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Important: Registration for Exams

If you want to take an exam in this course remember to register!

The time & date for the exam is flexible
(the one given in TUMONnline is a dummy date) - Send me an email to fix one!
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Interesting Opportunity for the Summer:
CERN Summer Student Program

http://home.web.cern.ch/students-educators/updates/2013/10/apply-now-cerns-
summer-student-programme
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The Standard Model - Recap

* fundamental fermions: 3 families of quarks and leptons

* fundamental interactions: mediated by gauge bosons:
e W= Z vy : electroweak interactions (SU(2) x U(1))
e Gluones: strong interaction (SU(3))

* Higgs mechanism to achieve electroweak symmetry breaking
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The Standard Model - Questions and Problems

4

e

Reminder (outlined in the first lecture):

Many free parameters - ~ 18 masses, couplings and mixing angles

No unification of strong and electroweak interaction

e GUT, E ~ 10'° GeV

Why do quarks have exactly a charge of 1/3 €? Connection leptons - quarks
e GUT, E ~ 107 GeV

Gravitation is not included (Quantum-theory of gravitation?)

e TOE, E ~ 10" GeV

Hierarchy problem: Mass scale of SM vs Planck scale, cancelling of radiative
corrections

e SUSY, E ~ 103 GeV
Dark Matter, CP violation, ...

 New particles & interactions
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The Big Picture:
Grand Unified Theories - GUT
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Physics beyond the Standa

Ut

(Unified Theory)

rd Model

Gravitation
Allgemeine Relativitatstheorie

Elektromagnetische Kraft
Theorie: Quantenelekrodynamik
Gruppe: U(1)

Elektroschwache Kraft Boson: Photon Y

Theorie: GSW- Theorie

Gruppe: U (1) x SU (2)

Bosonen: W~ W* Z° y Schwache Kraft

Glashow-Theorie

Gruppe: SU (2)
Bosonen: W- W+ 2°

(Grand Unified Theories)
Starke Kraft

Theorie: Quantenchromodynamik
Gruppe: SU (3)
Bosonen: 8 Gluonen g

* GUT in its simplest form (has to be a symmetry that encloses U(1), SU(2),
SU(3)): SU(5) (Georgi, Glashow 1974)
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GUT: Properties

 Multipletts of quarks and leptons

 New, heavy gauge bosons X, Y, which can transform quarks into leptons and
vice versa: Electric charge 1/3, 4/3, carry color

* One of the features:
* Electric charge is one of the generators of SU(5) - Gruppe - consequences:
* Quantization of charge required

e >Qi = 0 for every multiplet: Families of quarks and leptons, for example
[e, Ve, 3 (u, d)]: The 3 colors automatically result in 1/3 - Ladungen fur Quarks:
Explanation of the neutrality of atoms!

* Other consequences:
e Small, non-zero neutrino masses

* Magnetic monopoles with a mass of ~ 10" GeV
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GUT: Proton Decay

* A consequence: proton decay via p — nie*

e
P
* Expected lifetime: u X
M4 LU > _
X 30+1
Tp ~ — ~10 yr J
MS
AcurMp d
for Mx ~ 10" GeV
s

Experimental result: T, > 5 x 1032 yr (SuperKamiokande, 50 kT H20)
<~ Standard - SU(5) GUT already excluded!

<~ Several other possibilities exist which allow for larger proton lifetimes
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GUT: Unification of Coupling Constants

* |In GUTs the three interactions of the SM are different low-energy forms of one
single interaction which is relevant above the GUT scale

Expectation: Unification of the running U(1), SU(2) and SU(3) coupling constants:
a1(My) = ax(My) = ag(My) ~ with: g, =8 a,,/3 = 8(e2/41)/3 ;
a, = g?/4m; (g =e/sinb,)

(13 — ClS
. 1IN.-4N .,
a(u : ;
energy dependence: ﬂ(qz) = gﬁ ) 5 5. » it — Po = - /
I - Boa(u)In(g” /u”) 127
Ne=0, 2,3 far U(1), SU2), SU(3),
Nf = 3 (Number of fermion generations)
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The most popular Extension of the SM
Supersymmetry - SUSY
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The Hierarchy Problem

—_— =

* The problem: Two mass scales: The Planck scale (~10'° GeV) and the
electroweak scale (~10% GeV) - separated by 17 orders of magnitude!

 The consequence: Gravitation is much weaker than all other interactions
* In the Standard Model: Higgs-Mass of 125 GeV: How is this stabilized?
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Quantum Corrections

S
f T N

’ \

H i I
Contribution of fermion loops contribution of boson loops

2
2_|)\f|2 2_/\5 2 o 27,
Ami = — = AGv + ... Ami = T2 [AUV 2mgs In(Ayv/ms) + ]
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Quantum Corrections to the Higgs Mass

Quantum corrections to the Higgs mass via particle loops

SY
f TN
/ \

H i i

o - H_ ~_ . __._
Contribution of fermion loops contribution of boson loops

. A ‘ A :
Am3 = ‘Sfl Airy + . Am4; = ]()S [AU\ —2m% In(Auv/ms) + ...
ST~ T4

Corrections depend on the scale until which they have to be taken into account - The
natural UV scale: Mp, results in enormous corrections due to the A2 behavior

In the SM: Largest contribution from the top quark: Strongest coupling to the Higgs
field, As ~ 1
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Quantum Corrections to the Higgs Mass

Quantum corrections to the Higgs mass via particle loops

S
f T N
/ \

H i i

o o H_ ~_ . __._
Contribution of fermion loops contribution of boson loops

- \/\f| 2 s
Ams, = A? Ami = Aév — 2m% In(A m
M gy g2 UV + . H 1672 [ uv s In(Avv/ms) + ]

Corrections depend on the scale until which they have to be taken into account - The
natural UV scale: Mp, results in enormous corrections due to the A2 behavior

In the SM: Largest contribution from the top quark: Strongest coupling to the Higgs
field, As ~ 1

- Also so far unknown, heavy particles contribute, the heaviest particle which couples to the |
- Higgs field dominates!
| < Requires unnatural flne tunlng to save a small nggs mass
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A Solution: A New Symmetry

* The strategy for a solution is suggested by the correction terms:

. A .~ A .»
A'm;)] — LJ(' AI v+ A"rn.i] — 1()5 [A vV — 27‘7'2@ In(Ayv/mg) + .. ]
) w

Contributions of fermions and bosons have opposite sign!

* Cancelation of these contributions is automatic, if there is a symmetry between
bosons and fermions, a so-called Supersymmetry

* A SUSY - gauge transformation transforms bosons into fermions and vice versa:

()|Boson) = |Fermion), (|Fermion) = |Boson)
// ‘ Teilchenphysik mit héchstenergetischen Beschleunigern: , .
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A Solution: A New Symmetry

* The strategy for a solution is suggested by the correction terms:

. A . A
Am";] = ‘8"fr| AI v + - Am¥ = 1()5 [AL\ —2m% In(Ayv/ms) +
by 718

Contributions of fermions and bosons have opposite sign!

* Cancelation of these contributions is automatic, if there is a symmetry between
bosons and fermions, a so-called Supersymmetry

* A SUSY - gauge transformation transforms bosons into fermions and vice versa:
()|Boson) = |Fermion), ()|Fermion) = |Boson)

* Consequences of Supersymmetry:

* Each fermion in the SM has a bosonic “superpartner” with 1/2 different spin,
analoguous for every boson

* The partners are arranged in so-called “super-multipletts”

* For an exact symmetry, the masses of particles and their superpartners are
identical

/,/ Teilchenphysik mit héchstenergetischen Beschleunigern:
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Side Remark: Origin of Supersymmetry

* Was originally not developed to solve the hierarchy problem, but was studied
as a theoretically interesting new symmetry

Nuclear Physics B70 (1974) 39-50. North-Holland Publishing Company

'~ 2000 citations! |

SUPERGAUGE TRANSFORMATIONS IN FOUR DIMENSIONS

J. WESS l

Karlsruhe University

Julius Wess,
MPP and LMU,
t 2007

B. ZUMINO
CERN, Geneva

Received 5§ October 1973
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Names spin 0 spin 1/2 | SU@3)¢c, SU(2)L, U(l)y
squarks, quarks | Q | (@ dp) | (uy dg) (3,2, %)
(x3 families) | @ s uhy (3,1, -2)
chiral d | dy dh (3,1, 3)
super-multiplets sleptons, leptons | L (v €r,) (v er) (1, 2, —%)
(x3 families) | e & el (1,1, 1)
Higgs, higgsinos | H, | (H} HY) | (Hf H° (1,2, +3)
Hy | (H) Hy) | (H) Hy) (1,2, -3
Names spin 1/2 spin1 | SU3)¢c, SU(2)., U(l)y
gauge gluino, gluon g q (8,1,0)
Super_mu|tip|ets winos, W bosons W+ Wo | w= wo (1, 3, O)
bino, B boson B B (1,1, 0)

* Important: Left- and right-handed fermions have separate superpartners

* 2 scalar Higgs doublets: 5 physical Higgs particles

Teilchenphysik mit h6chstenergetischen Beschleunigern: , .
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R Parity

* Supersymmetry introduces a new quantum number that allows to distinguish
normal particles and their superpartners:
The so-called R parity

PR _ (_ 1 )3(B—L)+Qs

with baryon number B, lepton number L und spin s
 The SM particles and the Higgs multiplets have Pr = 1

* The sfermions, Higgsinos and gauginos have Pr = -1

* Consequence: If R parity is conserved supersymmetric particles can only be
produced in pairs, and there has to be a stable supersymmetric particle (the
lightest supersymmetric particles, LSP)
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R Parity

* Supersymmetry introduces a new quantum number that allows to distinguish
normal particles and their superpartners:
The so-called R parity

PR — (_ J. )3(B—L)+QS

with baryon number B, lepton number L und spin s
 The SM particles and the Higgs multiplets have Pr = 1

* The sfermions, Higgsinos and gauginos have Pr = -1

* Consequence: If R parity is conserved supersymmetric particles can only be
produced in pairs, and there has to be a stable supersymmetric particle (the
lightest supersymmetric particles, LSP)

ion in the followmg

, In general we assume R parlty Conservat

————— ——
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The Supersymmetric Particle Spectrum |

* |n general: The fields with the same quantum numbers can mix and can form
new mass eigenstates

* The Higgs sector (not supersymmetric)

* The fields Hy, and Hqg describe the Yukawa coupling to the up- and down families
(hypercharge!)

* The result:
* One light neutral Higgs h° (the SM Higgs), a heavy H°, and the A°
e Two charged Higgs bosons H*, H-

 New parameters:
« Vaccum expectation values of the Higgs fields: < H, > / < Hy >= tanp
* Higgs mass term p

e Consistency bounds: the mass of the lightest Higgs has to be < ~ 130 GeV ¢/

Teilchenphysik mit héchstenergetischen Beschleunigern:
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» Mixing of higgsinos (H.F, H,, HY, H?)and gauginos (B°, W+, W~ , W)

to neutralinos und charginos:

The full picture:

~0

~0 ~0

~0

X1y X2y X35 X4

~+ ~—4
X1 X2

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1| HY HY H} Hj h® H° A° H*
U, UR JL JR (same)
squarks 0 —1 S7, SR €I, CR (same)
tr tr by bp t; ta by by

€L, €R Ve (same)

sleptons 0 —1 fr, fir v, (same)

TL, TR Vs T To Usr
neutralinos 1/2 | -1 | B° WO 1~{3 HY Nl 1\72 1\73 N4
charginos 1/2 | -1 w* HY Hj O C;

gluino 1/2 | -1 ] (same)
éﬁ’lﬂ?ﬂ.’l& (:lsﬁ) —1 G (same)
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The Supersymmetric Particle Spect

» Mixing of higgsinos (H.F, H,, HY, H?)and gauginos (B°, W+, W~ , W)
to neutralinos und charginos: >Z(1), >~<8, >2§, )Z?l Xli, Xgi
* The squark and slepton sector: strong mixing only in the 3. family, here the

mass eigenstates are mixtures of the R and L sfermions

The full pIC ture: Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1| HY HY H} Hj h® H® A° H*
Uy, UR JL JR (same)
squarks 0 1 S7, SR €I, CR (same)
i tr b bg t1 o by by
€], €R Ve (same)
sleptons 0 | -1 fr, fir v, (same)

T, TR Vr T To Vs
neutralinos 1/2 | -1 BY WO 1?8 1—73 Nl Ng Ng N4
charginos 1/2 1 W+ Hf H, C; G

gluino 1/2 1 ] (same)
e | 42 1 G (some)
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» Mixing of higgsinos (H.F, H,, HY, H?)and gauginos (B°, W+, W~ , W)
to neutralinos und charginos: >2(1), >~<8, >2§, >~<91 Xli, Xgi

* The squark and slepton sector: strong mixing only in the 3. family, here the
mass eigenstates are mixtures of the R and L sfermions

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates

The full picture:

[ __ - - I N PN | a0 |

Higgs

G

Graviton

' Leptons . Force particles

Squarks . Sleptons ' Susy
Force particles

= ———— = = = —_——— -

Quarks
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Supersymmetry Breaking |

* To date not a single SUSY particle has been observed: If SUSY exists, the
superpartners have to be considerably more heavy than the SM particles
<~ Supersymmetry has to be broken in the ground state!

* Important: The symmetry breaking should not destroy the beneficial effects such

as cancellation of loop corrections - So-called soft SUSY breaking by the
addition of a “soft” term to the Lagrange density

L = Lsusy + Lsoft

Different SUSY models (distinguished by the mechanism of SUSY breaking):
e MSSM (Minimal Supersymmetric Standard Model):
* minimal particle content

 SUSY breaking “done by hand”

» 105 new free parameters to describe SUSY breaking!

Teilchenphysik mit héchstenergetischen Beschleunigern: , .
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Supersymmetry Breaking Il - Selected Models

SUGRA (SuperGravity):

e SUSY breaking in a “hidden sector”, which is connected via gravity to the MSSM
sector

e Very heavy gravitino: irrelevant for particle physics
MSUGRA (minimal SuperGravity) - Very popular for SUSY studies

e Simple parameter set due to the assumption, that all squarks and sleptons have
the same mass mo and all gauginos have the same mass m, at the GUT scale.
The masses at lower energies can then be calculated based on that.

e 5 free parameters: mo, myw, ma, tanB, sgn(u)
GMSB (gauge mediated SUSY breaking)

 Normal gauge interactions are responsible for soft SUSY breaking in the MSSM,
Einflhrung neuer “Messengers”, introdution of new messenger particles

* Gravitino as lightest SUSY particle, particle physics phenomenology is given by
the second lightest SUSY particle

Teilchenphysik mit héchstenergetischen Beschleunigern:
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e Common mass values at

the GUT scale
(here 2.5 x 107 GeV)
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A Typical Mass Spectrum in mSUGRA

SPS 1a *
| |mo = 100GeV, my,p =250GeV, Ag=—-100GeV, tanf =10, p>0
- g : * This model is only an
iz, dp = ; example -> Already
UR O, e Y
I by excluded by the first
running of LHC
LHO, A0 —H* S .y ;
‘)23 X3 — U ]
[ Typical scenario in MSUGRA: |
i, ;2 | The lightest neutralino is the
;./"c _ X Xi LSP: Excellent Dark Matter
L Y | candidate
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 SUSY - interact just as SM particles according to their guantum numbers

* Right-sfermions (handedness here refers to the SM partners, since the sfermions
have spin 0) do not carry weak isospin and therefore do not couple to
W bosons

* Coupling to SUSY gauge bosons:

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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Decay of SUSY Particles |

e Strongly depends on the particle spectrum, here assuming typical mSUGRA
* Neutralinos / Charginos

- N b, T, ...

f f N1 f 1
N; / f N1 N; Z / f N; %HE’AO/ b, T, ...
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Decay of SUSY Particles |

e

e Strongly depends on the particle spectrum, here assuming typical mSUGRA

* Neutralinos / Charginos

P M o Ny
N; /[_ / N1 N K\Zm/»/ f N; 4[_]?1{0/ b, T, ...
/ f f‘vl f’ }‘\}1 b, T o cce
C; / fj B / Ny C; Aw / f C; Ajt_ / t,vr, ...

e Sleptons - . - _ B _ N _
{ — L\z { — I/Cie vV — I/f\“i, vV — (Cz

Possible differences of left and right-sleptons: R-sleptonen only couple to
Binos, in many models this results in decays directly to the lightest Charginos
- Neutralinos, L-sleptonen may prefer heavier particles with higher Wino-

content (stronger coupling!)

Teilchenphysik mit h6chstenergetischen Beschleunigern: , .
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Decay of SUSY Particles i

—

e Squarks

* If the gluino is lighter than the squark: Decay ¢ — qg
dominates: strong interaction

* Otherwise: Decay via the weak interaction:

i— x2q q— xiq
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Decay of SUSY Partlcles II

e Squarks

* If the gluino is lighter than the squark: Decay ¢ — qg
dominates: strong interaction

* Otherwise: Decay via the weak interaction:

i— x2q q— xiq

+ Gluinos: /qR/ o /qL / / /m

(Y]

A /cl [i/n s /a /a Lo

Q.
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Decay of SUSY Particles i

e

e Squarks

* If the gluino is lighter than the squark: Decay ¢ — qg
dominates: strong interaction

* Otherwise: Decay via the weak interaction:

= Xnd q— Xnd'
 Gluinos: ! ! I a / f
g _/_fi_R_ / Ny g / L /z\“"g / f / M
(a) (b)

q q f! f q q Ny f!
.(:7 / d L / (:' 1 / f / l‘(f 1 .é dL 6»'1 % / f
(c)

- __ __ __ I -

\In_general: If R-pjarity is conserved the final paricicle of deay Chi S h ! |

— — e —— L ——— — — ——
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Experimental Search for SUSY
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Produktion supersym

— = e = =——

* Many ways to create SUSY particles at hadron colliders, for example:

* Electroweak production: neutralinos, charginos, sleptons

q N;
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Produktion supersym

— _ —— == = = = =

* Many ways to create SUSY particles at hadron colliders, for example:

* Electroweak production: neutralinos, charginos, sleptons

g g g .7q g .7 q
g g .7 q e
N
N
9 qg g \\(}* q ~

g
q g
g
q g

)
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Produktion supersym

e _ e ———— S -

* Many ways to create SUSY particles at hadron colliders, for example:

* Electroweak production: neutralinos, charginos, sleptons

q

~ Which process is dominating depends on
q q J particle masses and on energy - at LHC gluon-
| iInduced processes are dominant: Access in
q N particular to strongly interacting particles!

Teilchenphysik mit h6chstenergetischen Beschleunigern: , .
Frank S f @ : d
WS 13/14, 12: Supersymmetry rank Simon (fsimon@mpp.mpg.de) 29

)



Produktion supersymmetrischer Teilchen

* Many ways to create SUSY particles at hadron colliders, for example:

* Electroweak production: neutralinos, charginos, sleptons

\T ~+4
q N; u o+ C:

q N; d N

N
g N\ . (7* (1

0 R g?hth L7 G
9 .7 q ;7
Which process is dominating depends on
particle masses and on energy - at LHC gluon-
Induced processes are dominant: Access in

particular to strongly mteractlng partlcles'

Sl

In general SUSY particles always produced in palrs' 3

/ i Teilchenphysik mit héchstenergetischen Beschleunigern:
_ ’ Frank Si fsi Q@ : d
f WS 13/14, 12: Supersymmetry rank Simon (fsimon@mpp.mpg.de) 29



Experimental Signatu

Experimental Signatures

* several highly energetic leptons +
* several highly energetic jets +

* missing transverse energy / momentum (LSP)

If R-parity is not conserved
e instead of missing energy:

e end-points in momentum distributions

 Mass differences of states in decay chains

Teilchenphysik mit h6chstenergetischen Beschleunigern:
WS 13/14, 12: Supersymmetry

Background

e W, Z, top, b, c decays
 QCD, top

* Neutrinos from b, c decays

combinatorics!

Frank Simon (fsimon@mpp.mpg.de)
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SUSY Expectatlons for the LHC

e —— = —— 3 = — e .

Prospino2. l

10
* The general feature of the
b — SUSY VS =7 TeV . .
“ulPb) PP ‘ production cross sections:
: e Strongly interacting particles win
e Cross sections fall with increasing
T EEEEEE T X VLR Ve S S L i N mass
2 O, [Pb]: pp — SUSY
10
VS =8 TeV
3 %34, 6
10

100 200 300 400 500 600 700 8

aver:

10 e e 2N .« o 100 events /1o ..
* Higher energy pays of:

> 100 events / fb~! for squarks &

gluions: 10
~ 800 GeV @ 7 TeV,
~1 TeV @ 8 TeV 10"

1000 1200 1400 1600
[GeV]

d\ CIi lﬂL "

. Charglnos ~ 250 GeV -> 300 GeV

Teilchenphysik mit hochstenergetlschen Beschleunigern:
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Searching for SUSY f

* A variety of search technigues are used - too diverse to cover in detail.
One example: Searches in hadronic final states:

LSP 5P

&

BACKGROUND

jet : et topology (QCD)
SIGNAL topology IEt l

Look for missing transverse energy to discriminate signal from background

Typically high-mass particles - Lots of transverse energy in the event
Good variable (also signal / background separation): effective mass
Mett = Y |Ptjets| + |Etmiss| - @ measure for the “total mass” of the event

Teilchenphysik mit h6chstenergetischen Beschleunigern:

WS 13/14, 12: Supersymmetry Frank Simon (fsimon@mpp.mpg.de) 32



SUSY Searches: Missing Energy, Leptons

* As for other studies as well: Leptons are good to trigger on (but restrict the
underlying physics to specific particles...)!

Q\ AT LAS Event with high-p.
‘d%«/ Jets and a Muon
EXPERlMENT in 7 TeV Collisions

Run: 155569 Event: 5091167
Date: 2010-05-22 04:34:53 CEST

Teilchenphysik mit héchstenergetischen Beschleunigern:
WS 13/14, 12: Supersymmetry
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Example Distributions

1] ] L] L] L] L] I | Sk | L] L] l L) 1 L L ' L) 1 Ll U I L) Al 1 L) l L) 1 1 1 l L]

* Missing transverse

IILE
1w

E ATLAS Preliminary ® Data 2012 _
2 10°E- I Ldt=20.1fb",\s =8 TeV %4 Mol = energy for events with
E - 0-lepton baseline selection Bl recucviebig ) many Jets, including b-
g 2 " 7Zjets > 30 GeV, > 3 b-jets > 30 GeV Imeducklebkg MC) jets (sensitive to 3rd-

s .. W Gtt (g7,) (1300, 100) GeV x 10 generation squarks)

LI lllllll
= lllllll

10

| llllllll
llllllll

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

- 1 lllllll
ko Illllll

-—d
(&)

,llilllll llll'llll

data / exp

o
(&)

llllllll lllllllll

150 200 250 300 380 400 450
E™'® [GeV]
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events / 100 GeV

DATA/MC

Example Distribution

10°

10

—_—
Ny

UL ] L | L L | L I LI I L | |

1T e Effective mass for multi-

— ATLAS Preliminary Jl dt =203 fb" — _ _

E SRD -5 jets e Data2012 (1s=8TeV) ; Jet events without

- — SMTotal _ 1 leptons (here 5 jets),
- = = = gg m(g)=1162,m()=337 - o _

. =+ §§ m(g)=1250,m(1)=50 | sensitive to first and
- Multijet 3 i

. B et 1 second generation

- B Y jets 1 squarks and gluinos
o tt & single top .

u + B Diboson L

LI TITTTI

-
L e

l

L L Lilll

Rk <1,.J | - S AJ, de

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

lllllllll'lllllllllllllllll

1l

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

lllllllllllllllllllllllll
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Interpretatlon of Results

* Not an easy job: There IS always a model-dependence!

 Initial strategy: Interpret in the cMSSM - provide exclusion limits in a plane of two

of the five parameters
MSUGRA/CMSSM: tang = 30, A = -2my, u>0

:I 1 ) § [ L] 1 L I “ r I ". | ! _‘[ i T ¥ N [ ] ] I BR# I I L} ﬁf L R
900 | | ATLAS Prehmmary_
B 3 S RE\: ‘ -L. J Ldt= 2031b |s=3 TeV '; _
800 [— ‘ 5 S | T e
g : {£20 Get O-Iepton comblned Z
700 — | | : -—- Observed ﬁmlt( 1O'SUS:) .
£ . ‘._ ---l- Expected limit (i1oexp) :5 o
- A\ R = i e (L TSN
600 RN Stau LSP
500 [ | | T 13¢|-- {8
= \ ‘ "
'\ A B L e
400 |- \ .
300 31 1 1 Al I : l" i Lv L l ‘l 1 ‘l 1 l L 1 Il l 1 L L L l 1 ll L L 3]
1000 2000 3000 4000 5000 6000

WS 13/14, 12: Supersymmetry

Teilchenphysik mit h6chstenergetischen Beschleunigern:

Example taken from
measurements shown
on previous slide

Very hard to draw
universally valid
conclusions - Obvious
that mass limits in the
cMSSM are already
quite high

)
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1000

m, [GeV]

800

700

600

500

400

300

LEP &
Tevatron

Interpretation

f

MSUGRA/CMSSM: tan(B) =30, AO =-2my, 4 >0

Results

—_—

* Not an easy job: There is always a model-dependence!

Lepton & Photon 2013

| | | | |LlJ_ | | | | I | | |
N .\

—
. —
~ -

— -
%)
L

dt=20.1-20.7 fb'i\ Is =8 TeV

Msq =

\\.

\

—_—

L]

\ \..\..\..'..\..\..~..
L

800 GeV

=

N(e)
1|
=
(@)
(@)
0
(¢))
<

—
-~ ——,)

— "

95% CL limits. o3 22" not included.

O-lepton, 2-6 jets

ATLAS-CONF-2013-047
O-lepton, 7-10 jets
ATLAS-CONF-2013-054

0-1 lepton, 3 b-jets
ATLAS-CONF-2013-061

1-lepton +jets +MET
ATLAS-CONF-2013-062

1-2 taus +jets +MET
ATLAS-CONF-2013-026
2-SS-leptons, 0 - =3 b-jets
ATLAS-CONF-2013-007

- = Expected
mm= Observed
= = Expected
=== OQbserved
- = Expected
m=== Qbserved
- = Expected
== Observed
- = Expected
== Observed

Expected

Observed

N

o

—
~~~
U B - [ —
-

bl
. =
=

1000 2000 3000

to a new level!
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6000
m, [GeV]

4000 5000

* |nitial strategy: Interpret
in the cMSSM - provide
exclusion limits in a
plane of two of the five
parameters

Very hard to draw
universally valid
conclusions - Obvious
that mass limits in the
cMSSM are already
quite high

The LHC has pushed the mass scale in constraint SUSY models

O. Buchmitiller, EPS-HEP 2013
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Interpretatlon of Results Slmpllfled Models

- simple...
// -

What the |nd|V|duaI searches
Pair Production ¢ are sensitive to is much more

11%
~ 600
g
* 11%

tl ~ 500

100%
(»u)

\
c

86% of all hadronic
production in LM1 consists
of “simple” decay chains.

8.7% This makes it particularly
amenable to being
approximated well with a
3-particle OSET.

Simplified model spectrum (SMS)
with 3 particles, 2 decay modes 100

~ 0
X1

O. Buchmiiller, EPS- HEP 2013
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m sp"®= 0.3 TeV : LSP mass above
which there is NO limit anymore

Interpretation of Results - Simplified Models

m - (GeV)

Teilchenphysik mit héchstenergetischen Beschleunigern:
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10 5
~~ o~ ~0 ~ ~ =
PP —d9,d — g ; m(g)>>m(q) . =
I it 4 . = 7 o
B Expected Limit +1 o exp. ((7‘\_'35; - c
- oNLONLL +1 o theory g |, E
— 3 g —r—t A =70
q+q,, U+d+S+C = 9 7 K
R CMS-PAS-2012-028{ o
| ——- U, only See talk from | o
S. Sekmen _ = Limits are obtained
B -1 | I
—\CFMS’ .71 : ~ 91070 py comparing the
s=8TeV I 1 2 _ )
. ] 0 highest cross section
1 for a signal still
_| 1072 allowed by the
§ measurement with
: — the expectation for a
, I particular particle
. : . | L -3
00 400 500 600 700 00 900 1000 ° Mass
squark (GGV)
mg"*= 0.8 TeV : Best limit in plane Assumes 100%
BR for decay chain

Frank Simon (fsimon@mpp.mpg.de)

considered.

O. Buchmitiller, EPS-HEP 2013

39



M_sp

Interpretation

f

Direct squark

[GeV] 4 MsUusy = Mg
1000 4 G — ¢x'CMS-PAS-SUS-12-028

750

500

250

U7, — WY ]CMS-PAS-SUS-12-028
b — bx" ATLAS-CONF-2013-053
t — tx) ATLAS-CONF-2013-037
-+ Direct stop in “gap”

msusy — My
f— CX(l) ATLAS-CONF-2013-068

g 0 CMS-PAS-SUS
t— Wle -13-011

Direct slepton

l~L — liX?

ATLAS-CONF-
2013-049

Results - Put

_—— e e e =

Gluino mediated

+ 0
Direct X1 / X2

msusy = M+ = My9

+ 0(7: 747

- X1 Xa(light 1)
e XTXS (Reavy 1)

CMS-PAS-SUS-13-006

msusy — Mg

~ _ 0

g — q4x1
ATLAS-CONF-2013-047
g — bEX(l)
CMS-PAS-SUS-12-024
g — tt_X(l)
ATLAS-CONF-2013-061

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

Msysy
[GeV]
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Interpretatlon of Results - Puttlng it aII together

ATLAS SUSY Searches 95% CL Lower leuts

ATLAS Preliminary

Status: SUSY 2013 JLdt=(46-229)fb" V5=7,8TeV
Mode! ety Jets ET™ [ranm) Mass limit Reference
MSUGRACMSSM 0 26 s Yes 203 |4R 1ITeV  m=mid) ATLAS-CONF-2013-047
MSUGRA/CMSSM e 36ms Yes 203 |& 12TeV any mg) ATLAS-CONF-2013-062
MSUGRA'CMSSM 0 7-10jets  ves 203 |& 1.1 TeV any m(Q) 13081841
33, 3—qt; 0 26@s  Yes 203 |§ 740 GeV m(T)e0 GaV ATLAS-CONF-2013-047
22 §-qd%) | 0 26ms  Yes 203 |@ 1.3TeV M )0 GaV ATLAS-CONF 2013047
£&. g—aot) -‘ocw's Tep I6pts  Yes 203 | 118 TeV M} )<200 GaV, m(T" )e0 SIm{ET omiE) ATLAS-CONF-2013-062
FT o 4 (A 2ep 0-3 jots - 203 |& 112 TeV m(T3)=0GaV ATLAS-CONF-2013-089
GMSB ({ NLSP) 2e.p 24t Yes 47 tang<1$ 1208 4688
GMSE (7 NLSP) 127 O2pts Yes 207 |& 1.4 TeV tany >18 ATLAS-CONF-2013-026
GGM (bino NLSP) 2y . Yos 48 m(T})>50 GeV 12090753
GGM (wino NLSP) Tepusy . Yos 48 m(E} 150 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 16 You 48 (] )>220 GaV 12111167
GGM (higgsino NLSP) 2e,u(2) 03jpts Yes 58 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 monojel  Yes 105 mE)>10 oV ATLAS-CONF-2012-147
i‘ g-bbi} u 0 3b Yes 201 |# 1.2 TeV m(i} )<600 GeV ATLAS-CONF-2013-061
s j-otha 0 70@s  Yes 203 |@ 1.1 TeV m(i}) <350CeV 1308 1841
= g-ottly 0tepn 3b Yes 201 |& 1.34 TeV m(T} ) <400 GeV ATLAS-CONF-2013-061
F-obit, Otlepn 3b Yes 201 |& 13Tev m(E;)<300 GV ATLAS-CONF-2013-061
bhb. b.—-bf 0 2b Yes 201 |y 100-620 GeV m(i])<90 Gev 1308 2631
bbby -zi 204185 03b Yes 207 |b 275430 GeV m(E] 2 mii}) ATLAS-CONF-2013-007
fifiight), £y —bF] 12e.p 12b  Yes 47 |i 110467 GV m(T} )=85 GoV 12084205, 1209.2102
Ty Ey(ight), 3 — WBES 2ep 02pts  Yes 203 |F§ 130-220 GeV m’b wm(Z }-m{ W50 GeV, m(i, Jcemif]) | ATLAS-CONF-2013-048
Ty #; (medium), ”"“\ 2ep 2 jots Yes 203 |§ 225525 GeV M1 )0 GaV ATLAS-CONF-2013-065
Ty fy(medium), I,—-bn 0 20 Yes 201 i 150-580 GeV m(i‘) 200 GaV, m{t] (i =5 Gev 1308 2631
(, fy(heavy), T —tl lep 1b Yes 207 |§ 200-610 GeV m(T)e0 GaV ATLAS-CONF-2012-037
iy fy(heavy), f —ti) 0 2b Yos 205 | 320-660 GeV mT: =0 GaV ATLAS-CONF.2013-024
i, fh—ch) 0 monojetclagyes 203 | 90-200 GeV m(i, pmii] ) <85 GeV ATLAS-CONF-2013-068
fy i (natural GMSB) 20.4(2) 15 Yes 207 |& 500 GeV m(i1)>150 GaV ATLAS-CONF-2013-02%
by h=f + 2 Jeu(2) 16 Yes 207 |& 271520 GeV m(iy pemiF] o180 GaV ATLAS-CONF-2013-025
I ndun, I-t1] 2ep 0 Yes 203 |7 85-315 GeV ™} )=0 GaV ATLAS-CONF 2013-049
.g(,:: X ( s iv((¥) 2e.p 0 Yes 203 i; 125-450 GeV m(E} w0 GaV, m(7, 7)e0.5(mik ] Jemii} ) ATLAS-CONF-2013-049
Eg Elfé ) —i(r¥) 2r - Yos 207 |& 180-330 GeV i qm".)-oo-\tnu). n-os(mu::hm”n ATLAS-CONF-2013-028
B Ea-o(lv{&((w) W L) Jep 0 Yes 207 |l 600 GeV ] pemif2), mn’?)-.e. il 7=0.50m(E; JoniFy ) ATLAS-CONF.2013-035
t:I_B-oWleta Jep 0 Yes 207 i.} 315 GeV mE; JendES), m(T3 )0, sleplons decoupled | ATLAS-CONF-2013-03%
G- WIAL ey 2b Yos 203 t!.:! 285 GoV m(T] Jen(T3 ), (T} )e0, sheplons docoupled | ATLAS-CONF.2013-083
Direct ¥, T; prod., long-lived ]  Disapp ik 1 jot Yos 203 |& 270 GeV m(E] miE] 160 MV, 1(F])=02 ng ATLAS-CONF-2013-069
stopped § R-Mm 0 1-5pts  ves 229 |8 m(T; =100 GaV, 10 ps<r(§)<1000 s ATLAS-CONF.2013-057
cuse._.pn 8 (s, ,Q.f(. u) v 2ﬂ . . 159 10<tang <50 ATLAS-CONF-2012-058
T3~y 0. long-lived ¥y . Yos a7 O4<r(i})<2ns 1304 6310
43, ¥y —qau (RPV) 1, dsd vix - . 203 |4 1.5 <cr<156 mm, BR)«1, mii})=108 GaV | ATLAS-CONF.2013-002
LFV pp—+¥, + X, ¥, e+ u 2e.pn . . 46 £33, 010, 413 #0.05 12121272
LFV ppsily 4 X, Vyse(u) 4 v lepsr - . 48 4112010, Ay 9y #0 05 2120272
Binoar an GMSSM Tep 7 jots Yos 4.7 m(Fem(F), crigp<t mm ATLAS-CONF-2012:140
E ’& U1, 0) Wi}, B —eeh,, ¥, 4ep - Yes 207 m(E} 1300 GaV, Ayz >0 ATLAS-CONF-2013-096
1 i, .l — Wi, X =rr¥,, er?, Jepsr Yes 20.7 (T3 >80 GV, 4y5y >0 ATLAS-CONF-2013-036
£§—q9q 0 6-7 jots . 203 OR(¢)=B b)=BA(c)=0% ATLAS-CONF-2013-091
E—hit, fi—bs 2¢,4(88) 03b  Yes 207 ATLAS-CONF-2013-007
Scalar gluon pak, sgluon—+g§ 0 4 jots . 46 incl et from 11102699 1210 4826
. Scalar gluon pak, sgluon-—+tT 2e.4(55) 14 Yes 143 ATLAS-CONF-2013-081
WIMP interaction (DS, Dirac y) 0 monojel  Yes 105 My <80 GaV, i ol <687 GaV tor D8 ATLAS-CONF-2012-147
“l 8 TeV 10-1 1
full data Mass scale [TeV]

‘Only a selection of the available mass limits on new states or phenomena is shown. ANl limits quoted are observed minus 1o

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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theoretical signal cross section uncertainty.
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Interpretatlon of Results - Putting it aII together

ATLAS SUSY Searches 95% CL Lower lelts

\)n alus.

i
§

SUSY

Model

MSUGRA/CCMSSM
MSUGRA/CMSSM
MSUGRA‘CMSSM
a4, a—-on

&i. 2 OOH

£ x—-ovix—-wW'!

2013

BE.B—aqllt/lvivw )!,
GMSB (¢ NLSP)

GMSB (7 NLSP)

GGM (bino NLSP)

GGM (wino NLSP)

GGM (higgsino-bino NLSP)
GGM (higgsino NLSP)
Gravitino LSP

e T,y Jets E';“" [Lar[m)

0
1ep
0
0
0
Tep
2e.p
2('.;!
1-2r

Teusy

2e.pu(l)

26 ;s
3-6 pts
7-10 jets
26 ms
2-6 s
3.6 jots
0-3 ots
24 s
0:2 jots

1b
0-3 pets

mono-jel

Yes
Yeos
Yes
Yes
Yos
Yeos

Yes
Yes
Yeos
Yes
Yes
Yos
Yes

20.3
203
203
20.3

ATLAS Preliminary

[Ldt = (4.6-229) b

Mass limit

L Ll w v ‘[ L) L) L L Ll . ] . v . . Ll v L
4.8 17TeV ™Q-mid)
i 1.2 TeV any mi3)
1 1.1 Tev any m(g)
q 740 GeV m(TE)e0 GV
] 1.3 TeV m(T; )0 GaV
& 1.18 TeV M} ) <200 GaV, m{t" )ed S{miE’ omiE N
i 1.12TeV m(;EI—OGQV
ang<15$
i 1.4 TeV tang 18
(i )>5 GeV
m(l} =50 GeV
M )>220 GV
m(H)>200 GV
r-u)l 100 ev

No observation so far - all consistent with the Standard Model.
The limits are getting close to (and in some cases surpassing) the TeV scale.
The constrained (rather naive) SUSY models are under quite some pressure now - but the
phase space is huge, and in more general models many limits are still extremely weak.

Vs=7,8TeV
Reference

ATLAS-CONF-2013-047
ATLAS.CONF.2013.062
1308 1841
ATLAS-CONF-2013-047
ATLAS-CONF.2013.047
ATLAS-CONF-2013-062
ATLAS-CONF-2013-089
1208 4688
ATLAS-CONF-2013-026
12090753
ATLAS-CONF-2012-144
12111167
ATLAS-CONF. 2092152
ATLAS-CONF-2012-147

U N -
Direct T, T; prod., long-lived ] Disapp. trk 1 jot Yos 203 m(E] 1miE ) 160 MoV, +(F])=02 ns ATLAS-CONF 2013069
Stable, stopped § R hadron 0 1-5ps  Yes 229 ;=100 GaV, 10 ps<r(§)<1000 s ATLAS-CONF.2013-057
GMSE, stable 7, l,—r(c p). (e.p) 124 : 159 10<tans <50 ATLAS-CONF-2013-058
G i;».,c brqu.edl, 2y Yos 47 O4<r(i;)<2ns 1304 8310
49, i, ~sqau (RPV) 1 e, depl. vix . 203 1.5 <cr<1566 mm, BR)=1, m{i])=108 GaV | ATLAS-CONF.2013-002
LFV pp—+¥, + X, Ve + u 2e.p 46 m #0.10, 4y 13005 12121272
LEV ppesi, 4 X, ¥ o) 4 r lTepsr 46 E11 #0109, Ay 0y »0 05 121210272
t Biknear RPV CMSSM 1ep 7 jots Yos 4.7 m(G)em(F), crigp<t mm ATLAS-CONF.2012.140
T TR .wi“.ix voel, euv, dep . Yes 207 m(T})>300 GeV, 1y >0 ATLAS-CONF-2013-096
U0, 0 =W K —rrb, erd, 3epuer : Yes 207 (T3 >80 GV, 435,50 ATLAS-CONF-2013-036
£—q9q 0 6-7 pots . 203 DAt =B b)-BRA(c)=0% ATLAS-CONF.2013-091
E—hit, fi—bs 2e,4(88) 03b Yes 207 ATLAS-CONF-2013-007
Scalar gluon pai, sgluon—+q8 0 4 jots . 45 incl emit from 1110 2699 1210 4826
Scalar gluon pak, sgluon-+17 2e, ,4 (55) 1 b Yes 143 ATLAS-CONF-2013-051
WIMP inmeraction (DS, Dirac y) Yeos 105 m(y <80 GaV, imt ol <687 GaV o D8 ATLAS-CONF . 2012147
ﬁ:‘t‘y 10! 1
full data Mass scale [TeV]
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* The increase in energy at the LHC to 14 TeV (will happen 2015) provides
enormous potential:

1000 ¢ —— —— - -
[ ratios of LHC parton luminosities: ! - gT , * for heavy squarks the
L ~9. e
14 TeV/8 TeVand 33 TeV /8 TeV / cross section increases
SUSY by a factor of ~ 50
_— squarks/Gluino -
o 100 L g9 15 TeV » for lighter 3rd gen.
= . - XqQ quarks the increase is a
-
> factor of 5
b —
3 SUSY
c 3 Gen
= : ~500 GeV .
5 10§ 5
Teilchenphysik mit h6chstenergetischen Beschleunigern: Frank Simon (fsimon@mpp.mpg.de) 49
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* The increase in energy at the LHC to 14 TeV (will happen 2015) provides
enormous potential:

1000 ¢
O 100 3
©
=
k7]
o
£
&
=

—
o

ratios of LHC parton luminosities:

14 TeV/8 TeVand 33 TeV /8 TeV

—99
---- XqQ

~500 GeV

SUSY

~1.5 TeV

SUSY
34 Gen

Z’
~5.0 TeV
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Teilchenphysik mit h6chstenergetischen Beschleunigern:

o for heavy squarks the
Cross section increases
by a factor of ~ 50

 for lighter 3rd gen.
quarks the increase is a
factor of 5

|
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Zusammenfassung

The Standard Model alone cannot be the final theory of particle physics

 The quest for an all-encompassing theory: GUTs (Grand Unified Theories):
The main idea is the unification of the electroweak and the strong interaction -
That alone does not yet solve all problems of the SM

The most-studied extension of the SM: Supersymmetry, prediction of new

particles at the TeV scale

 SUSY has to be broken: So for not a single superpartner has been observes

o SUSY provides a good Dark Matter candidate: The LSP
Experimental search for SUSY:
* Final states with highly energetic jets (and leptons), missing transverse energy

High discovery potential at the LHC: If there are SUSY particles in the region
up to a few TeV the chances are high that LHC will discover them - But
nothing so far!

Teilchenphysik mit héchstenergetischen Beschleunigern:

WS 13/14, 12: Supersymmetry Frank Simon (fsimon@mpp.mpg.de)
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Zusammenfassung

* The Standard Model alone cannot be the final theory of particle physics

 The quest for an all-encompassing theory: GUTs (Grand Unified Theories):
The main idea is the unification of the electroweak and the strong interaction -
That alone does not yet solve all problems of the SM

* The most-studied extension of the SM: Supersymmetry, prediction of new
particles at the TeV scale
 SUSY has to be broken: So for not a single superpartner has been observes
o SUSY provides a good Dark Matter candidate: The LSP
* Experimental search for SUSY:
* Final states with highly energetic jets (and leptons), missing transverse energy
* High discovery potential at the LHC: If there are SUSY particles in the region

up to a few TeV the chances are high that LHC will discover them - But
nothing so far!

Next Lecture: Exotics (Black Holes, Extra Dimensions) and Outlook, S. Bethke 03.02.2014
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Time Plan
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11.

12.
13.

EinfUhrung; Stand der Teilchenphysik
Hadronenbeschleuniger: Tevatron und LHC
Standard-Modell Tests

Teilchendetektoren an Tevatron und LHC (l)
Trigger, Datennahme und Computing
Teilchendetektoren an Tevatron und LHC (ll)
Monte Carlo Generatoren und Detektor Simulation
QCD, Jets, Strukturfunktionen

Top Quark

Higgs-Physik (I)

SUSY, Physik jenseits des Standard-Modells
Andere Modelle jenseits des SM, Ausblick
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14.10.
21.10.
28.10.
04.11.
11.11.
18.11.
25.11.
02.12.
09.12.
16.12.
23.12.

13.01.
20.01.
27.01.

03.02
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Literature

* Theoretical background:

o Stephen Martin, “A Supersymmetry Primer”, arXiv:hep-ph/9709356
http://arXiv.org/abs/hep-ph/9709356
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