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Lecture Pla

Overview of the 3 lectures in the next days
* Lecture 1: Introduction to Experimental

Particle Physics at the LI

C

_ecture 2: Measurements and test of the

Standard Model, (excluding the Higgs)

* Lecture 3: Searches beyond the Standard

Model at the LHC




Multi Jet Event at 7 TeV |

 Search for Supersymmetry

» The dark matter connection

» Awakening of the LHC in
2015

e SUMmMary




Physics case for new High Energy M_

» Understand the mechanism Electroweak Symmetry Breaking

# Discover physics beyond the Standard Model

Reminder: The Standard Model ]
- tells us how but not why N

M

World Average

3 flavour families? Mass spectra? Hierarchy? .
- needs fine tuning of parameters to level of 1030 N
- has no connection with gravity / > R
- no unification of the forces at high energy e300

HG)

MSSM

World Average

Most popular extensions since 2000

- Supersymmetry — ¥
- Extra space dimensions .
Many other ideas: More symmetry and gauge bosons,
L-R symmetry, quark & lepton substructure, Little Higgs models,
Technicolor, Hidden Valleys, 4t generation...

r
T

Higgsless models somewhat disfavoured these days



A Higgs...

my, = 125.6 + 0.4 GeV

A malicious choice!

MSSM at the weak scale NIRRT
|
|

60 70 80 90 100 110 120 T 130 140

The Higgs:
so simple yet so unnatural

. : Stockholm Nobel Symposium
Guido Altarelli May 2013

We do not understand why the mass of the Higgs is 125 GeV
It most likely tells us something on what is Beyond the Standard Model



So, what Is Next? .

The work is not over yet: Many questions still remain unanswered:
Is it THE Standard Model Higgs boson or a messenger of New Physics ?

*How can we explain a Higgs mass ~ 126 GeV? What stabelizes the mass?
*What explains the mass pattern of the particles that we observe?

*What is Dark Matter and Dark energy? Supersymmetry at higher masses??
*Where is the antimatter in the Universe? How did it disappear??

Iggs as a porta

® having discovered the Higgs?

® Higgs boson may connect the Standard
Model to other “sectors”

SU(3)exSU(2)xU( 1)y

hidden | Higgs quarks
sector sector leptons

Need for precision measurements with ~100x the present statistics
LHC upgrade ! Experiment upgrades!! (Other machines?)




New Physic

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

3 " e L . Technicolor?
g le = prps 3 1_&.\. N Ons I s
: : e o
% ) JL=0.1fb! -~ Qo @ "
: = £175 B 07z (M) 3
_i I">'|12.5 %‘

entries / 10GeV/e!
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R T R
400 (=] 800 1000 12@3_ 1400 1600
W mass (Gel)

Little Higgs?

Hidden Valleys?

Black Holes??? I T=Zt—~lbl B

ATLAS
300 b

| A Conceptual Diagram |

What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that



Exotica

Search for physics beyond the Standard Model.
Looking for something weird and unexpected in the data.

Wide range of possibilities with relative little guidance.
Many models and possible phenomena.

Unlike for Higgs or Supersymmetry
— No Exotica hunter’s guide to show you the way

— No SUSY map of parameter space to show you the
Incremental progress with each search

Instead a wide variety of searches used. Will give
examples of that to show the spectrum




Many extensions of the SM have been = Tlet+MET
developed over the past decades:— o J’IEE;;I:TETMET
____Jr u
Supersymmetry ~ > Same-sign dilepton
Extra-Dimensions s . _ = Dilepton resonance
i ﬂ‘:\\"ﬁ:—,—f = Diphoton resonance
Technicolor(s) s‘&:& 7  Diphoton + MET
Little Higg "2‘}\\ - Mutileptons
No Hi 1*‘;&/ \ a Lepton-jet resonance
O FAIggs .o . \\ » Lepton-photon resonance
GUT = Gamma-jet resonance
: S X Dib
Hidden Valley ~<\ \ - . ZLJSEUF" resonance
' > u
Leptoquarks ‘\;&éﬁ a W/Z+Gamma resonance
Compositeness 'N\ : ;Eﬂ:;:l;ﬂ?:
th : (N u -
4 generatlon (t ’ b) a Long-lived particles
LRSM, heavy neutrino = Top-antitop production
a Lepton-Jets
etc... a Microscopic blackholes
a Dijet resonance
a eic..

Beyond the SM Sic




LHC BSM® Hunting Detectors

Total weight 14000 t C M S
Overall diameter 15m ECAL ;ﬁ‘;vsg'”g'asfgi (*) Beyond the Sta nda I‘C| M0d6|
Overalllength  28.7m B MUON ENDCAPS

HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)

Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

The CMS Experiment

‘\!\‘ -
,\?z

Pixel

Tracker Pixels & Tracker [ p— e I f h :
ECAL P (00150 ) 4 = Examples from these experiments
~1 m?2 ~66M ¢ . /
HCAL +Si Strips (80-180 um) )
~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
480 Resistive Plate Chambers ) |

The ATLAS Experiment

Also LHCb via eg B.-> uu
and other precision flavor tests

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



_; Extra Space Dimensions |
.‘ .‘~ \ Wt ‘;..‘.‘.*:";' .I-~‘f A
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Search for Large Extra D
Mono-jet final state +Missing E; (ADD)

between
3 and 4 TeV

pr jet > 110 GeV
MET > 200 GeV Lower limit on the Planck Scale

versus number of extra dimensions
T

r T T 1 ‘
- CMS 950, L limits |
E —— CMS(LO)8 TeV, 19.7 "
---------- CMS (LO) 7 TeV, 5.0 ]
<wo- ATLAS (LO) 7 TeV, 4.7 b ]
O — LEP limit -
...... CDF limit ]
----- D limit E

CMS
Vs =8TeV

s f|_dt=19.5ﬂj1
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A High p+ Mono-jet event

p, = 602 GeV
F_r'“i“ =523 GeV

Run Numbe

2 EXPERIMENT
r: 180209, Event Number: 36060682

Date: 2011-04-27 02:33:15 CEST

A high-p_monojet event - SM interpretation Z = w + jet



Quantum Black Hol

o Schwarzschild radius | Landsberg, Dimopoulos, Giddings, Thomas, Ri

i 2 M
4-dim., Mgravity= Mpianck * Rs = M. 2 CEH Re > << 1035m
PI
I — . R~ 1 MBH ni+1 R. 5 ~ 1019m
4 + n-dim., Mgavity= Mp ~TeV: Rq | <
D D LR H e,

Since M is low, tiny black holes

of Mgy ~ TeV can be produced if
partons ij with  Vs;; = Mgy pass at a
distance smaller than Rg

3-brans

« Large partonic cross-section : o (ij > BH)~ ntRg . :

1 E -27
e (pp — BH) is in the range of 1 nb — 1 fb Evaporates in 10’ sec
e.g. For Mp~1 TeV and n=3, produce 1 event/second at the LHC

« Black holes decay immediately by Hawking radiation (democratic evaporation)
-- large multiplicity
-- small missing E } |expected signature (quite spectacular ...) |
-- jets/leptons ~ 5




Search for Micro Black

EXRA-DRESION _ _ Nice events, eg a 10 jet event
Extra Dimensions!

’/ Graviton

g Planck scale

- < a few TeV?
H A
UNIVERSUM S-brane
iv:1202.6396 CMS Vs = 8 TeV L=12.1fb" R CMS (s =8 TeV L=12.1fb"
g - Multiplicity N = 8 E i
Look for the decay producs g1o° o s & o
of an evaporating black hole = § Uncertainty g
m102 p e Mp=1.5TeV, M =55TeV, n =6 E 5.5

_____ Mp,=20TeV,MJ"=50TeV,n=4
—-M,=25TeV, M =4.5TeV, n=2

"IDefine S; to be the scalar : ; \K
sum of all high p; objects : R :\
found in the event : T~ 45]" BlackMax

. . I - N tati
"1Look for deviations -+ Roating
at h Ig h ST is —+— Rotating (mass and angular momentum loss)

-l l 111 | { ] I 1111 I 11 1 | J 1111 I L1 11 I L1 | J 1
16 2 25 3 35 4 45 5
M, (TeV)

Pull (o)

-2 I - | L1l I 11 11 | 1111 I L1l | Ll 11 | L1l I L1
2000 2500 3000 3500 4000 4500 5000 5500
S, (GeV)

Black hole masses excluded in range below ~5 TeV depending on assumptions



E.g. Di-lepton Re

#,-r
K

Plot the di-lepton
Invariant mass

A peak!!
A new particle!!
A discovery!!

Eventz/50 Gelio. 1

00 800 1000 1200 1400 1600
W mass (GeV)

‘ Example : The Di- Ieann chunnell\_

‘ \ / 6
(New gauge bnsans) (ADD)

An, Zn ?{1};2{11
(Little Higgs) (TeV-! Extra Dimensions)

5[1]
(Rnndall Sundrum)
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2011: Z’ Boson to ee

SU (3)e x SU(2), x U (1)y

Extension of the symmetry?

New Gauge bosons?

* Many new models have Z-like narrow
resonances decaying to dileptons

* Interesting features in dilepton spectra
— around 2c each for CMS & ATLAS in e+p

— similar in scale to 2011 Higgs excess

Worth watching in 2012’s 8 TeV data...

107 : — .
imi Data 2011
10° ATLAS Preliminary ézﬁlf?
05 - DD|b050I"I
! Ldt=4.9fb Wi
o ' Egégts itijet
S = muite
0’ \s=7TeV C2/(1500 Gev)
1 (JZ'(1750 GeV)
10° [JZ'(2000 GeV)
10
1
107
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10 100 1000

200 300 2000

m, [GeV]

o B [pb]

10

10°

10°®

107k

102

107

10

CMs

Mid 2012

T 'IIIII'I'fl'
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[ATLAS-CONF-2012-007]

2000
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Ns=T7TeV
Z—=

§ee:ILdt =491"
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P S B

L e

--- Expected limit
P Expected + 1o
Expected + 2o
— Observed limit
— e
—Z,
==z,

Did additional
data confirm
the excess??
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m [TeV]
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Z’ Combinationof 7 & 8

[CMS EXO-12-015
8 TeV, ee (3.6 b ")+ p*u (4.1 b

> CMS, 7 TeV, ee (5.0 fb+ p'u (5.3 b
=10 I L L L
‘::_ -------- median expected -
o P 68% expected ]
95% expected -
5 L7 B
10 ) B Z'zSM §
S. . —— 95%CLIimit -
6| _
107k E No... ®
107 e e e,
500 1000 1500 2000 2500 3000 )
M [GeV]
. . clpp =2 Z'+ X =5 0+ X
* Short time between data-taking and result R = (PP )

oclpp = Z+ X = U+ X)

Limits on the combined 7 TeV and 8 TeV data from 2011+2012

— M(Z’ssm) : 2950 Gev 'at 95% C.L.
— M(Z’y) > 2600 GeV at 95% C.L.

Excess just below 1 TeV all but gone in CMS data



Di-jet Resonances

A EXPERIMENT

Run Number: 205113, Event Number: 34879440
Date: 2012-06-18 12:25:45 CEST

! TN
A D

(N




Di-jet Search

W A/C(3.6TeV) __

10

-

10—6 -?® i
107 - CMS Preliminary Y J

ﬂ T T T T T T T " T -l T T E
@ ATLAS Preliminary - < 109
5
o 10 ~e-Data E 8 i —e— Data
— Background - S Fit
Bt - L
[Ldt=13.01Mb" - E 02 JES Uncertainty
3 N =
0 E S 10° = W' (1.9 Tev)
7] -4
102 _é 10
: 10°

\s=8TeV,L=19.6 fb'

© o <25, lAnnI <13

8 2 _m; >890 GeV , Wide Jets

CU ﬁ sk 23§ ; H i i

= 0 2 2 e S S

5 -2 , | : § E %

n E— '2006 = I3000I — I4000l = R I
Reconstructed m, [GeV] Dijet Mass (GeV)

* Search for dijet resonance in smoothly falling mass spectrum
— leading jet mass mj; > 0.9-1 TeV from trigger and other constraints

— Background estimated from smooth functional fit

do  Po(l —x)h

ATLAS-CONF-2012-148 _— =
dmji I'P2+P:! In(x)




JET 2 ?; n.14 _ —— HRutherford Scattering
i) [ -- QCD
\9* 8 012 s NewPhysics
P p £ ot
0.08 [, % _
. 0.06 r "-....-'a-m-'..'_,',,,,,.k..._..-..-..d..-..--
JET]. TN Loocle iyl

2 4 6 8 10 12 14 16
Xdijc-_ = 9XP(|Y1—V2|}

Measurement of the production angle

Z - . .
g S oD predctn of the jet with respect to the beam
= 2 vs=7Te X c c
8% oig|  Lezaw  umzTTevOLO -> High Energy Rutherford Experiment
5 016" My >3.0Tev Almg =7 TeV (LO)
o s -~ Aupn =7 TeV (LO)
= 044y Aigaa =7 TeV (LO) " O elegteron
012 i ——— Ayyaa =T TeV (LO) \ <10""cm
2 i - Ay =TTeV(LO) A :
“F : proton
08 m— Pl (neutron)
i < quark
S ERTa Sy A otk L A )
- —_+_+ ‘ - nucleus
72 4 e 8 10 12 14 18
Koo < 5x1018 cm

Quarks remain elementary particles after these first results




Excited Quark in Dijet Seart

1
CATLAS
| DexpermeNt

invariant mass of 4.69 TeV, and jets with SASS
a jet-p; of 2.29 TeV and 2.19 TeV :

arXiv:1407.1376
"‘e 109 I I — T | T T T T T T T T | T T T T I T T T T T 1
o | ATLAS g - . ]
q>3 10° ; -1 — 103 — 3
B0 ""% \s=8 TeV, ,[ L dt=20.3 fb :E o\ —e— Observed 95% CL upper limit -
S 10° © 102 L \\ ----------------------- Expected 95% CL upper limit _|
(0] E E
£ s & \ W 68% and 95% bands ]
& LN ]
Q 10 —e— Data oY 10 3 AN E
o . = AN ]
a 10’ — Fit - \ 1
b e @, m=06TeV 1E \ [Lat=203f" =
* - \ 3
o g, m=20TeV C AN \s=8 TeV
10 g*, m=35TeV , 10k N -
1 e . . = - 3
% ! o 623 E I ]
E o __ 9900 7 *_; 1 0-2 3
ﬁ -1 . _f E
g 2 E 107g
@ 1 2 3 4 5

03 04 05 1 2 5 4 5
Reconstructed m, [TeV]

Limit on the mass of excited quarks > 4.09 TeV at 95% CL

m,. [TeV]




TeV Resonances into Top Quark Pairi

Recent developments in models: a prominent role of top production
-light SM fermions live near Planck brane, heavy (top) near TeV brane
-decay of Randall Sundrum gravitons into top pairs!!

« EQ RS — ttbar HCAL Depoéifé":k

ECAL Deposits=

[~ KK gluon, KK W

%

<— Higgs

Subjets

- N \
i
~
’

Methods are prepared to tackle the early data
=High P+ tops ‘



New Physics with Boosted -

S22 B 4pTTTTT T T T T
- 2F ATLAS Preliminary - Simulatiol E': E ATLAS Preliminary - Simulation
u 3.9
1.8 . - Ce . _
........... 5516: Pythia Z'— tf, t — Wb < L0 Pythia Z' — £, t — Wb 12200
14F i
E 2.5¢
120 ! 150
1= 2;
0.8F 1.5F 100
06 i
04 . 50
02F 0.5
0 vl b b bes b b b Lew o 1 :u|||I||||I||||I||||I||||I||||I||||I|||| 0
0 100 200 300 400 500 600 700 800 900 0Cl 100 200 300 400 500 600 700 800
top P, [GeV] w P, [GeV]

W,Z and top decays from heavy, typically multi-TeV
objects are of special interest at the LHC

*AR ~ 2m/p+: decay product merge at large p-
*New techniques developed — and discussed in this
series of topical Workshops- for leptonic and
hadronic decays of W,Z, top...

Eg.: Jet substructure, grooming: mass drop filtering,
trimming, pruning...

ATLAS-CONF-2012-065




Top Resonance Study

arXiv:1207.2409

» Boosted objects are reconstructed as one fat jet R=1.0, p;> 250
GeV. Analyse the jet substructure

« Modified isolation for the leptonic decay side

pp — tt — bbqd lvy.

LS B B B BEL AN BN NELEN N
Ns=7TeV Syst.+stat. errors .
J Ldi =205 b Obs. 95% CL upper limit ]
10 2 Exp. 95% CL upper limit 5

Exp. 10 uncertainty
Exp. 2 6 uncertainty

BBl Kaluza-Klein gluon
ATLAS

s % 2 3
\ Py = T —
AV o
A N
7 EXPERIMENT -
I
Run Number: 180144, Event Number: 43671503 1 0-1 = | 2 1 "R | 2 1 2 | a 1 M
Date: 2011-04-22 09:46:15 EDT

800 1000 1200 1400 1600 1800 2000

g, mass [GeV]



Search for Heavy Neutrinos
F

Left-right symmetric extension of the Standard Model

|CM;/:
A p.

arXiv:1407.3683

7/ VT
|
=

Select events with e\

2 leptons and 2 jets \\ |
\

Event : 16515605

Muinn channel: Event with M, = 331 GeV, M,; = 881 GeV

19.7 " (B TeV) o4 19.7 " (8 Te
B ospomsT T EAam T U kems || —owwd - Large exclusion range
S0 Zgie ] B 22foMS moe: el g
S E?% m—oner 0 o 1 2 5 7 in mass of the Wy and
3817\ ORIkt B ) 3 ' heavy neutrino
L B L ] T E "?ﬂ .
10 t A} E H:_ .
: ) : 2 7 Observe a 2.8 sigma
E T o8 3 excess in the electron
1o s 06 i channel around 2 TeV
g o A ] Wy mass
S 2 i + E 0
o 1 3 1




Searches for Unusual F

eavy stable charged particles with unit
narge traversing the detector

eavy stable charged particles with multiple
narge traversing the detectors

|_

C

|_

C

Heavy stable charge particles with fractional
charge traversing the detector

|_

|_

eavy new particles decaying in the detector

eavy new particles stuck in the material in
or before the detector




Search for Monop

9° _

hic i

9
e

1
E ~ 68.5

m:

arXiv:1207.6411
* Magnetic charge g yields strong coupling a, and very high ionisation

(8" _ 1
he der,

g

* Look for high ionisation in Transition Radiation Tracker and high hit fraction (fur)
and also deposition in the Liquid Argon Electromagnetic Calorimeter

* Pair-produced (Drell-Yan) production
Cross Section limits set for m(M) = 0.2-1.2 TeV

=
I
S

L e

0.8 . -

; A 1

0.6- -

i ATLAS *:

0-4__\5 =7 TeV i__

I fl_dt=2.o " 1

0.2~ + Data2011 ! —

o Monopole MC ’ ]

L B D A

0 1 I 1 ‘ | 1 | 1 | 1

0 0.01 0.02 0.03 0.04

Monopole cross section [fb]

10°

102

10

E T T T T T N B
B ATLAS i
| . Daa2011 - Observed limit (DY) |
- [Ldt=20" ~
- Ns=7TeV ]
-]
§ —— Observed limit in fiducial region ;
I [N TN N AT S [N N N S NSNS T N S S S SN TS NN SO |
200 400 600 800 1000 1200 1400

m [GeV]



SUSY force particles

o, D . Candidate particles for Dark Matter
B — Produce Dark Matter in the lab

» » - .4
% _Picture from Marusa Bradac



Detecting Supersymmet
|

Energy produced in the detector

~ simulation

zzzzz

Supersymmetric particles decay and produce a cascade of jets, leptons
and missing transverse energy (MET) due to escaping ‘dark matter’
particle candidates

Very prominent signatures in CMS and ATLAS



SUSY Searches: No signal ye

Status in 2013

MSUGRA/CMSSM: tanf = 30, A°= -2mg, u>0
T

= R 1 L L L WL N B .
3 - {‘_ ATLAS Preliminary . *So far NO clear S|gna| of
ésooo — [La-zamiiseev 7 SUpersymmetric particles
f’i E | 0O-lepton combined E has been found
%4000 — & allowed = Observed limit (+1c5uor)
; \E 5E*pe°‘e“ mtite) 4 e\We can exclude regions
[l é Stau LSP | .
s | i ] where the new particles
e b 1  could exist.
e - =
oo | €XCluded 1 = eSearches will continue for
0+ — . .
=— 4 the higher energy in 2015

800 1000 1200 1400 1600 1800 2000 2200
gluino mass [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions



Constrained MSSM: Various

' Status in 2014

= 1000 SUG'HA'IC“'ASTPA tin(flsof -=-2'm°"u'>0|95;/°ém'm"; T n;ti;clz:;&'lc'?EF"zwi *So far NO clear signal of
T[T ATASPeImay | e oo E supersymmetric particles
S T e ] has been found

wE o allowed | —EE RS -

o | ‘ | 5D T otonsion s wer We can exclude regions

: - e where the new particles

B E could exist.

500 [ —

o E N == °*my . universal gaugino
| AR e S Yo S mass at GUT scale
excluded i T owemme *m,:  universal scalar
0 1000 2000 3000 4000 5000 6000 mass at GUT Scale

m, [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions



Limits on Squarks and

Examples
using b and
t quarks

0-g production, g— tt ')Z?

g-g production, g—bb i?

;‘ T T T L —

[0] | - - - . ;‘ :] TTTT l TTTT LR ] TTT7T I TTTT TTTT LU LI TTT7T
S ol CMS Preliminary Observed N & 900 __sz preﬁminary —— SUS-12.024 0-lep (E;+H) 19.4 16"
= B ~— SUS-13-004 0+1-I 19.3 fb:"]
@ - {s=8TeVv Observed -1035% @ - |s =8 TeV — SUS13.007 Tiep o 285 164 fo 3
£ = = © 800 — = SUS-13-016 2-lep (OS+b) 19.7 fb™' —|
o L SUSY 2013 - - - Expected i E - Nov 2013 = SUS-13-013 2-lep (SS+b) 19.5fb™! ]
% sool- ik | & TG o Observed | sy~ SUS-13-008 3lep (3lsb) 1956 ]
5 Z — g =
i 7 - - --Expected ":\w ]
L i C N ]
i i 600~ & =
600 — =] 556 I_ il

- " 400 : =

400 = < ! ]

i 300 & -
/= SUS-12-024 0-lep (E,+H.) 19.4 fb™ -1 A _:

200 ! = A0 : .
——— SUS-12-028 0-lep (a) 11.7 fb - ' R

1 100 ) =

== SUS-13-004 0-lep (Razor) 19.3 fb"' . il .

1 1 | 1 I l: { 1) 1 I i 1 'I ' 4 & | l 111 l—

00 600 800 1000 1200 1400
gluino mass [GeV]

. 600 700 800 900 1000 1100 1200 1300 1400 1500
gluino mass [GeV]

Combined limits typically > 1-1.5 TeV on sparticle masses




Limits on Squarks anc

Results depend on the topologies studies, assumed mass of the LSP etc.

600

LSP mass [GeV]

500

400

300

200

100

Examples

q

g-q production, g— q 52?

IIIIIIII}IIII|IIII|ITII|ITII|IIII

: SUSA30120400 (4 ) 195 15"
Vs =8TeV _
- EPSHEP 2013

— Observed

...... Observed -1 Uﬁ:ﬁry

II|I-:IFI|IIII‘II\I|\

i:.. onelightq

] !
[ B R B AR S ANEr 1 | B RN S
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squark mass [GeV]

~ o~

g-g production, g— qq 5‘(?
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~ © o
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MS Preliminary

Vs =8 TeV
EPSHEP 2013

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

= SUS-13-012 0-lep (H_+MA;) 19.5 fb"
——— SUS-12-028 0-lep () 11.7 fb”'

—— Observed

usy
.......... Observed -1 dﬁmw

- - - Expected

'
lIIlIIIIIIIII‘i

T

Illllll

—lIIIlIIIIIIllIIIIIIIIIIl[lIlllIllIllll

200 500 600 700 800 900 1000 1100 1200 1300
gluino mass [GeV]

Combined limits typically > 1-1.5 TeV on sparticle masses



What is really needed from
End 2011: Revision!

CERN Now 2011 ,...,....M.,.., Aefed SUSY

apucci, Ruderman,

eiler arXiv:1110.6926 [Soe j

LHC data end 2011 \\(

Stops > 200-300 GeV

Gluino > 600-800 GeV A-{; "E
I o0 LR O
Moving away from \‘/

constrained SUSY models L-

to ‘natural’ models 20 —

.
Natural SUSY survived ~
m
LHC so far, but we uhwulc( ng, _\RNJ_; (_li___) , (‘f__:é..)
are getting close to
push it to its limits!

"




Natural SUS

-t production, t—t ”x’? /c ’)Z?

T, production, T~ b 1% /T~ e % K~ Wb ¥ /T~tX ~ Status: ICHEP 2014

500_,.,, —TTT T T T T T T T T T S‘?OU_||||||||||||||||||||||||||||||||||| T 1]
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Searches for stop quarks are pushing limits now to 700 GeV




Summary of SUSY Se

In short: no sign of SUSY with the data collected so far
AS SUSY Searches” - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 \E =7,8TeV
Model e T,Y Jets JEZ“T"L‘is JLanm™ Mass limit Reference

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 ¥4 1.7TeV m(j)=m(3) 1405.7875

MSUGRA/CMSSM lep 36jets Yes 203 |& 1.2 TeV any m(g) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 20.3 4 1.1 TeV any m(g) 1308.1841
i 0 26jets  Yes 203 |§ 850 GeV m(P})=0 GeV, m(I* gen.q)=m(2™ gen. q) 1405.7875
0 26jets Yes 203 |& 1.33 TeV m{¥)=0 GeV 1405.7875

1ep 36jets Yes 203 |2 1.18 TeV m(¥})<200 GeV, m(¥=)=0.5(m(¥])+m(z)) ATLAS-CONF-2013-062

22, g—)qg({’{/{v,’w 2e.p 0-3 ]:e!s K3 1.12 TeV m{¥})=0GeV ATLAS-CONF-2013-089
GMSB ({ NLSP) 2ep 2-4 Jets tang<15 1208 4688
GMSB (/ NLSP) 1-2740-1¢ 0-2jets 3 1.6TeV tans >20 1407.0603

GGM (bino NLSP) 2y - Yes & 1.28 TeV m(¥)>50 GeV ATLAS-CONF-2014-001

I i’ﬁ

GGM (wino NLSP)

GGM (higgsino NLSP)
Gravitino LSP

leu+y -

GGM (higgsino-bino NLSP) Y 1h

0-3 jets

2e,u(Z)
0 mono-jet

Yes

m(/l"? 1>50 GeV
m(¥})>220 GeV
m(NLSP)>200 GeV
m(G)=107* eV

ATLAS-CONF-2012-144
12111167
ATLAS-CONF-2012-152
ATLAS-CONF-2012-147

gabb:h

0 3b

0 7-10 jets
O-1ep 3b
0-1ep 3b

Yes
Yes

Yes

m{F})<400 GeV
m(t}) <350 GeV
m(¥!)<400 GeV
m(¥)<300 GeV

1407.0600
1308.1841
1407.0600
1407.0600

b.b\.b‘—w/\f\

BBy, by —1k7

iy (light), 1|—»hX|
r.r. (light), 1|4Wbl’|
17 (medium), 1 abl’l
iy (medium), 7 —b¥|
iy (heavy), 4.ﬁ1,\_/6
iy (heavy), i} -1t

|
by, =i + Z

0 2b
26,u(SS)  03b
1-2e.p 1-2b
2ep 0-2 jets
2eu 2 jets

0 2b

1epu 1b

0 2bh

Yes
Yes

Yes
Yes
Yes
Yes

0 mono-jet/c-tag Yes

2e.p(Z)
3eu(Z)

EOEETE ST P

S e D

100-620 GeV
275-440 GeV

215-530 GeV
150-580 GeV
210-640 GeV
260-640 GeV

150-580 GeV
290-600 GeV

m(,’f.')qgu GeV

miF)=2 mil)

m(F))=55 GeV

m(F}) =7, )-m(1¥)-50 GeV, m(7, }<<m()
mu"‘.]):ﬂ GeV

miF})<200 GeV, m(¥i )-m(¥7)=5 GeV
mE})=0 GeV

m(¥')=0 GeV

m(f))-m(F})<85GeV

m({¥})>150 GeV

mi{¥})<200 GeV

1308.2631
1404.2500
1208.4305, 1209.2102
1403.4853
1403.4853
1308.2631
1407.0583
1406.1122
1407.0608
1403.5222
1403.5222

I REL“, Pk
)(Lx. ,x. 1 =)
X.X X. —Tv(Ti)

2epu
2e.pu
27

X|X6—>('LVFL{'(W ), EDLEGy) Sep

x‘; :WA)l'h,\)l,

IzXa,/l’u —’ka

23ep
Ten
de.p

S

4
gt

90-325 GeV
140-465 GeV
100-350 GeV
700 GeV
420 GeV
285 GeV
GeV

miF})=0 GeV
m(¥)=0 GeV, m(F,
m(t})=0GeV, m(7,
miE )= mW)mﬂ)Omf

0.5(m{ET)+m(ED)

0.5(m{{)+m(¥1))

0.5(m{¥7)+m(¥}))

, sleptons decoupled
m¥; )-m(fa), , sleptons decoupled

m(E2)=m(FS), m(F})=0, m(7, 7)=0.5(m(¥5)+m(F}))

1403.5294
1403.5294
1407.0350
1402.7029
14035294, 14027029
ATLAS-CONF-2013-093
1405.5086

Direct X1 4| prod., long-lived X7
Stable, stopped g R hadron 0

Disapp. trk 1 jet
1-5 jets

GMSB, slable ¥, X| — T8, ,u)+'r(e o 1-2p -
GMSB, ¥|—yG, long-lived 1| 2y -

77, X\ qqp (RPV)

1, displ. vtx

270 GeV

GeV

1.0 TeV

miE;)-m(F)=160 MeV. 7(7)=0.2 ns
m(F])=100 GeV, 10 us<(2)<1000 s
10<tang<50

0.4<r(¥])<2 ns

1.5 <cr<156 mm, BR(u)=1, rn(/(’?)=108GBV

ATLAS-CONF-2013-069
13106584
ATLAS-CONF-2013-058
1304.6310
ATLAS-CONF-2013-092

LFV pp—¥, + X, . —e +p
LFV pp—v, + X, ¥, —e(u) + 7

Bilinear RPV CMSSM

2epu -
Teu+t -
26,p(SS)  0-3b

TR o WR P e, e, 4ep

XRT, X = WE L v, eriy

8—q4q
g1, [y —bs

e p+T -
0 6-7 jets
2e,p(SS)  03b

A _010,,l

"
m(g)=m(g), et 5p<t mm
miE=0.2xm(FT), 412,20
m(E))=0.2xm(F}), 25,20
BR({)=BR(£)=BR(c)=0%

1212.1272
1212.1272
1404.2500
1405.5086
1405.5086
ATLAS-CONF-2013-091
1404.250

Scalar gluon pair, sgluon—gg 0 4 jets

Scalar gluon pair, sgluon— i
WIMP interaction (D5, Dirac y)

2e, ;‘ (SS) 2b
maono-jet

Vs =8 TeV
full data

incl. limit from 1110.2693

m(y)<80 GeV, limit of<687 GeV for D8

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

1210.4826
ATLAS-CONF-2013-051
ATLAS-CONF-2012-147




Summary of Exotica Sea

LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(v)) stopped stop (cloud) .
LQ2(uj) x2 HSCP gluino (cloud) LO ng—leed
LQ3(vb) x2 q=2/ge :ggg
LQ3(tb) x2 gq=3e
LQ3(tt) x2 neutralino, ctau=25cm, ECAL time
LQ3(vt) x2 1 2 3 4
1+MET, SI DM=100 GeV, A
RS1(ee,uu), k=0.1
RS1(jj), k=0.1

RS1(WW—4j), k=0.1
4 I+MET, €=-1, S| DM=100 GeV, A

CMS Prehmmqry I+MET, €=-1, SD DM=100 GeV, A
0

y+MET, SI DM=100 GeV, A
y+MET SD DM=100 GeV, A Dark Matter
I+MET, €&=+1, S| DM=100 GeV, A
l+MET, €=+1, SD DM=100 GeV, A
1 2

3 4

SSM Z'(t1) ‘ )
SSM Z'(bb) , ADD (ee,u), nED=4, MS | : g .
SSM Z'(ee)+Z'(u) :gg(ﬁ+m§nn' nEg=:s mg L Dimensions
SSM W'(jj v+MET), nED=4,
— | =
SSM W'(Iu\g b QBH, nED=4, MD=4TeV
SSMW'WZ—-vll) | [ [ NR BH, nED=4, MD=4TeV |}
SSM W'(WZ—4)) Jet Extinction Scale
—_— . o
String Scale (jj)

0 1 2 3 4

o
h%]
LN
)]
~
©

Excited .
& (M=A) Fermions dijots, As LURR Compositeness

H (f"("\; dijets, A- LL/RR
g,'ag dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
coloron(jj) x2 . single e, A HnCM
coloron(gﬁ x2 MU”’Ijef single y, A HnCM

gglLL::‘ngﬁ(]?g; :g R esonances inclusive jets, A+

inclusive jets, A-

CMS Exotica Physics Group Summary — ICHEP 2014



A Global View!

Model independent search

CMS-EX0-10-021 . : :
*Divide events into exclusive classes
o selected CMS Study deviations from SM predictions
Event . . .
e in a statistical way
IVJ Distributions in each class
control plots data o ? @ > pr - Most general

=] containe ()
A SRR @ M; ' - Good for resonances
) ~— o MET - Escaping particles
AU
024
s ATLAS-CONF-14-006
T I T T T T | T T T T ‘ T T T T

event classes

ATLAS Preliminary Variable: m,,,

w
<]
le+ly | |ly+3jet| |2p+ly §
eee © 10° = IL dt=2031", s =8 TeV o Data 2012 =
c - -
{ki nematiC] % C pseudo-experiments SM-only |
g distributi ons B 7‘ E}including sys. correlations i
E 5 ‘ : ’—pseudo-experiments SM-only
search 10 5_ 1 . ; : not including sys. correlations _E
algorithm = i : ) -
WRTL - ? | | ATLASfor20fbt ]
OO0 sM expectation (kinematic) guantity I § é é ) - N
10 £ : =
: S z
Probability distribution as expected : : S ]

o
—_

for 35 pb! for CMS T B = 'B(p'-v;';je?'
—muons, electrons, photons, (b)jets, MET 1o




Supersymmetry? New Physics? I

...The May Issue... A

Supersymmetry and the Crisis in CRISIS
Physics® _ |N .

H. Murayama PHYSICS

2

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0
T T T T

; C l L |-.2| T lls I T I EIE I LI | LI I I I | I LI ]
3 'l ATLAS Preliminary |
5000 |- ‘l J.Ldt=20.3 o 15=8 TeV 8 .
o : ~few permille
=< % : 0-lepton combined
@ - %
%4000 N = Observed limit (+1500r] |
=== Expected limit (t15,,,) ]
3000 — ] stauLsp 7
I allowed
2000 __— w Fp— ]
- excluded 1
1000 / —
= l 100 O | O | 0 O [ | 1 l 1==]

800 1000 1200 1400 1600 1800 2000 2200

gluino mass [GeV] CO ntriVEd




How does it feel to be a (BSM) Theorist?l
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Astronomers found

that most of the .
| matter in the Universe

must be invisible Dark }

Matter

Distance




The Generic Dark Matter Connec-

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

DM Indirect q

DM q

Indirect
Collider

Direct N

Use effective theory

or better simplified g FPhotonHiET 7 Jet4MET u
models to relate

measurements to a;// --- DM " - DM
Dark Matter studies | A~ ~ . -




Mono-object Searche

* Mono-jets: Generally the most powerful
* Mono-photons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter couplings to u- and d-

type of quarks
Effective Field Theories for DM

* Mono-Zs: Clean signature interpretation are under attack!
: Alternatives like SMS proposed...
* Mono-Tops: Couplings to tOPS 1oy rr——rrrer——r e

: : S
« Mono-Higgs: Higgs-portals 2107
O . s
. E=al
* Higgs Decays? 3
2l F
1 (L0 et
- f,.--'T O i et

Example Monojets dwa et = g ]
i, e a
. < [ CMS-PAS-EXO-12-047 ]
graviton,, X107 _ Ger, v 0@y 9) 5
rd - Spin Dependent, Axial-vector operator ——~5———5—
e 10-44| 1 | 1 ool 1 A\||||||

1 10

102 10°
M, [GeV]

Dark Matter? ¥*!




ne LHC in 2015 and Beyo




The LHC Sche

LHC roadmap to achieve full potential

. LHC startup, vs 900 GeV

Vs=7+8 TeV, L~6x10®cm?s", bunch spacing 50ns
LS1 \_ Go to design energy, nominal luminosity - Fhase 0

Vs=13~14 TeV, L~1x10*cm®s", bunch spacing 25ns
LS2 \_ Injector + LHC Fhase | upgrade to ultimate design luminosity

Vs=14 TeV, L~2x10*ecm?s", bunch spacing 25ns

183~ HL-LHC Fhase Il upgrade: Interaction Region, crab cavities?

Vs=14 TeV, L~-5x10*cm?s", luminosity levelling

~a3 00 fio?




LHC 2015

N
 Start with 50 ns — scrub — 25 ns operation
* Conservative beta* to start
* Conservative bunch population
* Reasonable emittance into collisions
* Assuming same machine availability as 2012...
M. Lamont
-nmmm Sl e el el
[cm-2s-1] | (approx)
50 ns 1300 1.2el1 4.6e33 21 ~1 fb? 27
25ns(1) 2496 80 1.lell 2.5 7.4e33 75  6.8fb1 22
25ns(2) 2496 40 1.lell 2.5 1.3e34 46  9.2fb! 39

F. Zimmerman, 12/9/14




Physics Program: K

Properties of the new Higgs boson, precise
determination of its characteristics

* High mass reach for new particles and interactions
* Precision measurements
Rare process

1000 ———————
F| ratios of LHC part
1 14 TeV/8 TeVand 33 TeV /8 TeV

luminosity ratio

=
o

WJ. Stirling, private communication

on luminosities:

100 gg—

7~ Xqq

-
-
-
-
-
-
— =
-
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SUSY Prospects @ 2

Expect ~ 10-20 fb!in 2015 & 40 fb1 in 2016 (present guestimates)

Now 2014 2015-2016

§-3 production, §— tt ;"(‘1’ 1 production
"EMS Proliminary = skrodom ] 3 CMS Protminary ] C S t S | : 8 1 3 T V
e apumedmemnn’ 2ol o g ey e ross section ocaling -> e '{_-_

s
& 900
K
S 800 — T I = E e
E0fNovaola  —gemesesfawield O LSUSY 2013 e
@B 700[- - Observed -1 ggusy ~ —_ SUS1300831ep 3lb) 195 LA N F —— 5US-13-004 -lep+-lep (Razor) 18.3 10" (> 1) E 100 Wis2013
reory 1 49 F E
- - Expected as0f 17 E ' ‘
600 & || — 8US-13011 tlep (epton stop)t.5 ! - 1) ] ratios of LHC parton luminosities: 13 TeV / 8 TeV ;5
300 | —— SUS-13-011 1-lep (leptonic stop)19.5 fb ! ({-~ h’;‘(:,xsl.z‘:) - ¥ . .
: i e : ] f Xsection Ratios 13/8 TeV
S ; /
/
—4dg ’
el e v / I
5 qu Vi 1350GeV gluino: x30
> T 4 .
3 A 950GeV squark: x20
o .
c ‘ .
£ 750GeV squark: x9
. iy q F. 1 Rt i ] = +- .
0600 700 800 900 1000 1100 1200 1300 1400 1500 0500 200 ”5&, ';g,; = ‘5[',0‘ = s(lm - 7,',0 800 350GeV X Xo. X3
gluino mass [GeV] stop mass [GeV] 1 .
CMS Preliminary, 19.5 fo”, s = 8 TeV tOp pairs. X4
< 800 — ” - 10 o i MSTW2008NLO
D PP =44, — gk, NLO+NLL exclusion CMS Preliminary, 19.4 fb', {s = 8 Tev 1 L 1
(O] = + Py
< —Observed= 10, PP —BB,B— b¥, NLO+NLL exclusion B 100 M (Ge{??a
] = Observed + 15,,.., %
e o

~1/fb of 13TeV data surpasses our best gluino limits.
~3/fb of 13TeV data surpasses our sbottom and stop limits.
There will be no relevant SM measurements at 13TeV
by the time we have already stepped well into new territory!!!

95% C.L. upper limit on cross section (pb)
95% C.L. upper limit on cross section (pb)

L, =
1000 1200 200 300 400 500 600 700 800 '©

m, (GeV) Meportom (GEV)

0.5-1 fb-1 would be enough for first analyses entering new territory
We expect that have such a sample by Summer 2015!!



~ Searches for New Partic-

Searches for pair produced SUSY particles FCC-hh

| . -Reach sparticle masses
e | . search up to about 20 TeV
Stops/sbottoms - ‘ | |. aHELHC3s  TOF SquarkS of I|ght quarks

Squarkslgluinos 1“ [arc and 6 TeV for stops
——27) -Excited quarks probe the

R I structure of quarks down to
Mass Reach, TeV 4X 1 0_21 m
A T e -Discovery of resonances up
FIne tuning and naturalness: (N.Craig, BSM@ 100 Wshop) to masses Of 40 TeV

A(tanf =50) <1 u < 3.1TeV

Extra H can be heavy,wgll ab.ove LHC Upper Ilmlt for hlgher nggs
reach, but cannot be arbitrarily heavy mass |n 2 H D M models?

2
A ~ sin?(28) i
mj,

® Why 100 TeV ?
® Need for O(100TeV) in the cards since the SSC days: fully

explore EWSB, probing in particular unitarization of WW
scattering at m(WW)>TeV, and explore dynamics well above
EWSB



Summary: The Searches are on! .

The LHC has entered a new territory. The ATLAS and CMS
experiments are heavily engaged in searches for new physics.
The most popular example is SUSY, but many other New
Physics model searches are covered.

No sign of new physics yet in the first 20 fb-! at 8 TeV with the
analyses reported in this lecture.. This starts to cut into the
‘preferred regions’ for a large number of models, like SUSY

More exotic channels are now being covered: monopoles,
fractional or multiple charged particles, long lived particles...
Still many unexplored channels left to explore @

The LHC did its part so far with a great run in 2
Collected about 20 fb-'@ 8 TeV by end of 2012 .
1 T

In 2015 the energy will be 13/14 TeV, excellent
And maybe one day soon:




