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Part 1: Standard Model & experimental techniques

Part 2. Theory basics and precision tests
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> Elements of the Standard Model: Matter & Forces
» Accelerators

» Detectors



Preliminary remarks: units

h=c=1

Heaviside-Lorentz units 6() — 1

137.03
<= —
1 < > 1 1
— dyne 1 cm — dyne = —



Four-vectors in special relativity
covariant:  (a*) = (a°,a',a”,a’) = (a°, @)
Lorentz-transforms like (%, x,y, 2) = (¢, )

contravariant:

(an) = (a0, a1, a2,a3)

= (a”, —a', —a*, —a’) = (a°, @)

. — pwo_ o 070 =7
products: ab = a,b” = a"b, = a’b” —ab

are invariant under Lorentz transformations



Examples:

)  space-time

T

0 0 -
6 _ _— p— —_ _ l "
(0,) > (at,V) 4-derivative

(A“) — (¢, fY) electromagentic 4-potential
(JM) — (,0,5)) electromagentic 4-current
(p") = (E,P) 4-momentum |p® = p,p" = m?
(10H) = igt’ @ﬁ> 4-momentum operator



Structure of Matter (Empedokles et al., = 500 b.C.)
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wet cold
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quite successful
lots of applications
... somewhat coarse




Structure of Matter (Mendelejev, Meyer, 1869)
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Structure of Matter (CERN et al., 2012)
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Matt Strassler 2012
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Heavy particles are very unstabe ...

but can be made at accelerators for short times

Quarks

Leptons

Family: 1 2 3 @




Mass spectrum extremely weird ...
and unexplained!!!
m(t-Quark) = 180-m(Proton)

/

tA
) ﬁ S wZ H
100 - SA TV cA IS
N 4 s| 2

S 108 v uA” |
D, € AV(U) A Neutrinos (obere Grenze)
% ¥ Geladene Leptonen
& 10° A Up-artige Quarks
=

Down-artige Quarks
® W- und Z-Boson

1 Ave) Higgs-Boson

Kevin Kroninger, Welt der Physik



Quarks / Gluons (partons): confined in hadrons
you‘ll never walk alone

Baryon: 3 (valence) quarks

Gluons| U

Anti- C
quarks

ol <l
]

{
b Meson:1 (valence) quark
1 (valence) antiquark




s 1 What is the stuff going through the detector?

e~ el

ZN Ve
P P (4 some nuclei)




Mean-flight distance of unstable particles
weak decays

p=10GeV p=10"eV

n, n 19 au 91 kpc
=  560m 3.8 au
strange < 300m <, Qg+
charm O(2mm) O(2000 km)
bottom O(1 mm) (1000 km)
4= 58km 390.au

T 0.5 mm 500 km



Mean-flight distance of unstable particles
weak decays — the'heavies

p=10GeV p=10"eV

t — quark 0.006 tm 6 nm
/ 0.009 fm 9nm
W- 12 tm 12nm

H  3.9fm 3.9 M



Mean-flight distance of unstable particles
electromagnetic decays

p=10GeV p=10"eV

s 1.9 um 1.9km
N 2.8 nm 2.8m



Mean-flight distance of unstable particles
strong decays

p=10GeV p=10"eV

oV 17 fm 17 pm






Why do we need them?

» Discover new heavy particles / field quanta

1. Create them eWZ
eT "~H

= needs high cm energy

2. Measure their contributions in quantum fluctuations

virtual particles
(off-mass-shell)
_— In quantum loops

= needs high precision = high luminosity



» Resolve structure / test small distances

Proton

resolved distances (proton rest frame): A = ﬁ/‘i‘

A< 1fm = |[¢°] > m:

= needs high momentum transfer
= needs high cm energy



How do we design them?

beam particle beam/target
e.g. proton particle e.g. proton

D> —D

p1 = (F1,p1) p2 = (2, D2)

Centre of mass energy:

Ecm = Vs = \/(Pl + p2)?




Case 1: Fixed target configuration

beam particle

e.g. proton target at rest
H— )
p1 = (E1,p1) P2 = (?712,6)

Centre of mass energy:

V'S = \/(Pl +p2)? = \/m%+m§+2p1p2

— \/m% + m% + 2mo B ~ \/2m2E1




Case 2: Colliding beams

example: symmetric collider: e'e , pp, pp

H—
p1= (E,p)

Centre of mass energy:

Vs =/ (p1 +p2)? = (2E)? = 2E



E2-5 X Flux Equivalent c.m. energy \'s,, (GeV)

. 102 10° 10* 10° 10°
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T 107E LHC =
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» 10"E" {O% s =
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o 10°E E
= - ]
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(ELI 1015:_ A AV _——
5 FLHC beam iﬁ%f* .
o 4L energy accelerators _
§ (= fixed target) +
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10" 10" 10" 10 10" 10'® 10" 10%°
Prog.Part.Nucl.Phys.63:293-338,2009 Particle Energy (eV)



Storage Ring(s): fixed target or collider

Synchrotron

RF cavity
(acceleration,
bunching)

focusing magnet
(quadrupole)

... and

— steering dipoles

— nonlinear correctors
(sextupoles, ...)

— beam diagnostics

§ detector

bending magnet
(dipole)



. Dipoles 1232
Example' LHC Quadrupoles 400
. Sextupoles 2464

all super-conducting Octupoles/decapoles 1568
Orbit correctors 642

Others 376

Total ~ 6700

bending beams beam focusing correct nonlinear
around the arcs aberrations



Radiation: accelerate electrons or protons?

Synchrotron

AT
acceleration’| @ |
Poynting flux

O Iobes

1
rest system o —
Y
radiation loss (1 particle) q = - >$C¥
.2 T wv—>c
P — 6_ 4 p—2 synchrotron radiation
—
q° a
4 p—1 V=
AEl turn — ? Y R m




Synchrotron

Example: LHC (pp)

# bunches: 2808 (per beam)
# particles: 1.15x10"
bending field: 8.33 T = 83.3 kG

beam energy: 7 TeV . 1
~C— ’y
R _ ’772?] (Y é 1 f}/g ( , )¢C¥
, m >
€ € 1 V— C
radiation power per proton beam:
2 4 2
e e
P = 4 R_2 _ (l) B2
O om \m

Pioam = 2808 x 1.15 x 10 x P ~ 6 kW



Synchrotron

LHC with €+ ?
YMMv  vxe=1 YN
R = N ——
e5 e5 |
o —
tunnel (R), magnets (B) fixed Y
= YoM = YoM g m—s =a
YeMMe = YpMp U — ¢
2
Lo Je _ (m) o\eS°
Me  Mp \ M \(\OQ

4
= P, = (mp> P, ~1.14 x 10'° P,



Conclusion: electron/positron beams radiate strongly
.. also Iin astrophysical accelerators

H.E.S.S. J1303-631 e ——
(pulsar wind nebula) £ 022 --e-- Image Width
'§ —&— PSF Corrected Width
PSR J1301-6205. I

3:(0 02 00422 6 8 10 12 14 16
A&A 548, A46 (2012) Energy [TeV]

E. > 700 GeV 2keV < b, < 8keV
Inverse Compton scattering of X-ray synchrotron nebula

synchrotron cooled electrons (XMM Newton)



Go linear! Towards TeV electron beams

R UV — C
>

>

a > c@=———, Ja~1/y
d
v%()

International Linear Collider
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Image: ILC/Form One



Go linear! Towards TeV electron beams

a > c@=———, Ja~1/y
U%O

a
>

V—C
>

X

Prad 62 dFE

Poce 6mm2 dx

dE
—37x 107 —

d:ff MeV




Photo: Fermilab

P.. = dE
d_37x10° == pota -

P, .. dr | mcv BB \—’ﬁ‘»‘;‘\whw
2 < 1,5 x 10
acc |T1.C
ILC: 9 cell Niobium cavity
P (superconducting)
rad <37x10718,
Pacc CLIC :

Radiation losses are
totally negligible!

Photo: CERN

CLIC: copper accelerating
structure (beam driven)



Particle Detectors



H - 727 — upete”

SV CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%030 GMT
Run/Event: 195099 / 137440354

\ O

Cour

g How do we know?
’ , What dow we see?
- , What's going on”?



1) lonisation: €=, [~

Pair = 1.2mg/cm® s

par ~ 1.7mg/cm”

PONTSEN
']

PFe — 7.9 g/cmS

(—dE/dx) MeV g~ lem?)
(O8]
|

[\
||||||||

| Particle I?ata Group I

0.1 1.0 10 100 1000 10000
Py = p/Mc

e particles are relativistic = ionization close to minimum
* energy loss due to ionization is insignificant



Example: Argon gas

dE 105_' i e IE
o ~ 2.5keV/cm st minimum ionizing I
* ‘(‘E\ 62_ H, liquid
. . . Q 5__
lonisation energy: T
EI — 15.7eV 53_
. - 3 RN e e
# € -ion-pairs: 5. Wt
N =~ 100/cm
L] l [ [Prseh==Bre]l

0.1 1.0 T IiO T 100 1000 lO(I)OO
* jonization is significant Br=p/Me:

* cm-length scales needed
* (gas-)amplification of primary ionization needed



Example: Silicon wafers (thickness 300 um)

minimum ionizing

dE 10
— ~ 1.7MeV /cm s

dx

T 2 H, liquid
band gap: T LB
Lgap = 1.1eV 2 =
# € -hole-pairs: § 2_ R
N~73/um |

Particle l?ata Group I

1 | | | IIII| | I 1 IIIII| | 11 IIII| |
0.1 1.0 10 100 1000 10000
By = p/Mc

 charge creation significant
* 100 um-length scales needed
« sufficient charge for pre-amplification (S/N>10)



Example: drift chamber (gaseous detector)

cathode wire anode wire electrons drift path
/

| | 1 1 | 1 N\ 1 | 1

N\
010 | (b) Drift chamber n

=
-
S

y-axis [cm]
)
-
-

~0.05
-0.10
Ax = Vdrift At ‘
_0.15 R H . igle atalGidup-
~0.3 -0.2 -0.1 0.0 0.1 o,zd 0.3
x-axis [cm] charge
L rticl
lonization avalanche particle

(gas amplification, gain > 10%) resolution: 100-200 um
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Photo: Fermilab




Example: silicon strip/pixel detector

& fully depleted

— by reverse bias

V>0

/

typical resolution: 10 um







ALEPH DALI_DS ECH=130 Pch=42.0 Ef1=145. Ewi=0 Eha=36.0 P0040366 5$5-11-07 4:41 FRun=40366 Evt=4561
Nch=12 EVl=_717 EV2=_650 EV3=.314 ThT=2.42 Detlb= ElFFFF

—E& Gewv EC EC

+—t ]
——24 Gewv HC —24 Gewv HC

T

Curvature of ionization tracks in solenoidal magnetic field:
pr = teRDB sign of charged measured

pr, = pr cot b
E =+\/p2+m? m assumed or from particle id.




9 ATL AS - Top-quark pair-production

A EXPERIMENT

* secondary vertex
= b-quark tag

o

-—4
Run Number: 159086, Event Number: 64558586

Date: 2010-07-14 15:04:51 CEST

ollisions in one
nch crossing




2) Radiation: e, -y time

>
Bremsstrahlung: Pair creation:
o™ 2 e
5_
e+
7, A Z, A
nucleus nucleus
(detector medium) (detector medium)
attenuation length: X mean free path: ?XO
1 A m?

Radiation length: X, —

403 Nap Z21n 1%

/3



Application: electromagnetic calorimeters

only dominant for
electrons/positrons

Radiation length: X, — 1 A @
adiation length: 0= P NAP@H&E
7 3

high Z materials (e.g. Pb)
are good absorbers

electromagnetic shower



Photo: CERN

scintillating lead-tungstate (PbWO,) crystals for ECAL of CMS




Photo: CERN




2) Absorbing hadrons (charged and neutral):

strong interaction = attenuation length scale >\I X A_l
= use material of large mass density (e.g. iron yoke of magnet)

large fluctuations

e escaping neutrinos
e escaping muons

e escaping neutrons

* energy loss by
nuclear fission

 electromagnetic sub-
showers

e.m. sub-shower E VvV E/GeV




bbby

e L 1]/ TY




The atmosphere




The fingerprints of "stable” particles

main tracker electromagnetic  muon
N R_fi calorimeter tracker
(in B-field) particle-ID o on
(Cherenkov,TRD) _
vertex tracker\ \ | calorimeter
Y —> e
et —>  Hn, RSN .
i N
M % ...................... .m% .....................................
+ Kt R s
p, T, K— —_— O ASPPTETTLY PN ....‘r.-‘::'& ________
S P LT o rPre I SERLLEL
n, KL ..00,;?.:;‘\0“’. 1 .......
fey tepy 1
vV —>

inside outside
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SV CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%030 GMT
Run/Event: 195099 / 137440354

\ O

Cour

g How do we know?
’ , What dow we see?
- , What's going on”?



H - 727 — upete”

CMS CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%930 GMT
Run/Event: 195099 / 137440354

\

Cour

e “,” “ionization tracks of charged particles
(forward jets from proton remnants)
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O\ SW@| CMsS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%930 GMT
Run/Event: 195099 / 137440354

\ O

Cour

" electromagnetic energy of forward
, particles (mostly from 7TO)
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%030 GMT
Run/Event: 195099 / 137440354

/ ’
A S

hadronic energy of forward
particles (mostly from 7Ti )



H — 7Z7Z — utp ete

O\ SW@| CMsS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47 .3
Run/Event: 195099 / 137440354

‘‘‘‘‘‘‘
Ui

Cour

,/ * 2 eharged tracks, energy fully depositeg
’ in ECAL, invariant mass = Z-mass

_|__
7 ;o /i — eTe
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%930 GMT
Run/Event: 195099 / 137440354

\
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47 .5
Run/Event: 195099 / 137440354




The relevance of missing (transverse) energy

S
signal

exotic
mediator

neutrinos

/ _
1/ .




Part ||

» Theory: (somewhat rough) basics

> Precision tests at e e -colliders



Reminder: examples of 4-vectors
(x#) = (t,%)  space-time

0 0 = o
— <@> — (g,v> 4-derivative

= (¢, A)  electromagentic 4-potential

= (F,pP) 4-momentum |p? = pup’ =m

2

)
)
(JM) — (,0,] ) electromagentic 4-current
)
)

(10M) = (Z (‘97 @ﬁ> 4-momentum operator
(20,,)(20") = —0,,0"  m?-operator




Relativistic guantum mechanics of a (free) spin-0 particle

= wave function

- —@f)’“gb/: m? o

particle mass: M

m?-operator: —0,,0"

o’

Klein-Gordon equation: (9,,0" +m*)¢ = 0

AAk

Formulation via Lagrange density: 9 oL oL
. —— =
1 1 5 .9 O(Oup) 09
L = 5(%@(3“@ —omieT=
\ Y J —
Kinetic energy mass term

(—potential energy)



Relativistic guantum mechanics of a (free) spin-% particle

Dirac equation: (¢y"9, — m)y =0

@D . 4 component (spinor) wave function (complex)
describes particle and antiparticle, each spin up or down

’y'u . 4x4 Dirac matrices

Formulation via Lagrange density:

L =(in" 0y —m)ip
Y has 4 complex components = 8 degrees of freedom

zp 4 independent degrees of freedom

Y = wT*yO 4 independent degrees of freedom



Classical electromagnetism — massless spin-1 particles

Free photon (Maxwell eq. without sources): @MF"“/ — ()

... with e.m. field strength tensor MY — AQH AY _— Y AH

Lorentz gauge: aluA“ — 0 = au[)“A’/ — ()

Klein-Gordon equation for
massless spin-1 particle

Formulation via Lagrange density:

1 1%
£: —ZF'M F,ul/




Charged spin-2 particle in electromagnetic field

Dirac equation: ("D, — m)i =0
Covariant derivative: [, = 8# o ieQAH

Charge operator e() acts on ¢: eQY = gy

Formulation via Lagrange density:

L = E(ZV'UDM — m)w — ['free - ['int

Loty = —‘qw (@ v“w),Au — _j“Au

|
e.m. 4-current




Towards Quantum Field Theorie

classical wave functions — operators (in Fock space)

= #particles/quanta can change in interactions

Examples:

w destruction of an electron
€ creation of a positron

@ creation of an electron
€ destruction of a positron

A,u creation / destruction of a photon



L., and fundamental couplings (vertices)

Lint = — (@/YMw)Au — _jMAu

C

w destruction of 7~ &\ @ creation of an
an electron / electron

creation/destruction — €
Ay |4 9

of a photon

_—

time



... turn it any way you like ...
w creation of a 4
positron C
A destruction
L4 of a photon \
14

w creation of an
electron

time
 anti-fermion 2 fermion moving backwards in time
* fermion lines never end (e.m. current)




building Feynman diagrams

L pronounced like “fine man®
— scattering amplitudes in perturbative expansion in powers of €

eJr D1 P3

— +
pzq P1 p2p4

virtual photon (= potential in momentum space)

real (free) photon: pi — m% =0

virtual photon: p,2y = ¢ #0



... anybody can go virtual ...

e.g. (inverse) Compton scattering

real photon real photon

real electron real electron

virtual electron: pg — q2 + mg



QFT: anything possible happens (all at once)

always add all amplitudes for a given order

e.g. (inverse) Compton scattering

€ €

+ I



Quantum fluctuations: small but important

1 +
C 1-loop correction %

J v

7
anything charged
e runs in a circle here Iu

* sensitive to new (heavy) particles: they are virtual in the loop
* most exciting: rare processes which can only occur via loops



The heart of the theory: gauge invariance

Two unrelated(?) symmetries:
bit
1) Electrodynamics: o ‘j any

gauge transformaton 4, — A, — (9“./\(:1;‘)

leaves Maxwell equations unchanged
form a U group

2) Quantum mechanics:
global phase transformation ¥ — ‘Lr
leaves equations for free particles unchanged,
€9 L = w(mﬁ“ — m)y
— e " (i7,0" —m)e'*p = L

But this only works for global phase (a = const.)



3) Quantum electrodynamics:

local phase transformation 0 — e'®(®)q)
changes free particle Lagrangian, e.qg.

L= @(maﬂ — m)
S L= ) al)

but this can be compensated for an interacting
particle by a properly chosen gauge transformation

A, - A, —0,A(z)

Local phase invariance implies a force field with
gauge invariance!




Putting it all together:
Covariant derivative D, = 0,, +1eQA,,
Local gauge transformation

w N eiQa(x)w _ ei(qw/e)a(m)w
1
A, — A, — . 0,0(x)

= Dy — QYD gy

Quantum electrodynamics (gauge invariant)

— 1
L = w(Z”}/'uD'u — m)w — ZF,LLI/FMV



Generalized phase transformation for strong force?

charge number operator particle with electric charge

™ /
w — ezQa(m)w

Note: Each quarks comes in 3 distinct variants (“colors®)

Interpretation: The strong force has 3 different charges

C1 C1

w _ Co N e’i(Tlal($)+T2(X2($)—|—...—|—T8a8($)) Co
C3 \ /1 / C3
7\ 3x3 matrices

amplitudes of
color-components

Why 8 phases?




)’ :\eiTao‘Tw CT% Y =T ot + ...+ T%a°

/

complex 3x3 matrix 18 real parameters

unitary 9 real parameters less
(normalization fixed)

special (det = 1) 1 real parameter less
(no overall phase factor)

8 degrees of freedom

Special Unitary Group SU (3)

(degree 3)



Building a gauge theory for SU(3):

U(1) symmetry SU(3) symmetry
1 photon A, (7) 8 gluons A (x)
gauge transformation: gauge transformation:

w N ezQa(az)w w N eiTa’oza(a:)w
D,y — YD | Dy — 1@ Dy
covariant derivative: covariant derivative:

D, =0, + geQAM D, =0, + igSTaAZ
¥ v
electric unit charge unit color charge
(coupling strength) (coupling strength of strong force)



Dynamics of the SU(3) gluons:

U(1) symmetry SU(3) symmetry
1 photon A, (7) 8 gluons A ()
1 1
_ v _ a 1apv
£_Z ,WF“ E—ZFMVF

F = 0,4, — 8,A,| F% =8,A% — 9,A°
> _gsfabcAzAi

gauge invariance
Q,Q] =0 T T = if e T
real numbers

U(1) is abelian SU(3) is non-abelian




Quantum Chromodynamics

qliark gluons in here gluon dynamics
v \’
= (V" Dy —m) P — ZFZVFCLW
— [ngz free propagation of quarks/gluons
— Js (JWMT aw) A7, qg-interaction
Lege ~ gs [ICAT A A
*nggg N gSQfabCfadeAbAcAdAe

SU(3) non-abelian & gluons self-interact
& gluons are colored < gluons modify quark color



quark-gluon interaction

gs (YY" T) A% = g (" Tinp5) AL

. Us BTV —
wj /y\l, g %

quark color
changes fromj to k&

ACL

L



gluon-gluon interactions

N gsfa,bcAaAbAc N gSZfabCfadeAbAcAdAe

N gsfabc b dN gSfo
A A, ALy | oA
AC Al A

= much more (highly non-trivial) dynamics to be
verified experimentally



The same
procedure for the
weak force?

Guess a phase-symmetry!



Observation 1: radioactive f-decay

f~-decay f*-decay
n — pe Ve ) p — net v,
P Ve . e+
i—«ﬁiﬂ< E—M
e 1%
u d
b — V€ Vg ,u+ — EueJFVe
P De . e+
lu_ QQ ,u+ QQ
C _ Ve
V’u V,u




Surprise: [-decay fermions have handedness
Visualization of handedness for massless particles:

é — é —
O w P O @ P
v V
left-handed fermion right-handed antifermion

Dirac fermion: w — wL -+ wR
/ \

photons W= bosons
gluons




Conclusion: Weak force is different — W*bosons
are only coupling to left-handed fermions
and right-handed anti-fermions

Consequence:




- left-handed fermions carry weak charge /,
-> left-handed fermions live in weak doublets

( ) ( \ 1
u Ve e 13 — —|—§

W RIWT W HEIWt |

d . e ...613:——

\ y \ JL 2

quarks leptons

- JV-bosons carry weak charge I3(W—) = +1
-> ... and electric charge Q(W*) = +1

-> right-handed fermions are /5-neutral
ef_{,uR,dR,...: IgZO



\

quarks

\

leptons

* looks like spin rotations

» left-handed fermions in doublets: I = 5’ I

Naming convention:

J

%13

. I3

1

-> the weak charge /; is called weak isospin
-> this is the eigen-value of the 3" component of the
weak isospin vector [




Try gauge grou left-handed
y gauge group SU(Z)L/

_ (v (T (2) 47202 (@)+T%0% (2)) (U
wL—<d>L - (d>L

. 1 .
Charge number operators: 17 = 57']& Pauli
matrices
Gauge bosons: I Q
(
W +1 +1
there must
=1 WY 0 0< " be a neutral
— boson
W —1 —1
\




Discovery of neutral weak gauge bosons

no outgoing p*

-

oL 5 /

| ST

‘o . \ T
'.‘ . o.. ’
Pl

e.m.-cascade from ¢ :
recoil electron bubble chamber
| 4. Gargamelle, CERN

V,u « o0 —< VM there is a neutral boson
_ % / __ | which couples to weak
> >—C charge (neutrinos)




Obsewatlon (from neutrlno scattering)
1Y « o < 1
M M
S 7
q— —(
/-bosons couple to a mixture of right- and left-handed

particles ... somwhere between an SU(2)-boson and
a U(1)-photon!

Try more complicated gauge symmetry

SU(Q)L X&y

U(1)-charge, called weak hypercharge



members of SU(2), -multipletts must have identical Y

[=7 @ [=7 I @
r
ull o2 || [[re]] s o
\ d J _1/2 _1/3 \ e_ J _1/2 _1
L L
I=1 1, Q Y(W) =0
( N ) = Y @) — I3
W +1 +1 Convention:
Wwo 0 0 Y =2(Q — Is)
W —1 —1 weak and e.m. charges
: : are mixed in U(1)y




Standard Model of electro-weak interactions

SU(2), UQ)y
charge number operator 15 Y

unit charge (convention) qg g /2
gauge bosons WT /WO W™ /]-3\

Is{+1 | 0O |—1 0
Y| 0 \O 0 0

gquantum-mixing
possible



SUR2), U(l)y

unit charge (convention) qg g /2

gauge bosons WT /WO W™ ﬁB\

Is{+1 | 0 [|-1] 0
Y| 0 \O 0 0

physical force particles

() (B (55
identify thi
B W A Iaz plh)(/)tor:S

= electro-weak unification g sin 0y, = g/ cosby, = ¢€




Electro-weak unification ¢ sin 6,

So why is the weak force weaker than the e.m. force?
gauge boson, mass m

(0,0 + mZ)NA” = (

Klein-Gordon equation:

static solution for potential ¢ with (A") =

—Tmmmnr
Yukawa &
otential gb o
p r
mass range

= ¢’ cos Oy, =

range T =

(¢,
1

0

O

Y
/ 91 GeV 0.0022 fm
W= | 80GeV 0.0025 fm

it is a simple
mass-effect

A)



Photon in action at ep-collider HERA (DESY)

positron

positron

jet

Q? = 25030 GeV?,

y = 0.56, M = 211 GeV

proton

-

¢° = —Q°




Weak interaction at ep-collider HERA (DESY)

...just from the HOTLINE

0#%2 =21475 y=0.55 M =198




Compare forces at ep-collider HERA (DESY)

p——
—
—

07! * .. — electromagnetic

[pb/GeV?
/.
®

unification at
Q2 ~ m%v

10 10 0? (GeV?)



Electroweak couplings to fermions: W—

purely left-hnanded



Electroweak couplings to fermions:

left-right symmetric



Electroweak couplings to fermions: Z

/ (Iig — Qs sin” HW) J o sin? 0.

Ccos Oy, CoS Oy |
Ir, \ i, IR IR
\Z

left and right, but not symmetric



Precision measurements at e"e -colliders:

_|_
T

c 4,y C L T

leptonic
e e_i:u_aT__
e+ ﬁadagvéab

4,7y

hadronic
e u,d,s,c, b
e_|_ Eeaﬁ,u)ﬂT (7EX)

4,7y
invisible

e Veay,uaVT (7VX)



s ALEPH oot Run=15768  Evt =5906

/-resonance curve = o
* mass |
: I5F
 width :
0

« exactly three families

- overall coupling strengths " 00
8 8§89 90 9] 92 93 94 95

Energy, GeV







Electroweak fits prove highest level of internal
consistency at quantum loop level

O Full EW 2-loop
B3 Z-partial widths at 1-loop

mm Global EW fit

- Measurement

A (LEP)
A (SLD)

.2 . lept
sin“® . (QFB)

ot (WP)

(5) 2
Ao (V)

EPJ C (2014) 74: 3046

e

=
|

I
&

ﬁﬁﬁguﬁﬁﬁlﬁjﬁuﬁﬁfﬁﬁfﬁﬁﬁﬁﬁﬁﬁHHﬁuﬁﬁu%ﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁfﬁfﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁfﬁfﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁfﬁf

|14

|15
|10
- |-0.8

|20
- |-0.7

3 2 -1 0 1

(Ofit -0

2 3
/o

meas) meas

0.0

0.2
0.2
0.0

0.2

0.0
0.6
0.9
2.5
0.0

. |-0.8

0.5
1.7

- |-0.2

had
0
Rlep
0,1
AFB

A(LEP)
A(SLD)

.2 lept
sin“Q (QFB)

3 2 -1 0 1 2 3
(O, ot - O)/ Gy

indirect




SU(2); is non-abelian = self-couplings

v, 2




Example:
ete” > WTW~ — 192 q3qq4 — 4 jets

DALI_F1 ECM=189.0 Fch=99.7 Efl=190. Ewi=117. Eha=37.0 GOOD_SAM
Nch=28 Ev1=0 EVZ=0 EV3=0 ThT=0 98-06-24 9:02




Part Il

» Testing the Standard Model at the LHC

» Computing cross sections for pp-collisions

» The Higgs boson
» A glimpse beyond the Standard Model
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Cross sections

type
all

bb

W
/

tt

WW
/.7
H

proton - (anti)proton cross sections

109: T L R 5109

#events/fb il P I
10 | Tevatron LHC: 3 10’

1014 10° ;_ : : _ ; 10°
10° B ] 10°

- 10° | ; E 10°
2>< i_ 08 103 ;_ jet / ; 103
b ou(E > si20) — 1.

10° [ ' 3 10

6X 07 :g 10' | 10’
1 06 o 10° F o, (E > 100 GeV) >< 1o
10" £ 10°

105 10° | T 107

1 N4 10° £ é 3 10°
ZX ) 8 O 104 :_ ; 10-4
6>< . 04 10° ;_MH=125 GeV{ 10°
- 10° ;_ —; 10°

fb /10_7 i wisot2 M ] 107

0.1

Vs (TeV)

W.J. Stirling

1

33 -2
events/secfor - =10"cm~ s



Wonderful agreement with measurements!

Standard Model Total Production Cross Section Measurements status: August 2016

L, 11 500 ub~1 .
-8_ 100 F20, ATLAS  Preliminary Theory
5 Run1,2 +/s=7,8,13 TeV LHC pp Vs =7 TeV
10° 3 BBl Data 4549
-3 LHC pp Vs = 8 TeV
10° 3 oo 2 B Data 203fb!
o 81 pb!
I Sy LHC pp V5 =13 TeV
4 L
10 B Data 0.08-133fb!
103 3 s
i & o 0
10% £ & = A o
: o - e
VAN A A
1 total u n o ‘o
10 F 2.0 fo 5
A
A VBF
1 E A~ VH I n
A
A titH A
10—1 L
PP W Z tt t WwWwW H Wt WZ 7 t ttW ttz

t-chan s-chan



A closer look at Diboson production:

v, Z

Diboson Cross Section Measurements

144
Wy—-étvy
—[Njer = 0

Zy—tty
— [njee = 0]

—Zy—-vvy
WV -{fvqq

WW

—WW-oey, [njee = 0]

- WWoep, [njee > 0]
- WW-ey, [njee = 1]

wz

- WZ-evet
Y44

—2Z-4¢, (tot.)

—-27Z-4¢

—ZZ—-ttyy
—727*->4¢

Status: August 2016

LRI K IS L.
RRRRKE 0 ATLAS Preliminary
SRR .
B W Run1,2 v/s=7,8,13TeV
S
OAA ‘A‘ N
KAAARAAN
Ja
o KRR
u
&K .
]
-
R
e NNLO QCD
SR TLT W 1 L] RERRRRRRK
mm F % NLO QCD
x e
KRELIEY I — LHC pp Vs =7 TeV
SREIEIZL A D _ Data
X0 . a stat
o stat ® syst
£ o LHC pp Vs =8TeV
g Data
0 _ stat
L T— stat @ syst
A LHC pp Vs =13 TeV
KX I S D
Em O
,,,,,,, A stat
N re—— stat & syst
K8 D
I I . \ i \ I . I
0.6 0.8 1.0 1.2 14 1.6

ratio to best theory



First look at processes sensitive to quartic couplings
Y, 4

Zjj EWK

Hjj EWK, (tot.)

— H(>WW)jj EWK

Wyy—tvyy

= [Njer = 0]
Zyy—-tlyy

= [Njex = 0]
WWW - &vevij
WWW - évevey
yy - WW
WEWHjj EWK

WZjj EWK

Y, Z

W

W

~

W

Z

W

VBF, VBS and Tr|boson Cross Sectlon Measurements Status: August 2016 det
— — 7]

o =54.7+46+9.9-10.5 fb (data)
PowhegBox (theory)

o =243+05-049+0.33 — OZépb(dala)

ATLAS Prellmlnary

Run 1

Vs=8TeV

Tl T T
-

LHC-| HXSWG YR4 (theory)

o =051+0.17 - 0.15 +0.13 - 0.08 pb (data)
LHC-HXSWG (theory)

+0.8-0.7 4 1.0 Oth(datal
MCFM NLO (theory;

o =5.07+0.73 —0.68 + 0.42 — 0.39 fb (data)
MCFM NLO (theory)

o =348 +061-0.56+0.3-0.26 fb (data)
MCFM NLO (theory)

r7026 042 0.354-0.2 - 0.21 fb (data)
-aMCNLO (theory)

o =0.31+0.35-0.33 + 0.32 — 0.35 fb (data)
MG5_aMC@NLO (theory)

o =6.9+22+1.4fb (data)
HERWIG++ (theory)

o =1.3+04+0.2 fb (data)
PowhegBox (theory)

o=0.2 12 +0.09 - 0.1 fb (data)
VBFNLO uheory]

LHC pp Vs =8 TeV

Data 20.3fb™*
stat

20.3

20.3

20.

w

20.3

15 20 25 30 35

data/theory

W W

W W

Reference

JHEP 04, 031 (2014)

Beware! Low statistics!
Some processes not
significantly detected!

PRD 93, 112002 (2016)
PRD 93, 112002 (2016)
CERN-EP-2016-172
CERN-EP-2016-172
arXiv:1607.03745 [hep-ex]
PRL 113, 141803 (2014)

PRD 93, 092004 (2016)



How to compute these cross-sections?

Quantum Chromodynamics =

| q g. 8 g
g g 8 g

but free quarks and gluons are not

observed; they show up as jets!

proton - (anti)proton cross sections

[ 0, (E" >s/20)

+ r4
F 6, (E;" > 100 GeV)

.
clot N .

Tevatron 'LHC!

10°
10*
10°
10° L
10'7: | 1 MR i e |
0.1 1 10
Vs (TeV)

We need:\ f
<

Pr——) ¥}

quarks & gluons
In here f

3 10°

410°

J10

4 10°

410°
34 10°
410°
110
410"
J10°
110"
4102
4 10°
5 10*
410°
4 10°

1497

33 2 -
10" cm”’s

events / sec for =



(1) Why are quarks and gluons never free”?

First look at a positron — this can be free

A = \/1_ < A >
0?2
= |q”!
y /\/\/\/
hard probe e
quantum effects point-charge
not resolved in here at origin

LRl e e I

= screening of (unphysical) naked charge



V/\/\/\/‘

unresolved quantum
Y

effects can be absorbed - 2
in an effective charge Ceft = e(Q )

summing up the leading loops =

a(p?) %
5 02 —— >0
1 O‘(“ ) log( ) 0Q*

a(Q7) =

/ﬂ,

reference scale



Now look at a quark with a unit color charge
1

\ =

2 < \/@>
gwwm "

hard probe
quantum effects

. colored quark
not resolved in here 9

at origin
N quark flavors

¥

q q
L0000 + &M()_QW’ +... screening
q
+ MQ%,M@ +... anti-screening




2 < > | g — —

2.0000000000 4

unresolved quantum effects
can be absorbed in an L 2
effective color charge Iseff = gS(Q )

&S(QQ) _ (XS(MQ)

. (33—2Ng)ag(p? Q2
1|( 12f7)T (M)10g< )

33 — 2N¢ > 0 = anti-screening of gluons wins



O‘S(Qz)

0.0079 0.4

0.0078 Confln_ement
perturbation theory

0.0077 03k breaks down

0.0076

0.0075 02 F

0.0074

0.0073

0.1}
Asymptotic Frem

0.0072 } quarks/gluons interact

like free particles

0.0071 1 L ] 0 | | | 1 L
0.01 0.1 10 100 1 2 5 10 20 50 100 200

Q) [éeV] Q |GeV]




Experimentally accessible, e.g. ag ~

—~

c

~—"
w

3

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

o(X+1 jet)

o (X)

I

- : ta - _ +0.0063 |
— CMS incl. jets : ag(M,) = 0.1 185 e =
H 4 CMS R,, s
-\ CMS tt cross section 7]
- Ef:ﬂ\c . CMS inclusive jets _:
~ f v CMS 3-Jet mass =
- S -
: oY :
— 3y N T

ATAT —
- T, J .
— & DOinclusive jets ' ST —
— o DO angular correlation 7
- o H1 - |
— ¢ ZEUS -
_I | I | | | | L1 1 1 | | | | | I | | | I—

10 10° 10°

Q (GeV)



(2) How to treat the quarks/gluons in the protons

hard probe
proton WS Q ~ my
bound state free partons {
— “
00 000000000 o b
‘“” )( l(o(a(o
\ Ve A t € g
O] \\\
“" 'I"O"Oll 2 ',A ) “\\\ b

......

needs parton
densities for

resolution O

mp Tt Q



(2) How to treat the quarks/gluons in the protons

—— _ hard probe
parton distribution functions WS Q ~ my
PDFs .

S -
proton fg(w’Q) S b

)000000AM) S \ g
</ \\
‘ /// b OW b
S

: \
non-perturbative | B
perturbative

J

2 = fraction of (}; — oo ) proton momentum carried by parton

fj (gp7 Q) daxr = number of partons of type j (probed with
resolution Q) with momentum fraction in |z,  + dz]




Can this be spoiled by soft gluon-exchange?

additiona hard probe
soft probe < WS Q ~ m
- g B = t
b
proton - g
QL i,
/, O
gb b
non-perturbative : — J
perturbative

Factorization theorem: cross-sections can always be factorized
into a partonic cross section and the parton distribution functions.
The answer is independent of the resolution (factorization scale),

at which the two parts are split apart.




The master formula

partonic
final state

partonic
cross-section

o = Z dx f(231,Q) dzs fk(3727Q)X6jk(§7Q)
e f

A

partonic center of mass energy coupling strengths

\/gz\/fcliljg % \/g<<\/§ depend on O




Measurement of PDFs at ep-collider HERA (DESY)

positron

Q? = 25030 GeV?,

y = 0.56, M = 211 GeV

|

Ee"‘aee"‘ = 'va

measured




How to extrapolate from Qypra 10 O pc?

Proton

splitting probability

Self-similarity of the quark/gluon siucture of the proton:

2 df (7,Q)  as(Q?) 1@ (f)
Q 107~ on /x v fly, Q)




Analytical fits of parton distribution functions

Q = 2GeV

2 GeV

x f(x,Q) at Q

CT14 NNLO

zf(z,Q)

0.81

o
o

S
~

0.2

0.
0.001

0.003

0.01

0.03

0.1

x f(x,Q) at Q = 100 GeV

Q) = 100 GeV

CT14 NNLO

0.8¢

o
o
T

<
M~
T

<
i
T

'~
See,
'~

0.
0.001

0.003

001 003 0.1 03 1

CT14: S. Dulat et al., PRD 93 (2016) 3, 033006



(3) How to connect to final states on hadron level?

partonic
final state

partonic

/\ cross-section




partonic perturbative

cross-section QCD QCD inspired
proton ~ J, % k, proton hadronization
— () —( X—] .

E oS

tuned to data

HE) (color strings,
\ perturbative Clustering, ...)

parton shower
generators

simulation of
detector response

leptons and photons
need only this last step
= much simpler



The problem of.asses
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Fundamental problem 1
Gauge theory construction = massless particles

Examples:
a) Massive vector boson:
L=~ Fu F" 4 Sim?A, A"
o4 Qm a
\ ) \ )
Y Y

gauge invariant not gauge invariant

with gauge transformation: A, — A,, — 0,, f (x)

MZ ~ 91 GeV ?
MW ~ 80 GeV -



b) Massive fermion:

L = @(w“@u — m)w =+ Lint
= iy 0u1) + Ling — m(Pp¥r + YY)

\ ) \ J
Y Y

gauge invariant not gauge invariant

with gauge transformation:
wL N 672T3 o’ (CIZ)—I—’iYﬁ(CB)wL

g — eV P @yp

3
S
X
o0
P
@
<
D




Fundamental problem 2 (ignoring problem 1)
Theory is misbehaved at (very) large energies!

Scattering of two W-bosons:

W wt Wt Wt W™ W
N W + ?@i
W- W= W~ W™ W~ W™
X i for S — OO

My

= scattering probability > 1 at high enough energies
= violation of unitarity bound



... this can be fixed by additional amplitudes

... if these involve a neutral scalar (spin 0) particle ¢

W Wt WT W
e ¢
I R
WMWWOWWWW
W™ W= W~ W™
X m(i for S — OO

= theory becomes ultra-violet complete

Note:
Such cancellations work because of gauge symmetry



Solution:

Spontaneous breaking of the
SU(Z)L X U(l)y
gauge symmetry

involving an additional scalar field



Classical example: buckling of an elastic rod

< H > H

phase transition \1, not symmetric

symmetric >
ymode atlF = F. :
— 7S, v mode r mode; has
both modes \ @ mode; has no elastic energy
: x,y) = (0,0 elastic energy |
ha\e/?]eerlgjtlc (z,y) = (0,0) : (:I:,y) = (v, O)

/ % / QFT / % /
elastic energy

Vel ! Vel

Mass




Correspondence with QFT (somewhat rough):

F > F.
massless Higgs boson
Goldstone boson| / with mass
\ I ¥ mode:; has vacuum
@ mode; has no elastic energy _
elastic energy | B O/ expectation
(@) = (00) value
/ v H
iggs
<« .
Vel potential
Y

X




%(% + 1¢2) N

,/
mass term /

Ls = (D"$)*(Dyug) — (126" 6 + A(¢* cb) )

Kinetic energy & interaction Higgs potential V¢
with a U(1) gauge field

example: O =

2 2
us >0 pe <0 e

P P
P P




But: there are no (known) massless scalars in nature

F > F.

massless
Goldstone boson

N\

@ mode; has
elastic energy

<'~(‘

~ N
B
<
N—"

|
~ N
<
-
N——"

eliminate this mode by a
transformation into the = ~
. Vy
rotating system
(«> gauge transformation) ¥




¢-interactions with the gauge boson

F \<L e =y

“unstrained & strained |
.. spring .. spring 1

\] k. \(x B \] &

: 7y) (070) |
X / (z,y) = (v,0)

/ . V / | / V /
spring without elastic elastic energy («» mass)
energy <> massless M o k

gauge boson

The coupling & of the Higgs mode is
proportional to the mass M of the gauge boson




Minimal Higgs sector in the Standard Model

SU(2), doublet Y| Q

¢:<¢+>:L<¢1“i¢2) | +%+1
@ )~ V2 \ $s +ids i

Ly = (D"$) (Duo) = (170'¢+ A(0'9)°)
1* < 0 = degenerated ground states:

2 _ 2
<¢T¢>O:% with v:\/T“

| L /0
Spontaneous symmetry breaking: (¢), = 7 (v)



Which symmetries break?

=

=

=

SRS LACERCIE

N\

~ ay ae 3
=

Q
=
)

5

O = S,




Numbers

1
My = §vg — 80.4 GeV

1
My = 5?}\/92 + g% =91.2GeV

v = = 246 GeV
M
Predicted: M, =0, My = —
cos O

Not predicted: My

MH — V2\v



Implementation of fermion masses

I T SU22),
A —

-7

n i,
Leg = e (Ve,G)L<¢O>6R—|—h.C.
v \l Qb

Y=14+1-2 =0

— _
.
invariant under U(1)y

Expanded around vacuum:

_ Me _
L. = —Me€e eeH
/! U N
/
mass term \

(mass value not predicted) Yukawa coupling



Higgs coupling strength is proportional to mass
examples:

H, i, H!
|
W:
2M2 COSH S
My = —W v 2M
o el _2M§ vl
o
173 GeV
note: e _ — 0.70 = O(1
v 246 GeV 0.70 = O(1)

The top-quark is a golden key for testing the Higgs sector



Higgs coupling strength is proportional to mass
examples:

H! H, H!
|
MH M /kqt\H
W:
2M2 COSH = —
My = —F v
X gMy . ) 2M§ QMW v
o
note
M~ lgvi] ME V=W,Z
v 2V F = fermion




Higgs production at the LHC

t q—
/7
H v e H
t - - =
= /
t q > W, 7
gluon fusion (dominant) vector boson fusion
W.Z ¢
W, Z
Higgs strahlung tt fusion _ ©

associated production




1O2EI I - I I I IEg
2 F \s=8TeV 72
X oL B
T %
T - .
% n _
® 1 = |
- 3 W, Z
10'15—
- W, Z
Sl B w
10 EI I| | | | | | | IE ~H
80 100/ 200 300 400 106w
t M, [GeV]



Higgs decay fractions vs. mass
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125 GeV Higgs sits in sweet-spot: all but ~11% (gg, cc)
of decays observable at LHC



Prime decay channels for detection:
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My < 150 GeV
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Decays to fermions (important but more difficult)

x 1E
'_'E' - bB WW
: | _
—|— 210_1 N 7z !
g =/
H ! : TN
%10‘2:— A -
e — n10°E
S L
- I L
- ~
with vector boson g
- . 10 L : L L 1 I L
fUSIOn s|gnature 90 200 300 400 500 M, [Ge1\/o]00
ERISES t:---> leptons

t _I_l b

t

b

t ----> leptons




Discovery
H nates H— 727* — 4/
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My ~ 125 GeV; angular distributions confirm: J£ = 0™



Measurement of production and decay rates

(U X BI‘) measured

ATLAS Input measurements
Individual analysis t1sconp
m,, (GeV)
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Global fit of coupling strengths
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phenomenological global 2-parameter (M, ¢) fit
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The signal is back at /s = 13 TeV

CMS Preliminary 129 o' (13 TeV) CMS Preliminary 12.9 fb" (13 TeV)
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15 this it?

Is there nothing else out there? '

: o d o‘ .
</_./ 27% dark matter’ '
. Dark Matter SRR,

5% Standard Mo.l.
stuff

— 68% dark energy
\ R

. )
ESA/Planck '

~ Yes, there is! We understanc!(j?),orily 5%



Standard Model beyond the
today dard Model
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energy
rino oscillations
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Energy scale of the Standard Model: v = 246 GeV
Assumption: there is another scale: A > v

Examples: )
3
.Grand un|f|Cat|On = 60 |- (1/a‘ ..........................
50
15—16
A~ 10 GeV
(GUT scale) a0 E-os
20 |
wl
1/
%0 5 10 115
arXiv:hep-ph/0012288v2 1Olog Q

e Quantum gravity A ~ 10Y GeV (Planck scale)



Consequence:

o0 k A k
/ d*k O = / d*k v
Why? Similar to this:

Fermi theory

Ve e G%S violates unitarity bound at
o = V5 ~ 300GeV ~ v
Gr T

) Standard Model

Ve g e 2 2 propagator cut-off
o CGIME, ,
d2W ’ X
_ 7T q> — Mg,
€ 9 Ve




New scale destabilizes the Standard Model:

effective Higgs mass (similar to effective charges)

f
H H H
----------- + T g-f-ﬁ-- +-ll
Mg = —2u* + O6Mg
A d4k 2
5M}21N/k2 g b A

Without extreme fine-tuning =

MH — O(A) > 125 GeV



Cancellation by new scalar particles?

Fermion {1 r Boson fL,R
spin %2 (spinor) spin O (complex scalar)

f f t f f - f
e PL = PLy T 1PLy
4 components ¢1£{ _ ¢{£{1 4 i¢£{2
~ fr R
0wy 1l
T + L 4

Cancellation & Q?H — g’ng <& new symmetry
Supersymmetry (SUSY)



Supersymmetry (SUSY)

Requirements:

* no scalar partners known = SUSY must be broken

2 2
ng_ng

2 2 2
mz; = m; + 0m;

* mass splitting adds to effective Higgs mass
= SUSY must be softly broken

omi = O(v?)

SUSY should be accessible at the LHC! ... (?)



 Standard Model needs to be extended:

at least 2 Higgs doublets required (separate for
up- and down-type fermions)

T 0
Pu 0 <¢U>O o
u u vu _
= tan (3
Vd Ud

-\ 0
4 charged fields{2 charged G.oldstone bosons — Mwi
2 charged Higgs bosons H

P4 =

|
YN
-

& | o
N
2
=
)
|

2 neutral fields {1 neutral G.oldstone boson — My
3 neutral Higgs bosons h, H, A

my < My |cos(23)| + loop corrections = his light



(minimal) SUSY particle content

quarks leptons neutrinos spin
u, d, C, s, ta ILR & U, TILR |Ve,Vu,Vr|L 1/2
_ﬁv C.,é,g,t, |L,R S, U, TIL.R _ﬂea D,LH ﬂ’T_L O
squarks sleptons sneutrinos
h, H, A
gluons N N ﬁ
S W= /H v, 2/ Hy, Hy 1/0
5 vt ot ~ 7 110 170 1
g W H v, 4, Hy, Hy %)
gluinos 4~ <l =0 =0 =0
Xl 7X2 X17X27X37X4
charginos neutralinos



More symmetry in SUSY (minimal++)

Strictly conserved parity:
baryon number lepton number

\ ‘/ spin
_ 3B+L+25<
R=(—)
« Standard Model particles have R = +

« SUSY particles have R = —
« SUSY particles are created in pairs
* The lightest SUSY particle (LSP) is stable

Many SUSY versions have lightest neutralino as LSP
= dark matter candidate )2(1)



SUSY makes the couplings unify

lloci
2

e 1/“, ...................................................

30 |

20 |

10 |

| 1/“3

: i : :
0 5 10 15 0 5 10 15
arXiv:hep-ph/0012288v2 lolo‘g Q 10log Q

0




Status: August 2016

SUSY not yet detected

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary
V5=7,8,13 TeV

Model &MTY Jets ET™ [Lanm™ Mass limit V5=7,8TeV [ \5=13TeV| Reference
T T T T —T—T
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes  20.3 1.85 TeV m(3)=m(2) 1507.05525
3G, G—agX 0 26jets  Yes 13.3 m(¥})<200 GeV, m(I* gen. §)=m(2" gen. §) ATLAS-CONF-2016-078
®  aa a—qX; (compressed) mono-jet  1-3jets  Yes 3.2 m(g)-m(¥})<5GeV 1604.07773
§ &t 0 2-6jets  Yes 133 m(¥})=0 GeV ATLAS-CONF-2016-078
§ &8 E-aett —>qu*X. 0 2-6jets  Yes 133 m(¥?)<400 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2016-078
% 2 g—>qq(£€/w))(, e 4 jets - 13.2 m(¥))<400 GeV ATLAS-CONF-2016-037
© L §—qqWZX| 2e,u(SS) O3jets Yes 132 m(¥}) <600 GeV ATLAS-CONF-2016-037
2 GMSB (7 NLSP) 1-27+0-1¢ 02jets  Yes 3.2 1607.05979
g GGM (bino NLSP) 2y - Yes 3.2 c7(NLSP)<0.1 mm 1606.09150
S  GGM (higgsino-bino NLSP) Y 1h Yes 203 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, <0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2 jets Yes 133 m(¥})>680 GeV, cr(NLSP)<0.1 mm, >0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2eu(Z) 2jets  Yes 203 m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 m(G)>1.8 x 10~ eV, m(z)=m(3)=1.5TeV 1502.01518
ST 7z g-bbt) 0 3b Yes  14.8 ATLAS-CONF-2016-052
:’ £ 2z, g—)tt/\/l 0-1e,u 3b Yes 14.8 (¥ ATLAS-CONF-2016-052
500 g3, gobity 0-1epu 3b Yes  20.1 1.37 TeV m(¥})<300 GeV 1407.0600
o< Db b|—>b)(1 0 2b Yes 3.2 m(E))<100 GeV 1606.08772
E -% biby, by ab\/] 2e,u(SS) 1h Yes 132 |5 . 325-685 GeV m(/\:(?)<150 GeV, m@fnf)= m(¥})+100 GeV ATLAS-CONF-2016-037
23 i1, i ab)(k » 0-2e,u 1-2b Yes 4.7/13.3 {%-170 GeV. ~ 200-720 GeV m¥) = 2m(¥}), m(¥))=55 GeV 1209.2102, ATLAS-CONF-2016-077
® S hi, hoWhY) or b 0-2ep 0-2jets/1-2b Yes 4.7/13.3 |/ 90-198 GeV [ 205-850 GeVI m(¥)=1GeV 1506.08616, ATLAS-CONF-2016-077
S S An,hock) 0 mono-jet  Yes 3.2 m(i)-m(¥})=5 GeV 1604.07773
S 8 i (natural GMSB) 2e,pu(2) 1b Yes 203 | 150-600 GeV m(¥})>150 GeV 14035222
35 bh.bhoh+Z 3en(2) 1b Yes 133 | m(¥))<300 GeV ATLAS-CONF-2016-038
b, i +h leu GBjets+2b Yes 203 |7 320-620 GeV m(¥})=0 GeV 1506.08616
Rl R, Z—>£)?, 2epu 0 Yes 203 |7 90-335 GeV m(¥})=0 GeV 1403.5294
)?1)2,’ ,)(, () 2eu 0 Yes 203 | Xy 140-475 GeV m(F))=0GeV, m(Z, v):o.s(mw.*)mw‘.’)) 1403.5294
)(1)( X —7(r7) 27 - Yes 203 |y 355 GeV m(¥1)=0 GeV, m(z, »)=0.5(m(¥} )+m(/\7°)) 1407.0350
> § )(1)( —;szfo(w) VELLGY) 3ep 0 Yes 203 | XL 715 GeV mETT)=m(©3), m(¥})=0, m(Z, 7)= 0. 5(ma. )+m(EY)) 1402.7029
[ )cl)(ﬁ—»wx e 23eu  O2jets  Yes 203 ifAj 425 GeV mET)=m(e3), m(/\-/u):o 7 decoupled 1403.5294, 1402.7029
° )(6)( —Wi hX1, h—bb/WW/Tt)yy &K 0-2h Yes 203 I’I 7 270 GeV m(¥;)=m(¥3), m(¥})=0, 7 decoupled 1501.07110
05 oIt dep 0 Yes 203 |[X, 635 GeV mP9)=m(¥3), m(E})=0, m(Z, #)=0.5(m(¥3)+m(t})) 1405.5086
GGM (wino NLSP) weak prod. 1 e,u+y - Yes 203 |w 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 203 |W 590 GeV cr<imm 1507.05493
Direct X1 X prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |Xf 270 GeV m(E)-m(¥)~160 MeV, 7(F5)=0.2 ns 1310.3675
Direct X1 X prod., long-lived ¥  dE/dx trk - Yes 184 | X 495 GeV m(E;)-m(¥)~160 MeV, (¥} )<15 ns 1506.05332
'00) « Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 z 850 GeV m(¥})=100 GeV, 10 us<7(2)<1000 s 1310.6584
= 2 Stable z R-hadron trk - - 3.2 1606.05129
ST Metastable g R- hadron dE/dx trk - - 3.2 m(¥})=100 GeV, >10 ns 1604.04520
s &8 GMSB, stable 7, W@ e 124 - - 19.1 ~L 537 GeV 10<tanB<50 1411.6795
— GMSB, H—yG, long-lived 1! 2y - ves 203 [y 440 GeV 1<r(¥))<3 ns, SPS8 model 1409.5542
a0 aeegeyv/,,mv displ. ee/ep/pp - - 20.3 ¥ 1.0 TeV 7 <cr(¥})< 740 mm, m(g)=1.3 TeV 1504.05162
GGM gg, X\ —>ZG displ. vix +jets - - 20.3 7 1.0 TeV 6 <cr(¥})< 480 mm, m(g)=1.1TeV 1504.05162
LRV pp—vr + X, Vr—epfet/ut et ut - - 3.2 A4,=0.11, Ai327133/233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u(SS)  0-3b Yes  20.3 1.45 TeV m(g)=m(g), ctrsp<1 mm 1404.2500
)?1)?;)21 SWHL O seev, epv, v A ep - Yes  13.3 m(EY)>400GeV, 4120 (k = 1,2) ATLAS-CONF-2016-075
S XL K WL v, ety Beu+T - Yes  20.3 mEP)>0.2xm(¥), 413320 1405.5086
T @ 8444 0 4-5large-Rjets - 14.8 BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2016-057
22, g—)qul,Xl - qqq 0 4-5large-Rjets - 14.8 m(¥})=800 GeV ATLAS-CONF-2016-057
38, §—iit, i —bs 2e,u(SS)  03b Yes  13.2 m(f})<750 GeV ATLAS-CONF-2016-037
i1, i1—bs 0 2jets+2b - 15.4 450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
fif1, fi—bt 2epu 2b - 203 | @ 0.4-1.0 TeV BR(7i —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, i—c¥) 0 2¢ Yes 203 |@ 510 GeV m(t})<200 GeV 1501.01325
L L L 1 L L

*Only a selection of the available mass limits on new

states or phenomena is shown.

Mass scale [TeV]

Minimal version of SUSY is in trouble



The Standard Model is in great shape...
but we are not there yet

Thanks!



