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Structure of the Standard Model
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Mass term fermion Mass term gauge boson

Standard Model does not allow for massive gauge bosons or fermions




“Additional field in the vacuum




Higgs production &

decay at the LHC




Production of the Higgs boson

Gauge bosons Fermions

Massive gauge boson ? Massive fermion ?
... then the Higgs couples fto it ... then the Higgs couples to it

Lepton, quarks

Anti-lepton,
anti-quarks




Production of the Higgs boson

Higgs production

- h . .
t < Vs=7 TeV
Gluon fusion i

LHC HIGGS XS WG 201
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W/Z
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Vector boson fusion
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Decay of the Higgs boson

Gauge boson Fermion

Massive gauge boson ? Massive fermion ?
... then the Higgs couples fto it ... then the Higgs couples to it

Lepton, quarks

Ieptonhqgaés

Anti-lepton, Anti-lepton,

anti-quarks anti-quarks >
Cm
f




Higgs branching fractions

m,, = 125 GeV

Br(h>bb) =57.7 %

LHC HIGGS XS WG 2013

Br(h=>WW) = 21.5 %
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Br(h->t1) =6.32%

Hig

Br(h>2Z) =2.64 %

Br(h->vyy) =0.23%

| Br(h>Zy) =0.15%
160 180 200
M, [GeV]




Higgs production and decay

e o e

gg—H VH = WHorZH

Test all combinations



—> production rate

1071
1010
10°
108
107
106
10°
104
103
102
107
100

proton-proton

2-jets (0.1<m;<5 TeV)

Z%H+|J'

higgs=>Yy/41L

10°

Access rare processes:
- focus on clear signatures:

leptons/photons
- study many collisions

—> production process






1 billion pictures per second

EXPERIMENT

Run Number: 183081, Event Number: 10108572
Date: 2011-06-05 17:08:03 CEST
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EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST
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small number 4-muon events

N

Tricky:

- 1 billion per second
.... can only store 200
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Data recorded: 2012-May-13 20:08:14.621490 GMT

( ‘\\\ CMS Experiment at the LHC, CERN
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AT LAS 4 I e pto n eve nt Nuber 183081, Event Number: 10108572



Higgs boson decay to 2 photons Higgs boson decay to 4 leptons
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7 Uncertainty

All categories
S/(S+B) weighted
¢ Data
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B component subtracted
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ATLAS+CMS: m, = 125.09 + 0.21(stat) £ 0.11(syst) GeV



What is significance ?

Significance: probability to measure N events (or more)

under the background-only hypothesis



A textbook discovery in slow-motion

Local p-value versus mass
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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CERN-PH-EP-2012-218
Accaptad by: Physics Lattars B

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

The ATLAS Collaboration

Thiss paper s dedicated to the memory of our ATLAS colleagues who did not Iive 1o soe the
full Impact and sig of their 1o the

Abatract

A saarch for the Standard Modal Higgs boson In proton-proton colisions with the ATLAS detactor
at the LHC 6 presented. Tha datasets used comaspond 1o of
480" colactod at V7~ T7TeVin 2011 and 5.8 " at 7 = 8TaV In 2012, Indvicual searches in the
Channls H—s 725 42, H— yy and H— WW™— ouy in the 8 ToV data are combined with praviously
publishod results of searches for H— Z7°%, W™, &b and r"+” In the 7TeV data and recults from
Improved analyses of tha H— 27" 42 and H— yy channais In the 7 ToV data. Claar evidance for the
production of @ neutral boson with a maasured mass of 126.0 + 0.4 (stu) + 04 (xyn) GeV 6 presantad.
This obsarvation, which has a sign of 59 ard va
yof 1.7x10% I8 with the and decay of tha Standard Model

Higgs bason.




A textbook discovery in slow-motion

Local p-value versus mass
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The ATLAS Collaboration
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Nobelprize Physics 2013

“There is a Higgs field in the vacuum”







Higgs production and decay

e o e

gg—H VH = WHorZH

Test all combinations



Effective Lagrangian

A A H + Ky — A 2" H

2TV

o > Lff4n Y SLif|H

f=e,u,




@ Klco)

K «1.06k; —-0.07k K, +0.0lk,

Rates and relations are modified if non-SM particles enter in the loops




Extending the Higgs sector

[(1 ) compositeness}

)

[(2) extra EW singlet}

r

SM-doublet &
V() = 1202 + M

[ (3) Two Higgs doublet models }

Standard Model: ’ . ‘
h A H

1 doublet CP-even neutral scalar
H* H-

specific couplings h to fermions/bosons

[(4) Dark Matter portal}
Invisible Higgs decays




Two Higgs doublet models

5 Higgs bosons, lightest one looks very much like the SM one

Coupling lightest Higgs boson w.r.t Standard Model prediction:

Coupling scale factor Type I Type II Type 111 Type IV
vector bosons sin(f8 — @) sin(f8 — @) sin(f8 — @) sin(f8 — @)
up-type quarks | cos(a)/sin(B) | cos(a)/ sin(B) cos(a)/ sin(B3) cos(a)/ sin(f)

down-type quarks | cos(a)/sin(8) | — sin(a)/ cos(B) | cos(a)/sin(B) | — sin(a)/ cos(B)
leptons cos(a)/ sin(B) | —sin(a)/ cos(B) | —sin(a)/ cos(B) | cos(a)/ sin(B)




Why measure the mass to high precision ?

Branching ratio’s depend on the mass of the Higgs boson

m;,, = 125.0 GeV [(h—>Z2Z) = 2.64% 0.0% 0.0%



Higgs boson couplings

Theory
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160

LHC HIGGS XS WG 2013
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M, [GeV]

Experiment | SM

ATLAS Input meas{urements
Individual analysis

\s=7TeV, 4547 " -2

strength relative to SM

\s =8 TeV, 20.3 fb”



Observed particle looks very
much like SM Higgs boson







Stability of the vacuum: meta-stability

New physics at the Planck scale:
2 higher dimensional operators

Tunneling time to true vacuum

Meta-stable
EW vacuum

/ " —1/2
1 5 S[en)? |det’ [-0% + V" (¢w)] —Sla]

P= =l o+ vi)




Stability of the vacuum: Higgs potential at high energy

SM-doublet &
V(9) = p2d? + Adp?
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3) Higgs quantum corrections

(Am,f) «-C m'A’

top

h——— e ——

10" %







Parity = + Charge conjugation = +

e/

Differences in each of these parameters lead to different
event topologies

- Production angle for different production mechanisms
- Decay angles and event topologies for decay channels



Different scenario’s for new particle X

scenario  production parameters Model

0F qgqg — X q§°’ # 0 SM Higgs scalar boson
0, g9 — X (0) # 0 scalar higher-dim. op.
0- g9 — X (O) # 0 pseudo-scalar

qq — X by # 0 exotic pseudo-vector

qq — X by 74 0 exotic vector

(2) £ 0 -( — Jr # 0 RS graviton min. coupl.
(2) £ 0 qff) # 0 tensor higher—dim. op.
# 0 gs 75 0 “pseudo-tensor”




Structure of the matrix element

Spin 0 (qq production)

AX =) AX > ViV,) =v el e (alg,wmi + a2 GGy + a3€uvas qi’qg) fe @

Spin 1 (qq production)

AX = ViVa) = b [(€10) (€5ex) + (Ga)(efex)] + bacapupeer €@

Spin 2 (gg and qq production)

. ~B o
AX =2 Vi1p) = At [2952)%”,.(1)@].(2);«: +2giD¢,, ‘%rmpa!.myﬂ + 9_(.2)(1‘\—2fﬁu (fc(l:lpuf‘:l(?) + f.(2,1uuf;£1))
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i -ir [2) et}
- re t ) L : t ) - - - -
9 B, 708 o) 4 (g.E'*” et 0+ T T (67 (0) + (qq)))]




Feels, smells, tasteshke SM Higgs

Big questions still open

LHC run 2 already started



bigger problems




Higgs boson - contribution to vacuum energy 10°° wrong
Higgs boson - quantum corrections diverge

Fermions: range of fermion masses (10'?)
Fermions: neutrino mass & fermion/majorana

Structure: why 3 particle families, why 3 forces
Structure: why is gravity not included

Universe: where is the anti-matter
Universe: what composes dark matter

Solutions predict deviations from SM & new phenomena... at 102° m (10 TeV)




Dreams at the Large Hadron Collider

supersymmetry

extra Higgs bosons

extra gauge groups extra dimensions
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Lightest patrticle is stable

- dark matter ?

supersymmetric
particles




Top quark Stop squark

quarks

leptons

BOSONS
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2) Unification forces —__ Supersymmetry
f PANS

———T T ———T T
1 10° 1610 10" 10° fo1° figt
llustration: Typafarmn Energy, GeV Energy, GeV

3) Dark Matter Lightest supersymmetric particle is stable




Resonances

Extra gauge bosons and Kaluza-Klein
graviton towers (extra dimensions)



New gauge bosons:

Elementary particles

up-quark 6 6 6
down-quark 6 6 6

Interactions

I“ _—‘\t Ev e
;M - vy

T L ‘ﬂq )('5¢*k<

elektron ee e W RV g

neutrino O O O

SENSEN U(1)y x SU(2), x SU(3),
g, g, as
v, WH, W, Z, 8 gluons

single spinor (1 big family) gauge unification: SO(10)



Looking for di-lepton Z'-resonances

old resonance Z-boson (91 GeV)

: - new resonances (simulation
LR utY- Invariant mass ( )

gl
10 ATLAS Preliminary ¢ Data

s=13TeV, 133 1b" zy
Dilepton Search Selection [} Top Quarks

10°
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— Z,(2TeV)

o — Z,(3TeV) :
Constraints on Z’ masses [TeV]

Lower limits on myz/ [TeV]
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EXPERIMENT

13 TeV collisions

Run: 265545
Event: 2501742
2015-05-21 09:58:30 CEST

Run: 267639
Event: 9576943
2015-06-14 08:51:30 CEY




Standard Model Is not the Tinal theory:

Higgs boson - contribution to vacuum energy 10%° wrong
Higgs boson - quantum corrections diverge

- Fermions: range of fermion masses (102) oM particles
Fermions: neutrino mass & fermion/maijorana

‘why 3 particle families, why 3 forces
why is gravity not included

s ere is the anti-matter
rse: what composes dark matter

Lo adit SO

Solutions predict deviations from SM & new phenomena... at 1020 m (10 TeV)
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The Standard Model

Works well
Big problems




