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Lecture Plan

Overview of the two lectures Iin the next two
days at this school

* Lecture 1: Introduction to physics Beyond
the Standard Model (BSM) and searches
for exotic phenomena at the LHC

* Lecture 2: Searches for Supersymmetry,
the connection to dark matter searches and
an outlook for the future.




phenomena in the LHC data
e SuUMmMary




Physics case for new High Energy Mac

-

- Discover physics beyond the Standard Model

Understand the mechanism Electroweak Symmetry Breaking

Reminder: The Standard Model ol g
- tells us how but not why 0 \wmw
3 flavour families? Mass spectra? Hierarchy? 19 parameters! <_
- needs fine tuning of parameters to level of 10-30 | 0
- has no connection with gravity / o i
- no unification of the forces at high energy 0 o000
Most popular extensions since 2000 e
. MSSM
- Supersymmetry >0 8 ol vere
- Extra space dimensions .

Many other ideas: More symmetry and gauge bosons, composite 0
Higgs models, L-R symmetry, quark & lepton substructure, »
Little Higgs models, Technicolor, Hidden Valleys, 4t generation... 0

Higgsless models somewhat disfavoured these days




2012: A Milestone In Part

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it

Events / 3 GeV

proton

‘,,—f"

80 100 12092 140 160 180
m,, [GeV]

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model
R 2020 B



A Higgs...

m,, = 125.0 +/- 0.3 GeV

A malicious choice!

MSSM at the weak scale III“
|
|

Strumia
50 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



Searches for New Physics

Important SM parameter — stability of EW vacuum Precise measurements

0 S =] arivi1205.6497
hsabiy e of the top quark and
e R T e first measurements of the
= - . arXiv:1403.6535 Higgs mass
; Meta=stability: - - l 2.3 -
= | A We also know that:
e Universe content
} i0 Stability | . visible matter 5%
B0 122 124 126 128 130 13 v, |

Higgs pole mass M;, in GeV

. dark matter 27% ,
New Physics inevitable?
But at which scale/energy?

E)vt F/Lm: J_s ﬁﬁm/'/

k_ N. Arkani- Hamed

dark energy 68%




New Physics”

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

v CMs

Technicolor?

- It u 3 H'q-=‘ ) y B siond
LMY — :

Eventz=/50 Ge V.

B 3
3 2175 i 90zZ (W) -
: i i
3 125 ° E
10 -

entries / 10GeV/ (o

400 (=] BOQ 1000 f?EF_ H’ﬂﬂ_ 1600
W mass (Gel)

Little Higgs?

Hidden Valleys?

Tzt —lbl -
a
g a5 fgoifbs' ] A Conceptual Diagram
3 -
g F
_3 251
i q 2 q
w2 WS

1.5 b T

0.5F

0 /00 ] 1R E]

Il bhv mass (fev) ——

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



Careful with “Discoverie

EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON

EEE
e L
| | | | é 100 : gl — NLOQCD
100 40 effect - s i
e | .
Q "3 =
LYy £ Vo sge, TTgmem
'g % 10 4 ;_ b 50 _? MRSG s GRV-94 /
m 20 | | 0 i *+ 10 E_ (c) = ' B . . ?ﬂ'llr;versf;nerég; 350. * Ge:fso
08 10 12 14 Y Excess in inclusive jet
' ‘ - ' 10 E e = 1
= 3 anaIyS|s
Is the X(8.31 GeV) the L0 HI
Higgs particle? A lot of W E............3 NON of these were
B 100 150 200 250 . .
excitement summer 1984 actual discoveries!!
- M, (GeV)

Excess of events at high Q2 in ep DIS at HERA, mainly in H1:
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
*4 events found with expected 2 events in ZEUS



Beyond the SM Si

= Many extensions of the SM have been w Tjet+MET

developed over the p u jets + MET

i} a 1lepton + MET
= Supersymmetry —_

Same-sign di-lepton

|
a Extra-Dimensions N S _ a Dilepton resonance
. “&_\‘-},f = Diphoton resonance
= Technicolor(s) ..“‘m:& N . Diphoton + MET
m Little Hi ‘1‘-‘}\' T a Multileptons
Ittle RIggs<. R
No Hi h‘&/ a Lepton-jet resonance
= NOHIgYOS e . s Lepton-photon resonance
s GUT \ A3 = Gamma-jet resonance
: = X Dib
= Hidden Valley ~<\ ‘{" A o ZLJE;" resonance
2 m
= Leptoquarks ‘\;&&? a W/Z+Gamma resonance
= Compositeness 'N\ = Top-antitop resonance
th ] VoL - a Slow-moving particles
m 4 generatlon (t, b) a Long-lived particles
= LRSM, heavy neutrino = Top-antiiop production
a Lepton-Jets
m efc... a Microscopic blackholes
a Dijet resonance
a eic..

tion onlv)




Searches for BSM Physi

* First Searches at the LHC (2010-2012)
— Supersymmetry with MET plus jets, lepton(s), photons

— Extra Dimensions and black holes, heavy resonances (in
electrons, muons, taus, jets), leptoguarks, excited
leptons and quarks, 4™ generation, a few very exotic
signhatures (R-hadrons)...

* Evolved Searches (2013-...)

— Supersymmetry on third generation squarks, compressed
spectra, stealth SUSY, EWKIinos, VBF processes...

— Higgs in decays or as study object, vector-like quarks,
boosted objects, long lived particles, fractional charges...

— More dedicated Dark Matter searches!
« We are now facing a restart of the machine at 13/14 TeV...
Back to the basics or do we change paradigm?
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Large Extra Dimensions Pplanck scale (M) ~ TeV

Size: » TeV; SM-particles on brane; gravity in bulk

KK-towers (small spacing); KK-exchange; graviton prod.

Signature: e.g. x-section deviations; jet+Ermiss .... A _ K )
Arkani-Hamed Dimopoulos Dvali &3, 58

Warped Extra Dimensions  pg o\ icoo4
5-dimensional spacetime with warped geometry

Graviton KK-modes (large spacing); graviton resonances
Signature: e.g. resonance in ee, yy, yy-mass distributions ...

TeV-Scale Extra Dimensions look-like SUSY

SM particles allowed to propagate in ED of size TeV!
[scenarios: gauge fields only (nUED) or all SM particles (UED)]

L UED
nUED : KK excitations of gauge bosons Universal Extra Dimensions

UED : KK number conservation; KK states pair produced (at tree-level) ...
Signature: e.g. Z'/W' resonances, dijets+Eniss, heavy stable quarks/gluons...
B B



Large Extra Di

Large Extra Dimensions

OUR UNIVERSE MAY EXIST ON A WALL,

or membrane, in the extra dimensions. The line along the
cylinder (below right) and the Hlat plane represent our three-di-
mensional universe, to which all the knowa particles and forces
except gravity are stuck. Gravity (red lines) propagates through
all the dimensions. The extra dimensions may be as lange as one
millimeter without violating any existing observations.

Model of Arkani-Hamed, Dvali,
Dimopoulos: Standard Model
particles are localized on a 3-D
brane. Gravity propagates inside the
bulk (a more dimensional space) .

EXTRA DIMENSIONS




Search for Large Extra Iﬂ

Mono-jet final state +Missing E; (ADD)

o, jet > 110 GeV Limits on M,

arXiv:1408.3583

MET > 200 GeV between Lower limit on the Planck Scale
3 and 4 TeV versus number of extra dimensions
= 9 N ]
CMs = SE‘CMS O oS (LO) 8 Tev, 197 1"
s =7 T RS lo e e
s fl_dt=19.5fb S — ATLAS ( AT
i corum f
p‘ SR imit
graviton, . 4;-
L.-"’- 3;
- T R
200 300 400 500 (] 700 800 _ 100 - 2 3 | 4 | 5 6
E7™ [GeV] d
Mp(ADD)atLO | Vs |Lumi| 6=3 5=3 5=6 5=6
95% CL limits [TeV] |[tb?] | Exp. Obs. Exp. Obs.
CMS Monojet 8 [195| 394 3.96 2.95 2.94




A High p- Mono-jet event

i L 3 rsi

p, = 602 GeV
ET'“i“ =523 GeV

un Mumbe

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

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



Quantum Black Holes at the LHC.

Black Holes are a direct prediction of Einstein’s
general theory on relativity

If the Planck scale is in ~TeV region:
can expect Quantum Black Hole production

| Quantum Black Holes are
harmless for the
environment: they will decay
within less than 10-27
seconds = SAFE!

Albert Einstein |

Quantum Black Holes open the
exciting perspective to study
~ Quantum Gravity In the lab!

" Simulation of a Quantum Black Hole event

A 4



Black Holes at the L

Black Holes at the LHC
Savas Dimopoulos®? and Greg Landsberg
% Physics Department, Stanford University, Stanford, CA 94305-4060, USA
" Department of Physics, Brown University, Providence, RI 02912, USA

If the scale of quantum gravity is near a TeV, the LHC will be producing one black hole (BH)
about every second. The BH decays into prompt, hard photons and charged leptons is a clean
signature with low background. The absence of significant missing energy allows the reconstruction
of the mass of the decaying BH. The correlation between the BH mass and its temperature, deduced
from the energy spectrum of the decay products, can test experimentally the higher dimensional
Hawking evaporation law. It can also determine the number of large new dimensions and the scale

of quantum gravity. Savas Dimopoulos, theorist

PACS numbers: 04.70, 04.50, 14.80.-j

Black Holes on Demand  New York times 9/11/2001 Snowmass 2001

Scientists are exploring the possibility of producing miniature black holes on demand by smashing particles
together. Their plans hinge on the theory that the universe contains more than the three dimensions of
everyday life, Here's the idea:

Particles collide in three

dimensional space, shown
below as a flat plane.

e

gravitational force

As the particles approach When the particles are ex- The extra dimensions would Such a black hole would

in a particle accelerator, tremely close, they may enter  allow gravity to increase immediately evaporate, |
their gravitational attraction  space with more dimensions, more rapidly so ablack hole  sending out a unique pat- Greg Landsberg
increases steadily. shown above as a cube. can form. tern of radiation,

Previous CMS physics coordinator




Quantum Black Hol

o Schwarzschild radius | Landsberg, Dimopoulos, Giddings, Tho

' 2 M
4-dim., Ivlgravity= IVIPIanck : Rs ~ M. 2 C?H Rs — << 1035m
PI
. _ . R - 1 MBH nil R S~ 10-19m
4 + n-dim., Mgayity= Mp ~TeV: Rq |~ .
P D NN H [

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) ~ nt Rg
oc(pp —> BH) isintherangeof 1 nb—-1fb
e.g. For Mp~1 TeV and n=3, produce 1 event/second at the LHC

‘ Y .
Evaporates in 1027 sec

« 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 H

EXTRA-DIMENSION

A
’/Gljwitoi
%@%
DU AN
%% R SN
? UNIVERSUM 3-brane
arXiv:1202.6396

Look for the decay producs
of an evaporating black hole

‘1Define S; to be the scalar
sum of all high p; objects
found in the event
JLook for deviations

at high S;

Extra Dimensions!

Planck scale
a few TeV?

CMS Vs =8 TeV L =12.1 fb"

Nice events, eg a 10 jet event

10%E

10t

>

3 Multiplicity N= 8

810° 3 ® Data

~ ’ —— Background

b2]

§ Uncertainty

L e Mp=1.5TeV,MI"=55TeV,n=6

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

Pull (o)

-1
| Lo b boaa b by

-2 L [ 1 L 1
2000 2500 3000 3500 4000 4500 5000 5500

S, (GeV)

CMS /s =8 TeV L=121 fb'

Excluded M3;" (TeV)

| —e— Nonrotating
4-_ --m-- Rotating

- —=— Rotating (mass and angular momentum loss)

| sl b b b b by 1

1.5 2 25 3 3.5 4.5 5
M; (Tev)

Black hole masses excluded in range below ~5 TeV depending on assumptions
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earch for High Mass Resonance




E.g. Di-lepton R

cMs  —

Plot the di-lepton
Invariant mass

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

L,»ww -
SL=01fbt

EventzS0 SeVio 1 '

o ™

-'HJ'EJ mﬂ'ﬂﬂ ]‘Eﬂ? 'F.?Eﬂ 1400 1600
W mass (GeV)

‘ Example : The Di-lepton chunnell\‘

‘ \/ \.‘ 60%) \
(New gauge bnsn:ns) \ (ADD)

Ay, Ly 1/Z
(Little Higgs) (TeV-! Extra Dimensions)

5[1]
(Rnndall Sundrum)




2011: Z’ Bosontoeeo

SU(3)o x SU(2), x U(1)y. Extension of the symmetry?
New Gauge bosons?

Mid 2012

CMS [hep-ex 1206.1849] ee(5.0fb ")+u*u (5.3

* Many new models have Z-like narrow - 10*
resonances decaying to dileptons

oo
=8 05% C.L. limit

§

[
;
§

095% expected
* Interesting features in dilepton spectra

— around 2c each for CMS & ATLAS in e+

— similar in scale to 2011 Higgs excess

Worth watching in 2012’s 8 TeV data... 10°

v —
I G, kM =01
B G, kM, =005
N 7 =004
Z'5, 0.0

10°

T 'IITII'I'TI

T I'Ifll'l

\'\
,
h,
,
h,

o 107 ——— - 500 1000 1500 2000 2500
: - "
g 106 ATLAS PrBlIITIInary‘ é[zjﬁ’t*azc”" [ATLAS'CONF'2012'0G7] M [GeV1
L [ Diboson T N T
10° Lot-=4of’ @ = L ATLAS Preliminary __ gypected imi
10* : Hes - © E V= 7TeV g Expected: 1o
- Is=7TeV 00 ot : Z- Expected & 20
1 1Z'(1750 GeV) o — Observed limit
10? (1Z'(2000 GeV) 107E -z,
—Z,
10 .2' -z, 0 0M O
1 102 Did additional
10 ¥ data confirm
107 .
10° Foo:[Lamacn the excess??
10° s [ Lat-som ~-

1 1 | L L 1 'l L L 1 'l |
100 200 300 1000 2000 10° T T S Ty
m, [GeV]

m [TeV]



New Gauge Bosons

CMS Preliminary

8 TeV, ee (19.6 fb'™"), p*u’(20.6 o)

Early 2013

¥ 10

median expected

I 68% expected
95% expected
Z'SSM

Zy

—— 95% CL limit

10° E

10°

107 &

1000 1500 200

—3500 3000 3500

m(ll) [GeV]

Tevatron limits (approx. 1 TeV)
reached with 2010 data
.

10

2011 data — 2.2 TeV limit
LT S AR SR AR R T BN A, T IRV ERL O

Sjimi/ Sssm

10

lllllml TTIT

102

—e— ATLAS \s =8 TeV (ee 20.3 fo';up 20.5fb™)

== ATLAS \s =7 TeV (ee 4.9 fo"; uu 5.0 fb ')

~=~ ATLAS \s = 7 TeV (ee 1.08 fb';up 1.21 fb™)

~#— ATLAS \s =7 TeV (ee 39 pb';upu 42 pb™*)
|

oo ey by b e s b s s b
05 1 15 2 25 3
M, [TeV]

....

2012 data — 2.9 TeV limit

Fast increase in limits (1 TeV — 3 TeV) in short period of time

CMS

o x B [fb]

reliminary, 20 fb', 2012, |s=8 TeV

1

Observed 95% CL limit
Observed 95% CL limit W' — ev
Observed 95% CL limit W' — uv
Expected 95% CL limit
Expected 95% CL limit+ 1c
Expected 95% CL limit+2c
SSM W' NNLO

PDF uncertainty

W, withp = 10 TeV NNLO

10

1 E

T T Illllll

>

lllIlllll"'lllllllllllllll

W, with i = 0.05 TeV NNLO

L e+E'1“'”,u+E;,""’_

500

W, Z’ Limits are now around 3 TeV

1000 1500 2000 2500 3000 3500 4000

M, [GeV]




New Gauge Bosons: 13 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

Higher mass than we ever saw before, with 40 pb-! data only



Di-jet Resonances

Study the strong force using jet production

-\ s

! \ ? v

'[ .‘ - - - - -
proton C‘/’\ , Di-jet invariant mass = 5.15 TeV (R=1.1 jets

| B ]

o4y q et

Lo g Lo ~ CMS Experiment at LHC, CERN

v q(xy) S Data recorded: Fri Oct 5 12:29:33 2012 CEST

t - . | Run/Event: 204541 / 52508234
proton "1 \ | Lumi section: 32

1 ; 1 :

AW AW

PR <P /¢ wyan M In this event

. 1 SR Kl

Jets of particles Y more than 60%
' 74 of the full

emerge after a high , .

energy parton-parton , > proton-proton
ttering energy

>Cd " ends up in jets

B



Di-jet Sear

ch

W’ (1.9 TeV)

‘\ A/C (3.6

-

CMS Preliminary
Vs=8TeV,L=19.6 fb'
ml<25,1An1<1.3

JES Uncertainty

Tav) .
’, ~

m; > §90 GeV , VWge Jets

: P

b4 ~
i
/

1 4 L
T ¥ ¥

Z 10° ' T = 10
& | ATLAS %
= &
@ 10 4 O] 1E
= 15=8 TeV, |L di=20.3 b y
£10 2 10
on I3 s=
g“’ _g 102
b 10° B
E . T 10°
@ 10 —e— Data
&p — Fit o
e g'.m=0.6TeV i6®
o g, m=20TeV
10 10°®
= — 107
g W
& 0 . ﬂ} 10°®
g E
= . i
= 2 —= 2 3
E o 3 N
@ e —= 8 3
-

03 04 05 1

2 3 4
Reconstructed m, [TeV]

7000 1500 2000 2 30

* 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

CMS-EXO-12-059
arXiv:1407.1376

do  Po(l —x)h

: : E|
00 3800 4000 4500 5000 5500
Dijet Mass (GeV)

05%, CL Limits [TeV]
Expected Observesd

Meodel and Final State

dmﬁ - yPatPyln(x)

g —qg 3945 4.00
BN — i 2.83 .72
W' — qf 2.51 245
Leptophobic W — gg' 1.03 1.75
Leptophilic W™ — q¢ 1.67 1.66
QB black holes 5.82 582
(g and g decays only)

BrackMax black holes 5.75 5.75

{all decays)




Di-jet Searches: 13 T

@I ET T T T 1177 I BR IIII|||I{IIIIII||II|IIII|I|II|III|H|I|III|III|I i
c - -
2 L ATLASPreliminary -
0P Ys=13 TeV, 80 pb” a
= _e— Data = - el L.
= — Background fit . » Use mj; distribution
B —— BumpHunter interval i
o ~-o-- BlackMax, m=4.0 TeV | g
10 = | - BlackMax, m = 5.0 TeV v > |y*|=|y|-yz|/2<0.6
- & Jlo
- 1a 1100 GeV
L L -
10 grs =Z > M €
5 W 19
~ p-value =0.79 L1' 1 » Fit bkg to: pi(l -X)szp3
| FitRange: 1.1 -5.3 TeV "'!I. Da. | 3
TE <08 ‘ ". S
g Iil. H:i-!!!!: .;E :
=
C -
59 =
_g 1 1 1 1 1 1 1 l | I T T I I | | 1 \IIIIIII|IIIIIIIII|IIIIIII\Illllllllllllll\
2 3 4 5 6 7

m; [TeV] = No significant deviations observed




Di-jet Searches:

U
Highest Mass di-jet event M =5.4 TeV

CMS PAS EXO-15-001

Jet 0, Jet 1,
pt =262 TeV pt =2.55 TeV
eta = 0.357 eta=-0.160
phi = 0.346 phi = -2.885

CMS Experiment at LHC, CERN

CMS Experiment at LHC, CERN Data recorded: Sun Jul 12 01:52:51 2015 CDT
Data recorded: Sun Jul 12 01:52:51 2015 CDT Run/Event: 251562 / 310157776

lF-zunI_Eveért\_t: I3_53145_;;2 1310157776 Lumi section: 347
umi section: Dijet Mass : 5.4 TeV
Dijet Mass : 5.4 TeV




Are Quarks Elementary P

Rutherford experiment:
Unexpected backscattering
of a-particles:

Evidence for the structure
of atoms !! (1911)




S
D
*
1/o dofdyy,,

n.14 — —— Rutherford Scattering
[ -- QCD

012 7% i New Physics
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0.08 |- ,
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by Py
! ! |
Coq(x) q et
o g o
| I
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‘ T,
}
- LI
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%(% 0.22 s ® - Data
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s . o — Aluns =7 TeV (NLO)
-8 018 _ sesE Alume =7 TeV (NLO)
5 016 M, =3.0 TeV A mn =7 TeV (LO)
s - Apumg =7 TeV (LO)
: D.14 [FraveTRy 1 'I“";"I'.l'M =7 TEV {LOJ
S | — Ayyma =7 TeV (LO)
0.12F i - Ajyy =TTeV(LO)
0.1
0.08
0.06
0.04 -
0.02}
ﬂ - ey . L 1 1
2 4 6 10 12 14 16

Xdijc-_ = 9XD(|Y1—V2|}

Measurement"of -the bfbduction angle
of the jet with respect to the beam
-> High Energy Rutherford Experiment

1ep-ex]
1 O elec_:1tgon
1 \ <10"%cm
/P proton
N (neutron)
| > quark
nucleus @
T ~10"%cm
atom~10"cm ~10"%cm

< 5x1018 ¢cm

Quarks remain elementary particles after these first results .



Excited Quark In Dijet Search

/ invariant mass of 4.69 TeV, and jets with §
a jet-pr of 2.29 TeV and 2.19 TeV

\

arXiv:1407.1376

"‘e 109 I I Ly} ET | T T T T T T T T | T T T T T T T T T -
§ N ATLAS g of —— ]
© 10 . e _ 1 < 10 E
B0 \5=8 TeV, [L dt=20.3 fo :E 2N —— Observed 95% CL upper limit 3
© 10° 0 102 B \\ ----------------------- Expected 95% GCL upper limit _|
(0] E E
i 10° SN 68% and 95% bands :
?“3 4 . " 10¢ \\ E
a 10 —e— Data b - \ E
o 10° — Fit u AN |
£ e g, m=06TeV i3 \ [Lat=203f" =
10 o g, m=20TeV - N -
g.ms=e. C N\ 15=8 TeV .
10 g, m=3.5TeV , 1 0-1 - AN -
o 1 - . ®= - E
£ 1 oN = i ]
T ok — qﬁ—f 102k \ 3
o 2 E 3[ ATLAS Nu d
S) 0 f 10 gl | | 1 Il | | Il | | | | | | | 1 l 1 \ 1 1 | 1 1 ‘EI‘

o, | = 1 2 3 4 5

03 04 05 1 2 3 4 5

m_. [TeV
Reconstructed m, [TeV] q [TeV]

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




Search for a 4t Generation

We can’t be sure that there are only 3
generations (u,d) (s,c) (b,t)
A possible new generation should be heavy!

Look for b” and t’ quarks




Ath Generation Sear

.
* Rich program for 4th generation
— Ieptuns b’ = tW, (3, 2I) + b-jet
— lepton+jets q', b'" degenerate, Vib=1
— all hadronic o W bels
B' = bZ (100%)
* More challenging modes like top T = 1Z (100%)
+gamma not yet done = bW (100%), jets
t' = bW (100%), I+l

* ttbar resonances across the spectrum
— boosted top technique at high mass CMS. L = 8" 2t V.= 7 ToV
— lepton + jets S

= 83.0+ 0.7 GeV/c?
miic = 82.5+0.3 GeVic?

No evidence found for a new quark
generation for quarks with mass < 550 GeV
A 4t generation would also affect the Higgs
rate in a substantial way, so it is unlikely

ot O 20 40 60 B0 100 120 140 160 180 200
to exist! m(W-jet) (GeV/c?)




0% BF(T, Tyq — W'W — FF* + X) (pb)

BR (T — Ht)

Searches for Top/Botto

m color-triplet spin-1/2 fermions; L & R components transform the same
way under weak isospin

\‘g =8TeV

cMS

L; 19.5 fb’ ‘

—e— Observed Limit =
- Expected Limit 3
[ ] Expected Limit + 10
I Expected Limit + 20
Signal Cross Section

—a
LA

-
Q
I

T T T T T

BF(T_,— W) =100% -

-
o.
N
T

1 IllllHl

-y
o
w

LALL) B

Nl TN ETETE SEEEE SRS AN NN NN N |
400 500 600 700 800 900 1000
T, mass (GeV)

ATLAS

ciior ILdt:14.3&20.3fb"
Preliminary

\s=8TeV

Summary results:

Same-Sign |l
ATLAS-CONF-2013-051

Ht+X,Wb+X comb.

ATLAS-CONF-2013-060

ATLAS-CONF-2014-036

02 04 06 08 1
BR (T — Wb)

Zb/t + X |

Status: ICHEP 2014

© Vector-like quarks

Relevant eg in
composite Higgs
models
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Observed 95% CL m, limit [GeV]

Exclusions up
to masses of

350

19.7 b7 (8 TeV)

:6. CMS BR(b'> bH) = 100%
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Searches for Top/Bottom Partne

Summary

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

[Ill!lllilllll

, . IIIIIIIIIIIIIIIIIII'IIII
Q'-=qW(semilep+M) g_(combined) : : : :
KK

T'(5/3)(dilep,ss)

T'—tZ(semilep+lep) Z'(1.2%)(combined)

Vector-like T g, (dilep)

Z'(1.2%)(dilep)

T'—tH(semilep+lep)

T'—bW(semilep+lep)

T'—bW(semilep+M)
TstH(H—yy)

T'—tH(hadronic) g KK(SemiIep}

B'—bZ(multilep)

B'—bH(multilep)

B'—tW(multilep)
B'—tW(ss-dilep)
B'—bZ(dilep)
B'—bZ(semilep)
B'—sbH(semilep)
B'tW(semilep)
B'—sbH(hadronic)

Vector-like B'

t+MET,vectorial(had)
Dark matter

t+MET.scalar(had)
ttbar+MET,scalar(dil)

ttbar+MET,scalar(semilep)
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Z'(1.2%)(semilep)
g (al-had)
Z'(1.2%)(all-had)
W'(lep)

W'(had)

t*(dilep)
t*(semilep)

ct(t)=2 cm(e+u)

tb Resonances

Excited tops

D|splaced tops

0 0204 06 08 1 1.2 14 0051152253354455

Excluded Mass (TeV) Excluded Mass (TeV)




earches with Boosted Objects




Searches with Booste

Discussed in topical “"Boost Workshops”
Last one Chicago 10-14 August
http://boost2015.uchicago.edu/

- Several different techniques to 2220 P Py Tre ez
identify merged jets are on the @ 200 G (15 ToV) o W (e 30000 Herwiges
L 1580 ST Wz b 88100 Pyt 72
market. T 16001 CMS Preliminary (19.8 f)

* N-subjettiness, Tn, uses T21=T2/T1 as a

—s— Untagged data
15 =8 TeV Tt
—— QCD Pythia Z2* CAR=08 ™ ;

discriminant to separate QCD jets from 2% - aconerigu
. 100 / AN g
melrued W/Z iets o /=~
TN = — Z pT,k mi_‘[]_ (&R]_:k, &Rz}ki LI &RN,FE) 60 III,."XI:i:,'/.,.--;;-'-". ‘
dﬂ 4" Il." -"ﬂ}-/ e ",
auoma{cumn 0 Boostad QCD Jat, A=0.6 %f ...i;l AL
22 e s S 2000 L% [EXO-12-024]
A s T 0z 04 08 08
I.T W oe “ QCD JE! Jet t,,
|r . ' 11 .: ] & [
- 18 "o ! s L s - SIGNAL BACKGROUND
14 I‘\ T - ’;' 5 .CF ) Mgy~ My . Mgy -
12 48 ' :E’D GeV ~mg~0
4 46 e o Dipolar ey
-02a 02 04 06 08 1 =12 -'i -U:B =06 =04 =02 Stn.ld:.,lrej - .
1 n =TT . ";- N

[Thaler, Tilburg, arXiv:1011.2268]




Resonances Decaying Into

Heavy resonances decaying into gZ or qW, or VV jets only (CMS)
or llgg (ATLAS) using boosted jets and jet substructure analysis

CMS CMS,L=19.7 fb", (s = 8 TeV CMS,L=19.7 fb, /s = 8 TeV g
I Observed I Observed
a 1t [ Expected (68%) —_ 1t [ Expected (68%)
o : Expected (95%) -g. i Expected (95%) W
I —— G WW (WM, =0.1) | — —— oy 2Z (KW, = 0.1) X
10‘1 ;_ N 10-1 -
T T W
@ 2
O 102l O .2l
S 10 o 10 g
X
5 o
-3 | 3|
3 | | 3 | | Jets start to merge for

I N I 25 3 :1""1.'5" 2 25 3 X=700'900 GeV

Resonance mass (TeV) Resonance mass (TeV)
arXiv:1405.1994 ATLAS
s e Observed95%CL
= Expected 95% CL
I e [ ] + 1o uncertainty

arXiv:1506.00962

[ | + 20 unceirtainty
EGMW', c=1

These type of analyses
will get even more
— important at 13 TeV

_1 .
107794 96 18 2 22 24 26 28 3
my, [TeV]

olpp = W') x BR(W

Excess in WZ of 3.40
(2.5 with LEE)




Search for W+H Resonaﬁ

Enter the Higgs in the searches!! S PR T
QO
*Motivation: Compositness, GUTs... E
| epton decay for the W boson §
*H->bb for the Higgs generally boosted @
Make use of pruned jets and b-tagging
in these jets CMS-EXO-14-010
_ 1ﬂcu3nmm1rmml _ l?_?f?"[lliTe:U!
== i
] 1: S— HWI;'MW * BR{W — WH) 10 10.7 i |8 TeV)
g TRe=—x LH modsi:xsecy, *BAMW — W) {% ERAA AR AR RPN AAAN ALY AARY AR
AL SN S
; g
1UE§— \\\E -
Shown last week [ o
in Moriond... 1000 f000 1500 2000

My, (GeV)
10”800 1000 1200 1400 1600 1800 2000 22
3 outlayer events in electron channel (2.90 effect) !! M (G0




Is Something Going on A

CMS-EX0-13-009 Previous results

4 - N CMS (unpublished) L=19.7fb'at {s=8TeV
z 3 T T T T | T T T T F T T T T 1 T T T T | T T T T |
¢ p IE.. Frequentist CL_ obs. (solid) / exp. (dashed)
2 = 1 : i —e— Gy ZZ et
o-g | —— G, — WW/ZZ - V-jetsV-jet [ Comh.| naﬁﬂn
\ WIZ J 1\ e Gh Ik—»WW—>evluv+V jet : assumes BHE
g —— 1 and efficiencies
Q. : %
8 of narrow bulk
LD -
4 of graviton model

10-2 | | | | i 1 | 1 | ‘t | 1 | | % | 1 | 1 | 1 | | | |
( ~ 600 1000 1500 2000 2500 3000
= 3 M, [GeV]
X v
Wiz _ 2015-2016 data will clarify this!




Searches for Unusual P

eavy stable charged particles with unit
narge traversing the detector

eavy stable charged particles with multiple
narge traversing the detectors

eavy stable charge particles with fractional
narge traversing the detector

eavy new particles decaying in the detector

-
C
-
C
-
C
-
-

or before the detector

eavy new particles stuck in the material in




Fractional Charged
FREE THE QUARKS

¢ The obvious example 15 to make careful searches for isolatable fractional charge
particles at the Large Hadron Collider that will be in operation at CERN in a few
vears. In such searches it 18 1mportant that the experimenters look for particles
with all values of f = g/e for which the apparatus is sensitive not just f values
corresponding to quark charges such as 1/3 and 2/3. M. Perl et al., 2004

e Search possible @ LHC
« Both for g=1/3e and g=2/3e

« Tracks with a high number of
low-ionizing hits in the tracker

0 2I 4 é 8 10 1I2 1 I4
dE/dx (MeV/cm)




Particles with Fractio

dE
Tdr

11 5(87)
730 - - =27

[CMS PAS EXO-11-074]

* Search for long-lived particles with fractional charge

* Backgrounds g
. . . : 1E —— observed 95% C.L.
— Cosmics: estimate from dyy sidebands C — theary LO)
-
— Collisions: using Z-»pup data, fit Nits with low dE/dx T 0
T
* Assume lepton-like spin=1/2 particle masses £ w
Exclude: Q= e/3: m > 210 10345
Q=2e/3: m> 330
CMS Simulation, s = 7 TeV CMS Preliminary,Js=7 TeV, 5.0 fb”
Eﬁﬂﬂﬂ LI I I I I B ,,ﬂl_zz T T T T T
§ —q=1 ] g
5\4000 —Qq=2/3 _ "
= —q=1/3 ]
£ 3000 .
G ]
= ]
T 200 -
—4— signal sample data
1000 —4— ctrl sample data
= fitto ctrl sample

B "z 4 6 0 12 14

0 1 2 3 4 5 =6
dEfdx (MeV/iem) hits with dE/dx < 2 MeV/cm



Long Lived Particles

Split Supersymmetry
The only light particles are the Higgs
and the gauginos
- Gluino can live long: sec, min, years!

- R-hadron formation (eg: gluino+ gluon):
slow, heavy particles

~REE V@)

Gravitino Dark Matter and GMSB

In some models/phase space the EG: K. Hamaguchi,M Nojiri,ADR hep-ph/0612060
me T P P ADR, 1. Ellis et al. hep-ph/0508198
gravitino is the LSP o

= NLSP (neutralino, stau lepton) can
live ‘long’
= non-pointing photons

Hidden Valley modes!...

Plethora of possibilities for long lived M
neutrals iy Y
Sparticles stopped in the detector,walls

of the cavern, or dense ‘stopper’ detector.
—Challenges to the experiments! | They decay after hours---months...




Displaced leptons (eTe /M)

from common vertex

I Control region I Signal region

Observation | 0 0

1:‘ Set limits on Hidden Valley &
~205m @ L) RPV SUSY (x°—1*Tv).
E Combine with search using muon chamber

tracks only (CMS-PAS-EXO-14-012). ”ﬁ{@:
2{}.5 b’ (8 Tev) =

o

L]
b —
=
=3
0
2
S
. — rrIT| |||||||1 |||||rIT| |||||rrr| |||||1 TTT1T
0t B 1wk CMS =
= : E Obeerved and sxpected limite (= 1o} 3
o S C N
510°E S 1P [l Teeveced =
- il e my = 125 Gevie®
£ - sesdsess  Muon-based .
g 3 x 10t _ m, = 20 GeV/c’ =
g ‘1(}_ ;% E - Gombined E
1 1 E
524681012141E1EEE ¥ 107'F E
Id I,"f;rd F .
, 7
10 ,
Suppress Z/y— 1"l bkgd with |do|/cy >12. "~
Estimate bkgd from control region: dilepton momentum 107
L|.|.|J IIIIII‘ L IIII|.|.|J L IIIIL|.|] III|.|.|.|J IIIIIIIJ L IIII|.|.|J L1l

opposite the direction from primary to secondary vertex. L
PP P 4 Y 10° 102 10" 1 10 108 10° 10‘ 1{15

arXiv:1411.6977 ct [cm] 12
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Look for photons that do not point back to PV
(large |zpca|) or arrive late at calorimeter (large ty).

g FT TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I T TT 17
L]

& jof| ¥ Dt Ey=> 75 GaV ATLAS |

@ F — DatmE7™ < 20 GaV == 8TaV ]

E [ -—A-1607Vr=025ns , ILdt:EﬂEIh'1 .

W -—-A=180TeVT=1ns -

! L 4

1 ! E__‘

0 s E

L Ilf L ]

L L 4

L - : 4

I -r—!

1= | - i L-! —

u =

- I i

L | 4

L 111 I L 111 I 11 | -I 111 I 1111 I 1 L1 | | T | I L1111
4 a3 2 - o 1 2 8 4
t, [ns]

Phys. Rev. D 90, 112005 (2014)

107

FTTTAIrT Py aiag

Signal region: 2 photons (Er>50 GeV) &
MET>75 GeV.

2D search in zpca and ty,

Low-MET control region used to model

bkgd.
HEP-PH/0202233; 853 citations!
Set limits on GMSB SPS8 model.

T ATLAS ——— (Obsarved Limit i
B = === Obsarvad Limit +1 i
- __E =8 TeV: [L.di =20.3 1™ —— Expacted Limit Oﬁf.’

[ Expected Limit +1ogg
[ Expected Limit £2 g,y 3
I5 = 7 TeV Observed Limit
------- 15 = 7 TeV Expected Limit i

GMSB SP38

|
100 150 200 250

300
| | | | | | }"ILI:-IIH':I
11 I150I 11 IED,I]I 11 .IEEDI 11 -!S,uﬂ! 11 -!35[]! 11 :1_{]{]' 11 I45|:|I
I I I I l m{fﬂ aev)
11 ISD{}I 11 hml 11 Iﬁ[]ﬂl 11 Iﬁuﬂl 11 I?DIDI 11 IE{}DI 111
m{i‘:} [GeV]




Disappearing tracks

Require high-prisolated track with little energy
deposited in calorimeters (Eco < 10 GeV) and
>3 missing hits in outer layers of tracker.

Signal region

Expected bkgd 14+12
Observation 2
Set limits on AMSB chargino production
+
X 1951 (8 TeV)
E i T T T T T T T T T T T T | T T T T | T T T T ]
N = CMS
1 1:-{1025_ tanp =5, >0
s L C ]
r -
0. % i .
X ; 10 Expected limit =2 o i

Backgrounds from reconstruction failure modes:

* unidentified electrons

* unidentified muons

* hadrons with mismeasured pr

» fake tracks
Estimate backgrounds with tag-and-probe
methods.

JHEP 01 (2015) 096

I Expected imit =1

107

11 1 1 I 11 1 1 I 11 11 I 11 11 I 11 117
100 200 300 400 500 600

m.. [GeV]

Similar constraint from
Phys. Rev. D 88, 112003 (2013) (ATLAS) -,




Hidden Valley Physics: New

M. Strassler, K. Zurek

But the %
- decay in the

detector to
bb pairs, or
rarely taus

Possible new
Higgs decay
modes

‘‘‘‘‘‘‘
- N,
o

~
rd

Inaccessibility

Will produce “"Weird Jets”
and a lot of secondary
vertices from b-quark jets

— Difference with QCD jets??
— Study SM jet structure!!



Displaced dijets

Require 2 jets (= | track each) from
common displaced vertex

1 |||'r||-|r||r|-|r||'r|'|r'l|r|rr|r||1-||||1r|||o7lllr:r/||||r

JCMS /1%
é -H _ ".; If;.f
' f

Reduce dominant background from QCD
with requirements on:

* # prompt tracks

* prompt track energy fraction

* vertex / cluster discriminant
Estimate remaining background by
extrapolating from uncorrelated data

sideband control regions (“ABCD” method).

Phys. Rev. D 91.012007 (2015)

Loose selection

Expected bkgd | 156 + 025+ 047:113 £ 0.15 + 0.50

Observation 2 1

Set limits on Hidden Valley and
RPV SUSY (¥°—qqu)

S B TeY)

" cms |

107" 950 CL limits: E
F —e—my =150 GeV my = 1000 GeV' -

i +r|'l:=3‘5l]GEV
i - Exp. limits (= 1)

1045—

o(H— XX) B(X — qg) [pb]

Tight selection




Stopped R-hadrons or

.
Long Lived Gluinos

75 > 100 ns

looking for stopped gluinos that later decay
100s GeV Unbalanced = fip

Uncorrelated with any beam crossing
No tracks going to or from activity

— Special triggers needed, asynchronous with the bunch crossing

The R-hadrons may loose
so much energy that they
simply stop in the detector
...and decay some time later

Total Number of Stopped Gluinos

Arvanitaky, Dimopoulos, Pierce, Rajendran, W hep-ph/0506242

2fh™" | 200 GeV | 300 GeV | 400 GeV
CDF [ 4.1 x 103 | 3.1 x 102 | 3.3 x 10¢

W DO | 4.5 10° | 33 x 102 | 3.4 x 10!
100 1 || 300 GeV | 800 GeV | 1300 GeV
1 ATLAS || 5.8 x 107 | 18 x 107 | 6.2 x 107

CMS | 3.7 x 10° | 1.2 x 10* | 3.9 x 10

Number Stopped by 2m Fe
=

200 500 800 1100




StOpped particles Backgrounds: beam halo muons,

cosmic rays, HCAL noise.

Signal region
Expected bkgd 13.2 +38 o
Observation 10
= S Limits on gluino, stop mass for
A over |3 orders of magnitude!
? 186 fo [STEN’]
h r 3 1400 [ CMS 'iﬁ'i":.f’m :
n * g L T ?m
E ool Eg> 120 GeV, E, > 150 GeV -Emm:; 1
et = F Ey > 70GeV -;mmladmnmth
l* - ;

Look for calorimeter cluster asynchronous with
p-p collisions. 281 hours of trigger livetime.

mini-split gluino

q q 107 I'I{.:I'43 1||:J]'E 1[;4 16’9 “;-2 1;}-1
g / / » 7 Eg.R-hadrons

10 102 10* 10* 10° 10"
T[s]

Similar techniques employed in
arXiv-1501.05603 Phys. Rev. D 88, 112006 (2013) (ATLAS)




Monopol

Magnetic Monopoles to explain the quantization of electric charge (Dirac ‘31)

V.E = 4mp, €q = nhc/? =ngp =N

V.B = drp, gp 2

2 m
O D(m) = (—) X 0uu(> 2m) x (1 — 4—)
_VxE=18B i ¢ °

Symmetrizes maxwell equations
Searched for at all colliders
F=¢ (E+%xB)+gn(B-%xE) Tevatron limits ~ 400-800 GeV

VeB- g,

&~ 10—!8 — —
5. ..F 3
c 10 3
-% 100 -}
:t 10% |- CDF 4 5=1.96 TeV A
o :
jou | LHC {s=14TeV =
e CD e
10‘“ - -
| Js=t4TeVEx 10%em s (@10'shr=5m") N _ _ _ N\ __ -
1040 = -
104 |- =
N R i

1

10—41 —_— —_— — —_—
10 102 10% 10*

Monopole mass GeV/c?

Sensitivity of LHC experiments to exotic highly ionising particles

CarXiv: 1112.2999

A. De Roe, A. Katrég, P. Mermo,
D. Milstead®, T. Sloar”




Search for Mon

[ATLAS-CONF-2012-062]
* Magnetic charge g yields strong coupling a, and very high ionisation

ge 1 g _ 1 _ _ @B _ 1
e 27 e 2a, YO8 = The _49«,32
* 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

"_E =) 103§ r~++r+~++r~~~+r~+~+~ 1 - T 1 T T 773
B - ATLAS Preliminary -
10? ;_ Data2011 ... Observed limit (DY) ;
- ATLAS Preliminary 7 78 10 det:E.DEI b .
ﬂ_4__\||§=? TeV - Ns=7TeV .
- . - ____________,_——————___— ]
- IL di=200M0" = =
0.2~ + Data2011 E ———— Observed limit in fiducial region :
: = Monopole MC : i i

B E | | . P' 1 1D1 | | [T S S N TN TR N T T T NS S T

GD 0.01 0.02 0.03 0.04 200 400 600 800 1000 1200 1400

o, m [GeV]



Summary of Exotica Sear

LQ1(ej) x2
LQ1(ej)+LQ1(v))
LQ2(uj) x2
LQ2(pj)+LQ2(vj)
LQ3(vb) x2
LQ3(th) x2
LQ3(tt) x2
LQ3(vt) x2

Leptoquarks

RS1(yy), k
RS1(ee,uu), k
RS1(jj), k=

RS1(WW—4j), k=

CMS Prellmlnory
SSM Z'(ee)+Z'(up)

——
| ——
SSM W'(jj) '

SSM W'(lv) —
SSM W'WZ—Ivll)
SSM W'(WZ—4j)

0.1
0.1
0.1
0.1

SSM Z'(t)
SSM Z'(j)
SSM Z'(bb)

Excited
Fermions

e* (M=A)
u* (M=A)
a* (qg)

coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluinof(jjb) x2

Multijet
Resonances

CMS Exotica Physics Group Summal

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)
HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP

neutralino, ctau=25cm, ECAL time

j+MET, SI DM=100 GeV, A
]+MET, SD DM=100 GeV, A
y+MET, S| DM=100 GeV, A
v+MET SD DM=100 GeV, A
[+MET, €=+1, SI DM=100 GeV, A
+MET, &=+1, SD DM=100 GeV, A
I+MET, £€=-1, S| DM=100 GeV, A
I+MET, €=-1, SD DM=100 GeV, A

ADD (yy), nED=4, MS
ADD (ee,py), nED=4, MS
ADD (j+MET), nED=4, MD
ADD (y+MET), nED=4, MD
QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV
Jet Extinction Scale
String Scale (jj)

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
single e, A HnCM
single y, A HnCM
inclusive jets, A+
inclusive jets, A-

— |ICHEP 2014

Long-Lived
Particles

3

1 2
|

Dark Matter
1 2

3 4

4

Large Extra
Dimensions

Compositeness




End of Lecture |




