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Standard Model of Particle Physics

Force
Carriers




Composition of the Universe

Neutrinos:
0.3%

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%
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Composition of the Universe

Heavy Elements:

—

Neutrinos:

Quarks
(———

Force
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H |__| Z boson | photon |
Higgs boson
Leptons E W &

[ | W boson | gluon,

Free Hydrogen
and Helium:
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Dark Matter:
25%

Dark Energy:
70%
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New Physics Models

Force

- Carriers
‘> | down | strange | b(z[mm - N PZ"T

NL:ulrmos: H L 2 boson | phoron |
0.3% Higgs boson
L osofl luon )

* New physics models:
i * Target one or more short-
4%
comes of the SM

 Develop a solution

Dark Matter:

25% > * Make predictions,
phenomenology...
i > |+« New physics candidates
e SUSY

* Composite Higgs
 Extra Dimensions

U

Exotic Heavy Quarks
15/5/15 Visit from Priboj, CERN, Geneva



Process Sought
Production and t’/T-Decay Mode

et /ut

g %
7/ VG/VM

¢+ Pair production of
the heavy quark T

+ Mass > 400 GeV
+ Decay modes:

+ T->Wb

+ I->7t

+ T->Ht



Event Description

Proton-proton Collisions




Event Development

Parton Shower
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Event Development

Hadronisation
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Event Development

Jet Reconstruction
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Event Topology

Particle level
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Event Topology

Particle level Detector level
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Event Reconstruction

Particle level Detector level
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Signal vs Backgrounds

Signal:




Signal vs Backgrounds

Signal: Backgrounds:

~1'000'000 x more baal«f‘grou&\d than signal axpat:&ed
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Classical vs Quantum Physics
| CossicalPhysis | Quantum Physies

Nature Deterministic Probabilisitc

Repetitive experiments  Always the same result Spectrum of results

Measurements Discrete values Distributions
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Classical vs Quantum Physics

_ Classical Physics Quantum Physics

Nature Deterministic

Repetitive experiments  Always the same result

Measurements Discrete values

Classical process

N

Glass r

Refraction and Reflection of Light
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Probabilisitc
Spectrum of results
Distributions

Quantum process

Jet muon
/.
bottom \ ® ®
quark _ "W boson
top quark
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Classical vs Quantum Physics

_ Classical Physics Quantum Physics

Nature Deterministic Probabilisitc

Repetitive experiments  Always the same result Spectrum of results

Measurements Discrete values Distributions
Classical process Quantum process
bottom &7 ®
T quark \ _7 W boson
oo U % . top quark
>A400F T T T
Refraction and Reflection of Light 8 E ATLAS ] \ﬁs =7 Te1\l720511GD:ta :
0 350 e +jets = siyn';\':l:p, m;0p=e172.5 Gev ]
@ r Ldt=104fb" W Z+jets 1
= 300_— Ww, Wz, 7z ]
(0] r W +jets |
nich 1 1 . = N QCD multijets ]
Relativistic mass of a single particle: (@ 250 B oo :
2 -2 200F 3
(me?)” =E*—|p'|” ¢ z z
150;— P —;
Invariant mass of a a system of particles: (ot # E
2 2 F g
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wey=(Lr) -|Trfe =

of
15/5/15 Visit from Priboj, CERN, Geneva mee [GeV] 20



Classical vs Quantum Physics
| CossicalPhysis | Quantum Physies

Nature Deterministic Probabilisitc

Repetitive experiments  Always the same result Spectrum of results

Measurements Discrete values Distributions
Classical process Quantum process
. . N ] Jet A\
e Collider physics NN m.“°”
 Many repeated N
. A

experiments under et Y /

P .. .. \< bottom /'.
+

conditions as similar as quark / W boson

possible ol . top quark

e Measurement of kinetic
. S : ¢ 400F T T
Va r|ab|e5 -> dlStrlbUthnS Refraction and Reflection of Light E C l ,L\TLAs | l- \'s 7|T vzoﬂlDt t
m350:_ e + jets ="3 lpwr:se?;ZSG v_
P F Ldt=1.04fb" W Z+jets ” ]
ESOO_— WW, WZ, ZZ ]
[0} r W+ jets ]
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Relativistic mass of a single particle: i 250;- y B oco s ]
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150;
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Signal vs Backgrounds

Signal: Backgrounds:

~1'000'000 x more baal«f‘grou&\d than signal axpat:&ed
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Kinematics: TT vs tt

b b
\ i i /
/ »e <
/ \
/7 Wt W N
/ \
(-7,4 VV
q /
b b
\ t t /
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P ~
- -~ wt W\\ \Y;
‘77 Y_
q r
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Kinematics: TT vs tt

b b
<> mT > H’Lc
T . T = Differences in the momentum
o N distributions of the decay products
7w w N
/ \
4 ¥ = Differences in angles between decay
9 J , v products
b b
g P wt W\ ~ v
q r
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Signal/Background Discrimination

* Primer:
e variabla Ht -> suma transferzalnih impulsa objekata od interesa

Hr ZZPT

- _ hs
e L Entries 9621
% - Mean 948.3
z012— RMS 251
> r
0.1—
0.08—
0.06—
0.04—
0.02—
0_ i} 1 1 1 Ve '\ L L 4 LL 1 L L l 1 1 1 1
0 500 1000 1500 2000 2500
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Signal/Background Discrimination

* Primer:
e variabla Ht -> suma transferzalnih impulsa objekata od interesa
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Signal/Background Discrimination

* Primer:
e variabla Ht -> suma transferzalnih impulsa objekata od interesa

Hr ZZPT
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Signal/Background Discrimination

* Primer:
e variabla Ht -> suma transferzalnih impulsa objekata od interesa

Hr ZZPT
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Signal/Background Discrimination

* Primer:
e variabla Ht -> suma transferzalnih impulsa objekata od interesa

Hr ZZPT
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Discriminating Variables
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Cut-based Selection
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Multi-Variate Analysis

Motivation

Output 1
Output 2

Synapses Neurons
transmission storage,
processing
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Multi-Variate Analysis

Artificial Neural Network

Input 1
Output 1

Input 2
Output 2

Input n

Synapses Neurons
transmission storage,
processing
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Neural Network Selection
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Neural Network Selection
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Systematic Uncertainties and Statistical Analysis
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Don’t forget any decay!

1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

T-quark decay modes:

T — Wb
T — /Zt 0.7
T — Ht 06

Singlet Doublet
—T—-=Wb

Branching Ratio

L E11

0.5

1131
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Exclusion Limits vs Branching Fraction

15/5/15

ATLAS Preliminary
Status: ICHEP 2014

vs=8 TeV,fL dt=14.38203 1"

= 95% CL exp. excl. == 95% CL obs. excl.
| — [ATLAS-CONF-2013-018]
1 same-ign I [ATLAS-CONF-2013-051]
[ — [ATLAS-CONF-2014-036]
) wox [ATLAS-CONF-2013-060]

% SU(2) (T,B)doub. @ SU(2) singlet
1
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Conclusion

Keep searching because...

39
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Conclusion

... the neighbours might be curious about the outcome!
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Backup



Composition of the Universe

electron
<10"%cm

proton

(neutron)

nucleus
~10""%2cm —
~10"%em
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Composition of the Universe

l\/\atter Partlcles W Forces
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* strange charm
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Standard Model of Particle Physics

¢+ SM: relativistic quantum field theory in
Lagrangian formalism

¢ Matter particles:
+ spin-% fermions

quantum fields

Quarks Anti-quarks
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strange charm
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Standard Model of Particle Physics

¢+ SM: relativistic quantum field theory in
Lagrangian formalism

¢+ Matter particles:  quantum fields
+ spin-% fermions

¢ Forces: exchange of force mediators
+ spin-1bosons




Standard Model of Particle Physics

¢+ SM: relativistic quantum field theory in
Lagrangian formalism

¢+ Matter particles:  quantum fields
+ spin-% fermions

¢ Forces: exchange of force mediators
+ spin-1bosons
+ Electro-weak unification
+ Interactions have local symmetries
+

Force mediators generated as gauge fields to
enforce the local symmetry

Electro-weak
interaction

<€— Strong interaction




Standard Model of Particle Physics

¢+ SM: relativistic quantum field theory in
Lagrangian formalism

¢+ Matter particles: quantum fields
+ spin-% fermions

¢ Forces: exchange of force mediators
+ spin-1bosons
+ Electro-weak unification
+ Interactions have local symmetries
+

Force mediators generated as gauge fields to
enforce the local symmetry

+ Weak gauge bosons W and Z are massive
= electro-weak symmetry is broken

¢ Spontaneous symmetry breaking
mechanism is caused by a spin-o Higgs field

+ “Sombrero”-shaped potential with a non-zero
vacuum expectation value

+ Yukawa interaction with this field generates

masses of all massive fermions
my = Y/ V2 V(9) = w26lo+ A (¢6)




Standard Model of Particle Physics

¢ SM: relativistic quantum field theory in JB = Higgs Boson Discovery
Lagrangian formalism | 2012

Higgs to 4p candidate event

¢+ Matter particles:  quantum fields
+ spin-% fermions

¢ Forces: exchange of force mediators
+ spin-1bosons
+ Electro-weak unification
+ Interactions have local symmetries
+

Force mediators generated as gauge fields to |
enforce the local symmetry

+ Weak gauge bosons W and Z are massive
= electro-weak symmetry is broken

¢ Spontaneous symmetry breaking
mechanism is caused by a spin-o Higgs field
+ “Sombrero”-shaped potential with a non-zero
vacuum expectation value
+ Yukawa interaction with this field generates
masses of all massive fermions

+ Manifestation of the Higgs field is the spin-0
Hig%s boson. A candidate of the Higgs boson
has been discovered at CERN in 2012
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Standard Model Lagrangian

1 > R S | . i | gauge fields -
Ly = 4 Z W W B vB Z GG kinematics (2.85)
3
. .9 i wi_ JIY ', left-handed
TovL (zdu ) z—Z1 oWy —t 2 By ) YL { weak currents
(. _.9Y ,. left-handed
T VR (Zd" “9 By ) YR { weak currents
8
- % Z Py G {strong interaction
1, s Mp 4 Higgs mass and
2 Mp(v+h)" - v2 (v+h) self-interaction

2 gauge fields mass,
self-interaction and
Higgs coupling

3 ;
(dp—zi E a*.W"I—zTBu) (v+h)

i=1

{ fermion mass and

— myY — Zguh
v v v Higgs coupling
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Limitations of the Standard Model - Inconsistence

Higgs vacuum stability

40
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Higgs Mass Problem — Fine Tuning

Fermion

loop

Vector
boson
loop

Scalar
(Higgs)
loop

15/5/15

104

Assume: A2 ~ (1019 GeV)2 (Planck scale)

Fine tuning ~ O(1034)

\
MEL bare U\’\’natura
5 1602 3Mj 2
~(125 GeV)?

2

Scales in the plot are not exact _ %AQ

492
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Higgs Mass Problem — Quadratic Divergences

Bare h(x) h(l/)
Higgs = = = = = P = o - - — M2 bare
Prop.
. h(z
Fermion_
loop

d*k d*k C

A — Cutoff scale up to which

Vector h(l’)
bosON = = = = =

loop
P the SM is valid
¢ kN = at which new physics
enters
Scalar h(z) / hy)
(Higgs) = = = = S =2 = = — -
loop

15/5/15 Visit from Priboj, CERN, Geneva



Higgs Mass Problem — Quadratic Divergences

Bare h(z) h(y)
Higgs _____ P = = - - M2 bare
Prop.
h
Fermion__(f__ _3%? A2 _Smf A2
loop 8 4v? 2
o
Vector M) 007 + 342 ¢ Planck scale ~10 GeV?
boson = = = = = ~ qu + Quantum gravity
loop 64
P _ (M7 + 2M5V)A2 ¢+ GUT scale ~10" GeV ?

¢k 1602 + Grand unification

! (elw+strong)
Scalar hz) \ / h(y) 9 9 -
(Higgs) = = = = S o= & — = = = A e 3My ¢ Other BSM physics:
loop 16 1602
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Higgs Mass Problem Solutions — Supersymmetry

Fermion
loop

Vector
boson
loop

15/5/15

h(x)

————— -)—————— <
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Higgs Mass Problem Solutions — Vector-like Quarks

Fermion
loop

Vector
boson
loop

15/5/15

h(x)

Assume: A2 ~ (1()4 GeV)2

— Fine tuning ~ O(1072)

3(M2Z +2M3))

2
1602 A

VLT

M} 1

1602
[ |
L

Wiz
partners

M}? exrp M}% bare
~ oomm B

~(125 GeV)?
3m?

42

I—l>

Higgs
partners

A2

This solves the naturalness of the SM
up to ~10 TeV, but then the
naturalness of the new physics

beyond that scale must be studied!
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Event Description

Parton Distribution Functions

MSTW 2008 NNLO PDFs (68% C.L.)

T llllllll T llllllll T llllllll mTTTrT °‘A1.2_ T TTTT

\I llllllll T llllllll T T TTIT

Q2 =10 GeV? . Q2 = 10* GeV?3|

xf(x,Q

g/10

1 llllllll 1 11111l

1072 10" 1

0_ 1 llllllll
1072 10" 1 107 10°

1 llllllll 1 111111l

0 1 llllllll
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Event Description

Parton Shower
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Event Description

Particle Detection — Jet Reconstruction

¢+ Jetreconstruction:
+ Anti-kT clustering algorithm

. I 1 AR%
oo\ )

+ Parameter R=0.4 b

¢+ Jet energy calibration:
+ Pile-up and origin correction A
+ EM+JES energy calibration b
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Experimen

tal Realisation

Event Production — Pile-up

:-1
L
‘o
g 1
2 1
3
g 1
£
-]
ElR
©
()]
©
p -
(@)
(&)
(O]
o

Summary of 2011 data taking campaign

ATLAS Online Luminosity
O Vs=8 TeV,det =21.7 fb", <u> = 20.
 V(s=7 TeV,det =52fb", <u>= 9.1

80
60
40
20
00
80
60
40
20

III|III|III|III|III|III|III|III|III|I
III|III|III|III|III|III|III|III\|IIII|I

10 15 20 25 30 35 40 45
Mean Number of Interactions per Crossing

OO
(6)]

Centre-of mass energy

7 TeV

Bunch spacing

75/50 ns

Peak luminosity

3.7x103cm2 51

Max <p>

19

15/5/15
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Event Description

Particle Detection

15/5/15

s - //.“'.
/ N
Ay 4
Track

Impact
Parameter

<>

<>

<>

8 1 05 E T T T ‘ T T T ‘ T T ‘ T 1T ‘ T T ‘ T T ‘ T T E
5 - ATLAS Preliminary —_— Vi :
G_J‘ JetFitterCombNN )

GJ etritterCom
=10t E
o) == JetFitterCombNNc E
TN Nl e IP3D+SV1 ]

(@)}

T 1 O3 = SVo E
10°F E
Decay Length 10 - —
- tt simulation,\'s=7 TeV ]
Primary Vertex B pj:t>1 5GeV, |T]jet|<2.5 N ]
| t L1 1| t L1 11 t L1 11 t I - t | t Ll L
¢r(B) ~ 0.5 mm d3 04 05 06 07 08 09 1

b-jet efficiency

B-jet reconstruction algorithms exploit
+ SV displacement
+ impact parameter of the jet direction
+ B-decay chain

Results from various approaches combined using a multivariate-technique

Calibrated using ttbar event candidates

Visit from Priboj, CERN, Geneva 60



Event Description

Particle Detection

Run 152409
Event 4349994
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SM Backgrounds — Cross Sections

Standard Model Production Cross Section Measurements  siaius: July 2014

' 10" gor.
2 ATLAS Preliminary  Runi +s=7,8TeV

b 106 0.1<pr<2TeV
Q-

[ETETITT BTSRRI R TETT S IIIII/\AAI\LLLLLI.I.I_

105 F O o LHCpp Vs=7TeV  LHCpp s=8TeV
- B Theory Theory
104 E njet >0
2 o Data 45-471 &Y Data 20310
C p
103 E njet > 1 njet >0
E =Om= 20—
E 35 pb 4
B njet > 2 @ 95% CL
]_02 - =mOm ot > 1 ° O]
E Q... @ O @ upperg
C njet>3 . 4.9b 0 T30 nm_n 7
o C ~mOm - njet > ot 0.7:fb">
E ot 4 , 201b! E
E ‘rﬁ” njet > 3 .QJ_)E.‘Z“ 959% CL _i_é
r O njet > 5 Upper ]
net>5 4 0 -g limit
1 F ‘h’ Yo e niet=6 1.0 fo-! o= _- E
E 1 3
- njet > 6 1
r njet > 7 A L ]
[ [l 'l 'XI ]
njet > 6 n -4 E

1072

for mp = 600 GeV
njet > 7 -

Background-

.

dominaked -

PP Jets Dijets W Y4 tt  ti—chan WW+ WW 7YY Wt WZ ZZ tty Wy Zy tW ttZ Zjj Hoyywswjits_chan
se&rthes R=0.4 R=0.4 EWK

wz EWK
total |y|<3.0 |y|<3.0 fiducial fiducial total ~ total = total  total fiducial total = total = total fiducial fiducial fiducial total  total fiducial fiducial fiducial total
y*<3.0 njet=0 njet=0

A

o(TT) ~ 0.1 pb~ |10 e T

I
>

1073
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Hypothesis Testing
CLs method with Binned Log-Likelihood Ratio

observed expected

N

—2In L(data|H;) = —2 Z (njInp; — p)) 1 — CLp = p(LLR < LLRps|b)
=1 CLssp = p(LLR > LLRoys|s +b)
LLE = —91n L (data|s+Db) L. — CLg1p
L (datal|b) § CL;

Iﬁl-_l 5 T T T I T T T T I T T T T I T T T T I I I — g 40:| T ‘ T T T T T T T T ‘ T T T T I:
pd 10° & . = S B NN selection
= Signal + Backgroun FI'IBackground only=7.41 § 20: b ]

- 1 £ T I E

10" Observed=-7.97 3§ & Of i -

- 1 4 C 7

10° - g -20? E

= 3 -40 7

102 E_ 1 M P ES _E -60 — observed LLR i

E E .80 LLR Vs mT H (:x:;ected LLR, i

10 g_ _§ -100 } [:] :xzp(;cted LLRM{

C ] B +1o -

-120- - .

1 é—ln . : . IAI . L . I . . . . I . . . . I . . _§ : I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ \; _\2 ‘ 1 1 1 1 I :

200 -150 0 50 100 150 200 “140c50 "= "600 650 700 750
1-CL, LLR s Clsib LLR my [GeV]
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ATLAS Exotics Summary

ADD Gkk + g/9q - 1-2]j Yes 4.7 n=2 1210.4491
ADD non-resonant £¢ 2e,u - - 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — ¢q 1epu 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 20.3 n==6 to be submitted to PRD
ADD BH high Ny 2 u (SS) - - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high }, pr >lepu >2j - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1405.4254
RS1 Gkk — €€ 2e,u - - 20.3 k/Mp =0.1 1405.4123
RS1 Gkx —» WW — vty 2eu - Yes 4.7 k/Mp =0.1 1208.2880
Bulk RS Gk — ZZ — tlqq 2e,u 2j/1J - 20.3 k/Mp =1.0 ATLAS-CONF-2014-039
Bulk RS Gk — HH — bbbb - 4b - 19.5 | Gkk mass 590-710 Gev 1l k/Mp; =1.0 ATLAS-CONF-2014-005
Bulk RS gxk — tt 1e,u >1b,>1J/2] Yes 14.3 BR =0.925 ATLAS-CONF-2013-052
S'/Z, ED 2e,u - - 5.0 1209.2535
UED 2y - Yes 4.8 ATLAS-CONF-2012-072
SSM Z’ — ¢t 2e,pu - - 20.3 1405.4123
SSM Z" — 17 27 - - 19.5 ATLAS-CONF-2013-066
SSM W’ — ¢v Teu - Yes 20.3 ATLAS-CONF-2014-017
EGM W' - WZ — tv ('t 3eu - Yes 20.3 1406.4456
EGM W' - WZ — qqlt 2epu 2j/1J - 20.3 ATLAS-CONF-2014-039
LRSM W}, — tb 1e,pu 2b,0-1j Yes 14.3 ATLAS-CONF-2013-050
LRSM W"? — tb Oe,pu >1b,1J - 20.3 to be submitted to EPJC
Cl qqqq - 2j - 4.8 1210.1718
Cl qqtt 2epu - - 20.3 n=-1 ATLAS-CONF-2014-030

. DM . Gauge bosons

Cl uutt 2e,u(SS) >1b,>1j Yes 14.3 ICl=1 ATLAS-CONF-2013-051
EFT D5 operator (Dirac) Oeu 1-2]j Yes 10.5 at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
EFT D9 operator (Dirac) Oe,u 1J,<1j Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e >2j - 1.0 p=1 1112.4828
Scalar LQ 2™ gen 2pu >2j - 1.0 p=1 1203.3172
Scalar LQ 3" gen leput1r 1b1]j - 47 B=1 1303.0526
Vector-like quark TT — Ht + X le,u >2b,>4j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
§~§ Vector-like quark TT - Wb+ X 1eu >1b,>3j Yes 14.3 isospin singlet ATLAS-CONF-2013-060
P .
% g Vector-like quark TT —» Zt + X 2/>3e,u  >2/>1b - 20.3 T in (T,B) doublet ATLAS-CONF-2014-036
L & vectorlike quark BB —» Zb+ X 2/>3e,u  >2/>1b - 20.3 Bin (B,Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB - Wt + X 2e,u(SS) 21b,>1j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
Excited quark g* — qy 1y 1j - 20.3 only u* and d*, A = m(q"*) 1309.3230
Excited quark g* — qg - 2j - 20.3 only u* and d*, A = m(q*) to be submitted to PRD
Excited quark b* — Wt 1or2e,u1b,2jor1j Yes 4.7 left-handed coupling 1301.1583
Excited lepton ¢* — ¢y 2e,u,1y - - 13.0 AN=22TeV 1308.1364
LSTC ar —» Wy Teu 1y - Yes 20.3 to be submitted to PLB
LRSM Majorana v 2epu 2j - 21 m(Wg) = 2 TeV, no mixing 1203.5420
Y Type Il Seesaw 2epu - - 5.8 | Ve|=0.055, | V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
§ Higgs triplet H** — ¢¢ 2e,u(SS) - - 4.7 DY production, BR(H** — £¢)=1 1210.5070
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