm-lt -Cé 5= 8TeV — Obs. 95% CL upper limit

'{T\ | Ldr=1431b" - EXP' ?5 ° u:)p.)e: Imit = 10° [Ldi=143f" T Exp. 95% CL upper limit

xp. 1 ¢ uncertainty = =14. I Ex -

o . p. 16 uncertainty

N 102 Exp. 2 o uncertainly T”‘ Exp. 2 6 uncertainty

Cc E @ eea-- Leptophobic Z’ (LO x 1.3) o 102 )

a8 ATLAS Prelimi T s~ mememes Kaluza-Klein gluon (LO)
S reliminar s ..

XN 10 y ﬁ “a. ATLAS Preliminary

© N

gKK

(]
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Z’ mass [TeV]

g, Mmass [TeV]

m(Z’) > 1.8 TeV @95% CI Mm(gyx) > 2.0 TeV @95% CI
N'm(Z’) = 1.2% ''m(g.x) = 15%
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Resonance Searches with Higgs Pairs

ATLAS
" EXPERIMENT

un Num

ATLAS-CONF-2014-00




Resonance Searches with Higgs Pairs




2H — 4 b resonance search

15 —— G* (M=1000 GeV) x 10

% 25 I I I I I I I I 1 I I I I I I | I I I | I I I | I I I | I I I
O] Signal Region —e— Data

Q Multijet

? e

2] tt*

 F TEL : 1 e G* (m=700 GeV)

O]

>

L

ATLAS Preliminary

10 \s=8TeV: | Ldt=195fp"

ATLAS-CONF-2014-00
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ATLAS-CONF-2014-00
5(pp — G*) x BR(G* — HH — bbbb) [fb]

7/31/2014

10

2H — 4 b resonance search

| 1 I I I | | I | 1 | I I | | I | 1 I |
Expected Limit (95% CL)

" Expectedt 1o

Expected + 26
m— Observed Limit (95% CL)
—— RS Graviton, k/M =1.0

Planck

ATLAS Preliminary \s =8 TeV:J. Ldt = 19.5fb"

| I | | | | | | | | | | I l
600 300 1000 1200 1400
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C. Issever, University of Oxford
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Heavy Quarks

Quarks

)
=
O
)
-
al
_—
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Fine Tuning Problem and SUSY

® Same problem with Higgs

t

5 h,z 1
h h Apifo, = _64,,_2 5~ (100 GeV)?
i T J.l_lr

t

125 GeV = (huge number)-(huge number) even more fine tuned!

t
JFF‘\
h m—\_:: :MW h Add new particles (spin symmetry): SUSY
=
t
A2 T 6.t 2) jog
Hstop T Apiop = — > (m~ —my)log ; mz
I _lf_lr —
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Composite Higgs

" But there is another way....look at QCD

Pion mass is not divergent.

m Y- T Why?

It iIs a composite particle!

® Assume Higgs is a composite particle
" Changes couplings
" Introduces new partners to top quarks
" Vector-like quarks...
® (both chiralities same under SU(2)xU(1)

" Solves fine-tuning problem....
7/31/2014 C. Issever, University of Oxford 134




4th Generation and Heavy Quarks

® 4th generation would significantly
enhance Higgs production cross section

® (almost) excluded by observed Higgs cross-
section

" t't' - WbWhb (100%): just like t-tbar but heavier
" b’b’ ->WitWt (100%): just like ttbar but messier

" Beyond 4th generation: Vector-Like
Quarks in Composite Higgs theories | o —1oa |
" More diverse phenomenology '*;Enoﬁk S
" T Decays to Wb, Zt, Ht ol |
" B Decays to Wt, Zb, Hb P
" |oose constraints on CKM4 — decays| "~ :

R [ T N RIS [ W R PO 1A T ST [ S T . W A e
500 750 1000 1250 1500 1750 2000
mQ(GeV)

to light quarks possible!
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4th Generation and Heavy Quarks

o 4th g( 1_ N LI IR A D N N A O Y N N N BN B N A N B T r [ rrr1 | /b/
enhar i — T —> Wb :
" (aln 08l == T.— Zi |
sSeC i oo T — Ht ]
"'t © L B — Wit -
| b!bu E 0 ﬁ & B _} Zub __ b
;:1 | K B — Hb : \
= 5 i
" Beyo[ § | |
Y S 0.4 1 P
Quar| € "+ : :
s SeiiSimeenn 1 k
N MO 3 '""--"-"-:'-"-'""""""""""'_"_"“_’_';_'_*_-:;;*_*_‘_____'-.:-:--: D ]
=Tl 02f . s 1
= B e - : 7
. LOOSE [] | | 1 | | | [] | | | | | | ] | [ | | | | | | 1 | [ | | 1 | | | [ | | _:
to |ig|’ 500 750 1000 1250 1500 1750 2000 —,
m, (GeV) —
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t ->Ht

ATLAS-CONF-2013-018
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Complex-conjugate decay modes are implicit




Complex-conjugate decay modes are implicit




Selections

E Mss >20 GeV
EMss+m;> 60 GeV
1 Isolated lepton with p; > 25 GeV
2 6 akt4 jets with p; > 25 GeV

2 bjets 3 bjets 24 bjets

Complex-conjugate decay modes are implicit




Discriminant Variable H
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Exlusion Limits for Vector Like T Quark

= ATLAS Preliminary
I Status: Lepton-Photon 2013
T 5 = 8 TeV, J-Ldt= 143"
|— = m 1 §5% CL exp. excl. — §5% CL obs. excl.
E I T [ATLAS-CONF-2013-018]
m
M SU(2)(TB)doub. 4 SU(2) singlet
1 1
m, = 550 GeV m, = 600 GeV A m, = 650 GeV
0.8 0.8 Oy,
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0.6 0.6 o
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BR(T — Wb
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Exlusion Limits for Vector Like T Quark

ATLAS Preliminary

—
et
L ™ m, = 350 GeV N m, = 450 GeV Status: ICHEP 2014
0s ko 0s | Loy .1
’.‘:0:‘:‘20:“ . iq \E= BTeV, | Ldt=143&20.3f0
Plitolelolutl o O
S N Biatveonntodrente, Mo
I_ 0.6 % o W 0.6 :::::::z:::::::::ig:::’ \ == =g5e CLewp. excl. = 959 CL obs. excl.
i n i :
— Sl e e o e S e sie j
b e hlolalelatotatootalobitol S
S S B S S Jelotatolutelote? Yatalolale Wil Hi+X [ATLAS-CONF-2013-018]
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T T W o e T L R
oloratol! etolelololetutelolin v 0.2 poersr e D e Zbit+X [ATLAS-CONF-2014-0386]
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Inclusive Same-Sign Dilepton Search

" Model independent approach
" Limit presented in terms of fiducial cross-section limit

1210.4538

95% CL upper limit on yield
fid N95 ¢ (given Ngps and Ny, ,)

O e =
- Efd X fﬁdt

Reconstruction and Selection efficiency
Within acceptance

" ofdis (almost) model-independent
" Can turn 0"l into gt with generator-level information only
" Caveat: not exactly model-independent — must be conservative

Electron requirement Muon requirement
Leading lepton pr pr > 25 GeV pr > 20 GeV
. o Sub-leading lepton T > 20 GeV 20 GeV

Particle-level definition 2“6 PORPT LT 2 2 207 e

Lepton 5 In| < 1.37 or 1.52 < |n| < 247 | |n| < 2.5
of acceptance cone0.4 /

L cone0.3 1 Y /pT < 0.06 and

[solation P /pr < 0.1 conedd _ 4 3oV 4 0.02 -

7/31/2014 pr =t GOV U XDPT q44



http://arxiv.org/abs/1210.4538

Inclusive Same-Sign Dilepton Search

1210.4538

> 120 T T T T T T T T T > F L B L B L L IR LRI P
& - ATLAS +Data2011 G 60 ATLAS ~+ Data 2011
S 1001 J-Ldt _ 471" [CJNon-prompt — & 505 J‘Ldt _47f" []Non-prompt 7
_% 80: s =7 TeV [ Charge flips - _% : \s<7TeV [ ]Prompt -
2_ B [ |Prompt i 2. a0f- =
o : + At i S - + =
3 C ee J = - U .
g eof ] = 30 HH =
LIJ - — - -
401 B 20F- 3

20| = 10f .

O_ 11 1 11 I 1 1 1 | 1 L1 1 11 1 1 0 L1 1 1 1 1 1 Il 1 1 1 11 1 ‘ 11 1 1 | 1 %

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

m(e‘e®) [GeV] m(u=p*) [GeV]
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http://arxiv.org/abs/1210.4538

Inclusive Same-Sign Dilepton Search

1210.4538

® 95% upper limits Mass ce ep m
® 1 7fand 64 fb exp obs exp obs exp obs

95% C.L. upper limit [fb]
Mass range || expected | observed || expected | observed || expected | observed
etet ei,u-i ,{.z-i,u-:
m > 15 GeV | 467} 42 5617 64 24.075, | 20.8
Fiducial cross section m > 100 GeV [ 241755 [ 234 [ 230707 [ 312 [ 122755 [ 150
upper limits m > 200 Gevel_ 88734 7.5 8417 0.8 4377 6.7
m > 300 GeV | 45713 3.9 41755 4.6 2.4757 2.6
m > 400 GeV | 2.975% 2.4 3.0755% 3.1 TR 1.7
etet e+,u.+ g.a"'g.:._
m> 15 GeV [ 2017357 | 228 [ 3497357 [ 341 15.075; 15.2
rWGeV 16.17573 12.0 154757 18.0 84751 7.9
m > 15 GeV 3. m > 200 GeVJ_7.0733 6.1 6.677% 8.8 35757 4.3
m > 300 GeV | 377N 2.9 32412 3.2 2.010% 2.1
m s 100 GeV m > 400 GeV | 2371 2.470 2.5 15750 1.8
e e e [T T
m = 200 GeV 1. . 1. m > 15 GeV [ 2327538 | 257 || 2625100 | 344 12,1742 18.5
_ m > 100 GeV || 12.0753 18.7 115752 16.9 6.07%5 10.1
m > 300 GeV 27 m > 200 GeV | 4.97]7 40 46737 45 e 44
m > 300 GeV | 2.97% 2.7 2.7 3.5 15505 1.7
m = 400 GeV P m > 400 GeV [ 1.870% 2.3 23703 2.5 1.2702 1.2
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http://arxiv.org/abs/1210.4538

Inclusive Same-Sign Dilepton Search: H**- Limits

" Models explaining non-zero neutrino masses predict H**/-
" e.g. minimal type Il seesaw model
" additional scalar field
" triplet (under SU(2), with Y=2): H**/~ H*- HO

q r| |9 r

-
...
-
...
.,

O|
-
n—
2

=

pair production associate production

‘Signature: same-sign leptons ‘

7/31/2014 C. Issever, University of Oxford 147



Doubly Charged Higgs Limits

arXiv:1210.5070

® Used e.g. limits on doubly charged Higgs

102 [T I | \I‘ I I I | I I I I | I I T I | I T T I | T I I I
— Observed 95% CL upper limit

---- Expected 95% CL upper limit
[ Expected limit + 1o
[ | Expected limit + 20
—— olpp — H[" H ), E-R{I—F:*—:. ee’)=1—o
==:o(pp — H H), BR(H ' e’e*)=1

o
IIIIIIM

o(pp — H™ H < BR(H™ — etet) [fb]

1E
= ATLAS
B J.Ldt =4.7fb"
 Ns=7TeV
1 0—1 | | | 1 | | | | | | | 1 | | | 1 | | | 1 1 T . | 1 1
100 200 300 400 500

Pair production: M(H**~) > 409 GeV m(H™) [GeV]
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http://arxiv.org/abs/1210.5070

Doubly Charged Higgs Limits

" Example of more optimized search
®" |ncludes also t-channel and associate production.

BR(®** — 757%) = 100%
CMS Preliminary \/s=7TeV, [£L =460

arXiv:1207.2666

BR(®** — e*p®) = 100%
CMS Preliminary /s =7TeV, [ £L=4.6fb"!

10

B of

95% CL upper limit on o /0,041
95% CL upper limit on o/c,,0401

B =1~ band ) : ]
3 <20 band 10 : : - : : : 3 - 10 band
R SR S S ) o b

EEm Tevatron ex: clusion : :
- = Expected limit (combined) - = Expected limit (combined)
— Observed limit (combined) [ = Observed limit (combined)

150 200 250 300 350 400 150 500 140 160 10 200 220 240 260 230 300
Mass of &+ [GeV] Mass of o+ [GeV]

Combined epy: M(H**-) > 455 GeV
gombined Tr: M(H**) > 198 GeV | 149

1073

7/31/




Mono Jet Event Display

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384

Lumi section: 31

noid

Compact Muon Solen

Jet 0,
et =921.98
eta = -0.463 \
phi=2508 |
- |
- B
N o "\
*
> N 1
\
e "
N ‘ 8
‘ g -
- e T U
2 s MET 0,
pt = 913.68
> 2 eta = 0.000 |
- | phi =-0.657
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Graviton Production in Extra Dimensions

gravitons
escape into

w

bulk

7/81/2014 C. Issever, University of Oxford 151



7/31/2014

ME- Distribution of Mono Jet Analysis

ATLAS-CONF-2012-147

Data /BG

dN/dET™* [Events/GeV]

_I L I L] L 1 L I L] 1 L L I L] 1 L 1 ' L 1 L 1 ' 1 L] L 1 ' 1 L 1 L ' 1 I I_
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Exclusion Limits

7/3172i(!

1III|IIII|I IIII|IIIllllll|IIII|IIII|IIII|III

— 959%CL Observed limit
== 95%CL Expected limit (£ 1£ 2 6,,,)7]
“etes ADD n = 2 -
=2 ADDNn =6 .

G X A X € [pb]

ATLAS Preliminar

\s =8TeV, I L=105fb"
10"

N Ao

L

_

10

||||1111||||11111|||||\ caoa v b v v by

1 1.5 2 2.5 3 3.5 4 4.5 5

' | My [TeV]
mits on My, in the range of ~2.7 — 4.3 TeV p [TeV]
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Exclusion Limits on My from CMS

EXO-12-048 PAS

| | |
CMS Preliminary

J-L dt=19.5f", \s=8 TeV

CMS Monoijet (LO) 8 TeV

|||l|II|II|I

...............................

Torernnernnar iy
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Mono Photon Searches for Extra Dimensions

Etmiss=218.3 GeV
Etphoton=218 GeV

ATLAS

A EXPERIMENT

Run Number: 179710, Event Number: 19174449
Date: 2011-04-15 03:48:32 CEST

g .



The Discriminant

Phys. Rev. Lett 110, 011802 (2013)

| | | 1 I | | | 1 | | | 1 1 I | | | | | | | 1 1 I | | 1 | I | 1 1 | -

? —e— Data 2011 {s =7 TeV) ]
O] -102 ATLAS [ 1 Z(—>vv)+y —=
P ) W/Z+y =
o -1 B W/Z+jet -
S j Ldt=4.61b HE top, y+jet, multi-jet, diboson .
> 10 w224 Total background =
LL] . ___ . ADD NLO, M _=1.0 TeV, n=2 3
NPT L ... WIMP, D5, m=10 GeV, M=400 GeV

| ]
'
| ]
| ]
| ]
| ]
| ]
—
| | IIIIII|

!

e e o A T
e o o o o o

1072 i

-3
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E? = [GeV]
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Limits on My iIn Mono Photon Search

= B I | I I ] I _
© 2. ATLAS \s=7TeV,| Ldt=4.6fb" —
e S E e T_'_'_'_'_'_'_'_'_'::_:_:_': oo
= 1By LIl : —
16— -
— 95% CL limits, NLO Theory m
14 . ——— ATLAS Observed Limit + 1o (theory) ]
"L - ATLAS Expected Limit (+ 10) —
I CMS (5 b™) 5
1.2~ o ]
Fm LEP 7
1 __ .................. - _ _—
0.8_ | | o | IIIIIIIII I'-HI-IH-| IIIIIIIII T T """" ™

2 3 4 3] 6

Number of Extra Dimensions
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Dark Matter Detection

M. Fedderke

C. Issever, University of Oxford 158



Dark Matter Detection

M. Fedderke

SM

SM
C | Collider Production

C. Issever, University of Oxford 159



M. Fedderke

Dark Matter Detection

DM

Direct
Detection DM

C | Collider Production

C. Issever, University of Oxford 160



Dark Matter Detection

M. Fedderke _ _
Indirect Detection | )
—
DM
A SM
| \NNNNN
Direct Photons from

Detection DM - Galactic Centre

C | Collider Productic

C. Issever, University of Oxford



DM Interpretations of Mono-Object Analyses

|dea: Effective Theory Johanna Gramling
" Heavy particle mediating interaction btw DM and SM

DM SM

DM SM

" too heavy to be on-shell — can be integrated out
® nteraction treated as contact interaction!

C. Issever, University of Oxford 162



Like Fermi's Theory of Beta Decay

C. Issever, University of Oxford 163



Advantage of Effective Theory

arXiv:1008.1783

" Model depends only on a few parameters
“dark matter mass, m,
" cut-off scale A or M.
" much easier than e.g. a full SUSY model

" Allows easy comparison to direct or indirect DM

detection experiments
DM A = mpy
" Fermion: Dirac or Majorana \/gqu

" Scalar: Complex or Real

C. Issever, University of Oxford 164
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Dark Matter Production at a Collider

C. Issever, University of Oxford 165



Dark Matter (DM) Production at LHC

Effective interactions coupling DM to SM quarks or gluons

1210.4491v2

Name | Initial state Type Operator
D1 qq scalar 75 XXQq
D5 qq vector f‘v}f )27”)((?}’;15@
D& qq axial-vector le;? XYY XTV,.7°q
D9 qq tensor ﬂ_lf)z o Xq0uwq
D11 qg scalar ﬁi%’ﬂfs((;f}p)

characteristic set

C. Issever, University of Oxford

166



Conditions of EFT

1. 949, <4m— % < A (to stay in perturbative regime)

2. my >m, (M can not be produced, but x can)

41T 41T Johanna Gramling

4. Qrg>2m, (DM pair-produced on-shell)

Combining 3 & 4 gives stronger constraint than 2!

C. Issever, University of Oxford 167



A [GeV]

Spin Independent Limits on A
EXO-12-048 PAS

1000 —

- Letsay Vg,0,=1

1 .A>QTR>2mX

300 [

CMS Preliminary

Vs =8 TeV
IL dt=19.5fb"

— CMS 2012 Vector
— CMS 2011 Vector

Illll I l IIJIJIl

" @LHC
" Qr~O(1TeV)
" | imits on A\

"<1TeV

" Validity of EFT
approach
guestionable

10

10? 10°

h Johanna Gramling
M, [GeV/cT]
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http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en

Intensive Discussion about how to interpret Mono-X analyses

" G. Busonia, A. De Simonea, E. Morgantec, A. Riotto

" “0On the Validity of the Effective Field Theory for Dark Matter
Searches at the LHC”, arXiv:1307.2253v1

" Derive stronger bounds than currently used by LHC experiments

" New models:
" A. DiFranzo, K. I. Nagao, A. Rajaraman, T.M.P. Tait,
" “Simplified Models for Dark Matter Interacting with Quarks”,

arxiv:1308.2679v1
" S. Chang, R. Edezhath, J. Hutchinson, and M. Luty,

B “Fffective WIMPSs”, arXiv:1307.8120v1

" Yang Bai and Joshua Berger,

" “Fermion Portal Dark Matter”, arXiv:1308.0612v?2

C. Issever, University of Oxford 169



Coming back to CMS Mono-Jet Search

EXO-12-048 PAS

Selections

=21 good vertex

> 20% E;,, from charged hadrons
<70% E; from neutral hadrons or photons

pr(jetl) > 110 GeV && [Nyl < 2.4

no more than 2 jets with p->30GeV in |n| < 4.5
& except AP(j1,j2) <2.5

no isolated leptons

C. Issever, University of Oxford 170


http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en
http://cds.cern.ch/record/1525585?ln=en

Selection Variable Distributions

§ 10/ 75 Jail ] I LB I LI I UL I LI I UL I L I UL [ LI I LI
a) D Z%vV g L I | I |l l L ] i) 1] Gl I 1 | l I:
O CMS Preliminar ~ 0 Z—vv -
0 10°F y EIWsl 210°E  CMS Preliminary [ Woshy 2
= \s=8TeV Bt
%105 JLdt—195fb’1 1 = 10° ) B i -
2™E - [JQcD o 9 Ldt=19.5fb" J 5
T 2P . O []1QCD E
o B Z-0M 1 £ B
e -o- Data E 2 E
100 E E
10°E E E
10 -
’
I APRPN O ; | lJ iy g el A | S gl Eg e e R R e R 1 3
0 100 200 300 400 500 600 700 800 900 1000 0 0.5 1 1.5 2 2.5 3 35
p,(Jet ) [GeV/c] Ad(Jet1, Jet2)
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Background: Z(vv)+jet

® Use data to estimate background

" Select Z(pp)tjet applying all selections BUT lepton
veto

" 2 ywith pr > 20 GeV && |n|<2.1
" >1 isolated |
" 60 GeV <m,, <120 GeV

C. Issever, University of Oxford 172



Distribution of Z(pu) + jet Sample
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12 ) [ .
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: 10E -
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Background: Z(vv)+jet

® Use data to estimate background

B Select Z(uu)+jet applying all selections BUT lepton
veto

B2 pwith p+> 20 GeV && |n|<2.1
® > 1 isolated u
" 60 GeV<m, <120 GeV

o pobs _ pgbgd Z(L’L’)
N(Z(vv)) A« o 'H(Z(;i;i})

C. Issever, University of Oxford
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Missing E; Distribution after all Selections
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Spin Dependent Limits on A

% I I I T T TTT I 1 T T TTT 1 | | I I 50 B I |
91000
= n I
. CMS Preliminary
/s =8 TeV
¥ J-L dt=19.5fb"
— CMS 2012 Axial Vector
300 —CMS 2011 Axial Vector
I 1 | L1 111 ll | 1 L1 1 11 ll | l L1 Quiquy
1 10 10? 10°

M, [GeV/c?]
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Darkmatter-Nucleon Cross Section Limit

|_|10-274 | | | llllll I | I IIIIII | | | llllll_
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L= S J.L dt=19.5b" -== SIMPLE 2012 E
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(% B N COUPP 2012 E
N L -= Super-K W'W N
8 1076 |- & -== lceCube W*W' N
b - "::1:.. N
O g%t K P
- = =
8 1g™ o =
S 0 (v, v x@r"y.q) =
=) 10-42 = A2 —;
ZI -44 L E
&<10"F  Spin Dependent =
10'46’_| | | | IIIIII | | | Illlll | | | llllll—
1 10 10° 10°

M, [GeV/c

N
-

177



DM-Nucleon cross section upper limits
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ATLAS Exotics Searches” - 95% CL Exclusion

ATLAS Preliminary

7/31/2014,

a selection of the available mass limits on new states or phenomena is shown.

107!

10 Mass scale [TeV]

Status: ICHEP 2014 Jl-: 4dt = (1 .0-20.3) b1 ,\/_ =7,8TeV
Model Ly Jets ET [rdtm] Mass limit Reference
T LI ' T T T T T T L} T LI | l T L} T T
ADD Gy — g/g - 1-2j Yes 47 no 2 1210.4491
ADD non-resonant £ 2e, 1 - - 203 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — (g 1eu 1] - 20.3 =6 1311.2006
ADD QBH - 2] - 20.3 n==6 to be submitted to PRD
ADD BH high M. 2 (S8) - - 20.3 n =6, Mg = 1.5 TeV, non-rot BH 1308.4075
ADD BH high ¥, pr =1leu = 2] - 20.3 n =6, Mg = 1.5 TeV, non-rot BH 1405.4254
RAS1 Gry — £ 2ep - - 20.3 kiMa =01 1405.4123
RS1 Gry — WW — fviy 2eu - Yes 47 kiMe 01 1208.2880
Bulk RS Gyx — ZZ — fiqq 2e.u 2j/1d - 20.3 kiMu =10 ATLAS-CONF-2014-039
Bulk RS Gxx — HH — bbbb - 4b - 19.5 590-710 Gev [ kiMu =10 ATLAS-CONF-2014-005
Bulk RS gy — tT Tepu =1b, =12 Yes 14.3 BR =0.925 ATLAS-CONF-2013-052
517, ED 2epu - - 5.0 1209.2535
UED 2y = Yes 4.8 ATLAS-CONF-2012-072
@ S5M 2" — {f 2eu - - 20.3 1405.4123
% SSM Z* — 7 27 - - 19.5 ATLAS-CONF-2013-066
3 SSM W — fv leyu - Yes 20.3 ATLAS-CONF-2014-017
S EGMW' - WZ v et 3ep - Yes  20.3 1406.4456
©  EGM W' — WZ — qqtl 2epu 2j/1J - 20.3 ATLAS-CONF-2014-039
B LRSM W, —tb le  2b01j Yes 143 ATLAS-CONF-2013-050
LRSM W’{? — th Qe =1b 14 - 20.3 to be submitted to EPJC
Cl gqqq - 2] - 48 12101718
. Cl ggéf 2epu - - 20.3 my= 1 ATLAS-CONF-2014-030
Cl wurtt 2eu(8S5) =1b =1] Yes 14.3 Icl=1 ATLAS-CONF-2013-051
= EFT D5 operator (Dirac) Qe 1-2j Yos 10.5 at 80% GL for m(y) < 80 GeV ATLAS-CONF-2012-147
S| EFT D9 operator (Dirac) Oe.pu 14, =1)]  Yes 20.3 at 90% CL for m{y) < 100 GeV 1309.4017
Scalar LQ 1°" gen 2e =2j - 1.0 g=1 1112.4828
. Scalar LQ 2™ gen 2u >2j - 1.0 g=1 12033172
Scalar LQ 3 gen lepu1s 1bij - 4.7 g1 1303.0526
Vector-like quark T7T — Ht |+ X ey =2b=4] Yes 14.3 T in (T,B} doublet ATLAS-CONF-2013-018
L Vectorlike quark TT — Wb+ X 1epu =1b=3] Yes 14.3 isospin singlet ATLAS-CONF-2013-060
g § Vector-like quark TT — Zt + X 2/z3e.u  =2/=1b - 20.3 Tin (T,B} doublet ATLAS-CONF-2014-036
L & vectorlikequark B8 — Zb+ X 2/z3e.u  22/21b - 20.3 B in {B,Y} doublet ATLAS-CONF-2014-036
Vector-ike quark BB — Wi+ X 2e,u(SS) =21b =1 Yes 14.3 B in {T,B} doublet ATLAS-CONF-2013-051
Excited quark g* — gy 1y 1] - 20.3 only »” and d*, A = m(g*) 1300.3230
Excited quark ¢* — gg - 2] - 20.3 anly & and d*, A = m(g") 1o be submitted to PRD
Excited quark 5* — Wt lor2euib2jorlj Yes 4.7 left-handed coupling 1301.1583
Excited lepton £* — £y 2ep 1y - - 13.0 A=22TeV 1308.1364
LSTC a; — Wy Tepuly - Yes 20.3 to be submitted to PLE
LRSM Majorana v 2epu 2j - 21 m{ W) = 2 TeV, no mixing 1203.5420
5 Type Il Seesaw 2ep - - 58 |V |=0.058, |V,=0.083, | V; =0 ATLAS-CONF-2013-019
£ Higgstriplet H-— — (£ 2e,u(S8) - - 4.7 DY production, BR(H™™ — £f)=1 1210.5070
S Multi-charged particles - - - 4.4 O production, |g| = 4e 1301.5272
Magnetic monopoles - - - 2.0 DY production, |g| = 1gp 1207.6411
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Conclusions

The Standard Model ;

-

|
¥

| R
&..C rojean, A. Weiler

There is new physics out there!
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Expectation for Run2

WJS2013
100 ————m : ——— \
ratios of LHC parton luminosities: 13 |
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T qd
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z "
=
-
=
MSTW2008NLO
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Conclusions: Physics Priorities for HL-LHC

" If no new physics @ Run2
" Precision measurements
®Higgs
"\W,Z :\:; EWK Symmetry Breaking
.Top €<

" If new physics found @ Run2
" Study its properties
" Understand what we have found
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Literature for Further Reading

" Technicolor and related models
" hittp://dx.doi.org/10.1016/0370-1573(81)90173-3
" http://dx.dol.org/10.1103/RevModPhys.55.449
" http://inspirehep.net/record/2055237In=en
" http://dx.doi.org/10.1016/0146-6410(83)90005-4

® Extra Dimensions
" http://arxiv.org/pdf/hep-ph/0302189.pdf
B http://arxiv.orqg/pdf/gr-gc/0312059.pdf

" Exotics new particles
" http://dx.doi.org/10.1016/0370-1573(89)90071-9
" http://dx.doi.org/10.1142/S0217751X88000035

" GUT: http://dx.dol.org/10.1016/0370-1573(81)90059-4
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Standard Model Lagrangian
1 1 1

Tl(GWG )

Lon = B’LWB'W — —Tl (WHVW'L“’/)

49”7 2g° 29;
‘|—Q?;?»EQ?Z + E@?JDL?; + ﬂ@leub + (Z{&Ed? + eileei
Above: Describes gauge fields and interactions
D determined by gauge quantum numbers

N\

strange —__ SUB) | SU2) | U(1) | chirality
() 3 2 +1/6 left
Gravity is not included!! ‘ v 3 L | +2/3| nght
D 3 1 —1/3 right
L 1 2 | —1/2 ] left
E| 1 1 —1 | right
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Standard Model Lagrangian

—I—(YJJQ?uJﬁ + Y;;JQ?de + ijf/?;ﬁjH + h.C.)

®* Responsible for mass and mixing of quark masses
®* Responsible for charged lepton masses

®* Generation index: 1,]=1,2,3

* Why 3 families?

®* No neutrino masses or mixing included
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Standard Model Lagrangian

H(D,H)(D'H) — NHTH)* —m*H"H + P (G Gloo ).

3272
|
Strong CP Problem in SM 0 te_rm_m QCD
* Why is 6 < 1.2 x 1010 227 Periodic: 0 - 2m

® Natural value — 1. Violates T and CP
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Standard Model Lagrangian

; : 6
H(D,H)(D'H) — NHTH)* —m*H"H + = PTG G o)
| | d

|
Higgs field
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Z' in 2011 Data”?

ee(5 Ofb )+u u (5 3fb )

cms [hep-ex 1206.1849]
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http://arxiv.org/abs/1209.2535

Mono Jet Signal Region Definitions

Signal regions SR1 SR2 SR3 SR4
Data quality + trigger + vertex 4 jet quality +
Common requirements | |[rP*| < 2.0 + &gﬁ[pﬁliﬁ. 113“3] > 0.5 + Nijets <2 +

T
lepton veto
Eps, -15“ > 120 GeV 220 GeV 350 GeV 500 GeV

“Although the results of this analysis are interpreted in terms of the ADD model and
WIMP pair production, the event selection criteria have not been tuned to maximize the
sensitivity to any particular BSM scenario. To maintain sensitivity to a wide range of BSM

models, four sets of overlapping kinematic selection criteria, designated as SR1 to SR4, are
defined (table 2).”
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ATLAS

— — — q*MC09
q* Perugia0
q* MC09’

—eo— Observed 95% CL upper limit

Expected 95% CL upper limit
\ Expected limit 68% and 95% bands

der =315 nb™
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Limits on Dark Matter — Mono Jet

o)
o

90% CL lower limits on M*

- ATLAS Preliminary

- \s=7 TeV
i f Ldt= 4.7 fb”

M* at which WIMPs of a given mass
result in required relic abundance

>
[
O,
.k
=
L 40
cU -
Q i
& - i
CC) E';":':";":':';":':';":':';":':"'".":".'.":':";":';".'.";,‘ ----------- 7
s TSNl —
S i N, i
S - N _
S 20F -
5’) i Operator D1, SR3, 90%CL "\ i
i - - - Expected limit (= 1o, ) ‘-::‘_f_ ]
10 [ — Observed limit (= 10theory) _
B — Thermal relic -
: 1 1 1 IIIIII | | | IIIII| 1 1 1 IIIIII : COnvert
1 10 10? 10°
WIMP mass m, [GeV]
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Limits on the annihilation rate of WIMPS

ATLAS =7TeV, 4.7 fb”!, 95%CL
Ial 1 0_19 | 1 I 1T T 11 | | | 1 | | 1 | | I | ]
o E 2 x ( Fermi-LAT dSphs (xx) .= —bb) 7,3
E 1 0-20 - _ _ Majorana -
2. 10—21 _ " D5: 99— (XX’)Dirac _
o AR (T
5 o922l . D8: 43— (XX),, .. I
|L 1 0—23 E_ """"""""""""" - c5theory ' —;:
S 10 3 vector couplings - = 3
a 102k % 3
© 1026L == Thermal relic value
V 3 S E
) 270 4
g 10 LT e
- 1028 5 axial-vector couplings | 1
2 1020k :
-C__U | | | L1 1 11 | | | L1 1 11 | | 1 L1 1 11 | 3
£ 10 107 10°
< WIMP mass m [ GeV ]
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A0l Al lc = U CC
ATLAS-CONF-2012-139

" Two same-sigh muons
" 22 jets and low ME;

60_' e prre e e et

- ATLAS Preliminary —e— Observed Limit
50 .

- [Latcarn o Expectod Lini observed limits range
40 1e=7Tev [ ——— from 28 to 3.4 fb for

heavy neutrino masses
between 100 and 300
GeV

30

Expected Limit + 2¢

20

6 X Br(pp— 1N — ptu* o) [fb]

10

IIIIIIIII

II|I 1 1 1 1 1 1
P00 120 140 160 180 200 220 240 260 280 300
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Search for Heavy Resonance: dilepton channel

" Limits as a function of RS graviton mass and coupling
m( RS graviton, k/MPI=0.1) > 2.16 TeV at 95% CL

- excluded at 95% CL
~ | —— Observed Limit
— - Expected Limit

----- Expected Limit + 1o

7 \s=7TeV

0.08 G*
0.06

0.04 ee:J Ldt=4.9fb"
0.02F uu:det:S.o .
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Exotic Same-Sign Dilepton Signatures: b', T3
-~ Charge mis-id rate  ATLAS-CONF-2012-130

_'g 1 0'1 — | | | I ‘ | | | | | I I | | | I | | | | | | I | I | —
E E —8— direct extraction E
v i tag-and-probe i
| —&— likelihood —2— |
—a—
10°F —— E
103E —— = "2 isolated same-sign leptons (e or u)
- ‘ ] |
- . \s=7TeV | ME.T > 40 GeV |
I i m>2 jets (=1 b-tagged jet)
: . - ®large overall transverse momentum
ATLAS Preliminary = H,> 550 GeV

-4 1 | 1 1 ‘ 1 | 1 | | 1 1 1 | | 1 1 | | | | 1 1 1 | |

0% 095 1 15 2 25
m|

4 events observed

expected background of 5.6x1.7
7/31/2014 C. Issever, University of Oxford 197



Jet Grooming

® “Pruning”:
m Start with a fat jet (R ~ 1 or more)
m Run k; or C/A algorithm on clusters within the fat jet

m At each step, if merging of two clusters fails, remove cluster
with smallest pT

AR ; 1+ 12 :
Initial jet @) p—;?fp;j'r I > 7zt OF AR;, i, < Ry Pruned jet

713 [Badhacou, IRFU Gif, 20-21/09/2012 31




“Trimming”:
Start with a fat jet (R ~ 1 or more)
m Run k; algorithm on clusters within the fat jet

m Keep only jets with pT > pT(fat jet) . fy

Initial jet ‘ piT /pj.lfft < feut Trimmed jet

H. Bachacou, IRFU Gif, 20-21/09/2012 30
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HEPTopTagger (Filtering)

1 Decompose until mj, < 30GeV with mass drop requirement
mj. << I Miarge jet
2 Investigate 3 subjets and their constituents

3 Re-cluster using C/A with parameter
R = min(0.3,min; AR(ji,Jj;)/2) S. Fleischmann

4 Use only 5 hardest subjets of last step

5 Built exactly 3 subjets from the selected constituents
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Heavy Resonances Search: Ttbar

ATLAS-CONF-2013-052
" |Lepton+jets channel
" Models: e.g. bulk-RS (esp. KK gluons) and Leptophobic Z'

" Large Branching Ratio to top-antitop
® Taking full advantage of boosted technigues

® Combining relsolved and boost

0.25F

0.15F

Fraction of events / 50 GeV

0.1

0.05F

0

7/31/2014
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Heavy Resonances Search: Object Selection

® Jets
" Small jets: pT > 25 GeV && |n|<2.5 /@
" Large jets: pT > 300 GeV && |n| < 2.0

" Require that at least one of the small jets is b-tagged

® Flectrons
" pT > 25 GeV && |n|<1.37, 1.52<|n|<2.47

" Mini Isolation: | ., < 0.05 E;
" z-impact parameter within 2mm of PV

" Muons
" pT > 25 GeV && |n|<2.5
"1 <0.05pT Y
" z-impact parameter within 2mm of PV
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Selections Continued

" Optimized for high-pt tops && reduce ttbar bkg
" High-pt single electron or muon trigger
" >1 primary vertex with = 5 tracks of p; > 0.4 GeV
" Electron channel
" ME;> 30 GeV && my = \/ZpTMET(l — cosAp)>30 GeV

® Muon channel
" ME; > 20 GeV && ME.+m.> 60 GeV
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Strong CP Problem of QCD

® QCD allows for CP violation

" Has an effective strong CP violating term, ©
" 0 < © < 21 possible ranges of values

" CP violating interactions originating from QCD - neutron
electric dipole moment non zero

" But neutron dipole moment measurements - © ~ 0
" Not natural. Why?

® One solution: Peccei—Quinn mechanism
" Introduce new symmetry
" © becomes particle = Axion

® Axions are predicted to change to and from photons in
the presence of strong magnetic
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http://en.wikipedia.org/wiki/Photon

Particle Accelerators

hep-ph/0201029, hep-ex/0605101, hep-ph/9909294, hep-ex/0710.3338,
hep-ex/0707.2524, Phys. Lett. B568 (2003) 35-47, ZEUS-prel-07-028

" DESY:
" H1: M, >0.78 TeV and M¢*>0.82 TeV
" ZEUS: M_">0.9 TeV and M_.*> 0.88 TeV

" LEP:
"Mp=15TeVforn=2<~ R=0.2uym
"My =0.75TeVforn =5« R =400 fm
" CDF:
"M;=133TeV,n=2 <R =0.27 ym
"My =0.88TeVforn=6 << R=31fm

" DO (Il, gg):
"My =1.23 TeV lower limit
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Astrophysical and Cosmological Constraints

hep-ph/0304029, hep-ph/0309173, hep-ph/0307228

" Places the most stringent lower limits on My in ADD
® Supernova cooling due to KK Graviton emission

" SN 1987A did not emit more KK G than compatible with neutrino

signal durations observed by Kamiokande and IMB places the
limits: My > 27 (2.4) TeV for n =2 (3).

" Energetic Gamma Ray Experiment Telescope (EGRET)
" Cosmic y-ray-bkg:
" My>70(5) TeVforn=2(3)
" Neutron star halo of 100 MeV y-rays:
"My>97,8,1.5TeVforn=2,3,4
" All neutron stars in the galactic bulge:
" My>1130,57,7,1.8TeVforn=2,3,4,5
" Neutron star heating:
" M>1760, 77,9,2TeVforn=2,3,4,5
" Ultra high-energy cosmic-ray neutrinos:
" lower bound My =1to 1.4TeV,n=4to 7
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