Exotics Searches at LHC

ATLAS
A EXPERIMENT

Run Number = 189288
Event Number = 2779906
Z(ee)+jet mass = 1858.8 GeV

| I Cigdem Issever
- TN University of Oxford

GK Workshopl
Karlsruher Institut fur Technologie
30.09-02.10..2013

i

electrons [{/

Second electron pT = 385.1 GeV
Leading jet pT = 905.8 GeV
Associated jet pT = 96.5 GeV




Acknowledgement

" Hitoshi Murayama,http://arxiv.org/abs/0704.2276v1
" Lykken, hitp://arxiv.org/pdf/1005.1676.pdf
" CERN 2012 summer school

Discussions with
" Henri Bachacou
" Bryan Lynn
" Christophe Grojean
" Glenn Starkman
® Steven Worm

C. Issever, University of Oxford 2



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

"Examples of Searches
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" We are reSEARCHers
" We strive for new understandings

" Our goal is to increase ourfGlel' R ple] S
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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 (~23%)

0,
73% DARK ENERGY  23% DARK MATTER

® |nferred from gravitational effects O |
® Rotational speed of galaxies 04k s, e
" Orbital velocities of galaxies in clusters
® Gravitational lensing neutrinos quarks
[ Mass States Free Mass Stests
2 % panieleel o] A
" Dark Energy (~73%) Fiavor s =
States ates
® Accelerated Expansion of the Universe e S;,t.
" Neutrinos have mass and mix E s
" Baryon asymmetry fev, e
= Acausual density perturbations £ g
oV, b o
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Standard Model Lagrangian

1 I 1

[:Sﬂf — —Z‘Lg—IQBMUBHV o @T&(WMUWHU) . 293

+QiiPQi + LiilpL; + U;ilpu; + diilpd; + €;ilDe;
Above: Describes gauge fields and interactions
D determined by gauge quantum numbers

N\

i ( G,u_.u G+ )

strange —___ SU(3) | SU(2) | U(1) | chirality
() 3 2 +1/6 left
Gravity is not included!! ‘ vy 3 I | +2/3| nght
D 3 1 —1/3 right
L | 2 | —1/2|  left
E| 1 1 ~1 | right
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Standard Model Lagrangian

L

—I—(ij@u-jﬁ - Y;JQQCIZJH -+ Y,EJ E;QH |- h.C.)

Responsible for mass and mixing of quark masses
Responsible for charged lepton masses
Generation index: i, ] =1,2,3

Why 3 families?

No neutrino masses or mixing included

C. Issever, University of Oxford




Standard Model Lagrangian

+(D, H)(D*H) — N H'H)?> —m?H"H + - -

it b | (G,u. . Gpg ) .

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

e Natural value ~ 1 Violates T and CP
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Standard Model Lagrangian

+(Dy H) (D*H) — MH'H)?

|
Higgs field

my = /A/2vev

A self coupling constant

vev = vacuum

expectation value
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The Higgs is an EXOTIC particle

" ONLY spin 0 elementary particle

" Couplings are NOT dictated by gauge symmetry

" Hmm....

" Symmetry breakin
y y g
" Underlying reason?
" Unable to explain dynamical

|

® Small mass possible if protected by
" Symmetry
" Not elementary particle

C. Issever, University of Oxford 11



Comment to Fine Tuning....

aaaa

4 ways to solve it

" Supersymmetry
" Sparticles cancel particle contributions

® Extra Dimensions

® Higgs is a vector in 3D
® Higgs is composite

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

" Not everybody thinks SM has a fine tuning problem
http://arxiv.org/pdf/ 16 @sseeidhiversitd bf Oxford 12
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Higgs sector looks like a provisional structure

Giudice, Gian, BSM CERN summer school 2012

Courtesy of C. Grojean & A. Weiler,
13



Standard Model Lagrangian

: i 0
+(D H)(D*H) — MH'H)? —m?H"H + =
| | a

: E,u.ypcr TI‘(G‘,U..U Gpg ) .

Only term in Lg,, with a dimensionful parameter

Sets the energy scale for the SM: VEV ~ 246 GeV
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History suggests.....

® Fundamental theory at shorter distances than distance
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® ~1950 reached strong interaction scale
41013 cm ~ Me_8n2/gSZ(M)b0

"QCD
" Quarks, Gluons
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Today....Very Special Times

" | HC goes beyond EWK scale: TeV-1 ~ 107 cm

® EWK scale: phase transition is happening
" W,Z,electron...etc. acquire mass

"y = (2G;) Y?~246 GeV «— Higgs VEV

®This is the scale of SM!

"Beyond this we will find NEW INSIGHTS!!!!

C. Issever, University of Oxford 16



Why look beyond the Standard Model?7?

" Aesthetic/Theoretical Reasons
" Hierarchy Problem:
"why is G.~10° GeV2 << G ~ 1038 GeV-2
" Quantum gravitational description of Gravity?
" Gravity is not included in SM
" Higgs
-
® Experimental Reasons
" Dark Matter/Energy
" Neutrino masses
" Baryon Asymmetry

C. Issever, University of Oxford 17
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What else is there beside SUSY framework?

B SUSY is NOT a model

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

" SUSY is only one possible way.....

" Many more ways to solve problems with Standard Model
" What if nature has not chosen SUSY?
" Make sure to cover every feasible corner...

B SUSY mass limits pushed to 1 TeV

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

C. Issever, University of Oxford 19



Models try to answer questions

" Hierarchy Problem " Family structure in SM?
"EWK force ~ 1032 X Gravity? ™ Running coupling constants?

— Extra dimension models — GUT
" Fine Tuning Problem " Have elementary particles a
— SUSY sub-structure?

— Composite Higgs & ...
— Extra dimension models

" What is Dark Matter? Not all questions
— SUSY may be sensible..

— Extra dimensions....

C. Issever, University of Oxford 20



What Characterizes Exotics Searches?

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

space to map resu

751 production
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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

C. Issever, University of Oxford 24



Exotics Search Signatures

Lykken, http://arxiv.org/pdf/1005.1676.pdf
® s-channel production

25



Exotics Search Signatures

l Associate prod uction 7 Lykken, http://arxiv.org/pdf/1005.1676.pdf
c\,:,:’ Doubly charged Higgs
A b H~
}L rd - I
New heavy quark P 4
b > > e |
!
¢ ti’:f?; 1
W
- - -
(% d c Wt
q > AA A A A A A a4 G
KK-Graviton
Y
q X g
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Exotics Search Signatures

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

® Pair production

squarks

C. Issever, University of Oxford
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Exotics Search Signatures

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

® BSMstrahlung

g T
(1 JJL\ rr
h 4
r —— <
S
(1 HH"’ T
9 o+

Pseudo-scalar
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Models-Signature Mapping and vice versa.

Many extensions of the SM have been

developed over the .
_— — —>
_—— -

Supersymmeitry =
Extra-Dimensions -\‘-a g

Technicolor(s)
i .
|ttle.H|ggs ~ ‘
No Higgs ﬂ:‘:
T NN
. =
Hidden Valley <\ A
~— &
| eptoquarks \‘;— <
ptoq S

W,

Compositeness "‘&
4™ generation (t', b")
LRSM, heavy neutrino
What else?

L

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets

Microscopic blackholes

Dijet resonance
What else™

H. Bachacou




Models-Signature Mapping and vice versa.

Many extensions of the SM have bee "
developed over the past
Supersymmetry” t - ;

Tl

Extra-Dimensions
Technicolor(s
Little Higgs._.«
No Higgs a
GUT
Hidden Valleyg,
L eptoquarks
Compositeness
4™ generation (t', b")
LRSM, heavy neutrino
What else?

(for illustration only)

1jet+MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance

| epton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
| epton-Jets
Microscopic blackholes
Dijet resonance

What else?

C. Issever, University of Oxford

A complex 2D
problem

Experimentally,
a signature
standpoint
makes a lot of
sense:

- Practical

= Less model-
dependent

= |Important to
cover every
possible
signature

H. Bachacou
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What Characterizes Exotics Searches?

" Exotics Search Strategy
" Cover wide range of final states
® Largely Model independent
" ook for resonances
" ook for any disagreement from expectations

" Cover interesting new BSM models

Many extensions of the SM have I::E;en -
developed over the p -
Supersymmetry - = :
Extra-Dimensions 5{{""‘-‘! =i
Technicolor(s) = 11:1 ﬁi}" .
- i N SR

Little Higgs<w .~ 4/' .
Mo Higgs ﬂ-;{ \\# "
GUT MH\HQ' s €
Hidden Valley — - e "
Leptoquarks "'“-q.___::;‘_:-_:_ ) -n-
Compositeness -f'; e -
4" generation (U, b’} .
LRESM, heavy neutrino -
etc... -
by Henri Bachacou -

SUPERSTRING
M-theory heterotic
Ga ‘-I.aou, E.hE’
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1 jat = MET
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1 lepton + MET
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'JNKNOWN

f"‘: arichcey

SUMANPETS.

How do you

search for the
UNKNOWN?

C. Issever, University of Oxford 32



'JNKNOWN

f"‘: arichcey

SUMANPETS.

You look
everywhere for
any deviation...

C. Issever, University of Oxford 33



Basic Principles of Exotics Searches

" ldentify your discriminant!

" Most important: Robust background estimation!

" Biases ?
" 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.

C. Issever, University of Oxford 34



Basic Principles of a Search

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

" If it does not agree...
" |s 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)
C. Issever, University of Oxford 35



Comment to Search Result Selection in this Lecture

Show some typical search examples

“What is the impact of the newly discovered boson
on Exotics searches at the LHC?”

8 TeV Results

C. Issever, University of Oxford 36



Exotics Searches

1,000,000 m
: w w T (1977)

® Heavy resonances
i g 10,000 (1962) (1974) Z (1983)
" Dileptons £ 1000
- DijetS E 1:]:: the future...
[l Ttbar E 1L CMS Preliminary (2010)

Mass of particle decaying into a pair of muons

" Vector-like quarks

® Dark matter and extra dimension

C. Issever, University of Oxford 37



Dilepton Resonance Search
Noam Tal Hod

CERN-THESIS-2012-155

Proton;

Protons,

\\s

C. Issever, University of Oxford 38



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’)
B 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)
" 7’ 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

| i I
Technicolor — narrow te%?wslgéeg,r nri]vsersity of Oxford 39



CMS Highest Dimuon Invariant Mass Event; 8 TeV

CMS Experiment at LHC, CERN

Dell raocrdect: Sun ki 22 00:0249 2012 GT-4 2 CMS Experiment at LHC, CERN

Lumi section: 553 C S 2| Data recorded: Sun Jul 22 06:02:46 2012 GMT-4
/ #| Run/Event: 199409 / 676990060 |
\ g Lumi section: 553

I /

/ I
/ M 667,08 !
—/ . '
Ve =1,
AL /-/ \ : Muon 0,
MDU[D:{'&EJ: I'.I 4 !; F:t = 80921888
eta = 0. \_| ela = u.
phi = -2.065 v v 2 ohi = 1.005
/ B -
/
b B\ |
o A N
Muon 1,
pt = 882.75
— eta =0.988
m- f— 1 824 GeV phi = -2.065
inv '
/
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Proton-Proton Collisions

xX10% eV Beam Energy
10 em? s’ Luminosity
2835 Bunches/Beam
10" Protons/Bunch

7 TeV Proton Proton
colliding beams

<
Bunch Crossing 410° Hz

L’..'i Proton Collisions 10°Hz
Parton Collisions
O

New Particle Production 10% Hz

(Higgs, SUSY, ... 41



® Single most important quantity
" Drives ability to observe new rare processes

® revolving frequency f = 11245.5/s
.I: %N % N2 - _9 q y
. bunch Npunch = 2808
4 " " " N, =1.15x 10" Protons/Bunch
LL O'x Gy "“Area of beams: 4110,0,~40 pm

" Rate of physics processes per unit time ~ L

— Ldt *EXQO — | Cross section; given by
Obs j / process nature; predicted by theory

Efficiency; optimized by —
experimentalists ‘MaX|m|ze Nobs - max € and L

42




Our data sample for 2012

Peak Luminosity in 2012

Integrated Luminosity in 2012
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Rates of physics processes @ LHC

q LHC 14 TeV L=10%%cm3s'! rate ev/‘)7ar

bam : 5 1 1017
: S e oHz o 10° Interesting physics swamped by background
= O(mb) 0 | ® Cross section for new physics:
mb i 0 * ~10"2 times lower !l
(mHz 1107 e Need to filter > TRIGGER SYSTEMS
E t-output-=-HLET-input S 1012 .
© N et g i : ® Carefully decide what to record
ub & B 5 10"
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Compare this to rates of physics processes
q LHC 14TeV L=10%cm=s’' rate ev/}7ar
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Dilepton Resonance Search: Trigger Strategy
ATLAS CMS

ee channel ee channel
" Diphoton trigger " Dielectron trigger
" E;>35GeVandE;> 25 GeV " Both clusters w E; > 33 GeV
uJ channel uJ channel
® Single muon triggers ® single muon trigger
" E.>24GeV or E; > 36 GeV " E.>40 GeV
%) ) L E/gamma HLT Turn On for a 33 GeV Online Cut
Q & 1 ATLAS Preliminary - o 12—
g = a § - CMS Preliminary, 5 = 8 TeV
8 W - = F
. 0.8~ - S 10
3 : 5T
m - L
o 0.6 - 038
% B Data 2012 (ys =8 TeV) ]
2 04 ¢ Lt = 5.56 fb” ~
< l n [<1.05
g 0.2 H —
9 - o EF_mu24i_tight it
© 0— T T T T T T —e—ml?1.5{runsw.’uIasercorr.)_
3 30 40 50 60 70 80 90 100 i [ —e— >1.5 (runs with laser corr)
= p# [GeV] ;.':' - 4io a5

— 50
C. Issever, University of O;_ _ Er (GeV)

46



Compare this to rates of physics processes
q LHC 14TeV L=10%cm=s’' rate ev/}7ar

bam ¢ . 1 1017
F ] 1016
£ o inelastic L1 input 2 GHz
- - 105
mb é . ; 1014 F _‘ 1 l L] 1 f- I 1 L4 L] '| .T L] L '[ T T L) | ] T L) T 'l L] T [_
: o0 = T | 4ATLAS Trigger Operations Bphysics (Delayed)_]
. S MHz o 107 ‘© [ Run 209183 Bl Hadron (Delayed) A
: SNSRI ] or &8 1.2FAug. 252012 Bl MinBias -
? \\ Jets | ulnpua LIS | E L ; E 1: - Muons _:
ub = . 10" BN Jet/Tau/Etmiss .
i o ~ e 1010 & 08 - Egamma _:
= el © 33\ 2e -
= e - Lnax = 7.2 X 10 cmr2s™! -
= Adid maxHEToutput E 10° g, 0.6 3" ]
2 ® Zslv 7 o i
nb £ o it \ . 108 E 0.4fF -
I BN 1 107
© e legsHay NNSUsY Garageag | 3 0.2
% é \ \\\tam p=2, u=mg=mg72 1 108
| g TT— N\ Ntan p=2, y=mEm7 3 0
§ op e N
™ E TRIONN 3
8 é FSM_)!Y ==Y \\\b\ E_ mHz 10* .I-Ime
o g — - N
o~ i P>§< N ] 3
SN A NG 10
A EUNN
D L N A\ 102
LO E H, 27 94N \ \
< F SM "
S E 4 ,\ uHz 10
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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 / 2107823234

Lumi section: 2053

Track pT > 3 GeV Electron 0,
%‘:Z‘Sﬁ? CMS bar7 pixel detector
phi =0.

] Multiple interaction vertices

Require 2 1 Vertex
ATLAS + 2 2 traCkS CMS barrel silicon strip
CMS: + = 4 tracks

C. Issever, University of Oxford 48



Di-Electron Channel

ATLAS Barrel Liquid Argon Calorimeter

A |
» A
,‘.

Accordion Sampling Layers

C. Issever, University of Oxford 49



Selection for Di-Electron Channel

ATLAS CMS
E.'>40GeV E;'>35GeV

E-2>30GeV E*>35GeV

Protons

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

C. Issever, University of Oxford 50



Electron Isolation |, ..i,e

Energy/momentum around
lepton

—

ATLAS CMS

o1 |Ioalo, <0.7%E; + 5 GeV
. ItraCkerO.3<5 GeV ICa|00.3<3%-ET

62 |lcalo | <2 2% E. + 6 GeV

C. Issever, University of Oxford 51




Acceptance x Efficiency after all Selections

ATLAS CMS

Axe(m=2TeV)=73% Axe(m=25TeV)=67%

Similar

C. Issever, University of Oxford 52



Di-Muon Channel

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

%!E‘! I I Electron ‘I I' Naml.blmlrui_] chﬁuwm‘ { Photon ‘I

|
4m Sm fm

Magnesic Fleld

4

Silicon

EGAL Q\
. -m]] Electromagnetic

HCAL - Hadron ~/  Superconducting
Iron return yoke interspersed

Transverse shice [Miwom sigeature: Sigmak in the Tracker and moon chambers; slwost nothing toem in the calorimeters.

through CMS Encems 2me porhap the emdent pericles fo ideatify 30 CME: no ofher cherged parficls traversos fhe whols detacior. Bedng charged,
Jtver 2 ooty e Fomd i com cirmciion il e 30dmncid 20d i e cpposite dieciion ozisade. As moom can oty arive from the

lecay of sometiiing bazvir heir grasencs sigeifies fhat srmetbiog possasizlly iniereatiog b happened.

Derteed from GRS Debecior 5

C. Issever, University of Oxford

ice from CERN
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Dilepton Resonance Search:: yu selections

ATLAS CMS
" Single muon triggers Single muon trigger
" pr>25 GeV pr > 45 GeV
" |n|<2.4 In|<2.4

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

" Suppress jets faking p's

" Suppress cosmic rays
" |dol < 0.2 mm
" |z,-z(vertex)|<1 mm

" Suppress jets faking p's " Sp(AR<0.3) < 10%-p,
" 2 p(AR<0.3) < 5% py " |z,-z(vertex)|< 0.2mm
" Require opposite charge " Require opposite charge
Very different

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

C. Issever, University of Oxford 54



Dilepton Resonance Search: Backgrounds ee

dominant & irreducible

q lr‘ J-"ffll_]

WH(W-)

I*(in)

Use MC

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

e i - 2"d for ee channel

q v, 20

'?U l: {I:ri' :l

f},f{ t}'rl ‘ll l l | )

q

-l' | _ F.
WHWw—) g -:./_f”

Use data

(d) WZ, W~ (e) ZZ,Z~ v (f) Dijets (without the exter-

nal photon line),y+jets

C. Issever, University of Oxford 55



Dilepton Resonance Search: Backgrounds ee

2nd for ee channel 2nd for ee channel 2nd for ee channel semi-leptonic
data data
p”
&
(g) Dijets (without the ex- (h) Dijets (without the ex- (i) tt
ternal photon line),y-+jets ternal photon line),y-+jets

2nd for ee channel data

)

Julga) (1)

WHHW-=)
qal ey ) I 1) 7]

(j) W-jets (k) Z-+jets (1) DY to tauons to leptons

C. Issever, University of Oxford 56



Dilepton Resonance Search: Backgrounds uu

dominant & irreducible mc

Tl Gd)

WH(W-)

gald (i)

(b) WW (c) Wr
i v, A0 !
il ) q
W) g . 7 q
(d) WZ, W~ (e) ZZ,Z~ v (f) Dijgts (without the exter-

nal photon line),y+jets

C. Issever, University of Oxford 57



Dilepton Resonance Search: Backgrounds uu

k) Z-+jets 1) DY to tauons to leptons
I

C. Issever, University of Oxford 58



Heavy Resonances Search: 8 TeV Dileptons

Backgrounds

“ SM Drell-Yan: y*/Z-> I*I
“ shape taken from Monte Carlo
" normalisation taken from Z peak in data

“ {-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

ee and pyu

“ Cosmic Ray Background:
“ muons from cosmic rays

" estimated <0.1 event after vertex and
angular difference requirements

C. Issever, University of Oxford 59



Dilepton Search: The Discriminant

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

@ 107 T v T - . > 105 | | _
5 ATLAS Preliminary e Data 2012 [0 - -1
L% 10° 7' — e Search Oz 0 105 CMS Preliminary, 8 TeV, 20.6 fb
: Ldt=201" 8 B 4l DATA
. amaro ey 51 vz
\s= e -
10° —1Z(1500 GeV) o 10° ], tw, ww, Wz, 77,1t
10° (122500 Ge) 102 [ jets (data)
10° 10 '
10 1
1
1 107
10
10 ]
10 e 3
§ 14 * T 10 ‘
1.2
] 1 -4 Lo ! ! ! !
- t 10°770" 100 200 300 400 1000 2000
2 100 200 300 400 1000 2000 3000
M..my [GEV]
M, [GeV]

Invariant mass reach of 1 - 2 TeV

C. Issever, University of Oxford 60



Dilepton Resonance Search: Systematic Uncertainties

ATLAS-CONF-2013-017

Source Dielectrons Dimuons
Signal  Background | Signal Background
Normalization 5% NA 3% 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 - - - 3% (7T9)
W + jet and multi-jet background NA 9% NA -
Diboson and ttbar extrapolation NA 5% NA 4%
Total 5% 26% 8¢ 25% (26%9)

C. Issever, University of Oxford
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Heavy Resonances Search: 8 TeV Dileptons

mee [GeV] 110 - 200 200 - 400 400 - 800 800 - 1200 1200 - 3000 3000 - 4500
Zly* 119000 £ 8000 13700 £ 900 1290 £ 80 68 +4 9.8 £ 1.1 0.008 + 0.005
it 7000 + 800 2400 + 400 160 + 60 25+0.6  0.11 £0.04 < 0.001
Diboson 1830 £ 210 660 + 160 93 + 33 48+0.8 0.79£0.26 0.005 = 0.004
Dijet, W + jet 3900 + 800 1260 + 310 230+ 110 8.6+24 09+0.6  0.004 £0.006
Total 131000 £ 8000 18000 = 1100 1780 + 150 84 +5 116+ 1.3 0.017 £0.009
Data 133131 18570 1827 98 10 0

ATLAS-CONF-2013-017
my, [GeV] 110 - 200 200 - 400 400 - 800 | 800 - 1200 1200 -3000 3000 - 4500
2y 111000 = 8000 11000 + 1000 1000 + 100 49+ 5 73+13 0.033 £ 0.029
tt 5900 + 900 1900 + 400 140 + 60 277+0.7 10.16 +£0.08 < 0.001
Diboson 1520 £ 190 520 £ 140 62 £+ 26 28+ 1.0 ]1038+0.28 0.002 £ 0.003
Total 118000 = 8000 13300 + 1100 1160 + 120 55+£5 7.8+ 1.3 0.035 £ 0.029
Data 118701 13349 1109 48 8 0

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

® Observed numbers consistent with background???
® Many ways to do it
" One way e.g.:

"Pn=2nyy)=1—f(n;s=0;b) =1 — Zn"bs 1bne_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 =255 n,=48 —-P=84%

C. Issever, University of Oxford 63



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/y* 119000 £ 8000 13700+ 900 1290 + 80 68 + 4 9.8 £ 1.1 0.008 + 0.005
tt 7000 + 800 2400 + 400 160 + 60 25+0.6 0.11 +£0.04 < 0.001
Diboson 1830 + 210 660 + 160 93 £33 48+08 0.79+£0.26 0.005+0.004
Dijet, W + jet 3900 + 800 1260 + 310 230+ 110 8.6+24 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
2y 111000 = 8000 11000 + 1000 1000 + 100 49+ 5 73+13 0.033 £ 0.029
tt 5900 + 900 1900 + 400 140 + 60 27+0.7 0.16 £ 0.08 < 0.001
Diboson 1520 £ 190 520 £ 140 62 £+ 26 28+ 1.0 038x0.28 0.002 £ 0.003
Total 118000 = 8000 13300 + 1100 1160 + 120 55+£5 7.8+ 1.3 0.035 £ 0.029
Data 118701 13349 1109 48 8 0

No deviation from expectation found.
C. Issever, University of Oxford 64



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.....

65



Back of the envelope demonstration.....to get the idea

B —
nObS_S+b

" We want an upper limit (bound on s) given we expect

b background events and have observed n_, .

B3 = Yrobs(sup)ne=s"F /nl solve this numerical
" n=str+b

" We ignore erroron b....

® We ignore systematic errors

" Use Bayesian method with uniform prior density

events.

B=5%

h = fight area shaded
dark blueis .05
of the tatal area
under the curve.

C. Issever, University of Oxford



B = Yobs(suP)ne=S"" /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

C. Issever, University of Oxford
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101

102

1073

104

C. Issever, University of Oxford
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Let us compare with the published limit...

G B [pb]

10

107°

V4

ATLAS Preliminary --- Expected limit
s =8 TeV I Expected + 16
Z — uu Expected+ 26

— Observed limit

J.Ldt=2.

0.5

|
1 1.5 2 2.5 3 3.5
M. [TeV]

. 100TVTI, UINVTIOILYy Ul \UJAIVIU 69



Let us compare with the published limit...

Q'

=

m
©

10

107°

“sensitivity” border

J.Ldt=20fb'1

ATLAS Preliminary --- Expected limit

‘5 =38 TeV B Expected + 1o
Expected+ 2¢

— Observed limit

0.5

1 1.5 2 2.5 3 3.5
M. [TeV]

. 100TVTI, UINVTIOILYy Ul \UJAIVIU 70



Let us compare with the published limit...

" 1 = T T | I T T | T T 1 | T T 1 | T T 1 | =

Q = =

m% - ATLAS Preliminary  ___ Expected limit -

© 1o B 's = 8 TeV W Expected+ 16

= - Expected+ 26 =

B — Observed limit 7]

.10—2 = o ZTSSM =

E - Z,x E

B —7 o

103 SO N —

107 —
10'5 ‘ | |1 | | | | | | | | | |

0.5 1 1.5 2 2.5 3 3.5

M. [TeV]

. 100TVTI, UINVTIOILYy Ul \UJAIVIU 71



Limits for both channels combined
ATLAS CMS

L 1 = T | T T T T | T T T T | T T T T | T T T T | T T T T
O E P -1 + - -1
a = L 3 CMS Preliminary 8 TeV,ee (19.6fb ),y'u (206 fb")
In—:ll - ATLAS PIE'"T”nary o ExpectEd ||m|t ] mo 10-4 3 LI L s R ) L L B N NN B B A L B L L B B E
o ‘_ Vs =8 TeV I Expected+ 1o _— - N T median expected -
10 = 7' Expectedt 20 = - B 68% expected i
» - 3 AN 95% expected
B — Observed limit 7 10° & Zo —
102 5 Loy = Z\ E
- —Z = i —— 95% CL limit ]
B —Z ]
102 ' — 10° 3
10—4 :_ —: 10'7 —
§ee,pp:JLdt=20fb'1 = = 3
— - N 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 | | 1 1 | 1 I 1 1 1 1 | | 1 | ]
B N 500 1000 1500 2000 2500 3000 G 3500
-5 | 1 | | | 1 | 1 | 1 | 1 | | | 1 | 1 | 1 1 | | | | | | 1 | | | 1 m II e
10 0.5 1 15 2 25 3 35 (1) [GeV]
M. [TeV]
Z'soy > 2.86 TeV@ 95% C.L. Z'so > 2.96 TeV@ 95% C.L.

C. Issever, University of Oxford 72



Let us discuss a bit the difference btw ATLAS/CMS

¢ B [pb]

ATLAS

1 E T | T T T T | T T T T | T T T T | T T T T | T T T T
= ATLAS Prfliminary -~ Expected limit 3
10" B \s=8TeV W Expected+ 16|
= Z = Expected+ 20 3
O — Observed limit 7
107 E
10°
4|
10 Eee,pp:det=2ofb'1
10-5 i | 1 | | | 1 | 1 | 1 | 1 | | | 1 | 1

0.5 1 1.5

Z'say > 2.86 TeV@ 95% C.L.

CMS

MS Preliminary 8 TeV, ee (19.6 fb"), u*u(20.6 fb™)
I | 1 1 I T I K 1 T T | T T I I | I 1 I I I T 1 T T | I T T
N emeeseas median expected

I 68% expected
95% expected

C

N

ZISSM
Zy
—— 95% CL limit

—
Q
|
IIIII|

“3000 3500
m(l) [GeV]

500 1000 1500 2000 2500

Z'say > 2.96 TeV@ 95% C.L.

C. Issever, University of Oxford 73



Sighal Shapes and Parton Luminosities

A m (2 =171V i 20y = S TeV

% 08 4 14 e Mpp CTeN ] 1 g 0 4 Mal £TeM

O X 4TV X470V, -
- @ \ <
= (oo r

‘fT-tV 47-2 V 74



ATLAS CMS Differences in the Limit Setting

ATLAS

" Uses signal templates for limits

" Loss of sensitivity at high masses
" Parton luminosities

® Upper cross section limits model

CMS

Uses narrow resonance
" For cross section upper limit

" Cross section upper limits
less model dependent

" Give outside world
description of what was done

Take signal shapes within +-40%
of the mass peak into account to
compute theory curves

Not sensitive to parton
luminosities

generic resonance search

specific
E‘ 1 § T T | T T T T | T T T T | T T T T | T T T T §
Z ATLAS Preliminary - Expected limit
m _ .
o [ Ns=8TeV Expected+ 15 |
107 G* — |l Expected+ 26 3
K — Observed limit
#= k/M,, = 0.1 7
10 KM, =005 3
— kM, =003 7
— kM, =001 A
103 = =
ne - ~—— -~
10 Eee,up:J Ldt=20fb" E
C %
'5 | | | | | | | | | | | | | | | | | | | | | I | | 1 | 1 |
1055 1 15 2 25 3 35
M. [TeV]

KK Graviton narrow resonance
Obs limit does not go up

C. Issever, University of Oxford
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Ditaus (fully hadronic)

" Lepton universality not necessary for these new gauge bosons
— Essential to search in ALL decay modes 19 .5 fb-!

 Selections  [ERISE UICACN VLR
% b Jdi=195m" % inf}]:_m s
: = - ultijet _
>2 1 candidates 107F Vs=8Tev Bt
10°E o [ tf+single top 4
- - Dib 3
p+(14) > 150 GeV 10 J“'ﬁ 2 TS0t <
Trigger matched 1E R -
i AL 13
Opposite charge 07 @ﬁ
10 3 b S
Ap(t,,75)>2.7 it =
(0] : 15 C T T T T
Loose BDT ID (60%) g | N
. oy AXe(MZ'>750)~ 7-9 % ~ 3
masls rtesolu_tlon is 30-50% Axe(mZ'=500) ~ 3 % _8 0.5 -] . . ST

single tau trigger Q _ 500 360 1000 2000

MY(Ty 2 dviss Thadvis E¢™ %) [GeV]

ATLAS-CONF-2013-066 C. Issever, University of Oxford 76



Ditau 95% Credibility Limits

ATLAS-CONF-2013-066

/

E | l I I I | I I I | I I l I | I I I

R N e Expected limit

= W Expected+ 160 —

L) C - - -

T : Expected+ 20 ] m Obs. Limit
N - —e— Observed limit - SSM Z’ 1.9TeV

% I — ZL'sem |

N [0 R - i — Z's, th. uncert.

N - -

g - i

g |

©102: = -

- ATLAS E Important Systematics @ 1.5 TeV
- Preliminary 1 * Jet-to-1 fake rate: 9% on bkg
|Ldt=19.5f" /s =8Tev
3- Tragrod Gh?nne, | | y ®* Tau energy scale: 9%
10%500 1000 1500 2000 * TaulD:10%
[ ) I . o)
m. [GeV] Tau trigger: 7 %

Mass Point [GeV] 500 625 750 875 1000 1125 1250-1375 >1500
m'® [GeV] >400 >450 >500 >550 >600 >700  >750 >850 77




VV, - IV |n 8 TeV Data PAS EXO12060

, CMS Preliminary [Ldt=20fb" y{s=8Tev
. u >1O EEI I | I I I I | I I I I | I I I I | I I I I_g
Many models pOSSIb'G _ O F —— W evM=2500 GeVIW->ev chn =
" right-handed W' bosons with 10 s cey E
standard-model couplings Q10°F Iﬁ+smgnetopr->w =
O !eft-handed W' bosons including ;)-104 IY+jets IDY->ee 4
interference =2 -
" Kaluza-Klein Wkk-states in split- 919"} Boroe [owoson 3
UED LLI107 B8 . 2 yst uncer,
= Excited chiral boson (W*) 10 |
" Event Selection and 1
Backgrounds 10
" back-to-back isolated lepton and 107
ETmiss 10_3

" Plot transverse mass of lv
system

" backgrounds from W, QCD,
tt+single t, DY, VV from data

500 1000 1500 2000 2500
M. [GeV]

Mt = \/2 . pi’} . E?iss - (1 — cos Agbgﬂ_,)

C. Issever, Universit_ 78



W’ = 1lv In 8 TeV Data

liminary, 20 fb™, 2012, {s=8TeV
Observed 95% CL limit ! 0

Y| e Observed 95% CL limit W' — ev M(W SSM) 95 /0 CL Observed
Ly Observed 95% CL limit W' — v
10% B == === Expected 95% CL limit

B[]
1o
==
E144]

o
—_—

TSTHEO)

T T
-
-

[ Expected 95% CL limit+ 1¢

‘ N— g Fmitz20 ATLAS e+p, 2011,4.7fb™" > 2.55 TeV

10° T [ PDF uncertainty
S AV [ — W with 11 = 10 TeV NNLO

c x B [fb]

e -2:.';"-‘.‘”““?"”‘“” CMS e+, 2012, 20fb-" > 3.35 TeV

Yl e m|55 miss
P 2 P S —— e e * B +ET ........

.|

N Y Y N 1§ I-J-I-l.

10

IM(W’sg) > 3.35 TeV 95% CL

—

Ty,
g,
oy,
.......
H g,
"y,
T

III|IIII|III'IIIIII|IIII|IIII|IIII—}
1000 1500 2000 2500 3000 3500 4000

M, [GeV [ATLAS hep-ex 1209.4446]
CMS PAS EXO-12-060

o - :
o+ : 2
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Dijet Event Display with m,, = 4.69 TeV

—
'
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X '.,,-1 ,z/ s =
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i

SATLAS

A EXPERIMENT

==f Run Number: 209580, Event Number: 179229707

Date: 2012-08-31 20:24:29 CEST




Heavy Resonance Search: 8 TeV Dijets

Probing quark structure

® Strong gravity, excited quarks

B Selections ~ 5 TeV
" Two anti-kt 0.6 jets T

- ATLAS Preliminary |

-e- Data

Events

" pr>150 GeV && m;>1 TeV : " Background |
" |y|<2.8 && dijet CM rapidity |y*| “F Va0
< 0.6, y'=£0.5%(y4-Y,) 10°E
" Look for resonance above el

phenomenological fit of data

—

f(x) = (1 _x)szP3+P41HI
N = mjj/\/g I‘"'200'0“""5'()'0‘0"“"|4'0|0‘0“|"
Reconstructed m, [GeV]

ATLAS-CONF-2012-148 C. Issever, University of Oxford 81

Significance
N o N =




Heavy Resonance Search: 8 TeV Dijets

® Bump Hunter

ATLAS-CONF-2012-148

C. Issever, Univers

" Good agreement btw data and fit.
" Global x2/NDF=15.5/18 = 0.86 — p-value = 0.61
" good agreement btw data and fit

Events

Significance

105;
104;
103§
102;

10E

- ATLAS Preliminary |

-e- Data =
— Background 1
vs =8 TeV E
| Ldt=13.010" -

N o N =
FT T T 1 T T 1 THITI T TTT

~2000

PR | P [ SRS T ' I P R |
3000 4000
Reconstructed m, [GeV]



Heavy Resonance Search: 8 TeV Dijets

Gaussian resonance limits:
mean mass, mg and 3 O

10"

102

95% CL Limit on ¢ x.A [pb]

10°

10

LN I I B B Y N SO B B B BN B B B B
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Heavy Resonance Search: 8 TeV Dijets
CMS-PAS-EXO-12-059

1 . CMS Experiment ¢ C, CERN
T”gger. Data r(,-::?‘.(r‘:rilozlmij'j})%:? 512:29:33 2012 CEST
Run/Event 7[",‘4’5-17 [ 52508234
[ | L1 : Single jet trigger . Lumi section: 32
" HLT:

" H>630 GeV && m;>750 GeV
" Jets with R=0.5
" pr>30GeV, |n| <25
® combines 0.5 jets into "wide
jets” with R = 1.1

" two wide jets satisfy

“ Il <1.3

“In[<2.5

O ij>890 GeV Highest invariant mass dijet event
m; =3.15 TeV

C. Issever, University of Oxford 84



Heavy Resonance Search: 8 TeV Dijets

> : T 1T 1 | I T 1T 1 I 1T 1T 1 T T 1 I I T T 1 I 1T T 1 E
8 0.0045 |— ]- — Quark-Quark
E - - Quark-Gluon
@ “%C Gluon-Gluon —
> ]
E=Saiiadw CMS Simulation Preliminary—
QD - ) -
N o \'s = 8 TeV, WideJets -
© o ]
e f nl<25&an [<1.3 .
B 0.0025 _— r __
< 0.002:— _:
0.0015 f— _f
0.001 :— -
0.0005 f— _f
:..1.-..1 : " 3 ol BT P A P
3000 4000 5000 6000

Dijet Mass (GeV)
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Heavy Resonance Search: 8 TeV Dijets

E\ 104 E| I T T l Tl | T I Frimi ] Tl L | Tl |. L I L | IE
o = CMS Preliminary ==+ String .
~ 10°E - == Excited Quark  _
< = ‘c\“ \s=8TeV,L=19.6 fb Axigluon/Coloron =
X {02L . hl<25lan]<13 FoDlauark
0°E M i - s8 E
m - .. " ssus= W’ 3
[ W, S Z _
é 10 = "“:\ “’w,,‘ RS Graviton N
S 0 Excited quark limit:
O S |
O . .f m > 3.5 TeV at 95% CL
o 107 =
% , = e ]
o 107 S TOCSEBEIRC 5
O 107 & 95% CL Upper Limit . y Se =
= —e— Gluon-Gluon ’ N eS80 3
104 & —e— Quark-Gluon ""'r..,:‘\ —
= —o— Quark-Quark Tl 3
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Dijet resonance + W/Z—IV/II

ATLAS-CONF-2013-074 Backgrounds 7 .
" Very interesting final state B Estimated with MC
" Sensitive to VH " W/Z+jets dominant
" Extradimension " ttbar
® Technicolor, little Higgs " single-top
" Diboson

BT - it - estimate w dat

p- V1> 50 GeV

Source Ao /c% for Wi Ao /c% for 7))
. . W/Z+jets normalization +5 +16
22 Jets Wlth pT> 30 Gev W/Z jets shape variation +2 +4
Multijet shape and normalization +5 N/A
AN | < 1 75 |A i | > 1 6 Top normalization +4 +7
| njjl | ‘ (p” ' Top Modeling +3 +4
Jet energy scale (all samples) +10 11
Jet energy resolution (all samples) 2 +3
: T / Lepton reconstruction (all samples) +1 +3
Systematic Uncertainties PDF (signal) Py !
PDF (top) +6 +3

m(m;) = 180 GeV
C. Issever, University of Oxford 87



m; distributions for Z/W+2 jets

signal region

signal region

.

115 < m; < 300 GeV 0P 115 < m; < 300 GeV
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95% CL upper cXBR on LSTC Technipion + Z/W production

LSTC = Low Scale TechniColor

LSTC p,t — Zmp*

LSTC pT-I__'O — WT[TO’-I__

— 1 T — 6 T T T T T T T T T T
ﬁ_ B | LSTCp— Zrtassuming m_=3/2'm, +55 GeV ' "é ] — LST(IJ pi"’ SWn* assum%ng m =3/2'm, +55 GleV |
o : ————— Observed 95% Upper Limit T : o —— Observed 95% Upper Limit T
fl 0.8 — — —  Expected 95% Upper Limit ] @ i — — — Expected 95% Upper Limit |
>b< : - +1 Sigma Uncertainty : >b< B +1 Sigma Uncertainty N
i = i 41— +2 Sigma Uncertainty =
0.6 — i i
i [Ldt=203fb" ] i JLdt=20.31" |
B \s=8TeV - \s =8 TeV
0.4~ ATLAS Preliminary N i ATLAS Preliminary 1
i _ 21 ]
O i 1 | ] 1 ] 1 ‘ 1 I 1 1 | 1 I 1 | ) 0 I ] | 1 1 ] ] | 1 1 I ] | 1 1 I ] | |
150 200 250 300 150 200 250 300
M_- [GeV] M1 [GeV]
m,;> 170 GeV | Im_;> 180 GeV |
3 /
mp—z*mn+556eV :
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Search for Heavy Resonance: Dijet Angular

Lab frame Centre-of-mass frame

Ye /
/ Boost /H’—\

> & —— > -

Yboost = %(U( I .(/rl)
Yd —Y°

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

1+ | cosf) 1 §
- s = {0 "B
1 —|cosf| 1—|cosB| 1
do a? < -
— x — (s fixed) § = m;; |Constantin x for fixed m;
dy 5 13 ]

C. Issever, University of Oxford 90



Search for Heavy Resonance: Dijet Angular

¢
1 244
gt (£3) X
q q
q9 qq
64 @? 8142 § q q q
T ( u? _Tf)
1 q 1
q7 = q'q ,
9 49
ii__ll“:’ (."é-‘u‘ )
(
(

99—+ 99

q |
128 2 4 i24+4? 12 4-£2 q g
- O ('G[ !tl - L—.E_)
q g
q g
1

Yol (545 + 5 - 35) >w< :{ QCD is a bit more complicated.....

qqg — qgq

9
g 9 g 9
a2 (840’ 15244’ g q
16a; (—:,— 9 2 )
q q
{ q9 q9 9
{

. g 9
Ja2 (41 1)
g 1
a2 (35 258 + o) Yoo s oS5 Andreas Dominik Hinzmann
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Search for Heavy Resonance: Dijet Angular

main processes

-3 i}
8 - Ns=7TeV =— QCD
- : Mjj >22TeV=—=q9->q9
o B —— g g
- i wenn Q> qQ
= ~y 000000 e gg->99g
3 : gg->qq
o ol q9->qq
: ~qq->q'q
o q9->99
10-5 A TR l.‘ll.‘ﬁ .,%h‘iJ;:._:L_bg, 0:.|...|”.1.1.1“11,.-1-1',..1...
500 1000 1500 2000 2500 3000 3500 2 4 6 8 10 12 14 16
M, [GeV] L gijet
low M; gg and qg dominate QCD ~ flat in ¥

high M ; dq dominate

Andreas Dominik Hinzmann
C. Issever, University of Oxford 92



Search for Heavy Resonance: Dijet Angular

arxiv:1210.1718
o< T T T T T T 1] T
© 0.25F l
© i szt - 481" Ns=7 TeV ATLAS -
© B N
) L .
= 0.2BECgs o :
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o - »
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QCD Prediction

Theoretical uncertainties

Total Systematics

= === QBH (n=6), M =40 TeV (+0.16)
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Search for Heavy Resonance: Dijet Angular

60| T |

- ATLAS
I~ \s=7 TeV

40

ANiotal/dm

20

0= —

Sotese 00,

- ATLAS

| ‘ ‘
Jl,dl =481b" \s=7 TeV

QCD Prediction
Theoretical uncertainties
Total Systematics

data

Contact Interaction: A = 7.5 TeV
e QBH (N=6) : M_ = 4.0 TeV
D
ceeee Q@ im _=25TeV :
q :
Lower boundary of search region ;

Systematic Uncertainty (%)

-20;

i PDF Uncertainties
-4Q~ — Scale Uncertainties
e JES Uncertainties

| [ Total Systematic Uncertainty

N | | | |
50000 2000 3000 4000
m; [GeV]

Models and Limits:

® Quark contact interaction
(quark compositeness)

" A>7.6 TeV (7.7 TeV)
® Quantum Black holes

l l ] [
000 1500 2000 2500 3000 3500 4000 4500

m; [GeV]

C. Issever, University of Oxford
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New Physics Searches with high-pt top quarks

[GeV]

200

150

100

50

QUARK MASSES

up | &
down | ©

strange |"#

charm |© &

bottom (& ¢

®" Top quark properties

" Highly coupled to EWK
symmetry breaking

" LHC is a top factory

" Huge mass of top
" Bizarre
" New physics
® Heavy new particles

" Couple strongly to top
" Produce boosted tops

" New techniques for top ID

——-.-., Jniversity of Oxford
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Boosted Regime

hadronic top .h-"" 7 -
candidate g 0.2

:lll||||\|||||\||||||||||‘||\|||||\||||\||||| I
00 100200 300400500600 700 800900

pr°P [GeV]

> CERN-PH-EP-2013-069, arXiv:1306.4945
m — 2.2_"", RN R R AR RN RAREN RARRN RN RRRRE R

® Rule of thumb: dR~ — § oF- k ATLAS Simulation #8200

Pr | = 15" Pythia Z— ff,t >Wb #5180

< 1.6 =160

" top with p; > 350 GeV 14 1

decay products within R~1 i 4 =100

Yl — 0.8 /=80

3. 0.6 —8 60

i/ 0.4F 140

R=1
mj=1 97 GeV
P-=356 GeV

leptonic top |
candidate \ &

C. Issever, University of Oxford 96



Boosted Top Event Candidate with mttbar—Z 5 TeV

had}}g, 'D car .;«v.; A--. - ey -.‘-; |
| leptonic fop - x :
\ P, candidate .- :

Run Number: 208995, Event Number: 51046560

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

eptonic-top candidate

_ 55 ET (GeV)

| a5

L 35

. 25

. 15

_# 3 3
eptonic top candidate s e, fno 3




Top Reconstructlon @ LHC 3 Reglmes

ATLAS |

* EXPERIMENT

:I | I:

b

“CATLAS

RExPeRIMENT | N\ Sy 1L EXPERIMENT

~~_Ladioar Top Canadate

Transition region:

e o GeV 500GeV<Mitt<700GeV

ATL-PHYS-PUB-2008-010
® M. Villaplana (IFIC) - Boost2012 - Valencia 27/07/12 04




Jet Substructure: jet mass

" Use jet substructure to “tag” boosted tops

liminary
mulation
anti—kT, R=0.8

— all jets

----- resolved

..... partial (bq)

—— partial (qq’)
q-.--- Monojet

0 50 100 150 200 250 3
ATL-PHYS-PUB-2010-008 Jet Mass [GeV

o

0

S )

99



Jet Substructure: Splitting Scales

QCD Boosted W boson
" e.g ky-splitting scales 0SS! SRR
= min(p2. . p2 2 /p2
dl] o mln(p i’ P Tj) X AR L /R y @ min PT X dR_ a min pTx dR =
" j constituents of current St‘;%g'gn‘fﬁ'r'r']"‘g Miet / 2
Jet CI USte ri ng Step E. Thompson, Jet Substructure and Boosted top-tagging at ATLAS

" First: you reconstruct “fat-jet”

" Second: you re-cluster
constituents using kt-

0.1_|||||II|III|III|III|III|III|III|III|III:

= 0_09: ATLAS Preliminary - Simulation

anti-k, LCW jets with R=1.0, 600 < p' < 800 GeV
--------------------- Mo jet grooming applied Z— qf

== Mo jet grooming applied Dijets (POWHEG+Pythia) ]
Trimmed [fcul=0.05. Rsuh=[].3:| Z—qf —]

a I g O rith m 0-06 Trimmed [fcu|=ﬂ.05. Rsuh=n'3:l Dijets (POWHEG+Pythia) E
— highest p; constituents ggi

clustered last

Ting,

OO 20 40 60 80 101201401 60180 200

\/d,, [GeV
C. Issever, University o 12 ]




Fixed Cone Size Lepton Isolation

Jet

/ Isolation = (ZEi)within cone EIepton

“Fixed” Isolation Cone

C. Issever, University of Oxford 101



Fixed Cone Size Isolation

Jet

Boosted System

=1
T\

A]efﬁciency increases with boost !!!

“Fixed” Isolation Cone

C. Issever, University of Oxford 102



Variable Isolation Cone

R=k/E+or k/p+
e.g. k=10 GeV

Jet

N

/ 1<0.05™p+ (for electrons)
1<0.05*pT (for muons)
“Variable” Isolation Cone

C. Issever, University of Oxford 103



Efficiency Comparisons

I_DI _I | I I I I | I I I I | I I I | I I I I | I I I I | I I I I |_
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Efficiency Comparisons
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Events / GeV

Data/Bkg

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

® Combining resolved and boosted reconstructions

® Taking full advantage of boosted techniques

60

»
=h
h_
(n_
U_
ol
3]
3
g

E ATLAS Preliminary

<

[l Single top [ Multi-jets
[JW-+ets

|:|Diboson ‘
i1s=8TeV

N

Events / GeV
wlllllllllllllllllll_

N

JLdt =1421fb

le = mln(p Tl,p TJ) X ARZU/R2

T T
- Data |:|u

[l Single top [ Multi-jets
[JW+jets [ Z+jets

[JDiboson
Is=8TeV

det =143 fb

e + jets
boosted

Data/Bkg

100 120 140 160 180 200 220 240 260 280

UnlverS|ty of Oxford

100 120 140 160 180 200

Vd,, [GeV]



Heavy Resonances Search: Object Selection

" Jets
" Small jets: pT > 25 GeV && |n|<2.5 /Q
" 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 b
" z-impact parameter within 2mm of PV

C. Issever, University of Oxford 107



Selections Continued

" Optimized for high-pt tops && reduce ttbar bkg
" High-pt single electron or muon trigger
" >1 primary vertex with = 5 tracks of pr > 0.4 GeV
" Electron channel

" ME;> 30 GeV && my = /2pyME7(1 — cosA@)>30 GeV

® Muon channel
" ME;> 20 GeV && ME +m; > 60 GeV

C. Issever, University of Oxford 108



Resolved Selection

= 4 small jets, j, with p> 25 GeV, |n|<2.5

C. Issever, University of Oxford 109



Merged Selection

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

’’’’’’
2

VARY >1 b jet

C. Issever, University of Oxford 110



Boosted Selection

>1 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 AQ(1.J)>2.3

-~
e
e
\
\
1
1
1

- 1
~o 1
S 1
N 1
e 1
~o !
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~. i
See i
1
u 1
1
4 i
~ \
e |
L 1
S 1
~ 1
s 1
~ \
~ i
~ [l
~ \
S 1
~ \
S \

M,> 100 GeV
Jdiz > 40 GeV
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Geometrical Acceptance + Selection Efficiencies

320:""I""I'"'I""I""III||
S~ 48  ATLAS Preliminary Simulation
5« - \'s=8 TeV R lved+B ted
S 16p U + jets, combined LNESOIVE Q0Ste
S 14 e u + jets, boosted = fmmmea - -
= 12:_ — e + jets, combined /1Boosted | E
LLI C e e +jets, boosted / b===rm== -
10 I —
Z' —ttbar 8E- : =
65_ - B AF -p= _:
: — T
45 = e . s
2E- - s T .
0: e T T T T
0 0.5 1 1.5 2 2.5 3 3.5
: . m.[TeV
Boosted selection efficient > 1 TeV my, ., ‘ aliev] 112




Reconstructed top mass distributions

Semi-Leptonically decaying top Hadronically decaying top
> =R B ‘ '_ RSN AL AL A L A - —— —— — — —— — —— —— —
) - ATLAS Preliminary ~-Data Ot 1 > E ATLAS Preliminary = —Data  [Jg 3
(@) 50F 7/ -Single top -Mu-lti-jets - g 8 605 ey .Sﬁt;e top Er\tﬂulti—jets .
; - / ] W+jets [ Z+jets g = 50 7/ [JW+ets @Z+jets
= 40:— T [JDiboson aTey = O §2] - Y BB Diboson E
< - 7 e 1l @ o 4o % Is=8TeV
1 30F 7 = [1> - 7 .
- 7 % l‘ 4 3 Q 30 v —
20 Y, Jlat=AAST = (7)) - 1, ILdt: 142"
- JZ U+ jets . > o) 20_ 7// U+ jets E
10— . % boosted — D 103_ 2% boosted _-
E —k ; 7 :
o n
< 1.5 Doz 11 O[22 15]
Tt | @ | 1S
T 05 Fr s s v et 1M |5 o5
)

50 100 150 200 250 300 350

v (from MET and W mass)

C. Issever, University of Oxford
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Events / TeV

Data/Bkg

Discriminant distribution my, .,

" my resolved + boosted in et+jets and u+jets

N A AN A B A A A AU
10" EATLAS Preliminary - Data ---5x 72" (1.5 TeV)
10 JLdt=142fb'1 ff 5xg. (2.0 TeV)
10° k- | P Multi-jets  []W-ets
10° ;_ Other Backgrounds
104; 's =8 TeV
10° |
107
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7

05 1 15 5 56 5 5%
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6, x BR(Z'— tf) [pb]

Heavy Resonances Search: Ttbar

L] L L] L] I L] L] L L I L} L] L] I L] L L L} I L) L] L] L
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Upper Limit 6, X B (pb)

Heavy Resonance Search: ttbar hadronic channel

CMS,L=5fb at \Ns=7TeV

CMS, L 5fb at\}s—TTeV
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Heavy Quarks
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Fine-Tuning Problem in Electromagnetism

2 (2 . Coulomb
(mec®)opserved = (Me€”)pare + A Ecouiomb / self-energy
b 1 2
VA AFEcoulomb =
r~ “ Ameg T
r 1
e - =+ e

r. 510" cm = AE 210 GeV

0.511 = —-9999.489 + 10000.000 MeV

—ine tuning!

Murayama hep-ph/9410285
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Fine-Tuning Problem in Electromagnetism

® Picture not complete:
" Positron cancels 1/r, term
" New symmetry:
" particle/anti-particle

("7"'('('2)obser‘ved — (‘i'll»(-(i‘z)bm-e 1 fole

® Correction to bare mass becomes small

C. Issever, University of Oxford 119



Supersymmetry

® Same problem with Higgs

t

5 h? 1
h h Apiiop = —64?‘_2 2 ~ (100 GeV)?

t

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

t
.;’..‘F‘\
h ﬂmmf: o Add new particles (spin symmetry): SUSY
g
t
2 2 /*/2 1
Bfitins 4 Bjgy = (m~ — m?) log 5
4 IH ms
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Composite Higgs

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

Pion mass is not divergent.

0 L o Why?

It is 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....
C. Issever, University of Oxford 121




4th Generation and Heavy Quarks

" 4th generation would significantly
enhance Higgs production cross section

" (almost) excluded by observed Higgs cross-
section

" t't' - WbWb (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
" More diverse phenomenology

" T Decays to Wb, Zt, Ht —
" B" Decays to Wt, Zb, Hb

" Loose constraints on CKM4 — decays
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4th Generation and Heavy Quarks
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4th Generation and Heavy Quarks

" 4th generation would significantly
enhance Higgs production cross section

" (almost) excluded by observed Higgs cross-
section

" t't' - WbWb (100%): just like t-tbar but heavier
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® Beyond 4th generation: Vector-Like
Quarks in Composite Higgs theories
" More diverse phenomenology
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4th Generation and Heavy Quarks
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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




E miss >20 GeV
EMss+m. > 60 GeV
1 Isolated lepton with p; > 25 GeV
2 6 akt4 jets with pr > 25 GeV
2 bjets 3 bjets 24 bjets
0101010101010

Complex-conjugate decay modes are implicit




Discriminant Variable H-

Hr = z PT,lepton + ET,miss + PT,jets

Scalar Sum

C. Issever, University of Oxford 130



Discriminant Variable H-
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Exlusion Limits for Vector Like T Quark

ATLAS Preliminary
Status: Lepton-Photon 2013

Vs =8 TeV, _[ Ldt=14.3b"
= = 95% CL exp. axcl. — §5% CL obs. excl.

I T [ATLAS-CONFE-2013-018)
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Exlusion Limits for Vector-Like T Quark

ATLAS Preliminary

—
-+
I B m, = 350 GeV ; m, = 450 GeV Status: Lepton-Photon 2013
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Exlusion Limits for Vector Like B Quark
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0 1 1~ ATLAS Preliminary
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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 N, and Ny, ;)

O e =
- ﬁdeLdt

E
Reconstruction and Selection efficiency
Within acceptance

" ofdis (almost) model-independent
" Can turn of'd into g with generator-level information only
" Caveat: not exactly model-independent — must be conservative

Electron requirement Muon requirement
Leading lepton pt pr > 25 GeV pr > 20 GeV
. . wgn :1 — 1 I RE ’ - ’ E AT . LAY
Particle-level definition Sub-leading lepton pr | pr > 20 GeV , pr > 20 GeV
Lepton 5 In| < 137 or 1.52 < |n| < 247 | |n| < 2.5
of acceptance —yy
. cone0.d 1 pY /pr < 0.06 and
[solation PT /pr < 0.1 0.4 ]
pTet <4 GeV +0.02 x pr 136




Inclusive Same-Sign Dilepton Search

arXiv:1210.5070

C. Issever, University of Oxford

1210.4538
> 120 1 I l T LI | LI I I | I LI | l LI B | | L | L _'_ > : T I LI L | LI I LI L I LI | LI | LI I_
3 N ATLAS 4 Data 2011 ] S 60F ATLAS —+-Data 2011 —
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5. - [ ]Prompt 5 S b =
o B + .t i S - +,,t .
8 _ ee J 2 - e .
g eof ] = 30 s =
m - - n .
40 ] 201 3
20f - 10F =
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" 95% upper limits
" 1.7 fband 64 fb

Fiducial cross section
upper limits

Mass

ee

el
exp obs exp obs exp obs

Inclusive Same-Sign Dilepton Search

1210.4538

MM

Mass range

expected | observed

95% C.L. upper limit [fb]
expected | ohserved

expected | observed

e
l_.:.-.]
b

e

m > 15 GeV

| oo

m == 100 GeV

b N S0 L

(¥

m == 200 GeV

m == 300 GeV

m == 400 GeV

et et p
m > 15 GeV [ 4673 56775 64 24.0755 [ 298
m > 100 GeV || 24.17,7 23070 [ 312 122730 | 150
m > 200 Gevel_ 8873 84772 9.8 43417 6.7
m > 300 GeV [ 4.571% 41453 46 24103 2.6
m > 400 GeV [ 2.975% 3.0740 3.1 7L 1.7
etet e+g.c- |{.£-+ L
m > 15 GeV [ 20.17%° 3497 %7 | 341 15.075 3 15.2
TWG&-’ 16.17573 154757 18.0 847573 7.9
m > 200 GeVJ|_7.0757 6.671% 8.8 3.57,° 4.3
m > 300 GeV [ 3.7 3.2712 3.2 2.0103 2.1
m > 400 GeV [ 2.3704 24700 2.5 1.510% 1.8
e e e i [T
m > 15 GeV | 23.2+3¢ 26.271%5 | 344 12,1712 18.5
m > 100 GeV [ 12.0053 115752 16.9 6.0175 10.1
m > 200 GeV [ 49713 46775 A5 s 4.4
m > 300 GeV [ 2.97,% 2.7 3.5 1.570% 1.7
m > 400 GeV [ 1.87)7 2.370% 2.5 1.2700 1.2

C. Issever, University of Oxford
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Possible Models

" |eft-right symmetric models

® Higgs triplet models

" little Higgs model

" fourth-family quarks Acceptances: 43% - 65 %
® supersymmetry

® universal extra dimensions
H

C. Issever, University of Oxford 139



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

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

.
l'-.
.
6--.
.

-
.
-
*a
"y
*u
"

O|
—
D—
2

=

pair production associate production

‘Signature: same-sign leptons ‘

C. Issever, University of Oxford 140



Inclusive Same-Sign Dilepton Search

arXiv:1210.5070

> F S A B IR BN > 40F B BT T A B B UL BRI
3 - ATLAS +-Data2011 4 § = ATLAS ~+4-Data 2011 J
60— — ul ]

= i J Ldt=47 " [INon-prompt 3 2 O ILdt=4.7 o' [CJNon-prompt
2 50 \s—7Tey  [Chargeflips 3 2 30 ls<7TeV |:|P:c+)mpt 5
8 m [ ]Prompt 1 3 - []H™ 250 GeV -
= u ei-ei ot . c 251 =) e — =
5 40f [JHF250GeV S § - e [ 1H™ 300 GeV 3
8 f [ JH7300Gev 1 = 20p [JH;* 350 GeV
= = []H™ 350 GeV 3 : H** 400 GeV =
" L 3 15 [ H eV —

20— [JH™ 400 GeV of 3

0 e e N - ‘-"-.'“._.'.__. = i a2 .. ! = L O TR T T S ST R BT LA LA df: — L‘iJJ 1 E

0 100 200 300 400 500 600 0 100 200 300 400 500 600
m(e“e*) [GeV] m(up*) [GeV]
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Doubly Charged Higgs Limits

arXiv:1210.5070

® Used e.g. limits on doubly charged Higgs

5 1 02 :| | | \l\ | | | I | I I I l | | | | | | | | | | I I I I :
— - \ — Observed 95% CL upper limit -
i ~ 3\ ---- Expected 95% CL upper limit -
© N [ Expected limit o il

T [ ] Expected limit + 26
:t::E 10E == o(pp - H™ H), BR(H"- ee*)=1 —
~ ~ -~ olpp — HR L), BR(H;‘—> e'e’)=1 -
o — _
m — —
P-S
{ — —
I |
1B

T - ATLAS

T L JLdt =47

Q- r—

2 \s=7TeV

©

T LS Y U SN BRI SR
100 200 300 400 500

Pair production: M(H**-) > 409 GeV m(H) [GeV]

C. Issever, University of Oxford 142




Doubly Charged Higgs Limits

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

BR(®** — e*p®) = 100% BR(®** — 757%) = 100%
CMS Preliminary /s=7TeV, [ £L=46fb"! CMS Preliminary /s =7TeV, [ L =4.6fb"!

arXiv:1207.2666

10

e o 1T

-

-
—
=
|
i

95% CL upper limit on o /o041

95% CL upper limit on o /c,,0de1

B +1-band
[ +2~band
EEm Tevatron exclusion

- - Expected limit {combined)
= Observed limit (combined) [ = Observed limit (combined)

50 200 250 300 350 400 450 500 T0 160 180 200 220 240 2060 280 300
Mass of o= [GeV] Mass of o= [GeV]

1
10 EE 10 band
7 [ +2c band
= = Expected limit (combined)

1073

Combined ey: M(H**-) > 455 GeV
Combined tt: M(H™~) > 198 GeV | . 143




General 3 Charged Lepton (e/y/t) Search

ATLAS-CONF-2013-070

® complements previous searches — model independent

" 4 inclusive signal regions 20.3 fb™’
Flavor Chan.  Z Chan. Expected Observed
> 3e/u off-Z 260+ 10+ 40 280
2efu+ > ltpyg  off-Z 1200+ 10+ 290 1193
> 3e/u on-Z 3100+ 40+ 500 3199
2efu+ > ltpeg  ONn-Z 17000 £ 40+ 4000 14733

® 100 exclusive signal regions
| H_I_Ieptons , H_I_jets
" Min p{
" mgg=|HyES| +|EMS| + ||
= for on-Z: m\W
" number of b-jets

C. Issever, University of Oxford

2 isolated electrons or muons,
P > 26 GeV, p,>15 GeV

3" lepton: e or Y or T4
pr(e.u)>15 GeV, p;¥8(t,,4)>20 GeV

akt4 jets with p; > 30 GeV

144



General 3 Charged Lepton (e/p/t) Search

ATLAS-CONF-2013-070

i

—e— 2012 Data

[ ] Reducible
B VV(V)

[ tE+V(V)
%82 Syst. Unc
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300 200 500
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100

e % % & = 5 S
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H
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General 3 Charged Lepton (e/y/t) Search

ATLAS-CONF-2013-070

95% Confidence Level Limits (using CL,)

Model Testing with published
fiducial lepton efficiencies

2 ATLAS Preliminary s=8 TeV « Observed -
EL T — Expected
° 10 [Ldt = 20.3 b WExp+ic 3
N Exp+2c |
10 ——— =
E I 3
1F .

: _—

107 >3 e/n :on-Z 2e/p+2ht  on-Z .
§ = —t —t—t—t—t——]
© 10 3 3

i —_—
1 F
1L -
107¢ >3 e/p : off-Z 2e/p+21t:off-Z =
Inclusive 200 =500 =800  Inclusive 3200 3500 =800
lept lept
H. "™ [GeV] H "™ [GeV]

C. Issever, University of Oxford

PT Prompt p
[GeV] In| > 0.1 In| < 0.1
10-15 0.021+£0.001  0.003+0.002
15-20 0.704+£0.003  0.37+0.01
20-25 0.808+0.002  0.42+0.01
25-30 0.855+£0.002  0.45+0.01
3040 0.896+£0.001  0.498+0.008

Just one example from note

146



Mono Jet Event Display

‘Compact Muon Salenoid

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384
Lumi section: 31

Jet 0,

et=921.98
eta = -0.463 \
phi=2508 |
e ’ o
- :
- N\
)
- ‘ B
PR S B
A - MET 0,
pt = 913.68
- eta = 0.000 |
i \ | phi=-0657
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Dark Matter Detection

M. Fedderke

C. Issever, University of Oxford 148



Dark Matter Detection

M. Fedderke

DM SM

DM SM
C Collider Production

C. Issever, University of Oxford 149



Dark Matter Detection

M. Fedderke
DM
A\
Direct
Detection DM
C Collider Production

C. Issever, University of Oxford 150



Dark Matter Detection

M. Fedderke

Indirect Detection )
—
DM
A SM
ANANNNAN
Direct Photons from

Detection DM 1 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
® interaction treated as contact interaction!

C. Issever, University of Oxford
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Like Fermi’'s Theory of Beta Decay

C. Issever, University of Oxford 153



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= M
" Fermion: Dirac or Majorana \/gqu

" Scalar: Complex or Real

C. Issever, University of Oxford 154



Dark Matter Production at a Collider

C. Issever, University of Oxford 155



Dark Matter (DM) Production at LHC

Effective interactions coupling DM to SM quarks or gluons

Name | Initial state Type Operator
g D1 qq scalar ﬂ; XXqq
3
S| D5 qq vector T XV XTVug
D8 qq axial-vector ﬂjf;? )‘(}/”’}/5)@’}/”7%
D9 qq tensor ﬂ—lf)_( " xqowq
D11 qg scalar ﬁ)‘(;{@s(Gﬂy)

characteristic set

C. Issever, University of Oxford 156



Dark Matter (DM) Production at LHC

Effective interactions coupling DM to SM quarks or gluons

Name | Initial state Type Operator
>| D1 qq scalar 5 XXqq
% -
= D5 qq vector ﬂ}g X7 XAV

1 related to spln iIndependent DM- nucleon mteractlons

D9 qq tensor ﬂ—lg X0 xXqo 9
D11 qg scalar 4ﬂlsff )_(X@e(Gfm)

characteristic set

C. Issever, University of Oxford 157



Dark Matter (DM) Production at LHC

Effective interactions coupling DM to SM quarks or gluons

Name | Initial state Type Operator
> | Dl qq scalar % YXqq
g related to spin dependent DM-nucleon interactions
S D5 qq vector ﬂ,}f XY XAV
D8 qq axial-vector A;Q_ )‘(}/”’}/5)@%’}/%
D9 qq tensor ﬂ—lf)_( " xqowq
D11 qg scalar ﬁ)_(X@e(Gfm)

characteristic set

C. Issever, University of Oxford 158



Conditions of EF T

1. Jq:9y < 4T — 72;’3 < A (to stay in perturbative regime)

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

41T 41T Johanna Gramling

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

Combining 3 & 4 gives stronger constraint than 2!

C. Issever, University of Oxford 159



Spin Independent Limits on A

EXO-12-048 PAS

Ewoo'— - - I Letsay\/gqu=1

) i 1 BA> QTR > me
: | = @LHC
. CMS Preliminary ] " Qr~ O(1TeV)

et " | imits on A
i det=19.5 fo : " <1 TeV
300 :gm: 22112:/!:2:2: ] “ Validity of EFT
approach

guestionable

I | 11[1I1I‘ | l]llllll l IIIlIJIJ

1 10 10° 10°
M, [GeV/c?]

Johanna Gramling

C. Issever, University of Oxford 160



Intensive Discussion about how to interpret Mono-X analyses

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

" “On 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. |. 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,

" “Effective WIMPs", arXiv:1307.8120v1

" Yang Bai and Joshua Berger,

" “Fermion Portal Dark Matter”, arXiv:1308.0612v2
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Discussion on Validity continued....

" See recent workshop in Chicago
" Dark Matter at the LHC, 18.09-21.09.2013
" ATLAS and CMS mono-object teams met with theorists
" Expect for Run2 improved presentation of limits

C. Issever, University of Oxford 162



Coming back to CMS Mono-Jet Search

EXO-12-048 PAS

=21 good vertex

> 20% E;q
<70% E,

jet

pr(jet1) > 110 GeV && Nyl < 2.4

no other jet with p>30GeV in |n| < 4.5
except AP(j1,j2) <2.5

no isolated leptons

from charged hadrons

from neutral hadrons or photons

C. Issever, University of Oxford 163



Selection Variable Distributions
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Background: Z(vv)+jet

® Use data to estimate background

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

" 2 ywith pr > 20 GeV && |n|<2.1
® > 1 isolated p
" 60 GeV <m,, <120 GeV
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Distribution of Z(pu) + jet Sample

0 R IR S R R R i L L F ! | ERASH ERAATERRRAREER~
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Background: Z(vv)+jet

® Use data to estimate background

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

B 2 pwith p; > 20 GeV && |n|<2.1
® > 1 isolated p
" 60 GeV <m <120 GeV

o Nobs _ pybgd Z(vv)
N(Z(vv)) Axe . (Z[FF'{})
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Missing E; Distribution after all Selections
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Spin Dependent Limits on A
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Darkmatter-Nucleon Cross Section Limit
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DM-Nucleon cross section upper limits
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Boosted Mono W/Z Production

Events / 10GeV

1st time:

ATLAS-CONF-2013-073

®" Hadronically decaying W/Z's

® Jet Substructure techniques
" Cambridge-Aachen 1.2 jets
® Probe momentum balance

® VY = min(pry,prz) AR /Mg

® Backgrounds

" Z—>vv+jetand W/Z — IV/Il + jet
® Use data control regions

" Diboson, ttbar, single top
® Use simulation

" Multijet negligible

180 T l T T I T 1 T T | T .l T T | T 1 T l_
160E " Data top CR: ET'™" > 250 Ge\H
- W(e/w/t)+jet J Ldt=20.3fb" \s=8TeV:
1400 I single top E
120F /), uncertainty ATLAS Preliminary =
100f- =
80 7 —
40 /W
- 7 % 4
20 (A4 —
[ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 ]
%O 60 70 80 90 100 110 120

W tagging validation with tops

M, [GeV] Iniversity of Oxford
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Signhal Samples

w* u X

w x \Ci Interference btw diagrams
7 ™ C(ux)=C(dy), C=coupling

d/CX 7 % " destructive

" W's p; low

" C(uy) = -C(dy)
| Name | Operator | Coefficient | " Constructive

D9 Xo*Xxqo,vq 1/M,? " W’s p; high

D5  X¥Y*xqv.q 1/M.,* " D5 signal generated
D1 YX3q mq/M,> " C(ux)=C(dx)

vxdq My /M, " C(ux)=-C(dx)
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Boosted Mono W/Z Production

2 Signal Regions:  ME; > 350 GeV ME- > 500 GeV
%SSOZIHIIIH_1IIHHIHH|'”+Data > 45EHII||”1I|””'””'”'+Data
(OD SOOE[Ldt=2O.3 foo \s=8TeV Z(vv)+jet _ (CDJ 40}.[Ldt=20.3fb- \s=8TeV ﬂrzx’)-:jet .
— u - +iet — - +jet 3
E iﬂTLAiiI:rehmmary -_IV_VO/pZ(e/H/’C) jet 3 E 35 ;—ATLASl Preliminary 8 Tor (e/w/T)+jet
S 250 SR:Er™ > 350 GeV Diboson &  30FSR:E™ > 500 GeV Diboson
Lﬁ - /77, uncertainty Lﬁ § //7/. uncertainty ]
S ' = s
150F- . — DS(u=d)x1 | 200 //// * ~902
: / ] 15 =
oo Yl Z/WW — . %ﬁ 7 / ;
A wimm o //%
50— — =
B 5F
. ===l - =
% 60 70 80 90 100 110 120 % 60 70 80 90 100 110 120
IVljet [GEV] IVljet [GeV]
® Good ag reement Process E%’isg > 350 GeV E%“SS > 500 GeV
_ o Z > vy 40073, 54+
" Exclusion limits at 90% CL  w— .z - e 210720 22+
: WW,WZ,7ZZ 57+ 9.1+13
) s s -8 -1.1
using Shape of rnJet tt, single ¢ 39+10 3.7+
Total 710758 89",
Data 705 89
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Limits on Parameters of effective DM Model
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Limits on Nucleon-x Cross Section
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Limits on Nucleon-x Cross Section

C\II_I _I | | | | .I | .I | I | | | | | I I | | | | | L | ]
g 10_36 __ATLAS Preliminary J.L dt=203fb" (s<8 TeV_
IEI L / |

- B N

2 1038 |- ___,.-—//’:
0 - . -
% - _

! - spin dependent |
B 104

O

&) _

ZI 10-42 — —— ]
S [—

- —— D9:0obs COUPP 2011 2
10744 - —— SIMPLE 2011 B Picasso 2012-
 90%CL IceCube W'W lceCube bb |
. D9: ATLAS 7TeV j(xX) -
10‘46' I I I |||||| I I I |||||| 1 I I ||||||
1 10 107 10°
m, [GeV]

C. Issever, University of Oxford 177



Graviton Production in Extra Dimensions
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Extra Dimensions are not a new idea!

¥ 1920’s Kaluza&Klein
unify electromagnetism
with gravity

" 1970 String Theory is

M 1984 Superstring Theory

born M 10, 11 or 26 dimensions
- needed

1971 SUSY enters the B Compactified

stage
" 1974 Gravitons “pop out” M 1998 Large Extra Dim.

] B Nima Arkani-Hamed, Savas
of string theory Dimopoulos, and Gia Dvall
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Extra Dimension (ED) Models

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

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

04.02.2009

— our world

-;- ; Fn
7"

LT

/
LL.DUut a flea can mowve
in two dimensions.

ff
gravity

extra dimension

Gravity is escaping into the extra dimensions.
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Gravity in Extra Dimension

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

GD — n Mn+2 — (2.".)n
-2, G, =GL > =BG,

At large distances gravity seems weak

G G

F = D = —

Ln . r2 r2

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

constant.

04.02.2009 C. Issever, University of Oxford 181




Other Predictions of Extra Dimension Models

KK particles

Mass
6R
) /
4R
3R
Mass 1 2R
difference
~ 1 [/s1z8 1R et
T >
—— “

http://universe-review.ca/l15-74-KK.jpg
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Exclusion Limits on My from CMS

EXO-12-048 PAS
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ATLAS Exotics Summary

Limits pushed int

ons

o 1 TeV regime

ATLAS Exotics Searches* -9

5% CL Lower Limits (Status: May 2013)

e 7 T
L=4.7 10", 7 TeV [1210
m&w*zmnmmq-.

L=d 7 b, T TeV (1211.1150]
L=48 1077 TeV [1200.0753]

~Large ED (ADD) : monojet +E, ..
Large ED (ADD) : monophoton + E; ..
Large ED (ADD) : diphoton & dilepton, m,
UED : diphoton + E,

Extra dimensions

S'IZ, ED : dilepton, m, |ESSHibA7Teviiz60283)

S I o || T TlT T [ &1 & ]
L mm M {b"2]
HaETe M (5=2)
A M, (HLZ 5=3, NLO}
Compact. scale R
A M, ~ R

ATLAS

1.40 T Preliminary

RS1 : dilepton, m, [Ls20#6" & TeV [ATLAS-CONF-2013-017]

N 247 18| Graviton mass (k/Mg, = 0.1)

m:m“?mnmm.

RS1: WW resonance, my

raviton mass (kiM,, = 0.1)

Extra

Bulk RS : ZZ resonance, My

n mass (kMg = 1.0) J.n'_df =(1-20)fb"

RS g__— ti (BR=0.925) : {f — I+jets, m M?.na“.?mmm TeV g, mass =

ADD BH (M, IM,=3) : 8S dimuon, N, .. |ESiSibSTev 0 azsial M, (5=6) fs=7 8TeV
ADD BH (M, /M_,=3) : leptons + jets,Lp |GGt aTev{i20a4eie) 1.5 My, (5=6)

Quantum black hole : dijet, F (m,) |EsisisSTeuiEioame) VAT M, (5=6)

'ggqq contact interaction : g( ) 1=4.81h7, T TeV [1210.1718] TETeV | A
qqll Cl : ee &y, ml £=5.01b", 7 TeV [1211.1150] 4387V A (constructive int.)
uutt CI : SS dilepton + jets + £, . [£=143 " 8 YaV [ATLAS CONF-2013.054) Jitev. A (C=1)
/ o S 27 (SSM) im_, , £=20 fiy", & TV [ATLAS -CONF-2013-017] 286 TeV_ 7' mass
Z (SSM) i, |L=47 177 TeV [1210.6504) 14TeMl 7' mass

Heavy gauge bosons

Z' (leptophobic topeolor) : tT — |+jets, m_ L=14.3 10", 8 TeV [ATLAS-CONF-2013-052]

W' (SSM) :mr,e_.;‘
W (- 1g,g_=1):m,

L=4.7 b, 7 TaV 11208 4445]
L=4.7 b, 7 TaV [1208 6583]

1.91eY 2’ mass
255Tev W' mass
430 GeV W'mﬁs

Lepto quarks

New quarks

o

__W (—! tb LR'ENIJ  [L=14:3 67, 8 TeV [ATLAS CONF-2013-050)

L=1.01b", 7 TeV [1112.4626]
L=1.01b", 7 TeV [1203.3172)
£=4.7 1h", 7 TeV [1303.0528]

ScalarLQpaw {,ﬂ=1) kin. vars. in eejj, E\’j].
Scalar LQ pair (5=1) : kin. vars. in ppjj, v
‘Scalar LQ pEHI'{[J 1) : Kin. vars. in Tjj, wvjj

660 Gav T gen.

s8sGev 2" gen|
534 Gev 3" gen. LQ
I' mass

720 GeV  b' mas

/ o 4" generation - f'— WhWWh [E=47 1677 Tev [1210.5488] 656 GaV
=+ dthgeneration: b'd'— SSdilepton + jets + £ [15335 78 eV [ATLAS-CONF-2013.051)
g 3 Vector-like quark : TT— Hi#X [£=14310" 8 TeV [ATLAS CONF-2013-018] T0Gev. T ma

. q

Vector-like quark : CC, m,,

v |E=48 1677 TeV [ATLAS-CONF-2012437]
“Excited quarks : y-jet resonance, m

L=211b", T TeV [1112.3580)

(isospin doublet)
Q mass (charge -1/3, coupling x5 = v/m,)
24678V " mass

1.2 TeV

Excited quarks : dijet resonance, m £=13.0 fb”, 8 TaV [ATLAS-CONF-2012-148]

Excited fermions

| | 384 TeV| ° mass

Excited b quark : W-t resonance mWl L=4.71b", 7 TaV [1301.1583)

g70Gev. b* nikss (left-handed coupling)

Excited leptons : —"f resonance, m

2 T1eV | mass (A = mi{l*))

1=13.0167, 8 TeV [ATLAS-CONF-2012-146)

" Techni-hadrons (LSTC) : dilepton, m,_,@w
Techni-hadrons (LSTC) : WZ resonance (), m_
Major. neutr. (LRSM, no mixing) : 2-lep + jets
avy lepton N* (type lll seesaw) : Z-l resonance, rnZI

H_" (DY prod., BR(H —ll}=1) : S5 ee (uu), m
Color octet scalar : dijet resonance, m
ulti- charged particles (DY prod ¥ hlghly |0n|zmg trad:ks

pJoimass (mip Jo) - mix) = M}

ass (mip,) = mix;) +my, mia ) = 1.1mip_))
N mass {m(WR} 2Tev)

N mass (|V | =0.055, V| = 0.063, |V, =

H* mass (limit |t 398 GeV for |.1].|)

Scalar resonance mass

mass (|q| = 4

10

*Only a selection of the available mass limits on new states or phenomena show.,

C. Issever, University of Oxford
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q" (ag), dist

Z'33M (e, py)

Z'535M )

Z' (tt hadronic) width=1_2%
Z' [dijat)

Z" (it lap+et) width=1 2%
Z"S5M (I fob=02

G (dijet)

G (ttbar hadronic)

G (jst+MET) kM =02
Gl kM=01

G (Z{iZiga)) kM =01
W' )

W (dijat)

W’ (td)

W' — W laptonic)

WH’ (th)

WR, MNR=MWR/2

WEK g =10 TaV

pTG, MG = 700 GaV
String Re=zonances {gg)
58 Fesonancs {gg)

E6 diquarks (gq)
Axigluon/Coloron {ggbar)
gluino, Jjet, RPY

gluino, Stoppad Gluino
stop, HSCGP

stop, Stopped Gluino
stau, HSCGP, GMSB
hyper-K, hypar-p=1_2 TeV
nautraling, ct<blcm

s 1
E..

Il

T

f

ww

1 2 3 4
! Long
Lived

Lo, p=05
Lo, p=1.0
LQ2, p=05
LQ2, p=1.0
LQ3 (bv), Q=x1/3, p=0.0

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

stop (bT)

b" — tW, (3], 21) + b-jat

q', b'/t" deganarata, Wib=1
b" = tW, l+jots

B' — bZ (100%a)

T — 2 [(1009%:)

1" — bW (1009%), |+jats

t" — bW (100%), |+l

C.l. A, X analysis, A+ LL/BR
G A, X analysis, A- LL/RR
G, py, destructve LLIM
C.l., py, constructive LLIM
L., single a (HRGM)

Gl single p (HnGk)

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

M=, vy, HLZ nED =3
M=, vy, HLZ, nED =6
Ms, I, HLZ, nED =3
Ms, I, HLZ, nED =6
MD, monojet, nED =3
MD, monojet, nED = 6
MD, mono-y, nED =3
MD, mono-y, nED =6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2
MBEH, boil. remn., MD=3Te\, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2

'
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Generation

Contact
Interactions

Extra Dimensions
& Black Holes



We are at the beginning....

WJ52013

100 —————y : : | :
[ ratios of LHC parton luminosities: 13 ie‘xf /8 TeV

| ——g9
- ---- 1Iqq

~===qg
10 |

luminosity ratio

MSTWZ2008NLO

”100 | - I1IDDD
M (GeV)

Up to now, small parton luminosity at high masses
Large discovery potential: 13 TeV
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Conclusion

" Role of models in Exotics

" Models are used map our search reach

" They give us some guidance where to look

" But, Exotics searches are mainly model-independent.
® EXxotics searches coverage

" Vast range of final states

" Vast range of models

" Searches with H boson in final state added

" Searches will continue
" Continue exploration beyond TeV regimes

® Push o-limits at low invariant masses down.
C. Issever, University of Oxford 187



Literature for Further Reading

® Technicolor and related models

nttp://dx.doi.org/10.1016/0370-1573(81)90173-3

nttp://dx.doi.org/10.1103/RevModPhys.55.449

nttp://inspirehep.net/record/2055237In=en

nttp://dx.doi.org/10.1016/0146-6410(83)90005-4

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

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

" GUT: http://dx.doi.org/10.1016/0370-1573(81)90059-4
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