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The Standard Model of Particle Physics
+ And the Higgs boson...

Looking for the Higgs

+ A new boson at =126 GeV!

+ Update since the discovery (properties)
Searching for New Physics

¢ Supersymmetry?

Outlook
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Standard Model of Particle
Physics

The main ideas
Intermediate vector bosons and their massleness
The Higgs mechanism



Nature: “forces” between particles?

Gravity == action-at-a distance: separated objects, in
the vacuum, act on each other!

The “charge” of gravity: mass — the substance of
matter!

What about electricity and magnetism? Same as
gravity; except two charges (like ones repel, opposite
ones attract). But same spooky “action-at-a-distance,
through the vacuum”
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Nature: “forces”?!?

Maxwell and electromagnetism: the
concept of a field; charges generate
fields which (can) permeate all of
space... Other “charges” feel this
field — and thus they feel a force. ANE
The incredible discovery: the E/B fields can exist alone
— they propagate in waves in the vacuum! Thus are

radio, TV and cell-phones made possible.
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20t century: two more forces at work

But nuclei are held .
together — against the There are, in total

electrostatic repulsion. FOUR different

So there is yet another forces in nature
type of force! And it

must be very, very

nteractions
=

strong. q )
And nuclei break up! .

Radioactivity! Neutrons E5trong
become protons. e £ JE.
So there is yet another o

type of force! And it is
very, very weak.

11 "
@i Electromagnetic
e l

All forces in the world can be
attributed to these four interactions!
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FOUR?7?7?

What makes them different?
Are all of them “needed”?
Why not just one?

The two scientific revolutions of
the 20" century (Relativity and
Quantum mechanics) provide

(most of) the answers



20th century physics: quantum mechanics
and relativity

Relativity: action can Quantum Mechanics
only travel at speed c « Dicretization
+ Localization e e.g. of absorption or
emission
t Q Mass is just a TH Hz Hy Hg He

forrm of energy! I

el
b “ 0 “.‘
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A (Angeiroms?
+ Wave-particle duality

X
o Communication between
space-time points onl ° ggﬂ'&r.'s"ated beyond all
as long as within light- '
cone Electron density
Thus: operators (that  waves are seen
finally yield obser- breaking around two
Vables dare a funCtlon atom-size defects on
of x.t; i.e. they are the surface of a
fields

copper crystal
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Quantum mechanics + Relativity

A system is described by a wavefunction y(x,t)
+ Wavefunction: a complex number
e Probability ~ |y(x,t)|?

+ Changing the phase of the wavefunction by some
angle o, changes nothing:

o Y(x,t) = y(x,t)e'e still means |y(x,t)e'|>=|y(x,t)|?
+ We are thus free to select this phase freely. [As long
as it is the same phase everywhere...]
Relativity: we should, in principle, be able to do
locally, i.e. w—=w(x)!!!
+ For it takes a while to communicate to other points
that we have changed this phase!
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Quantum Electrodynamics ()

The “derivation” of electromagnetism:
+ e*e” interactions: spin-1/2 fields. Dirac Lagrangian:

—(., O — (.
L= W(W“ ax—u‘m)?li = '//(’V“au ‘m)l/l
¢ It is NOT invariant under “rotations in U(1)”, i.e.
under yY(x)—yx(x) e'a¥x)

e because of the derivative
+ Insist on invariance! So restore it.

+ Requires adding a field A (x) that cancels
derivatives, i.e.

L=|iy" (9, +igA,)-ml|y; A, —A, 0,0
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Quantum Electrodynamics (Il)
The fields A and y now interact:

Lint = _QZWVHAMI/J

+ Which is precisely the interaction term in the
Maxwell Lagrangian:

1w . -
L=-—F"F, -J"'A, (withJ"=qpy"y)

167
o Thus: matter-A-matter interaction with Force Law:
- 0A
F=q/—VA +a—\ +qvx(VxA)
5

“Discovery” of electro-magnetism (!) from the
demand that the phase can be set locally
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Quantum Electrodynamics (lll)

The interaction:

Lint = _qu}/MAﬂw

And the quantum excitation of the A field will be
particles (photons!)

et e
e
e~ e e” et
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Quantum Field Theory

Relativity Theory + Quantum mechanics:
a new picture of what is a “force”

Ly = _qu}/ﬂA/ﬂ// f i

FORCE IS THE EXCHANGE OF PARTICLES!

[}

e——D—f
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Weak interaction

Betadecayn—>p+e +V,
—p
electron
O
neutron proton ~
O
antineutrino x
e
W. —
Ve
d >
Mediated by charged d :
u
d
u
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Standard Model of Particle Physics
Quantum Field theory:

+ Matter particles (spin-1/2) interact via the exchange of force
particles (spin-1)
Electroweak

[ Electromagnetic m mem—————  \\oqk m—————— e—— Giron —

i e i T
X X EXX

Range =, relative strength =102 Range ~10-"®m, relative strength ~10-14 Range ~ 10-15m, relative strength = 1
+ Forces: interactions, so need (a) charge(s). Which should be
conserved. Which implies some new symmetry...

+ Standard Model: internal symmetry (SU(3)xSU(2)xU(1))
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Invariance of the world under phase changes in
SU(2)®U(1) results in four bosons, W%, Z, v
Thus the unification of
Electromagnetism and the Weak interaction
into
the “Electroweak”

Except that it gets a basic issue wrong.
Because the range of the weak force is
very small.

Which means the carrier must be massive.
Very massive!



Standard Model & Symmetry Breaking

Yet, the Standard Model symmetry (SU(2)xU(1)) MUST be broken:
+ M(y)=0; M(W)=80 GeV/c?; M(Z)=90 GeV/c?
e And we cannot add mass terms by hand (gauge invariance)

+ How can we end up with an asymmetric world when the laws
are symmetric?

Take potential with two minima
+ ‘“Laws of nature” )

(potential—Lagrangian
—equations of motion) right-
left symmetric

+ Equilibrium state is not

+ Particle chooses one of the two
minima — left-right symmetry is
“broken”

Laws are LR symmetric; but low-energy world need not be!

O O
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The Higgs Mechanism

With two independent
(complex) fields

Two “motions” in the potential \

Vig)

+ One on the plane; “massless”
mode that is lost (once a
direction is chosen). The degree
of freedom appears as additional
degree of freedom of the gauge
boson

e Extra polarization state
e The boson becomes massive!

> 77

Thus were the W/Z
+ One up/down on potential; masses born in theory;
massive and discovered (at the

e Higgs boson; for which we  right value) @ CERN in
know everything, except one 1984

parameter: its mass!
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The Standard Model up until 2012

FERMIONS*

Measurement Fit 1Q™eas_QMMgmeas ‘ ‘ _ BOSONS —“‘
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LHC(t,+At=2.5yrs):

Foundations established
a “tour de force” of SM measurements

and, of course,
the hunt for the Higgs boson...



The LHC: signals much smaller than “bkg™

General event properties

Heavy flavor physics

Standard Model physics

+ QCD jets
+ EWK physics
o Top quark

Higgs physics
Searches for SUSY
Searches for ‘exotica’
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©

A EXPERIMENT

M, = 4.04 TeV
P," = 1850 GeV,
n= 0.32

P-2=1840 GeV,
n=-0.53

20 30 100 200

To probe the hard s

+ The hard scatter: jet
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W/Z at 7 TeV: (still) clean & beautiful

Z — electron + positron

CMS Experiment at LHC, CERN
CMS * Run 133877, Event 28405693
f| Lumi section: 387
Sat Apr 24 2010, 14:00:54 CEST

Electrons p;=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

n(e+)= -0.42

E,™s: = 26 GeV

M, =57 GeV

A
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Standard model in pp collisions @ 7 TeV

Understanding of SM processes at level of Tevatron

experiments —

and beyond.

+ Let the search begin.

o) = 5 l =
o — i W i i ©  7TeV CMS measurement (stat®syst)
5 - 5 i 8 TeV CMS measurement (stat®syst) |
=~ 10’ —o—"—" Z ¢ - =
DQ = i ! 7 TeV Theory prediction 3
_ e -
L ; | = 8 TeV Theory prediction ]
g 10°E o= 1] | —
E i s ! =
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= 36, 19 pb | 36 pb a5t 1 5317 -
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010 (WZ)
JHEPO1{2012)010 CMS-PAS-SMP-12-005,
CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007, 013, 014 (WW ZZ)
P. Sphicas CERN Accelerator School

The Standard Model and Beyond

Nov 04, 2013

23



What about the Higgs boson?

Some “signatures”



®

. w3

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

H-




pr(n)= 36, 48, 26, 72 GeV; m,,= 86.3 GeV, m;,= 31.6 GeV

15 reconstructed vertices
N N/ 7 i —
e —— QATLAS
EXPERIMENT
http://atlas.ch

_ / i i _

— S N

= o == -/
S = :, ———

—

candidate with
mg,,= 125.1 GeV
7

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST



H—ZZ—pupee candidate
with m, = 125.1 GeV

s = u*(Z,) py: 43 GeV

e~ (£,) pr:

8 TeV DATA 10 GeV

4-lepton Mass : 126.9 GeV

e

e*(Z3) pr:
21 GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115

m-=(Z,) py:
24 GeV
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p(e,e,u,u): 19, 76, 20, 8 GeV; m ., =38 GeV, m , =20 GeV

12 reconstructed vertices

@ATLAS
EXPERIMENT

http://atlas.ch
R

un: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST




H—-WW-—lvl'v signhature Signature:

2 high pr
D - leptons
T — large
32 Ge e P C
{ T missing ET
2 « 4 GeV 155INg
%
“ W ’ \\ t l ’—
L
qq—WW + L 47 Gey Main
gg—>WW backgrounds
Non-resonant WW 95
ALY Other
: E?nrﬂﬁii(n) backgrounds
- W+jet, ZJy*, WZ,ZZ, Wy
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Are these events “significant”?

Searches for the SM Higgs boson
Discovery of a new boson



Mass peaks: H(?)—yy & H(?)—=ZZ—4leptons

Despite the low branching fraction to the final state, the
mass resolution of these two channels enables the siting
of a “peak”. The ZZ peak has a Z calibration as well(!)

CMS (s=7TeV.L=51fb"ys=8TeV,L=5.3fb" A 21y | Breiminay  \s=7Te L-505 " N -eTew L =526
> L L ] 2 /!
((B E - . -e Data P,
\ u
L P L 101500 _ W-_" .Z+X
1500 > ;?\\- ] | |zrrzz
(7)) I E | G>J 8 ;\ ® B
= 51000_ ok [ |m=126 Gev
o I i
> - or
14000 K
L af

| ¢ Data
S+B Fit

[ e B Fit Component

| [ I+1o

| [ +20

—
—e— —5— O HO4 —S— —e

o
o o o1 o

PR AT R T T AN T R T [T T T T N R S A RN ‘»@F ‘We_"_ﬁbeﬂr@ﬁ
110 120 130 140 150 120 140 160 _ 180
m,, (GeV) m, [GeV]

o

S/(S+B) Weighted
(@)}
S
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Putting it all together...
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And thus was born,
on July 4th 2012,
_ “a new boson”:
it decayed to two bosons

(two v; two Z; two W)

It is not spin-1: it decays to two
photons (Landau-Yang theorem)

It is either spin-0 or spin-2 (could also be
higher spin, but this Is really disfavored)



So, is it THE Higgs boson?

Can we call the “new boson” the “Higgs boson”? Let
alone a “Standard Model Higgs boson”...

+ Foremost: it must have spin 0 (to call it a “Higgs boson”)

+ Also:

e neutral CP-even component of complex SU(2), doublet with
Y=1

e couplings to SM fermions proportional to masses
The “new boson” can have many non-SM properties
and still be the Higgs boson of electroweak symmetry
breaking:
o CP mixture, mixture of two or more weak doublets!
+ Composite!

+ Nonstandard decay to gg or yy from other colored/charged
exotic particles in loops
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Does it behave like the Higgs boson?

Does it couple like a H-boson? (i.e. to mass?)

+ Measure couplings to fermions and bosons, and see if they
come out right

What is its spin & CP?

p—

~ WwW
bb

L\
\ _‘

Ay,

LHC HIGGS XS WG 2013

Decay Modes available
Exp Sig (CMS) oy/M

o
|
L]
a

Higgs BR + Total Uncert [%]
I “

@125.7 -

« bb 220 10% ”E -
T 2.70 10% T | :

- WW 5.0 20% '} ’ :

* ZZ 710 1-2% v >~
AY 4.20 1-2% 0% 700 120 740 160 180 200

M, [GeV]
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Since the discovery...
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Couplings to particles

f .-..!v

,_'T"I
)
H-—- Ac=m /v Hoo s =2m2/
f f L gv = mv Vv
f v
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: = 95% CL . | ' ' ]
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H—ZZ—4leptons: angular analys

Matrix Element Likelihood Analysis:
uses kinematic inputs for

signal to background discrimination
{m,,m,,0,,0,,6*,0,0,}

Prig(mi,ma, 01,02, @, 0%, ®1|myy) !
Psig(mla ma, 917 027 (D7 0*7 (b1|m4€)

MELA = !1 +

¥s=7 TeV, L=5.05 fb™"; {s=8 TeV, L=12.21 fb”'
T

a a 1 CMS S {s=7 TeV, L=5.05 fb"; {5=8 TeV, L=12.21 fb" ;
< x 0.9 II
0.8 0.8 0.8
0.7
0.6 0.6 0.6
0.5
0.4 04 0.4

0.2 0.2

[ : [ ° |
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m,, (GeV) m,, (GeV)
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Scalar or pseudoscalar? Spin 2 or 0?

Test angular distributions Test angular distributions
under both the 0* and 0~ under both the 2* and 0*

hypotheses hypotheses

CMS preliminary Vs=7TeV.L=51f"Vs=8TeV,L=19.6 5’ CMS prelimina ry Vs=7TeV,L=51f5"ys=8TeV,L=19615"

E _Illllllll‘ll\l‘\I\\l\llllllll_l_ E0_16_—||\||\||\ll\ll‘ll\ll\llllllll—_r

ClCJ 0_1f | :D+ | CIC) - ] _
£ I = £ 0141
o I ' o) r
< 008 — CMS data S 012"
)] F [0} L
O (@] L
e I S 0.1r
$» 0.06 P C
o I Q. 008"
0.04 0.06F
I 0.04F
0.02 .
i 0.02
0 sl T, ot
30 20 -10 0 10 20 30 30

2x1In(L, / Ly

c::Ls(ﬂ' ) _ 0.16%,(18(2* n*) _1.5%

U+
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Summary (and where it was — in mass...)

So it is a Higgs boson; and in fact one that looks very
(as in very) much like the one of the Standard Model

And its mass? That “one unknown parameter”?

Collaboration channel mass (GeV)
ATLAS 2% 126.8 0.2+ 0.7
CMS Yy 1254 £0.5x£0.6
ATLAS 44 124.310-240-2
CMS 4/ 125.8 £ 0.5+ 0.2
ATLAS combination 125.5 + ().th'g
CMS combination 125,74+ 0.3 £ 0.3

M, = 126 GeV! A farce?
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So is this it?
What about new physics?

In a world of an SM Higgs, is there any
room for new physics?



Scale of New Physics = F(M,,)
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Zooming in: some good (?) news

At 95% CL.: there is new 10;’8/ S M
physics at a scale below !
the GUT scale © 1016 @ allowed
+ Or vacuum jsnot stable... . -9 "
1014 &
% ;‘!‘é __II [ % T 11 | T T | [T II__ 12
S 8 E ¥ N 1010 @5
§ 2 ;3:-: £ | '
8 IS x 108 |
R _ ] 10¢
Zz - 0 200 400 600 *—g ]
HiggsmaSSMH(GeV) W\ Illlllllllllllllllllllll 11|I|||| ,,,,,,,,,,,,,,, 1
Thankfully, best estimate of 100 110 120 130 140 150
time we still have ~15 Gyr! M,, (GeV)
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Living at the edge...

Perhaps even more important than originally thought

200 Instability 7
N i -
S 150 /s\a‘o\\\ & |l <
k= e = <
S E .
z 100 Stability =) 1 &
g =3 s
o =
o =.
= 50} c
0 -_l L 1 L L 1 L L L 1 1 L L L L 1 1 L L L [l L L
0 50 100 150 200
Higgs mass M), in GeV
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Plenty of room for new physics

Some real and some virtual reasons to
believe in new physics

Real reasons: dark matter & v masses
Virtual reasons: naturalness



Real reason(s): dark matter

Dark
(invisible)
matter!

Probably the biggest mystery in
- nature (as we speak)

New type of matter?
New forces?
New dlmensmns’?

P. Sphicas CERN Accelerator School
The Standard Model and Beyond Nov 04, 2013



Virtual reasons: Higgs mass

Foremost, the issue of “naturalness”: how can the
mass of the Higgs boson be anything “small”?

+ It should “resist” itself (since it couples to mass, it should
couple to itself as well); Its mass should be almost infinite:

J=1 J=1/2 QJ=0
e O

+ Quadratic divergence in the Higgs mass

mz(p2)= mz(A2 )+ ngj;: dk’

+ Why is the Higgs mass so low? What is the mechanism?
+ Strong dependence of Physics(Agy k) on Physics(Ap,)

e It’s like saying that to describe the Hydrogen atom one
needs to know about the quarks inside the proton (not true!)

e Implies extreme fine-tuning (ETF) of parameters
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Bringing gravity into the game...

If cut off at Ay, why my, < M.,? Or, why is gravity
(G~1/M;)) so very very weak?
+ And by the way, the mighty SM ignores gravity (too weak)

Interestingly, beyond the Higgs, the biggest problems
come from gravity-related measurements:

+ Dark matter, Dark Energy, and a non-matter-dominated
universe

Where is all this vacuum energy?
+ We would expect a tremendous energy density,
>Googol (1019) times larger than observed!
(“Cosmological constant too small”)
+ Size of the universe if the Higgs, as we
expect it was there (ALONE):
a football (soccer) ball)
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Supersymmetry
(and Naturalness)



Supersymmetry (SUSY)

SUSY (super-symmetry) premise: for every particle in
the SM, there is a super-partner with spin-'z difference
+ Can now speak of a “super-particle” which has two possible

states: fermion and boson — much like the proton and the
neutron can be seen as two isospin states of one particle, the

nucleon”'

$0¢

Isotopic symmetry
Proton and Neutron:
different states of a

generalized particle (Nucleon)

Down

‘

Supersymmetry :
Fermion and Boson:
different states of a

generalized entity (Superparticle)

With SUSY, infinities
disappear:
As long as M =M,

J=1/2 _ J=1

P. Sphicas
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Supersymmetry (SUSY)

SUSY (super-symmetry) premise: for every particle in
the SM, there is a super-partner with spin-'/z difference

Standard particles SUSY particles

Higgs Higgsino
Force particles Squarks ) Sleptons SUSY force
P. Sphicas CERN Accelerator School
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SUSY? What it could look [looks?] like

|Jet pT: 393 GeV |

/
/

&

-
| ‘ [Jot pT. 468 GeV

3 \ /‘

Jet pT: 57 GeV| 'ff L::
| m———
- ’ ‘ Jet pT: 214 GeV
Jet pT: 34 GeV ‘\
¥ [MHT = 693 GeV
HT =1132 GeV
MHT: 693 GeV
Meff = MHT+HT = 1.83 TeV
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No signs of SUSY yet
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SUSY with ME;: signatures and bkgs

Searches distinguished by the number of leptons
+ In all cases, demand “(high-P;) jets + (high) ME;”

+ 0/ (all-hadronic); 1¢; 2 (and break down into OS and SS)

q 0 ew Ve y {0 q X0
X 1 1

Y ) v e

9 q
g
- P
q

P

Xi
QCD multijets QCD: small W/Z(— Lv)+jets
Z(—VvV)+ jets W/Z(— Lv)+jets WW, WZ
(W,t)+jets; W—tv t(—.Lv)+jets tt(—.L.lv)+jets
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A dizzying exclusion rln
ATLAS SUSY Searches® - 95% CL Lower Limits‘ spri ng 201 3 ATLAS Preiiminary

Status: LHCP 2013 Ldt =(4.4- 207) ! {5=7,8TeV
Model e 1,y Jdets ET Im (] Mass limit Reference
—TT T T —T—TTTT T T — T
MSUGRA/ICMSSM 0 28jets Yes 203 ! 1.8TeV m@-m(@ ATLAS-CONF-2013-047
MSUGRA/CMSSM le.u djets Yes 58 mi@emig ATLAS-CONF-2012-104
MSUGRA/ICMSSM 0 710jts  Yes 203 any m(@ ATLAS-CONF-2013-054
94, §-axs 0 28 jets Yes 203 ) =0 Gov ATLAS-CONF-2013-047
9.9 0 28 jets Yes 203 ) =0 Gov ATLAS-CONF-2013-047
Giuino med. 1* (@—q%) e 2-4jpts Yes 47 mE?) <200 GoV. m(x") = O5mES em(@) | 1208.4688
a5 2e,u(SS)  3jets Yes 207 m(x?) <650 GoV ATLAS-CONF-2013-007
GMSB (INLSF) 2o 24ps  Yes 47 <15 1208.4588
GMSB (I NLSP) 121 0-2jets Yes 207 14TeV tang >18 ATLAS-CONF-2013-026
GGM (bino NLSP) 27 0 Yes 48 mF§) > 50 GoV 1200.0753
GGM (wino NLSP) le.psy 0 Yes 48 mize) > 50 GoV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) 1b Yes 48 m(E?)>220 GoV 1211.1167
GGM (higgsino NLSP) 2e.u(2) 03jets Yes 58 i) > 200 GoV ATLAS-CONF-2012-152
Gravitino LSP 0 monojet  Yes 105 m(G) > 10" oV ATLAS-CONF-2012-147
3oy Goode 0 3b Yes 128 m(E4) <200 GoV ATLAS-CONF-2012-145
§§ G2 2e,1(SS) 0-3b No 207 mix?) <500 GoV ATLAS-CONF-2013-007
E, g 0 710jts  Yes 203 miFe) <200 GoV ATLAS-CONF-2013-054
o G4 0 3b Yes 128 m(E?) <200 GoV ATLAS-CONF-2012-145
BB, B3 0 2b Yes 201 |p, 100630 GeV m(E4) < 100 GoV ATLAS-CONF-2013-053
bb, bty 2e.1(SS)  03b Yes 207 |b, 430 GeV mixs) =2 mix§) ATLAS-CONF-2013-007
3, (ight), T-+b7; 12e.p 1-2b Yes 47 [HasrGey m(EE) = 55 GoV 1208.4305, 12092102
4, (light), T-Wbz? 2o, 0-2jets Yes 03 |%, 220 GeV mEd) =ity - m{W) - 50 GeV, mity <em(x})| ATLAS-CONF-2013-048
i (medium), l'—-bi‘ 2e.p 0-2jets Yes 203 'i" 150-440 GeV mix?) =0 GaV, mity-m(z) = 10 GoV ATLAS-CONF-2013-048
_‘b(modnm) l—»bf 0 2b Yes 201 'i" 150-580 GV m(x?) < 200 GoV, m{xs)}mixs) = 5 GoV ATLAS-CONF-2013-053
T (heavy). 1] le.1 1b Yes 207 |§, 200-610 GeV' () =0 Gav ATLAS-CONF-2013-037
i, (heavy). v,—»i‘ 0 2b Yes 205 |7, 320-680 GeV mzt) =0 GaV ATLAS-CONF-2013-024
t4, (natural GMSB) 2e.1(2) 1b Yes 207 |%, 500 GeV miz$)> 150 Gov ATLAS-CONF-2013-025
Tk, st Z 3e.1(2) 1b Yes 207 |, 520 GeV ity = mix?) + 180 GeV ATLAS-CONF-2013-025
Tuniin, T 26,1 0 Yes 203 (7 85315 GeV ™) =0 GoV ATLAS-CONF-2013.049
G, 1V (9) 2e.p 0 Yes 203 (i 125-450 GeV' m(xs) =0 GaV, mil¥) = 05(ms) + mix?)) | ATLAS-CONF-2013-049
E Lty L= (W) 21 0 Yes 207 |¢ 180-330 GeV' miz§) =0 GaV, mz.v) = 0.5miz1) + mz{)) | ATLAS-CONF-2013-028
ii_;-vl,_vlll(vv).lvltl(vv) 3e.un L] Yes 207 600 GeV ms) = mizE). m(x2) = 0, m(Lv) = 0.5mixs) « mz2)) | ATLAS-CONF-2013-035
1*140—»#’11 3e.un 0 Yes 207 315 GeV mixs) = mx3), m{x?) = 0, sleptors decoupled | ATLAS-CONF-2013-035
Dueaﬁ prod., Iotg-ivadl‘ 0 1jet Yes 47 1<) <10m 1210.2852
&, A-hadrons 02e.pn 0 Yes 47 1211.1507
@ASB.M;LM& 28,1 0 Yes 47 5<tanp <20 1211.1597
GMSB, 1°—yGlong-ived 1° 27 0 Yes 47 0.4<x(f2)<2ns 1304.6310
%2 - qgu (RPV) 1e.n 0 Yes 44 1 mm <ot <1 m gdecoupled 1210.7451
LFV pp—v.+X, V -8+l 2e.u 0 - 46 Ly 010, Ay gn0.05 12121272
LFV pp—¥.4X, V. —efu)+1 Tep+t 0 - 46 Ay 2010, &y gy =0.06 1212.1272
S Biinear RPV CMSSM le.u Tiets Yes 47 (@) = m@), 0%, gp < 1 men ATLAS-CONF-2012-140
& B LWL 1 lk—oeev TN 4o 0 Yes 207 m(E2)>300 GoV, Aygy>0 ATLAS-CONF-2013-036
ﬁ'f-.w L L, STV a8V Je.u+t 0 Yes 207 m(xt) >80 GoV, k>0 ATLAS-CONF-2013-036
g-0qqq 0 Bjets - 46 1210.4813
Goig, tbs 2e,1(SS) 0-3b Yes 207 ATLAS-CONF-2013-007
Scalar gluon 0 4 pts - 46 Incl. imit from 1110.2656 1210.4826
- WIMP interaction (D5, Dirac ) Yes 105 mix) <80 GeV. imht of < 687 GaV for D6 ATLAS-CONF-2012-147
1 1 1 1 1 1 1

o Massscale[TeV]

“Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 16 theoretical signal cross section uncertainty.
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Supersymmetry

The LHC has placed very severe constraints on
Supersymmetry

+ In fact, the more “constrained” models of SUSY are now almost
excluded

¢+ So, is it dead? [it seems the press loves to declare this...]

There is a lot of room still left. But if SUSY is the
answer to the “naturalness” problem, then there must
exist light colored particles

+ Leading hypothesis: a relatively light (~TeV) top squark
(partner of the top quark)
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Searches for top squarks

Dedicated searches for both direct and indirect
production of top squarks; no signs of them (yet):

0-g production, g— tfizo

¥, production, f;— t % %, °/T—>Wbx %, *1f—>c X Status: EPS 2013
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+ But still room left for naturalness: e.g. M(gluino)~1.5 TeV;
m(stop)~300 GeV; m(LSP)~150 GeV

Really need more energy!
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Outlook
(LHC at 13-14 TeV &

at very high luminosity)

&
Summary



LHC running in at higher energy

Enhances physics reach in two ways:
+ Higher cross sections for new physics over full mass range

WJS2011
1 OO B 1 1 L] 1 l 1 1 L) T i
[ ratios of LHC parton luminosities: i
8TeV/7TeV,10TeV /7 TeV ]
and 14 TeV /7 TeV -
o gg — squarks/Gluino ,"*'
4@ —————— Xqq ~1.5 TeV ,!,'
- | qg or r"
= 10} , .
A [ ; z ]
@) SUSY -
E ) 3rd Gen’ / ~3.0 TeV
c .- ~500 GeV
= . h
1
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Very significant new reach to SUSY (stop)

— T — CMS Simulation Vs =14 TeV

— I I I r ' I I' I i I 'I J I I - —_ T T T T T T T T T T T T T T T
> - ATLAS Simulation Preliminary 3 S sool | | | 7]
O, 900 300 fb™' (<u>=60) 50 discovery = 8 - Expected o Discovery 1 ]
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Summary

The Standard Model of particle physics is actually
much more: it’s the Standard Theory of particle physics

+ An elegant description of “interactions”, based on Quantum
Field Theory (special relativity and quantum mechanics)

+ One tricky issue: symmetry breaking. Needed a truly new
mechanism — BEH? There should be a left-over boson

e For decades, one missing element — the Higgs boson

A new boson with mass 125-126 GeV has been found

+ We are probing its properties. It’s a Higgs boson! Is it the SM
Higgs boson? Need to study it in more detail
Even if this turns out to be the very Higgs boson of the
Standard Model, there are huge reasons to believe that
new physics is within reach;

+ A gigantic amount of work on searches for SUSY, extra
dimensions, etc...; Null so far, but, the best has yet to come!
The increase in energy in 2015 will give very significant

new physics reach to the experiments. Stay tuned!
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FAQ: how to make a universe
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