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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)
Is this all there is to Nature?
+ 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 type forces in nature
of force! And it must be
very, very strong.

And nuclel break up!
Radioactivity! Neutrons
become protons.

So there is yet another type

of force! And it is very, very
weak.
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Electromagnetic
’

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




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



20t century physics: quantum mechanics
and relativity

Relativity: action can Quantum Mechanics
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Quantum mechanics

System described by wavefunction, y(x,{)
+ Wavefunction: a complex number

e Probability ~ |y(x,1)|?
+ Changing the phase of the wavefunction by

some angle w, changes nothing:
o Y(x,t) —=y(x,t)e'® still means
=|y(x,t)ei?|? = |y(x,t)|? (probs unchanged)

+ We are thus free to select this phase freely.

[As long as it is the same phase
everywhere...]
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Quantum Mechanics + Relativity

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!

BUT: Dirac equation (relativistic analog of

Schrodinger’s equation) is NOT invariant under

local phase changes. Lagrangian shows this:

—(. d — /(.
L= w(zy“a)c—u—m)w = ("9, - m)y
¢ NOT invariant under “rotations in U(1)”:
i.e. under Y(x)—Y(x) €499, ..

e because of the derivative...
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Quantum Electrodynamics ()

The “derivation” of electromagnetism: insist on
invariance! So restore it.

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

L= q_J[in (au +iqAM)—m]z/J; A, —A -90

And... the fields A and y now interact:

Lint = —qw}/ﬂAﬂl/j
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Quantum Electrodynamics (Il)

But this is the interaction term in the Maxwell
Lagrangian:

1 . _
L=-—F"F, -J"'A, (withJ" =qyy"y)
167
o Thus: matter-A-matter interaction with Force Law:

ﬁ=q(—%A0+i—?)+q17x(%xA>)

“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” interaction

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 GeVI/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*
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P. Sphicas CERN Accelerator School 19
The Standard Model and Beyond Feb 03, 2014



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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The problem: the backg
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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.
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CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007, 013, 014 (WW ZZ)
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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(!)
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S
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Putting it all together...

o f LI I T 1T 17T I L I L I L I L I L I L ;
= ATLAS 2011-2012  __ ..
3 s=7TeV: [Ldt=4.648fb" e Exp.
s=8TeV: [Ldt=5.8-591fb" +16
L St Oc
10BN = 1o
102 nnman, T\ T 20
SO o 36
-4
18—5 """""""""""""""""""""""""""""" 40
-6
18—7 """""""""""""""""""""""""" 50
108
1O 60
10

10-11 11 1 | 1 =
110 115 120 125 130 135 140 145 150
. m, [sGe_V]
1o fesTTeNLosi fe-8Ten LE53D ‘
1c 0 1 10 a8 18
— np m. (GeV)

<

(O]
=)
®©
7 102 Vv = — . 3 .
Q 30 > a®
T — — e ATLAS 2011-92 5 7-8 oV
o -4 [~ | - ; A AN TV AN i
104 \\// 7 - VA |

3 S e - - 40 R i

6 ‘\. ;
107 F \/ 156

10-8 —| = Combined obs. .
====Exp.forSMH | Tl 6o
— Hovyy S ]

10 | — H->2ZZ :
10 | =—Ho WW

» » *
T T TT>

—|=——H-on11

10—125 T\H\_)?b ““““““““““““““““ 70
110 115 120 125 130 135 14 145
my (GeV)
P. Sphicas CERN Accelerator School

The Standard Model and Beyond Feb 03, 2014 34



And thus was born,
on July 4t 2012,

“a new boson with mass ~126 GeV”’;
it decayed to two bosons

(two y; 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 fcou_ld also be
higher spin, but this Is really disfavored)



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 “
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« 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
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Since the discovery...

Q_o 109 :l T T I T T T T I T T T T I T T T T I T T T T I T T |E
= ATLAS Preliminar 3
10°E Observed y is =7 TeV, [Ldt = 4.6-4.8 fo'3 Significance (my = 125.7 GeV)
3 s ]
e SM expected /s =8 TeV, fLdt = 13-20.7 b3 o Combination Expected (pre-fit) | Expected (post-fit) | Observed
Ll ey e LT T T =49
SE T TN e - i" H-2Z 710 670
E o e e e e e e ) — 40
100 ... ATLAS-CONF-2013-034 = 420 390 320
10—95:_________:: ___________________________ =60
= = 560 530 390
1012 =
10715 e W S S =86 210 220 200
1018 E = 270 260 280
-21 —
07 NS R =FNSI H—1T and H—bb 350 340 340
1024 N
115 120 125 130 135
m, [GeV] CMS PAS HIG-13-005
lATLA[S Prlelimir:ary ' ' - '2;'5 GeV Is=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"
Combined CMS Preliminary m, = 125.7 GeV
W.ZH - bb ‘ : H=080:014| p 065
‘: ';::: }t: - :;:. —_— Has not been updated to the
;_i'_’ . - § Hos bb latest result of 1.00 + 0.50
A — Hie1s012
H— WW"”  viv o
- k::;os;bm‘ R W= 1104 0.41
H-yy ‘ é
A i P == Ho vy
H-o Zz’ ) — 4 : u=077£027
\eTTeV: [Laassn’ ——
\s-noviu:-zwm‘ H- WW
Combined u=1.300.20 : Heoe8E020
V7TV La.ds. 480" .
\seBTOV: L e 13- 207" : H—-Z2Z
1 | | | 1 | ] p=092+0.28
4 0+ . T T
, 0 1 15 2 25
ATLAS-CONF-2013-034 JISUUEIRUC LN () Best fit o/o,,,
P. Sphicas CERN Accelerator School 37
The Standard Model and Beyond Feb 03, 2014



Couplings to particles

f .-..!v
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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) !
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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"
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So is this it?

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



Learning from history

With the discovery of the Higgs boson, the Standard
Model (SM) is now complete
+ The SM provides a remarkably accurate description of
experiments with and without high-energy accelerators.
With the physics of the very small [thought to be]
understood at energy scales of at least 100 GeV, the
situation is reminiscent of previous times in history
when our knowledge of nature was deemed to be
“complete”.

. Lord Kelvin (1900):

&0 There is nothing new to be discovered

in physics now. All that remains is more
and more precise measurement.

P. Sphicas CERN Accelerator School
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The magic of the Higgs boson mass

Quantum Mechanics: ultimate destructor
of small numbers (in nature) not protected by
some symmetry (thus “law”)

Higgs boson: the ultimate example.

J=1 J=1/2 O J=0
mz(p2)=m02+ F% + _O +

P.A.M Dirac

2
m’ (p2 ) =m’ (A2 )+ ngﬁ dk’
+ If no new physics up to Planck scallje, then A ~ 10" GeV
e M?2=1234567890123456789012345675432189012 —
1234567890123456789012345675432173136 = 15876 GeV?
Two possible explanations for this:
(a) The A word (b) New Physics
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The A word: anthropic [aka “accident”]

Extreme fine-tuning (ETF) of parameters: no problem!

10-4s: profbns and
neutrons form

Py 7 . 9
|1300kyears: atoms

1Gyrs: glaxies form
form; transparent univ. . .

Of the 10°% possible ways of making a universe, we live
in the one that has this cancellation — so as to ensure
that we end up with a “livable” universe as we know it

*Oxford dictionary: an unfortunate incident that happens unexpectedly and unintentionally, typically resulting in damage or injury
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The NP word(s): this is no accident

Strong dependence of Physics(Agk) on Physics(Ap)?

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

No way. There must be some physics that cancels
these huge corrections. A straightforward way:

boson fermion
A2 i x< )x =0
VAR
\ gauge
( ] boson gaugino
\ —
ey =0
g’ g g
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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

Quarks ‘ Leptons . Force particles Squarks ) Sleptons 0 SUSY force
particles

Before proceeding, need to explain:

+ Why we have not observed spin-0 electrons (or muons...) up to
now [simple: spartners are heavy; not produced thus far...]

+ Lack of other new phenomena, e.g. why proton does not decay
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Supersymmetry: TO“AE” at the Weak Scale

Despite the complexity
(doubling the number of
particles) the conceptual
price is minimal:

+ One new principle plus

Breaking mechanism

Make/keep the mass split
at ~TeV and nature’s
choice of the Higgs boson
mass is natural
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Higgs (mass) is natural ?!

60
40
20
l gauge
\ ] boson gaugino
2
g g g

A super(b) symmetry

800 Boint SUB
I
.
600 b T
[ o
— i H~4 X4: X2
2 [ bh— 9
0 4001 B
p=
ol it
L lpfp=—=l 5
L h =X
0 ) | | | |

4-0

60
40
o~
20
Dark
Matter 0
candidate o

LUNL U LU U D N D U D R U B B I B B

Without SUSYT

e e v v v by v e by

104 108 10'2 10'® 1020

Q (Gev) s2042
Grand

Unifier?

T T 1 T T T [ T T T [ T T T[T 11

With SUSY

I N AN TN TN TN I N T N T |
104 108 1012 1016 1020
Q (GeV) 830345



More reason(s): dark matter

Dark
(invisible)
matter!

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

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

> > L B B L L B AL BN ALELE NLRLELL BLRLELEL o
o B imi ° QO 44 |
N ATLAS Preliminary %Da‘az‘”z & 10°E=" ATLAS Preliminary e Data2012 =
S 10°E j = Vs = SM total To) , =
S 'WE Jldt=201f Vs =8TeV A @ J Ldt=20.110",Vs =8 TeV 727, sMotal ]
g - , , [ Reducivle bkg (MM) ~ .
™ [ 0-lepton baseline selection — o 103 1-lepton baseline selection [ Reducible bkg (MM) ]
T B . MSUGRA/XCMSSM: tan(f}) =30, A =- =0 Status: SUSY 2013 : =
§ 107 = 7jets > 30 Ge - 1000 —r—r—1— - '(l )' — o ?mbl n — v —— ] :| Irreducible bkg (MC)
T = 8 = s R ULy | 95% CL limits o525 not included. 1 63 100 100)GeV><10—_
- '_é 500 CLSP ATLAS Preliminary -~ Expecied  (janton, 26 jels 1 % ’ =
— - — | 4 w Observed ATLAS COMF - 2013047 A —
oL £ - Il.va-QO,l—"?Ovﬂb ."ls-BTeN S Eeead  Ouepion, 7-10jets R 3
— = = Obsarved Xy 1308 9841 n
- C _ Pxpeed 01 lepton. 3 brjets - l E
B 800 — \ w— Obstrved ATLAS am 1 o 3
~ r - \ \ == EBxpecied  qjapton + jets + MET 7] .
- . 1 | === Observed  ATLAS-CONF-2013-062 I R S TLLLL T
= c \ == Expecied 1.2 1aus 4 jels « MET -1 —
— 700 — w— Ohserved  ATLAS-CONF 2013008 — =
L = Expecied -§S-leptons, -4 .
- O [ S— : e Obaarved ETL‘S-CW N'-}O-mf! 30‘?‘ %l T A
- I e / ' ' ]
& 15 1 ----------- 800 = ,///// 7/
o = * - ;
© 1E = aL -
g £ 7 500 = -Bemonl QW T e e T — T E
© 0.5:_ """""""" R W NG Ny Meygtesrsie el D T Ll =
4 : | T e Y o T e St =
00 600 ¢ Q00 B T e N e _- 450 500 550
C i - miss
" , ‘ - E; [GeV]
300 |— , =
- . A L A l A L ' L l B A 1 A l‘ A A L 1 l ' Ald L l Ll L -
0 1000 2000 3000 4000 5000 6000
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A dizzying exclusion map

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: SUSY 2013 [Ldt=(46-229)fo7 V5=7,8TeV
Model e T,y Jets ET frdim] Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 203 m(g)=m(&) ATLAS-GONF-2013-047
MSUGRA/CMSSM Teypu 3-6jets  Yes 20.3 any m(q) ATLAS-CONF-2013-062
1% MSUGRA/CMSSM 0 7-10jets  Yes 20.3 any m(g) 1308.1841
2 g q—)q)(l 0 2-6jets  Yes 203 m(¥3)=0 GeV ATLAS-CONF-2013-047
S gﬁqqxl 0 2-6jets  Yes 203 m(¥3)=0 GeV ATLAS-CONF-2013-047
8 & E-qaki—qqW* Xl leu 3-6jets  Yes 203 m(#9)<200 GeV, m(¥*)=0.5(m(f})+m(z)) ATLAS-CONF-2013-062
@D gE g-qq(le/ty] )RS 2eu 0-3 jets - 20.3 m(¥})=0GeV ATLAS-CONF-2013-089
o GMSB (£ NLSP) 2e,pu 2-4jets  Yes 4.7 tang<15 1208.4688
‘@ GMSB (/NLSP) 127 0-2jets  Yes 207 tang >18 ATLAS-CONF-2013-026
= GGM (bino NLSP) 2y - Yes 48 m(P)>50 GeV 1200.0753
£ GGM (wino NLSP) leu+y - Yes 4.8 mg”/i)>5o GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(i9)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10"* eV ATLAS-CONF-2012-147
g S 5"”’5)?0(1) 0 3b Yes  20.1 g 1.2 TeV m(¥3)<600 GeV ATLAS-CONF-2013-061
> g gtk 0 7-10jets  Yes 203 |& 11 TeV m(¥}) <350 GeV 1308.1841
® Botih 0-1e,pu 3b Yes 20.1 g 1.34 TeV m(t9)<400 GeV ATLAS-CONF-2013-061
o o0 g—>b£ﬁ 0-1e,u 3b Yes 20.1 £ 1.3 TeV m(¥3)<300 GeV ATLAS-CONF-2013-061
byby, bl—vb)( 0 2b Yes  20.1 By 100-620 GeV m(i9)<90 GeV 1308.2631
0w bl by, by—tl; 2e,u(SS) 03b Yes 20.7 by 275-430 GeV m(i;)=2 m(¥3) ATLAS-CONF-2013-007
=S  H(ight), fi—bl7 12epn 1-2b Yes 47 |% 11 m(¥})=55 GeV 1208.4305, 1209.2102
S S #iki(ight), t1—>Wb)(1 2epn 0-2jets  Yes 203 |[% 130-220 GeV m(@}) =m(&)-m(W)-50 GeV, m(F)<<m(¥i) | ATLAS-CONF-2013-048
%‘g % # (medium), F; t1—>t/\/_ 2eu 2 jets Yes 20.3 f 225-525 GeV m(i9)=0 GeV ATLAS-CONF-2013-065
o g5 ~hi(medium), Eﬁbxl 0 2b Yes  20.1 3 150-580 GeV m(¥9)<200 GeV, m(E})-m(¥9)=5 GeV 1308.2631
S5 i f(heavy), Eﬁtf( 1epu 1b Yes 207 |h 200-610 GeV m(#9)=0 GeV ATLAS-GONF-2013-037
< © Hihheavy), hothy 0 2b Yes 205 |& 320-660 GeV m(i?)=0 Gev ATLAS-CONF-2013-024
D hhh aoﬁ} 0  mono-jet/c-tag Yes 20.3 2] 90-200 GeV m()-m(¥7)<85 GeV ATLAS-CONF-2013-068
# % (natural GMSB) 2e,u(2) 1b Yes 20.7 5] 500 GeV p?‘f)>150 GeV ATLAS-CONF-2013-025
b, boh +2Z 3eu(2) 1b Yes 20.7 |t 271-520 GeV m(#)=m(¥?)+180 GeV ATLAS-CONF-2013-025
ZI:;,R[L R,+€—>6X1 2epu 0 Yes 203 |7 85-315 GeV m(¥})=0 GeV ATLAS-CONF-2013-049
5 i, )@—Mv(fv) 2epu 0 Yes 203 | &, 125-450 GeV m(¥3)=0 GeV, m(Z, #)=0.5(m (¥} )+m(¥})) ATLAS-CONF-2013-049
S8 0. o) 27 - Yes 207 | 180-330 GeV. m(E)=0 GeV, m(7, 7)=0.5(m(E} )+m(i) ATLAS-CONF-2013-028
W Xl)( at’vabz’(vv) eyl L(v) 3epu 0 Yes 207 |&H 600 GeV m(¥E)=m(¥2), m()??):u, m(Z, #=0.5(m(¥5 }+m(E3)) ATLAS-CONF-2013-035
)(1)( —WX; Z)(?j 3epu 0 Yes 20.7 if,ij 315 GeV m(E5)=m(¥3), mu(, =0, sleptons decoupled | ATLAS-CONF-2013-035
X Withiy Ten 2b Yes 203 |G, 285 GeV m(E;)=m(¥3), m(¥3)=0, sleptons decoupled | ATLAS-CONF-2013-093
B @ Direct iy i1 prod., long-lived /1 Disapp. trk 1 jet Yes 203 |& 270 GeV m(¥;)-m(¥3)=160 MeV, 7(¥;)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 1-5jets  Yes 229 g 832 GeV m(¥3)=100 GeV, 10 ys<r(Z)<1000 s ATLAS-CONF-2013-057
SE  GMSB, stable 7, Ho#(e, i)sr(e.p) 1-2p - - 15.9 10<tang<50 ATLAS-CONF-2013-058
S8 GMSB, $25yE, long-lived ¥° 2y - Yes 4.7 0.4<c(i0)<2 ns 1304.6310
~ g3, X1—>qq/1 (RPV) 1u, dlSpI vtx - - 20.3 g 1.0 TeV 1.5 <cT<156 mm, BR(x)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, #r>e +p 2eu - - 4.6 431,=0.10, 413,=0.05 12121272
LFV pp—¥, + X, ¥r—e(p) +7  leu+t - - 46 241,=0.10, Ay(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 1epu 7 jets Yes 4.7 m(§)=m(g), cTisp<1 mm ATLAS-CONF-2012-140
& ¥ )?I,)? HWXl,/\/lﬁeeV,_,, euve 4epu - Yes 207 760 GeV m(¥3)>300 GeV, A1;>0 ATLAS-CONF-2013-036
)(1 X1, 00 aW)(l H—>tie, e, 3epu+7 - Yes 20.7 m(E3)>80 GeV, A133>0 ATLAS-CONF-2013-036
&—qqq 0 6-7 jets - 20.3 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—tit, h—bs 2e,u(SS) 03b Yes 207 |g 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon— ¢t 2e,p(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac ) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
Vs=8TeV 10-1 1
full data 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.

P. Sphicas

CERN Accelerator School

The Standard Model and Beyond

Feb 03, 2014

52



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

; T TTTT ‘ TTTT l TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TT \ T ‘ TTTT ‘ L
|~y T 17T T T T T 17T T 17T 1T T T L —
> a0 ATLASl Prellmmall-y | I I ] & 900 —CMS Preliminary — sus-12-024 o-lep (B +H,) 19.4 "
Ly =20-21fb"1s=8 TeV Ly =47 1" \s= 7TeV — = SUS-13-007 1-lep (n 6 194fb‘

(,2, - OL CONF-2013-024 0L [1208.1447) . § 800 - /s=8TeV P " ) .
S C oLt t -2013+ - ] — —_— 13- | 1]
Elx 350 - f: 1L, t 153 1L CONF-2013-037 1L [1208.2590] . £ C EPSHEP 201 3 SUS-13-013 2-lep (SS+b) 19.5 fb n
L EmoLi-t 2L CONF-2013-065 2L [1209.4186] ] % - — Observed susy = SUS-13-008 3-lep (3l+b) 19.5fb™
- EmeLTowby 2L CONF-2013-048 . . 21 700~ - Observed -1o, —
300 = oL mono- jetic-tag, f> oy OLmonoietiotag CONF-2013-068 - ] - ---Expected Q\ 1
C CDF 2.6 b [1203.4171] . 6001 E
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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



The LHC at 13 TeV vs 8 TeV

100 ———— . — — W. Stirling
ratios of LHC parton luminosities: 13 TeV /8 TeV !

luminosity ratio
o

MSITW20( 8NLO

1000
Mx (GeV) 2TeV 3 TeV
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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 ]
—_ - — . u - I =0, L= 3 ]
o EVs=14TeV ++300 fb" (<>=60) 95% CL exclusion = = ygool v Phasel, PU>=0, L=300fb" E
n 800 — =3000 fb"! (<u>=14 . — o - [ eeees Phasel, <PU>=140, L=300 fb i
= u>=140) So discovery = e~ - — Phasel, <PU>=0, L=3000 b 1
£ E 123000 fb™ (<u>=140) 95% CL exclusion - - — rhasel, <FU>=0, L= P .
700 @ATLAS 8 TeV (1-lepton): 95% CL obs. limit] 1400 [~ — Phasell Conf3, <PU>=140, L=3000 fb .
- CATLAS 8 TeV (0-lepton): 95% CL obs. limit - N ]
600 = 1200}~ .
500E-0 and 1-lepton combined — ye%teses, R 10001~ E
400F- S 800[- E
300F- = 600~ =
C . = C ]
200F : - 400~ =
100 : P 2001, E
OE T I ob v R
200 400 600 800 1000 1200 1400 500 1000 1500 2000 2500
Mgop [GEV] m; (GeV)
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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!

P. Sphicas CERN Accelerator School 58
The Standard Model and Beyond Feb 03, 2014



