The Higgs Boson and Beyond

Highlights of the LHC proton-proton physics programme

Andreas Hoecker (CERN)
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Mankind’s search for the smallest unit of
matter, its different forms, and the
forces acting is much, much older than
particle physics

Particle physics is a term naming the
search for the ultimate laws of Nature
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The SM is the legacy of 20t" century

particle physics

- It unifies quantum mechanics, special
relativity and field theory

- It describes ~ all laboratory data

Is the SM the theory of everything?
Or rather of almost everything? Or ...




Year

when Lgravitation 1
energy
reached
in labs
~2010

Lweak -
B 1970 Lstrong

~1900 L

atomic

10" GeV $ Planck scale (Mp,)

10 GeV ————
10'* GeV

10 TeV
1 TeV

100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV
100 meV
10 meV

GUT ?

Vg ?
LHC reach

} New Physics ? ...probing

attometer

t, Z, W, H, EWSB scales
W, b, Y, B

TJ C! n7 p; )0; ¢
u, s, w, QCD

u, d, nuclear binding E
>
core of Sun

atomic binding E

v’ls? l

Y, 9



The Standard Model

The SM consists of 24 elementary matter particles and 3 forces with total of 26 parameters

Fooriimn Matter particles Organised in 3 families

6 Leptons 6 Quarks

a (u) [c) (t)
la) (s} (b)

Force quanta Distinguishing 3 forces

3 weak bosons

Electro- @ @ @

magnetic force Weak force Strong force

. Breaks electroweak symmetry
Higgs boson .
88 @ Generates boson and fermion masses
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The Standard Model

The SM consists of 24 elementary matter particles and 3 forces with total of 26 parameters
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Above ~100 GeV, electro-
magnetic and weak
interactions are unified

Below 100 GeV, weak
interaction is weaker
than electromagnetism

Electroweak interaction

HERA data from electron—quark
scattering into e+q (NC = y,Z) or
v+q (CC = W?)



The Standard Model

Elementary particle physics is successfully described by local gauge theories

A problem: local gauge symmetry requires massless spin-1 “gauge” (=force) boson
This has been well verified for QED, with a massless photon (= infinite range)

However, the W, Z bosons are massive (= finite range ~10-'> cm)

Only way to break gauge symmetry consistently is to spontaneously break the
symmetry of the vacuum:

MZ W # O <= <O | ¢) | O> =1 # O [ non-zero vacuum expectation value ]

¢ is a complex doublet field with non-zero vacuum expectation value.
3 d.o.fs become Z, W+ masses, remaining d.o.f is massive scalar Higgs boson

This is known as the “Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism”

I
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The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

A T>T|-:w
V(g))

Potential barrier —

Higgs bubble expansion —_
[©)

0
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The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

A T>T,
V(lg))
Potential barrier — T = TEW
Higgs bubble expansion —_
e s

0
Condensation of Higgs field > ‘Cb‘

— _/

“spontaneous” phase transition

) Simplest scalar potential that breaks

2 4 e
Higgs potential: V(¢) = u’, ‘(p‘ + A‘q;‘ +Ylylyld ground state symmetry. Does what we

need, but bears fundamental problems.
Carries the seeds for new physics ...

Ecole de Gif, Sep 17, 2012 10




The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

Early universe: symmetric phase,
fundamental particles are massless
- gauge symmetry is respected

Symmetric phase - early universe

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
Photon \N\N\N\N\I\VN\N\NVNVN

Weak boson A\ '\ "\ \'V/V'\V/ 'V VN

Neutrinos >
Electrons -
Top quark >

H. Murayama
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The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

Early universe: symmetric phase, HiggsnpuetriarpHagaid énry akengphase
fundamental particles are massless

- gauge symmetry is respected Gravity ANNANAANNANANANANAN
A Higgs field displaces ground Photon ANV AN

state breaking gauge symmetry

It fills all space time (but w/o Weak boson f%@\&\/\/\/\/\
orientation as spin=0)

Particles interact with the Higgs : VIV e
: : ) Neutrinos — -
field and reduce their velocity. L AT (I
They acquire a mass proportional e
to interaction strength Electrons ) e
L
- Action of the Higgs field Top quark -

creates a vacuum viscosity

H. Murayama
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The Higgs boson -
last of the particles ¢

The SM predicts all its properties, except
for its mass. What was known about it ?

Full references for mechanism:

F. Englert and R. Brout, PRL 13 (1964) 321.
P.W. Higgs, PRL 13 (1964) 508.

G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.

It is also of note that Landau and Ginzburg had proposed a
field giving the photon a mass in a superconductor, the
mathematics of which is identical to the “Higgs mechanism”
and predates it by several years.

http://www.shardcore.org/shardpress
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Constraints from global electroweak fit

Global fit of all EW precision measurements to SM prediction constrains M

W.Heisenberg

http://dfitter.desy.de
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The Higgs boson should not be too light, and not too heavy...

Perturbativity and (meta)stability bounds versus the SM cut-off scale A

%l 350 B T | T T T | T T T | T T T B %
O, B —— Perturbativity bound 18
EI = [ ] Stability bound 1
300 — =92 [ Finite-T metastability bound | °
- o= B Zero-T metastability bound - 3
— = Shown are 1o error bands, w/o theoretical errors ] sz
250 — ]
B Allowed Not allowed |
200 — ]
150

100

16 18
Iogw(A/ GeV)

The SM Higgs must steer a narrow course between two disastrous
situations if the SM is to survive up to the Planck scale M, ~ 2x10'8 GeV
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4t of July, 2012 =

CERN LIBRARIES, GENEy,

[T -

SCAN-0008106 11.4.1983

PRELIMINARY PERFORMANCE ESTIMATES FOR A LEP PROTON COLLIDER
S. Myers and W. Schnell
1. Introduction

This analysis was stimulated by news from the United States where very
large pp and pp colliders are actively being studied at the moment.
Indeed, a first look at the basic performance limitations of possible PP or
pp rings in the LEP tunnel seems overdue, however far off in the future a
possible start of such a p-LEP project may yet be in time. What we shall
discuss is, in fact, rather obvious, but such a discussion has, to the best
of our knowledge, not been presented so far.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration.  Thus, we shall assume throughout that the maximum energy
per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should
be clear from this requirement of "Ten Tesla Magnets" alone that such a
project is not for the near future and that it should not be attempted be-
fore the technology is ready.

Duration of projects /planning stability:
First LHC workshop 1984 !
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Producing the Higgs Boson and Searching for New
Physics at the TeV Scale Requires a Huge Machine

Particles accelerators:

~> Look deeper into matter (size ~ 1/E)
(“powerful microscopes”)

-> Discover new heavier particles (E = mc?)

> Probe conditions of the early universe (E = kT)

de Broglie

Einstein

1% | Boltzmann

Lawrence

Ecole de Gif, Sep 17, 2012
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The LHC proton proton phy51cs programme

1. Mass and electroweak symmetry breaking

— Search for the Higgs Boson, measurement of its properties

2. Hierarchy in the TeV domain

— Search for new phenomena moderating the hierarchy problem

— Search for the unexpected at the high-energy frontier

3. Electroweak unification and strong interactions
— Precision measurements and tests of the Standard Model

— Tests of perturbative QCD at the high-energy frontier

4. Flavour

— B, D mixing, rare decays and CP violation as tests of the Standard Model

Ecole de Gif, Sep 17, 2012
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Proton—Proton Collisions

» For proton-proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions
Representing structure of proton

NEW AND KNown ParTicLes® @ €'€™ collider Hadron coll1der\)_\ff ’Z\ T
Lo / \'\" 1\ e
v e m 1 § ‘\\\\ \\\\{ t\\Y\;\ |
n,.\‘* : 1‘ h . ~ : 3 I
- N4 " 4 FIREBALL (ENERGY) = * H\)
[

&N 5y 777 (MINI BIG-BANG)

77
ELECTRON L%/ Lo POSITRON
(MATTER) ~ *4 IV (ANTIMATTER)
~ . e <
Bl ™
E:m.c? 0 | : @
. \
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Proton—Proton Collisions

» For proton-proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions Hard scatter parton cross section
Representing structure of proton Higher order pQCD correction;
accompanying radiation, jets, ...

X = jets, W, Z, top, Higgs, SUSY, ...

Underlying event

« CM energy of parton collision: s = M)Z( =X, X, " Sc

» The parton density functions rise dramatically towards low x:

- Higher cross section at higher proton-proton collision energy
- More luminosity also achieves higher effective energy

- Low-x (eg, Higgs) dominated by gluon-gluon collisions: “gluon collider”

Ecole de Gif, Sep 17, 2012
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Recorded Luminosity in 2011

Luminosity is key quantity: rate = cross section x efficiency x luminosity

L T H S N e N Iy E B N R ER E Y N E Y E H Y B E N B B R EE B B | T Surpassed
ATLAS integrated R - ' | Tevatron
luminosity in 2011 = 7 ATLAS Onllne Luminosity Ns=7Tev of
y -?) - LHC Delivered 4.1x10%?
(in 2010: 0.04 fb collected) 8 OF ] aTLAS Recorded s 3
% 5;_ Total Delivered: 5.61 fb' : ]
- - Total Recorded: 5.25 fb' S E
2 41— ]
© - ]
> 32_ Peak L = 3.6x1033 s~'cm—2 B
c C Max L per week = 0.58 fb~’ -
C__|§ 2 :_ Max Nogii-punch = 1331 (At =50 ns) —:
S :
1 - ]
O: |||| 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 :
28/02 30/04 30/06 30/08 31/10

Day in 2011

]
? 3 -
v - 3 v 4 >
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Recorded Luminosity in 2012

Luminosity is key quantity: rate = cross section x efficiency x luminosity

New recordsin2012at +_ 20~~~ T~ 1 T T T T T
= ~  ATLAS Online Luminosity \s=8TeV m
8 TeV CM energy = 18- | —
= - LHC Delivered .
c - ATLAS Recorded n
€ 14
3 —/~ Total Delivered: 14.41 fb' 0
S 12E% Total Recorded: 13.50 f5' -
O] - _
© 10 —
> gf Peakl=7.7x10% s o2 E
c - Max L per week = 1.35 fb~" -
o 6:_ Max N, punch = 1380 (At = 50 ns) =
2 A status: 10 Sep 2012 —
2 =
O: | | | | | | | | | | | | | | | | | :
01/04 03/05 04/06 06/07 07/08 09/09
Day in 2012
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Recorded Luminosity in 2011

Measured with forward detectors, calibrated with beam separation scans

High luminosity comes at a
price: probability of parasitic
collisions in one bunch
crossing (= pileup) increases

Peak of up to 22 collisions
per crossing reached (almost
doubled in 2012)

Another price to pay: higher
trigger thresholds - low-pT
physics suffers

Z — uu event in ATLAS with 20 reconstructed vertices §

AN

1 EXPERIMENT

Run Number: 189280, Event Number: 1705325
Date: 2011-09-14 02:47:14 CEST




Recorded Luminosity in 2011
Measured with forward detectors, calibrated with beam separation scans

i X . T O 4= e E

Ecole de Gif, Sep 17, 2012
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ATLAS and CMS have Measured Inclusive and Exclusive
Jet Cross Sections at never Explored Energies

Differential jet cross section versus jet p; Differential jet cross section versus di-jet mass
;‘ 1 024 :_I ] T ] T T T T 1T | T T T T LI 42 _: ;‘ 1030 :_I T | T T T T T T 7T I* T T I16 I_:
> o - @ik, iets, =04 ® y<03(x10%) 'q:) il Svstemat ; a0=y <4t Ex ]8143_
- : O 03<ly<0.8(x10%) g 27F ystematic 5=y <4.0 (x s
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S 108" em e NI = Y 53Irs3R b
Z = —e— A ope ek D S 107 9 NLOJET++ O 18:v<20 (x 102 7
=== o = . = o C CT10, u=p_ exp(0.3 y* A 10=y*<15 (x10) J
> 10'°F —e—__ * - Y 36<ly<44(x10%) 5 N o ¢ k=P, O3V B 08IV STe Giod) T
© = —o— - o B g 10°°F Non-pert. corr. ° V' <05 (x 109
|—1 012 i*_._ —— O .- 3 e} il ' ]
Q. C —— —o-, - B 18 = 2] i
LS, 9 Fr—i— . T, U = c\_g 10°= ATLAS ==
Nb 10 = e A - © o == _ 15 2o —
© 106 . —— -E-_E-—E— -.-+-- o 1070 **"‘4 =
il = - < - -
C p—— —O- =B == _T = =9 BEY= S
all e -E-'E' =l s 1012 L -6-.9. —
3 [t — = == . il e S ==
10 F —fe— —h— == | B C -, =z B
— ElE — — —— - —
— e e %-g- — 109 — e "'--* e == —
1p==__ _ - __ o= == | = — T —v— =
1 0 F{ | Systematic == == e = - '.'-.-_._ _
:_ uncertainties == % ! _: 3 — . . '.'-0:.. — A —
1 0'6 = NLOJET++ == — 10° F anti-k, jets, R=0.4 'o..'.‘ —
F10] (CT10, p=pl™) — = § — -
-9 [ Non-pert. ccT)rr. A TLAS = 1 i \E =7TeV, fL dt=37 pb gl E
1 0 1 | | | 1111 I | | | | 11 11 | N C 11 ‘ 1 1 | | 11 11 | I— | | | | ]
20 30 102 2x10? 10° 107 2x10” 1 2 3 4567
p, [GeV] s ToV]

Agreement over many orders of magnitude gives confidence for new physics searches

]
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A beautiful dijet event from ATLAS: m(jet-jet) = 1.9 TeV, pr: 0.9 TeV, 0.8 TeV

150eT(Gev) - Run Number: 160958, Event Number: 23181152
Date: 2010-08-08 13:57:31 CEST




High-energy jets probe new particles and interactions

Measure di-jet invariant mass and angular distributions

2 — 2 parton scattering to
two jets described by QCD

Tends to scatter at smaller
angles than if there were
new particles produced

Recall atomic substructure
discovery in Rutherford
scattering: deflection at
large angles !

New, high-scale interaction ?
New bound state (Far&itie) ?
Are quarks aomposi&es ?

Ecole de Gif, Sep 17, 2012



High-energy jets probe new particles and interactions
Measure di-jet invariant mass and angular distributions

Observed and fltted m(jet-jet) distributions 0 Centrality versus m(jet-jet)
»w Er - rrrrrrrogpor oo L T I: = . | | | | |
= 1 W B .. N
S 10°L s=7TeV, [Ldr = 48" - ATLAS Preliminary o
> = e Data ] - 1 .
L - ] - Ldt = 4.8 fb",Ns=7 TeV sfd ]
10* — Fit = 0.5 f :
E . E | ——— QCD Prediction : ]
3 - o q*(1300) . - [ ] Theoretical uncertainties .
107 © Q(2000) 3 0.4 [ Total Systematics : _
» - . B . data ]
10 E = I SRR TLILLETE Contact Interaction:A=75TeV : _{ -
- 3 e QBH (n=6) : M_=4.5TeV 5 i
10 =5 0.3 g m =25TeV B
= 3 I g T 7
C ] . —— Upper boundary to control region : i
1 | - ——— Lower boundary to search region : 7
= = 0.2_— s ]
10" . E| B ]
= ATLAS Preliminary N - _
8 E‘ L L L 1 T E 0.1_
c 2r E Recvoraeaieg-e i
$ o= - : :
’E _25_ _f 0_ I I I I I I I i
= I O N E A I I R B 1000 1500 2000 2500 3000 3500 4000 4500
® 1000 2000 3000 4000
Reconstructed m, [GeV] m; [GeV]

378
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High-energy jets probe new particles and interactions
Measure di-jet invariant mass and angular distributions

No deviations from SM seen - set limits on hew phenomena:

Benchmark model Observed limit
at 95% CL
Resonant Excited quarks m(qg*) > 3.4TeV
Non-resonant 4-quark contact interactions A > 7.8TeV <~2x10-8cm

1014cm

103 cm
102-108 cm
10°-10-" cm quark
A
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Leptons are pure SM and new physics probes with

much reduced strong-interactions background

2"/ W ?

e/v

Unification of forces ?
Left-right symmetric models 7
Compact extra dimensions ?
Technicolour ?

Higqs extensions ?

Ecole de Gif, Sep 17, 2012



Leptons are pure SM and new physics probes with
much reduced strong-interactions background

B trigger paths
°4 2011 Run,L=1.11b" -93' P

3 CMS Vs=7TeV

I low p_ double muon
high P, double muon

z What’s happening
in this tail ?

0
dimuon mass [GeV]

Unification of forces ?
Left-right symmetric models 7
Compact extra dimensions ?
Technicolour ?

Higgs extensions ?

Ecole de Gif, Sep 17, 2012



Events

Observed and predicted dielectron mass spectrum
-> Search for bumps

1 07 T I T T T T T T T T I
10° ATLAS Preliminary  « Data 2012
] Z’ — ee Search Ozn:
10 i
f Ldt=509fb" Cloiboson
10* [ I

\Vs=8TeV [ Dijet & W+Jets
[]Z(1500 GeV)

[ ]2(2000 GeV)

10°

10?
10
1
107"
1 0'2 1 I 1 1 1 1 I
100 200 300 1000 2000
Mee [GeV]

95% CL lower limit:

Ecole de Gif, Sep 17, 2012

Events

Searches for Z’ and W’resonances in decays to e/ u
Use dilepton / transverse mass to search for excess over SM

Observed and predicted dimuon mass spectrum

T T T T T T T I T
ATLAS Preliminary ¢ Data 2012

Z'—uu Search Ozv~
f Ldt=6.1f" Opivoson
B«

Vs=8TeV []Z'(1500 GeV)

[7]Z'(2000 GeV)

10
10" ] 1&__%
1000 200 300 1000 2000
m,, [GeV]

m(Z’cgy) > 2.5 TeV

*)Constructive interference model
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

ST I— ATLAS Preliminary
© = 35pb” g g : : 5
S - S— LHC pp Vs = 7 TeV
© . B 35pbT Theory
107 : ' ' = Data 2010 (L =35 pb’)
- o Data2011 (L=1.0-4.7fb"
10° = LHC pp Vs =8 TeV
= s Theory
- e Data2012(L=5.81fb")
B C : : :
10° o' g
= : - S
— 1.0fb" L :
~ a7t g
= p—, i . 581"
— 1 :
10 = 461 211 E—I-—!
- : 4.7 b
T Tz 1 g ot bww T wz Tw Tozz

Lo Wt ) a' s
S A\ /é/ - -
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

LHC is top factory: . ATLAS Preliminary
At 7 TeV CM : LHC pp Vs = 7 TeV
energy: ~25 s Theory
times larger 5 .x = Data 2010 (L=35pb™)
cross section p_¢ \ o Data 2011 (L=1.0-4.7 fo’)
than at Tevatron B e |
L 11] W LHC pp Vs = 8 TeV
: : mm Theory
e Data2012(L=5.81fb")
B = ] : : :
10° om0 | g
= ‘: 3
— 1.0fb" L :
- P47 :
| I S S T
10E 461 oap =3 z
- : 4710
T Tz 1 i Tt T oww T owz T w2z

F ‘.’..-,’— < 1 _', / a Q , J
; A =4 v
JA\ (5 P
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The top quark is the heaviest known elementary particle

— Almost as heavy as a gold atom...

— It is that heavy that it decays to bW* before it can
form hadrons: its lifetime of 5x102% s (half a
yoctosecond, T't = 1.5 GeV) is smaller than
hadronization time: 1/Aqyc, ~ 3x10% s

— When a top pair is produced at LHC, it can only fly
~0.1 fm within its lifetime, but the typical hadron

size is 1 fm. At 0.1 fm, QCD is weak due to
asymptotic freedom

— There are thus no topponium bound states

— Top is believed to be preferably involved in
reactions with heavy new physics particles

nd
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

LHC is top factory

Semi-
leptonic
tt decay
(~30%,
lep=e, u)

ATLAS Preliminary

LHC pp Vs =7 TeV
Theory
= Data 2010 (L = 35 pb™)
o Data2011 (L=1.0-4.7fb"

LHC pp Vs =8 TeV
mm Theory

e Data 2012 (L=5.8fb")

oy
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

% 500__1 L L L B B B ‘ﬁ ATLAS Prellmlnary
O ATLAS Preliminary * " =7To/201 bae - : : : .
© [ 070 == Rk LHC pp (=7 TeV
[)] 400 Pz +jets ]
:]C_J' i B single top ] Theory
a0 — iy ] = Data 2010 (L= 35 pb’)
500 7 reenany 1 o Data2011 (L=1.0-4.7 fb")
i Clean top .
200 reconstruction - LHC pp Vs =8 TeV
I (here: hadronic mm Theory
ook top mass) i e Data2012 (L=581")
06id e z
100 150 200 250 300 350 400 : . L : :
; L 47 ; ;
Moy [GeV] R B sat
: : . 460" 91t : 3 3
« First precision measurements of top - 471
cross section and mass at LHC : : : : ’
» Searches for new physics in top - | — T T e T T =
production and decay tt

—— TS Qr
- \ ! £ 5 4
A\ = 5 <l
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

()]
o
o

L L L LA N L N B |

400

Events / 8 GeV

300

200

100

o
100

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\%
ATLAS Preliminary

0.70 fb'

150 200 250 300 350 400

® \s=7TeV2011Data -

[Jtm, =1725GeV
W + jets (DD)
Z + jets

B single top

I QcD (DD)
dibosons

77/, Uncertainty

Clean top

reconstruction
(here: hadronic
top mass)

Migp. [GeV]

* First precision measurements of top
cross section and mass at LHC

Searches for new physics in top
production and decay

T ——.

ATLAS Prellmlnary

CMS Preliminary

Summary of weak boson and top cross section measurements vs. theory

CMS 2010 dilepton ®
JHEP 07 (2011) (L=36 pb")

1/5.5+x46+46

(val. = stat. = syst.)

173121+ 2.7

(val. = stat. = syst.)

1725+ 0.4+1.5

(val. + stat. = syst.)

173.5+0.4+1.0

(val. = stat. = syst.)

1735+0.7+1.3

(val. = stat. = syst.)

173.4+ 0.4+ 0.9

(val. + stat. = syst.)

CMS 2010 lepton+jets ®
PAS-TOP-10-009 (L=36 pb")
CMS 2011 dilepton "
arXiv:1209.2393 (L=5.0/fb)
CMS 2011 lepton+jets s
arXiv:1209.2319 (L=5.0/fb)
CMS 2011 all-jets o=
PAS-TOP-11-017 (L=3.54/fb)
CMS combination -~
up to L= 5.0/fb

—=O=t

Tevatron 2012 combination
arXiv:1207.1069v2 up to 5.8/fb

173.2+ 0.6+ 0.8

(val. = stat. = syst.)

160 165 170 175

180

185
Moy [GeV]
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

%) 50074 LA LA AL LI I L B I ‘ﬁ ATLAS Prellmlnary
0 " ATLAS Preliminary (° =7 TeV2ou baa 1 |
° = onn T SN e 10 —
£ — i 19 o SM fit w/o m\rheasurement =
o L I Qco (DD) il — -
|.|>.| L dibosons J - SM fit w/o m nd M,, measurements -
3001 777/; Uncertainty T 8 — —]
i ] - -@- mki" ATLAS mefsurement [arXiv:1203:5755] -
- Clean top : 7 B in ] =
200; reconstruction B = - mKi" CMS meas rv,:ment [arXiv:1209:2319] 3
i (here: hadronic 6 — m!in Tevatron av age [arXiv:1207.1069] —
100} top mass) _: 5 f_ -O- mP°'® obtained fro _f
_ : 4 - — 20
0 ] : — -
100 150 200 250 300 350 400 3 .
mtggo [GeV] E E
2 — —]
« First precision measurements of top 1 f_ ........................................................................... _f 16
cross section and mass at LHC 0 = =
» Searches for new physics in top 160 165 170 175 180 185 190
production and decay Gfitter arXiv:1209.2716 m, [GeV]

T—— — ‘—r R—v or—i .
/./ A y & Fd
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

1000

Candidate Events

- 2 jets 1 tag

——r——7
- ATLAS Preliminary

————
0.70fb'@ 7 TeV T

ATLAS data
I single-top t-channel <
B single-top Wt
B single-top s-channel ]
[ ] top pairs
IR \Wbb/ctHets
I Wediets

W-ight jets

Diboson
N Z+jets
Bl Multijets

MC normalized to fit values

ATLAS Preliminary

LHC pp Vs =7 TeV
Theory
= Data 2010 (L = 35 pb™)
o Data2011 (L=1.0-4.7fb"

LHC pp Vs =8 TeV
mm Theory
e Data2012(L=5.81fb")

04 06 08 1 |
NN output
i | = ) g 5.8 fb"
10E e
- 471
1 oz T g t ww owz owe Tozz

=~
]

Ecole de Gif, Sep 17, 2012

W+

t-channel
dominates
single-top
production

Expected cross
sections for

t, Wt, s chans.:
65, 16, 4.6 pb
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

L=4.331b", e+jets CMS Preliminary \s = 7 TeV L ATL AS Pre||m|nary
Q&S') 2000 :— ngl aft a-driven E
g 1800 - Eﬂ’ LHC pp @ 7 TeV
- C NN =7' 1 TeV/c;
o 1600 — gz %TeV/c
5 - 9@&“5@”“‘% 1
3 1400 .
> -
T 1200 —
2 - N
© 1000 —
800 —
600 —
- 4
400 = —
C T ]
200 — T :
oE ' LA |
0 0.5 1 1.5 2 2.5 3 3.5 24 ; ) i ; 5.8 fb™
M. [TeV/c?] L 46t :
tt 4 6 b H 21 fb-1 +!
- L 4.7 !
W Tz t L oww T owz Tow T oz
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

ST I— ATLAS Preliminary
= — 35 pb-1 E E E
IS - S— LHC pp Vs =7 TeV
© . B 35pbT Theory
10" - : = Data 2010 (L =35pb™)
- o Data2011 (L=1.0-4.7fb"
10° = LHC pp Vs =8 TeV
= s Theory
- e Data2012(L=5.81fb")
B CI - : :
10° o' g
-  10fY/t
10
T Tz 1 g ot ww owz owe Tozz
P A\ S .
e A\ LB onas A
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

8100 ATLAS Preliminary | The long
s £ 35p0’ : 5 | : : é road to
o§ - e LHC pp Vs = 7 TeV measuring

— a4 : :

10° L L Theory ) electroweak
— e O Data =1.0-4. .
B E 2:, ATLAS Preliminary o pu E breaking

1 03 - g 20; det=4.7 ' : ZZSimuIation. é LHC pp Vs =8 TeV
E 2 18;* \/§=7Tev . Total Uncertainty 7; - Theory
— g 16F Estimated Background:{ »
~ @ g 0.7 157 (stah) 37 (syst) e Data2012(L=5.8fb")

3 E : ; :

1 02 =i 10 E
- . f
B 6 E
- N "

10 : g bl
= 100 200 300 400 500 toio ~ 700 H(130 GeV) — WW
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F.'-:‘"” 1 " ~ <&
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A 4u event seen in ATLAS

@ATLAS

EXPERIMENT
http://atlas.ch

|

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST



A2u2e event seen in ATLAS

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 @7:54:29 CEST
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Hunting for the Higgs Boson

Tevatron Run Il Preliminary, L <=10.0 fb"
_—

==axx  Expected

The Higgs boson has been vainly searched 5 |s Expected . Tevatron
~ » served 3 i j
for at many accelerators =10 [ = ..o Erpscieq [ CACISIONE
£ Fr | +2s.d: Expected -
. 3 |a —
Best non-LHC 95% CL limits from LEP (CERN, 3 EN
1989—2000) and Tevatron (Fermilab, 1990—2011): X [8
H ©
® |3
my, > 114 GeV .
1 = — sm=1
147 GeV < my < 179 GeV e
RN e

150 160 170 180 190 200
m,, (GeV/c?)

100 110 120 130 140
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Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly via gluon fusion
Oy total ~22 Pb at 8 TeV for my, = 125 GeV (-20 x Tevatron; >200 x rate given luminosity)

Total production of ~210 thousand SM Higgs bosons of
125 GeV in 2011 and 2012 in each ATLAS and CMS (by 07/2012)

Higgs-strahlung

Ecole de Gif, Sep 17, 2012



Higgs boson searches at the LHC
Higgs production and decay probabilities predicted vs. Higgs mass by SM

it il b e — o o

\'s= 8 TeV

Higgs cross section
decreases rapidly
with Higgs mass

T IIIII|
LHC HIGGS XS WG 2012

Total productio “E

AN\ 2
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Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly via gluon fusion
Oy total ~22 Pb at 8 TeV for my, = 125 GeV (-20 x Tevatron; >200 x rate given luminosity)

Because of the coupling to the W,Z,q,t,g,y
mass of the decay particles:

... the Higgs will decay with

preference to the heaviest H
particles allowed Ty S

... the Higgs does not couple
directly to photons and

gluons, but only via “loops W}z,;q,i.}s;y
involving heavy particles
(e.g., top, W)

Ecole de Gif, Sep 17, 2012



Higgs boson searches at the LHC

Dependence of the branching fractions on M, drives search strategy

Branching fraction

ww

i .-l-"l"'i L

Ecole de Gif, Sep 17, 2012

200 220

240
Higgs mass (GeV)

For medium to heavy Higgs:
« Lepton final states via WW®™)  ZZ(*)

For light Higgs:
» Lepton final states via WW*, ZZ*
« Di-photon final state
« Di-tau final state

The dominant H — bb mode is only
exploitable in association with W/Z or
tt, also with strong Higgs boost

Associated leptons provide trigger signal as they help
to reduce huge QCD background, s(bb) ~ O(100 pb)



3 ¢

A )

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT ’

Run/Event: 194108 / 564224000

H — yy candidate event (CMS) — note: background dominated sample




H — yy

Clean discovery channels for Higgs, allowing precise mass determination

Benefit from excellent energy resolution and photon identification capabilities of ATLAS/CMS

CMS Vs=7TeV,L=51fb"'{s=8TeV,L=5.3fb"

% o L L R B A I L L I AL R B AL A ] > B L
10 ATLAS 4 DataS/B Weighted N 8 - >
o 100— , , _ -] _ O Unweighted
> - —— Sig+Bkg Fit (m =126.5 GeV) . 1) I 01500
_*g) 80— @ NwL. 0 et Bkg (4th order polynomial) _ ~1500 R =
ke, u . —~ k 8
s F ] 2 | 5
wo 60— RN -] % i 211000}

- m S L

40— . . - '-gmoo— 2
” C s=7 TeV, [Ldt=4.8fb = f [ m,, (GeV)
L /s=8 TeV, [Ldt=5.91b" H—yy u e i i
C N 2 . _
———— (% ¢ Data
(@] 8 | _
g o = 500 _— sigr ]
(;) A A —~~ | oo B Fit Component
2 o — C_e [ [ J=+1o i
> 4 N | [ <20 ]
; '8 1 1 1 1 1 t’ 0 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
W 100 110 120 130 140 150 160 @ 110 120 130 140 150
m,, [GeV] m‘{Y (GeV)

Maximum excess of 4.50 (4.10) seen by ATLAS (CMS) at 126.5 (125) GeV

Laaih s <55 /)
o - 748 Jm. —! /;j,, tz

Both experiments classify events according

to resolution and topology in ML fit



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47 279030 GMT
Run/Event: 195099 / 137440354 \

\

]

H — 2e2u candidate event (CMS)



H— 27" — 2(e, u) + 2(e, {)

Clean discovery channels for Higgs, allowing precise mass determination

va}: ARl j‘;"?if;;i_r i

Benefit from excellent energy/momentum resolution and identification capabilities at ATLAS/CMS

cMms Vs=7TeV,L=51fb" Vs=8TeV,L=53fb"
% B l. ‘D lt T T T | T T T T | T T T T ] LT | T T T | T T T | T T T | T T T | T T T '_
| a a i — E T T T ] -
10 - “ ATLAS ] %) 16 C ¢ Data % 6F K, >05 1 ]
2+ [l Background Z+ets, tt . ™M 14 [zy* 2z A i1
c B . 7 ~ B wn E
SN [ ]Signal (m =125 GeV) 1 n - [ ]my=125GeV =23t .
20 " E c 12r o ]
" % Syst.Unc. ] S °t o 2F ]
o R > - 1F ’e ’ [ ¢ oo -
150Vs = 7 TeV:fLdt = 4.8 fb" ] w10 1 of E
L i C 120 140 160 ]
Vs =8TeV:[Ldt=58fb" ] 8 ? My (GeV)
S
- 2
O_ O 1 L L :
100 150 200 250 80 100 120 140 160 180

m,, [GeV] m,, (GeV)
Order one S/B ratio. Maximum excess of 3.60 (3.20) seen by ATLAS (CMS) at 125 (125.6) GeV

il NP = '
i A\ >4 -
JIA\ o s -

Ecole de Gif, Sep 17, 2012



H— WW® — 2(e, u) + 2v

Not clean, but abundant (competitive at 125 GeV) — little mass sensitivity

ATLAS arXiv:1207.7214, CMS arXiv:1207.7235, both submitted on Aug 1%, 2012 to PLB

Signal selection: reconstruct transverse Higgs mass, exploit W polarisation (leptons emitted in same dir.)

CMS \s=8TeV,L=5.1fb"
> T T T T | T T T T T T T T | T T T T | T T T T = > 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
2 140 ATLAS 4 Data = SMsOsey | QT ¢ data
- Bl ww [ WZzzwy ] 40 _
2 120 s=8 TeV =Ldt=58f" [J& [@SngeTp — 'O 7} [ my =125 Gev
-~ - Bl Z+ets [] W+ets ] ; i ww
2 100L HWW —>ev|:|v/|:|vev +0/1 jets COHizseev 7 @ | W
) - - = 30F n
S - s c ! top
L 80 ] Ll - B Z+jets
B i I [ W+jets
| — 20 | _
60 : . !
a0 Z = 3
- 7 - 101 m .
20— o ] - | %i 1
| ey : 0_ [ ;M *i + —Hﬁ
%0 100 150 200 250 300 0 50 1 OO 150 200
m; [GeV] m, (GeV)

Some excess seen by both experiments: 2.80 (1.60) for ATLAS (CMS) at ~125 GeV

- A\ 3~
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Combining all the channels
Discovery significance

va}: ARl j‘;"?if;;i_r i

All results [yy, ZZ, WW, tt, bb] combined. Left: ATLAS right: CMS — low mass region shown only

1CMS \F 7TeVL 51fb \F 8TeVL 53fb1
Q_o ET T T T | L | LI | L | L | LI | LI T T TE T T 1
= ATLAS 2011-2012
3 {s=7TeV: [Ldt=4.6-4.8 fb" - Exp.
— . -1
{s=8TeV: [Ldt=5.8-591fb C+1o = 10° ~—
1 e - - - oA T D LI IIICIIIIITIIIIITIIIIC oI IITIIIIIIIIIIZIET 0 (@] C
101 """"""""""""""""""""""""""""""" > 1(()j 01045 \\ // 340
o A7 20 105 \_\:/ j
-3 e Ut L = .
18_4 30 10 6 \\’ 56
D e e 40 107
10 “‘\ 10‘8 —— Combined obs. \u__
""""""""""""""" 590 et e - - = Expected for SM H BT
10_; . . 109 — Hoy . 160
10_9 10_10 —_—H->2Z
o0 595 (4.90) local - 6o o —hn
10_11 Lol |p|v|a|IL|Ie| ?lb? (elxlpl)l [ I‘L | R B 10 12|r - \H\_)\ bb 70
110 115 120 125 130 135 140 145 150 116 118 120 122 124 126 128 130
m, [GeV] m,, (GeV)

ATLAS (CMS) sees 5.90 (5.00) excess at mass of 126.5 (125.3) GeV, d(mass) ~ 0.6 GeV
T e y
s N\ )
IR - e
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ATLAS 2011-2012 @g- 1

s=7TeV: [Ldt=4648f7 L[1=20

~ _ ke » — Observed
\s=8TeV: [Ldt=5859f" Bkg. Expected

Whole sensitive
mass range

95% CL Limit on n
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ATLAS 2011-2012 @3-

s=7TeV: [Ldt=46-48f7 L[1=20

- _ e 9 — Observed
\s=8TeV: [Ldt=5859f" Bkg. Expected

Whole sensitive
mass range
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(e)]

ATLAS: my=(126.0 £ 0.4 £ 0.4) GeV
CMS:  m,=(125.3£0.4 £+ 0.5) GeV

m, ~ (125.7 + 0.4) GeV

Private average

Signal strength

— Observed
-2 In A(u)<1
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Tevatron publishing final Higgs search results
Evidence for excess in H — bb produced in association with Z/W

CDF & DO, arXiv:1207.6436

Channels depends on good jet energy reconstruction. Harder at LHC due to increased background

— 800 -1 Q 102
Ng - TevatronRunll, L, <9.71b = Tevatron Run II, L_<9.7 fb" — 1-CL, Observed
S oo 142 b-Tagged Jets z T — 1-CL, Expected
o “+ Data - Bkgd S Bt o
I B EWZ 5 B
Z - zZZ o
o 200~ mm Higgs Signal 2 1
c - m.=125 GeV/ic?| &
S & 10"
L 200?
0 10-2
i ++ + 10°
-zooj L1 L1 | ‘ I | ‘ I | ‘ I | ‘ I | ‘ I | ‘ I |
0 50 100 150 200 250 300 350 400 100 105 110 115 120 125130 136 140 145150
Dijet Mass (GeV/c?) m,, (GeV/c?)
Maximum local excess of 3.10 at 135 GeV (~10 expected but coarse mass resolution
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IATL‘ASI 2014 - 2ol1z

W,ZH — bb

I
i m, = 126.0 GeV

Vs=7TeV: [Ldt=4.7 b
H— 1t

Vs =7TeV: [Ldt=4.6-4.7 fo”

H—WW" = vy
Vs=7TeV: [Ldt=4.71b"
Vs=8TeV: [Ldt=58fb"
H—vy

Vs=7TeV: Ldt=4.81fb"
Vs=8TeV: fLdt=5.91b"

H—zz" - 4l
Vs=7TeV: [Ldt=481b"
Vs=8TeV: [Ldt=581b"

Combined

Vs=7TeV: [Lot=46-481" u=14+03
Vs=8TeV: [Ldt=5.8-591b"

| —8—
i |

-1

0 1

H— vy

H—2ZZ

H— WW

H— bb

CMS

s it the Higgs boson with JP¢ = 0** and SM couplings ?
Individual channel strength wrt. SM expectation seen by ATLAS and CMS

(s=7TeV,L=5.1f" {s=8TeV,L=5.31fb"

m, = 125.5 GeV

-

f”+

2 3
Best fit G/GSM

Signal strength ()

H — yychannel a bit strong, overall agreement with SM within large uncertainties

378



s it the Higgs boson with JP¢ = 0** and SM couplings ?

ATLAS & CMS prepare to measure couplings under various hypotheses

Observed o: [U-BR](;’;‘ —>H — ff)

4
Kr

3

obs

T T T I T T T I T T T
ATLAS Preliminary
Is =7TeV, [Ldt = 4.8 fb
Is = 8TeV, [Ldt = 5.8-5.9 fb!

-
e

-
_——
S —_

:|>IIII|IIII|IIII|IIII|IIII|IIII

_________

+ SM

X Best fit
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- =21n A(KV,KF)

-
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- —_———
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85— ATLAS Preliminary 2011 + 2012 Data J

u s=7TeV: [Ldt = 4.7-4.8 fb" 3
75 {s=8TeV: [Ldt=5.8-5.9 b —
6:— —H-yyand H—>WW" > iv =

- —H=yy =
= —H-ww" - A
I e R E
;
2 =
e O s E
O |||||||| 1 .
3 -2 1 0 1 2 3 4 5 6

Wyer+vh / UggF+ttH

So far, no disagreement with SM; significance of VBF channel still below 2o

F‘-' -
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s it the Higgs boson with JP¢ = 0** and SM couplings ?
Individual channel strength wrt. SM expectation seen by ATLAS and CMS

Michael Peskin, in theoretical summary talk at HiggsHunting (July 2012) [arxiv:1208.5152]:

SM strength (i.e., ‘large’) coupling to WW, ZZ is
“ prima facie evidence that the new particle is CP even

spin O field with a vacuum expectation value that breaks
SU(2) x U(1). This is what we call a ‘Higgs boson’. ”

3B

68



— Intense curiosity —

A new era in particle physics has begun: the exploration of planet Higgs

- What is its mass and width ?
- What isitsspin?

— Does it break EW vacuum symmetry ?
— How does it couple to SM particles ?
- Does it couple to new particles ?

- Does it have invisible decays ?

- Does it have brothers and sisters ?

- Does it have distant cousins ?

- Is it a “natural” scalar ?




If it is the Higgs — is it the only one?
Many BSM theories feature enlarged Higgs sector, eg, 2HDM, NMSSM, ...

2HDM has 5 Higgs states, h, H, Aqs_, H*. Interpretation of searches in MSSM (m,-max scenario)

& 50 L ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] I/
c [ [ 95% CL Excluded: : : 3
S 45 - [ Observed [~ h/H/A — TT S
= Expected _ ' J a
40 :_., +10 Expected | / ......................
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1 [ LEP i
30f 7
5 /A
25 ; / / ...........
20 : / / ,,,,,,,,,, —
: // ]
15} B 3
10N S 3
5 :MMm:“ scenario, M_ . =1TeV E
01 00 200 300 400 500
m, [GeV]
9

CMS,\[s =7 TeV, L = 4.6 fb
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C
©

—
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What can we conclude from this discovery
Recall: light Higgs was predicted from SM fit to precision measurements

http://dfitter.desy.de

-
o

Discovery Of light N>< - I'-_ T 1 T 1 T 1 T T T T 1 T 1 |": T [T 7 . I §|:
Higgs boson — if < el )] l fittersu: 3,
° ° : U) ’ :
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[ IS 4 _ 1
huge success of the 8 3 9 —— Theory 4
— n > —— uncertainty —
Standard Model 7 < & —
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What can we conclude from this discovery
Is the electroweak vacuum stable or metastable (if SM holds) ?

Barely stable ?

M,, [GeV]

But: prediction of the
stability bound suffers
from theoretical
uncertainties ...

Ecole de Gif, Sep 17, 2012
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Allowed
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 *
£ 74

1A

ATLAS & CMS

=

—— Perturbativity bound

[ ] Stability bound

[ ] Finite-T metastability bound
B Zero-T metastability bound

Shown are 1o error bands, w/o theoretical errors

Not allowed

16 18
Iogw(A/ GeV)

L

Ellis et al, arXiv:0906.0954
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What can we conclude from this discovery
Is the electroweak vacuum stable or metastable (if SM holds) ?

150

Barelystable? ;l T T [ T T T [ T T [ T T T [ T T T [ T T [ T T T [T
G 145 . [ Stability bound
= [ Finite-T metastability bound

But: prediction of the = 140 Bl Zero-T metastability bound

Shown are 1o error bands, including theoretical errors

stability bound suffers
from theoretical 135

uncertainties ...
130

Let’s zoom into the ATLAS & CMS

interesting region 125
Newest full NNLO result moves up 120
stability bound at Planck mass by

+0.8 GeV and reduces uncertainty 115
> barely stable or 110

metastable, but
certainly the Higgs self 105
coupling would become

e IIII|IIII|IIII|IIII|IIII

very weak at M, 100 6 8 10 12 14 16 18
Degrassi ot al,arxiv: 2056457 log, (A/GeV)

- =\ /i

Ecole de Gif, Sep 17, 2012

Ellis et al, arXiv:0906.0954



What can we conclude from this discovery
Under the SM hypothesis, the global EW fit is complete and over-constrained

Gauge sector of SM at
tree level is given by
3 free parameters,
e.g.: o, M,, G

> My, sin?(6,) predicted

Radiative corrections
introduce quark mass
dependence

-~ my,, predicted

Ecole de Gif, Sep 17, 2012

;‘ 80-5 T T T T | T T T T | T T T T | : ! ! | ! ! ! "b | ! ! T ! E
[ — [l 68% and 95% CL fit contours | my™" Tevatron average = 13
S, ~ w/o M,, and m, measurements g e
E; 80.45 - 68% and 95% CL fit contours P %
L w/o M, m, and M, measurements &
— o -6
— M,, world average = 1o =
80.4 = ) ,
80.35 — ' —
80.3 — —]
80.25 — M, [ft] = 80.359 £ 0.011 _|
~ M, [Pl = 80.385+0.015 -
R ;' | | | | | | | | | | | | i
140 180 190 200
m, [GeV]
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Ali .6blbsvserva'\»tlons of CP
violation are described by a

T T 1 | 1T 11
I~ | excluded area has CL > 0.95 |

fitter Y
Winter 12

0.5

http://ckmfitter.in2p3.fr

1.0 1.5 2.0
~ Re (CKM phase

)

Result on B, unitarity triangle from (so
far) mainly B factory experiments
BABAR and Belle

All CKM-phase sensitive measurements
agree with single-phase hypothesis

Nobel prize for Kobayashi-Maskawa in 2008




All observations of CP
violation are described by a
single phase in the CKM matrix |

¢ Standard Model
. DO 8fb’

CDF  10fb"!
LHCb 03fb™
LHCb  1fb’

Unitarity triangle in Bs system provides
even better test of BSM physics owing to
precise prediction of (tiny) CP phase

Most precise measurement from LHCb,
no deviation from SM seen (so far)

-

— 68%CL
7T 95%CL

-
—— ATLAS4.9fb",68% C.L. & constraified to 2.95 + 0.39 rad
-=+ATLAS4.91b ' 90% C.L. Al constrained to > 0

IIIIIIIIII|Illul-llullllllllllllll|IIII|III

_01 11 1 I | I | I 11 11 I L1 1 1 [ |- Isl‘l | N |

L,
1.5 -1 -0.5 0 0.5 1

.(nﬁ\llllllll

q):"‘"" [rad]




Ai'lwobservations of CP
violation are described by a

—
| DO dimuon,

1 Flavour-specific CP asymmetry a,, in B
1 9.0 b : decays predicted to be unobservably
tiny in SM - new physics?

DO (Tevatron) observed anomalous like-
sign dimuon charge asymmetry in

D0 Dsu, 5.0 fb’! decays of b hadrons at 3.90

B factories do not find asymmetry in B,
sector

New measurement from LHCb shows
also no effect in B, sector

LHCb-CONF-2012-022
3 D0 1106.6308

2004 -0.02




No excess in rare Bor D
meson decays seen

LHCDb, arXiv:1203.4493, http://ckmfitter.in2p3.fr

% 3 Prediction for Br(BSeW)

Winter 12

90% CL limit
combined

_IlllllJ_/l/lllllllll

3.4 3.6
Br(B,—uy) [10°]

The rare decay B, — uu is sensitive to
BSM physics, in particular to theories
with extended Higgs sector

ATLAS-CMS-LHCb combination:
LHCb-CONF-2012-017
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Vig) = g +2lg| +Yipiyie

Higgs boson mass term
2 2 2
6mH - ‘du H‘ < Acut-off
“Hierarchy problem”
- new physics at ~TeV




The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Is this the right potential?
2 4 B . . . : 5
V(g) = u? M - ;LM + YlhylypJg o If the Higs field fills all

space-time, is it related to
inflation and dark energy?)

Higgs boson mass term Higgs self coupling Higgs—fermion couplings

6mf, ~ ‘duf,‘ x A Ay = Gem2//2 ~0.13 “SM flavour problem”:

cut-off i
“Hierarchy problem” EW vacuum may be meta- IR MRS WEEED
between fermion families

- new physics at ~TeV instable

/4 Y/ J

| G. Isidori at HiggsHunting 2012

v

Through the missing protection of the scalar potential to high-scale physics (no
symmetry for m, = 0!), the Higgs boson is considered a “portal to new physics”




Higgs dlscovery puts these questlonsEnto spotlight

)

)
FT”IJA 3

B Vo= ol <l Yl

o .
'i. .
Y P. Higgs at CMS
85
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Proposed solutions to hierarchy problem

 Weakly coupled: Supersymmetry, ...
« Strongly coupled: Little Higgs, Composite Higgs, ...

Different manifestations of similar scenarios. Many models also provide dark matter candidates

Higgs discovery puts these quest

N '-’ \‘.,. ‘\ );d," “ Je

ions

Irt

B’ &2 _J
BIEY £ 3

= VO =l + 2o+ Yuine

¥

)
: \.\ P. Higgs at CMS

Ecole de Gif, Sep 17, 2012
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Does a symmetry between fermions and bosons
regularise the Higgs radiative corrections ?

—

P. Higgs at CMS

Ecole de Gif, Sep 17, 2012
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Fermion loop

H

—

P. Higgs at CMS

Ecole de Gif, Sep 17, 2012



Fermion loop S

_]{ H S 2

-— o - -— o o - -_—ee e mw mm e e e Em Ew

Boson loop

Supersymmetry (SUSY)

Fermion and boson loops contribute with different signs to the Higgs radiative
corrections: if there existed a symmetry relating these two, this would protect
the masses of the scalar Higgs

Supersymmetry realises this by transforming bosons <> fermions

This solves the hierarchy and naturalness problems of the SM (and other problems)
Each SM particle has thus a supersymmetric partner (which is of ~TeV scale — “broken SUSY”)

Ecole de Gif, Sep 17, 2012 89



The '
scalar Mrs. SUSY
precipice
EW scale™! —
GUT scale!

Planck scale1

Fundamental scalar

length scale



SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle
» Superpartners have opposite spin statistics but otherwise equal quantum numbers

Supersymmetry (SUSY)

Spin 0 Spin 1/2 Spin 1 Spin 3/2 Spin 2

sLeptons Leptons Gravitino Graviton
sQuarks Quarks
Higgs Higgsino
Photino Photon

Zino Z
Wino w
Gluino Gluon

Ecole de Gif, Sep 17, 2012



SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle
» Superpartners have opposite spin statistics but otherwise equal quantum numbers
* Need to introduce an additional Higgs doublet to the non-SUSY side - 5 Higgs bosons

Supersymmetry (SUSY)

Spin 0 Spin 1/2 Spin 1
SM 0 31, ?2 £ Squark/slepton mixing
susy & L proportional to SM
% g 4, q partner masses
S| hO, HO, A HE 7, Xo» Xas Xa - largest for 37 gen.
§ ~e o~ 3 N — can become lightest
gf)n Xis Xz v £°, W* squarks / sleptons
'S ga ga

The gauge-mixed physical states that propagate

in space and time and that can be observed.
Neutralinos: mass eigenstates of photinos, zinos, neutral higgsinos
Charginos : mass eigenstates of winos and charged higgsinos

Ecole de Gif, Sep 17, 2012 92



SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle

» Superpartners have opposite spin statistics but otherwise equal quantum numbers

» Need to introduce an additional Higgs doublet to the non-SUSY side - 5 Higgs bosons

« SUSY breaking introduces lots (> 100) of new parameters (masses, mixing angles, phases)

Supersymmetry (SUSY)

Broken SUSY spectrum (if exists) unknown, A Mtura[ Spectru%
but some guidance principles: General “bottom-up” viewpoint
M G e
» At least one light (< 135 GeV) neutral Higgs “Distant
s | TevV | -~ Cousins”
» Naturalness requires: m (t, b, x) <1 TeV to The “Nuclear Family” J
compensate top and W contributions to Higgs of the Higgs
» To avoid large FCNC: squarks, sleptons of 500 GeV_ ;
1st & 2nd generations heavy and degenerate ho p ()
Mt e A
he ()¢

«<— Closeness to Higgs

Ecole de Gif, Sep 17, 2012 93



Grand Unification of the Gauge Couplings (GUT)

Recall: GUT motivated by quantisation of electric charge in multiples of 1/3

1/ oui)

-----------------------------------------------------------------------------------------------------------

__________________________________________________________________________________________________________________

Supersymmetry

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

0 i i i i i i i i _
102 106 1010 1014 1018

Energy [ GeV ]



Grand Unification of the Gauge Couplings (GUT)

Recall: GUT motivated by quantisation of electric charge in multiples of 1/3

>

102 106 1010 1014 e
Energy [ GeV ]



Characteristic SUSY Decay Cascades

« To avoid proton decay, a hew conserved quantum number (R) is introduced,
which forces a SUSY particle to decay in at least one other SUSY particle

« The lightest SUSY particle is thus stable (LSP), and must be neutral and
colourless 2 WIMP (dark matter candidate)

« Typical LSP is spin-2 neutralino. It could also be a gravitino

« With R parity: SUSY production in pairs only - requires energy 2 x SUSY mass !

2 LSPs escapes detection
—> missing E;, no mass peak !

“Typical” SUSY decay chain Tt -- <
at the LHC, driven by mass /
hierarchy of SUSY particles q q

96



SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

Signatures of the SUSY “cascades” are driven by masses of the SUSY particles

To good generality we can expect: Simulated
SUSY event -~

— High-p; jets from squark & gluino decays i ) o

— Leptons from gaugino & slepton decays

— Missing transverse energy from LSPs

This lays out an inclusive search strategy

» Most of the hard analysis work
consists of understanding and
modelling backgrounds from SM

processes !
?’f‘)/
i Jl\ D



SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

W boson discovery at UA1 (CERN)

Missing transverse energy " , {ll

— Missing transverse energy from LSPs

& i

el ecfron
\ —-—_-___-—--_'__—-__________-—4

UA1 @ CERN, 1982

i
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Once mass spectrum fixed, all cross sections predicted

Spin structure of SUSY spectrum: lower o than other BSM models, harder to find !

Direct squark pair SUSY cross section versus sparticle mass Gluino & squark
production (example) 10 pr—rr production (examples)

-4 VS =7 TeV | g
q g e gi::}—g—rgm<
= RN 1 .
] N ’ g

Direct gaugino/ AR T N I TN N TN & - q .
slepton pair 10
production (example)

u W ct 0 2 j_dd_e_\/_éﬁt_éb_rc_)&h_ééd_iﬁ_z"1 _________________ * gg \ q—::_ “““ a
- T17f1 <>
~ I q
a Nj : q <: CNI
q G 3| | | | | | %o | |
Y, Z 10 | I I I | L1 L1 . I L1
100 200 300 400 500 600 700 800 900
o] Zj_ maverage [GCV]

“ e o
A\ 7{;’: . y
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SUSY searches at the LHC

Analysis and background determination strategy

SUSY search analyses look for tails in distributions of
observables sensitive to high produced event mass: m

'f\ trigger threshold
‘ Can only exploit tails if detector
M (batw*groumd) response and SM backgrounds in

signal region are understood

Main background sources:

« tt— W(—=Il(7)v) b+ W(—=qq) b
« W(—=lv) + jets

« Z(—=wv) + jets

= il »  QCD multijets (“fake” £;m)
My = 2iPr )
Jets Lep&ons . WW, WZ, ZZ, tt+W/7Z (+ ]etS)

Ecole de Gif, Sep 17, 2012



SUSY searches at the LHC

Analysis and background determination strategy

Normalisation of dominant backgrounds obtained from
“control regions” (CR) with small expected signal contamination

- ALS S
ET

SUSY CR = SR transfer factors taken from
f\ | MC simulation (many systematic

effects cancel)

sighal region
3 3 Also: exploit close-by SM processes,

_______ e.g., Z(vv) + jets from y + jets

Fake backgrounds estimated from
data using samples with known
composition (Z, dijet) or from data-
W/EOF' CR driven smearing techniques

QCD CR Small backgrounds taken from MC

Ecole de Gif, Sep 17, 2012



SUSY searches at the LHC

Example: ATLAS inclusive jets + E;/™ss SUSY search

Entries / 100 GeV

DATA/SM

Entries / 100 GeV

DATA/SM

10°

LI s s e s s L e e
T T T T T T

Ldt=47f0"
® Data 2011 \s =7 TeV)

—s
it

.z
D

M Total
and single top
+et:

[ WHjets

+jets
iboson
M-+SU(500,570,0,10)

- SM+SU(2500,270,0,10)

ATLAS Preliminary
CR4 SRB

ool il

f IS

- o-"-o-'r4.+ +

500 1000 1500

2000 2500

3000

mg4(incl.) [GeV]

L B B Amam

—_—
g\_ dt=4.7f0"

L]
— 5|
it

Z

oy

(0 WHj

ata 2011 (s =7 TeV)
M Total

and single top

+jets

+jets

[l Diboson
[ multijet

M+SU(500,570,0,10)

s SM+SU(2500,270,0,10)

ATLAS Preliminary
CR2 SRB

500 1000

2500

3000

mgy(incl.) [GeV]

Entries / 100 GeV

DATA/ SM

Normalisations obtained in all CR
and signal regions simultaneously by
combined maximum likelihood fit

‘]045—|||||\\\||||[!\|||||\\||||r{—E
E T[L dt=471" 3
C ® Data 2011 \s =7 TeV) ]
5 — SM Total
10° CJtt and single top 3
E Il Z+jets E
C [ W+jets ]
B Il Diboson B
102 [ multijet ]
E - e ... SM+SU(500,570,0,10) E
g we SM+SU(2500,270,0,10) ]
- ATLAS Preliminary -
10 E
i + ey Rt E
2.5; :
1 o
’ . o o 2 PN e 3 + .............................
0 ey
Od 500 1000 1500 2000 2500 3000

mg(incl.) [GeV]

Entries / 100 GeV

DATA/SM

Entries / 100 GeV

DATA/SM

L e s e~ e

Ldt=4.71"

® Data 2011 \s=7TeV)
— SM Total
[t and single top
[0 Wijets
Wl Z+jets
[l Diboson
----- SM+SU(500,570,0,10)
< SM+SU(2500,270,0,10)
ATLAS Preliminary
CR3 SRB

.’!\HJ

T3

T IR R

L

o = N

-+

¥ T
hadh el Y ps

ouun o

O T

102

500

1000 1500 2000 2500

mgu(incl.) [GeV]

3000

L e s e~ e

Ldt=47f"

® Data 2011 \s=7TeV)
— SM Total
[t and single top
[0 Wijets
Wl Z+jets
[l Diboson
----- SM+SU(500,570,0,10)
w SM+SU(2500,270,0,10)

ATLAS Preliminary
CR1b SRB

™3

o =~ M
S

-+ l I
et T

500

1000 1500 2000 2500

3000

mgy(incl.) [GeV]
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Entries / 100 GeV

DATA/ SM

SUSY searches at the LHC

Example: ATLAS inclusive jets + E;/™ss SUSY search

T T T T 10+ T LB B e L o e e AN o o
Tngt art’ 13 F t[Ld1:4.7 o' i3 E ngt:4.7 ' E
104 = e Data2011 Ns=7TeV) -3 O] r e Data 2011 {s =7 TeV) 17 O F e Data 2011 (s =7 TeV)
E — SM Total j S 5 — SM Total S — SM Total
Ctf and single top = 10°g [CJtt and single top - . it and single top
o I Z+jets ~ E I 7 +jets ~ 10°g I Z+jets
107 l:IW+Jets = 2 [0 W+jets 2 E I Weiets
E Diboson = Diboson = Diboson
F K:Imuh et E 402k - ) multijet < K:Imuh et
[ - SM+ SU(SOO 570,0,10) i E J— SM+ SU(500 570,0,10) [} - SM+ SU(SOO 570,0,10)
102 - SM+SU(2500,270,0,10) 3 E .. - SM+SU(2500,270,0,10) . SM+SU(2500,270,0,10)
E ATLAS Preliminary 3 r g ATLAS Preliminary 10 ATLAS Preliminary
r 10 Y-y SRB £ iloe:  SAD
10¢ E " i
1k 1e !
Eed oo oy MUy ] B L |- 1]
2.5 = 25 S 25
13 2 12 4+ 2 13 44
. 7 < 15 t < 1.5F
1 - E e meteece, 44t + ---------------------------- =1
05 Tee L THY < osp - + < osb
00 500 1000 1500 2000 2500 3000 % 500 1000 1500 2000 2500 3000 00 500 1000 1500 2000 2500 3000

mgy(incl.) [GeV] m(incl.) [GeV]

Define several signal regions, sensitive to different
SUSY mass spectra and cascade patterns

Squarks and gluino production would lead to excess
over expected SM events at high tail of m distribution

No such excess seen in current ATLAS or CMS data

Translate into limit on SUSY cross section
- limit on SUSY particle masses
]
/./ A " ~

mgy(incl.) [GeV]

Entries / 100 GeV

DATA/ SM

102 — SM Total
it and single top
B Z+jets

... [ Diboson

i = muljet
3 = SM+: SU(5OO 570,0,1
- SM+8U(2500,270,0,
.. ATLAS Prelimina
21"): sRe

. e
Tgl_dt:cwfb"
e Data2011 (s=7Te

eV) |

0)
10)

ry

2.27
15 boustt T
08t =+ T

] 500

1000 1500 2000 2500

3000

mgy(incl.) [GeV]

> 24 jets

2> 22 jets
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m,, [GeV]

Inclusive jets + E;™ss SUSY searches
Limits expressed in MSUGRA (left) and phenomenological model (right)

Analysis uses 12 signal regions to optimise for various signatures

800
750
700
650
600
550
500
450
400
350

300

MSUGRA/CMSSM: tanp = 10, A0 0, u>0

T T | T T—1- AL 4\I T T T I \I T T T I T T T T I I\ T T T I I T T T
- ATLAS Preliminary - «»deL 5.8 fb , (s=8 TeMl
= VL deton combibed | B
= \\\ \ 0- I@pton comblned \
% u,::‘\-\;\‘\ L1000 —»l\-\,< = Observed I|m|t( +1 i‘;f;)
— O\ \ \ - -~ Expected limit (+10,,,)
= N ‘
E—— N _ ™ & \ Observed limit (4.7 fb™', 7 TeV)
g ‘\\\‘ T A\""ﬁ-k'\'\v« - Non-convergent RGE -
= \ \\ B No Ew-sB
I \ \
- T —usv‘ '
- T e S
Ny Ve N, VT T
=N \
E N — .\
= R e e
= \; . , . .
e W \ \ s
Cooo v v s Tt e Loy oo L oyt
500 1000 1500 2000 2500 3000 35(
m, [GeV]

]
e i i
- A V8

Squark-gluino-neutralino model, m(io)

0 GeV

IIIIIIJ)I | T T I T T T I T T T I T T T I T T T II

ATLAS Preliminary

fL dt=5.815", 5=8 TeV

0-lepton combined

SUsY
)

= Observed limit (=1 Oeory

- -~ Expected limit (+10,,,)

Observed limit (4.7 fb™, 7 TeV)

T T T —
freen LT

:ellllllII|III|III|III|III|III

0
800

1000 1200 1400 1600 1800 2000 2200 2400
gluino mass [GeV]
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Inclusive (2-6) jets + E;™ss SUSY searches
Limits expressed in MSUGRA (left) and phenomenological model (right)

Under moderate assumptions on the SUSY
mass hierarchy, ATLAS (similarly CMS)

excludes: Squark-gluino-neutralino model, m(i?) =0GeV
;‘2800 L T T T I T T I_" I I- T T I T T T I T T T I T T T I T T T I T T T
§2600 f_ o/ ATLAS Preliminary
£ 2400 |- fL dt=5815", {s=8 TeV
m(q) = m(g) <1.5TeV §2200 — 0-lepton combined
~ ~ g C o
m(q) <1.4 TeV (VY m(2) <2 TeV) * 2000 |-
m(g) <1TeV (VY m(q) <2 TeV) 1800 |
1600 —
1400 e
1200
Perhaps such an inclusive analysis is not 1000 E-
sensitive enough ? = o | L |

. . . 80%OO | I1000I 1200 1400I | I1600 I1800 2000I I2200I | I2400
- Looked also in events with many jets (up gluino mass [GeV]

to 9!) and with at least 1 lepton

R \ L B 4
J AN = = <l
Ecole de Gif, Sep 17, 2012 105



Multi-jets (6-9) / 1-lepton + E;™ss SUSY searches

No excess seen either

- ATLAO arAlv.1£00.

T 1771 LI L LI LI LI LI T T4 8IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
§> s | | | 1 ® Data2011 (Ns=7TeV) - 10 oDIata(Zb1 2) | | | | | | |
010°E fL dt~4.7 fb Background prediction 5 107 - % SM Total fl_dt=5_8 fb'1, Vs =8TeV
S F [ Multi-jets (inc. i>qq) 7 multijets
Nyt ATLAS [ Alpgen ti— gl - 10° - = W-+ets Muon channel
o = I Alpgen W— (eut)v 3 W Z+jets jets + ET selection
% sl B Alpgen Z—> vv 5 2 10°E & Dibosons
010" E 900 I Alpgen Z— o E B, LE =t ATLAS Preliminary
T ° e, e SUSY my=2960, M, ,=240- o 10°F #single top
10°E gietsp >55Gev o 3 o[ **MSUGRA m;=400 m, ;=500
: = V8IS Py 1
10 EE:: 35 é 10?
=" . I 10
TE] E
:': E 1 .lll:ll:l.l..llllll.lll
e %r ........ —§| . AT S
10-2_5 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IE_ 102 ;JL
5 ' E (% 2 ' 7 77 7
E‘I.?i -.-+*| | *® —-; g 1 51_////// .................. %ﬁ%% ............ % ...... //// ........................... —]
s pveed ¥ t : S YT T 7 7
00'5 g.. [SUSTOD. SURION l I POV E CDU 05_// .......... / ./;// ...... //2/% 44444444444 Z/Z ...... % ........................... —]
0 C L L L L L L 1 O 1 1 L4 L0
0 2 4 6 8 10Em‘33}€ﬂ [g‘ew ,2]16 0 200 400 600 800 1000
A E™S (GeV)

il NS
- 1:.\.\\ LA —eams .sg
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1-lepton + E;™ss SUSY searches

“Compressed spectra”

ATLAS-CONF-2012-041

_/ ';‘ _I I LI I LI I LI I Trrr I LI I LI I.I T .I T I Trrr I I“{I“_l,.. S‘
q M/ 3 - 1Stepbecayx=t2  ATLAS Preliminary -~ _.&
iy T §§—qqqaWWx K, 10° O
% 1000— . ‘ o
£ L 3- and 4-jet analyses %
~ - LM=471'\Ns=7 TeV ®
qy, B 10 ®
7 800— o
P ~ :i: ~ O . — Observed 95% CL 8
; / X 1 X 1 : --- Expected 1 Tz
/mm 600 Expected 10 LICJ
\ B S
\ ~+ ~0 B 4B
- 107 @
~ A X1 X1 o @
qr *° - 3
B 1020
/ -3
q | / | / 0 1 1111 111 1 1 1 11 1| I 11 1 1 0
300 400 600 700 800 900 1000 1100
mgluino [GeV]

Maybe m(LSP) ~ m(squarks & gluinos) so
that not enough E;™s is produced in the
decays to select SUSY events?

Ecole de Gif, Sep 17, 2012 Andreas Hoecker — LHC Highlights 107



1-lepton + E;™ss SUSY searches

“Compressed spectra”

ATLAS-CONF-2012-041
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ISP - m(squarks & gluinos) so
#0t enough E;™ss is produced in the
s to select SUSY events?

Use dedicated “soft” sp&

- But again, no sign of SUSY %
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Does SUSY hide from our analyses?

What mechanisms could camouflage strong SUSY production?

Recall: we need to cancel the Higgs virtual
corrections. Most important is top loop

b/t

Contrary to the SM, 34 generation squarks
can be lighter than 15t and 2" generations

A\
V4
Watch out for tops and b’s in
final state (“natural SUSY™) Direct b/t pair production

= NS |
A\ i i
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Does SUSY hide from our analyses?

Limits on gluino-mediated stop (left) and direct sbottom production (right)

Gluino-mediated stop production (4 tops!) produces

events with same-sign leptons, and also many jets
—> very low SM backgrounds

> LI I T T 17T I LI I T T 17T I LI I T T 17T I LI LI I__ %
& ATLAS Preliminary ~ Semesion bilepton 16
’ ® Data T a
2 det=5.8fb,\@=8TeV D) smo 1 <
; I HF Fake — *g
@ |:| Charge mis-ID (Z, tT) . G>')
— N — W
= Mi+v .
L |:| Diboson ]
ven G R (m ,=800GeV, m_ = 800GeV) ]
= 4 a
E e 4 X
. | = 8
: lllllllllllllllll l : m
- 77K Y7775 TS . - ®©
B 1 ©
O 1 11 [ i Lol |. .n. .n. .n Y
0 50 100 150 200 250 300 350 40(
EmISS [GeV]
Vg o
r_ < F's
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Direct sbottom production has 2 b-jets +
E;/Miss - kinematic reconstruction

—_T
ATLAS Preliminary () Data 2011

[ Mutti-jet

SM+SUSY:mg. =400 GeV, m, =50 GeV
X‘

- - 444444 SM Total ]
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[ piboson, tt+w/z/bb
E —-

_LLLI.I.I.I_I_LLLLLI.IJ
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Does SUSY hide from our analyses?
Strong dedicated effort on search for direct stop production in ATLAS & CMS

See: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

TE, production: T, — b+%., ;- W47, (BR=1, m. <200 GeV); T,— t+%; (BR=1, m_ > 200 GeV)

1 1
_III|IIII|IIII|IIIIIIIlIIIIIIlI|IIII|IIIIII

% 200~ ATLAS Preliminary . Observed limits (-10gusY - b+, 0~ W")+x‘1’ (m. <200 GeV) _: ATLAS
O) — 1 —— Observed limits (nominal) Zlepton (m,, =106 Gev) -1 searches
P L - - — L . . __ 1/2-leptons + b-jets (m_, = 106 GeV) _| .
ar 180 Ldt=47fb y{s=7TeV Expe?tefi limits (nominal) 2eptons b et (1 = 2 <y —] for direct
E L Status: ICHEP 2012 Al limits at 95% CL ~- 0 % o st op p a.i r
- T, 1] (m; >200 GeV) = .
160- P B D-opton - production
— —— 1-lepton _
140 = ﬂ;«;%/ / B 2epton —
- g ‘ =
120 __min>mi:(=106 GeV) “‘) ]
100" =7 =
- P -
80 —]
60 %Gy =
e/ —
40+ / =
: // _
20+ \ E
/ 4 / " —
O Ll dh A L A L b T
150 200 250 300 350 400 450 500 550
n;, [GeV]
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Does SUSY hide from our analyses?

What mechanisms could camouflage strong SUSY production?

The limits on direct stop/sbottom production are

St'ill too Weak to exclude them up to Tev %‘ _I TT | TTT | TTT | TTT TTT III|I TT | TTT | TTT | TTT | TT I_
« ’ G, 120 ATLAS —— Observed limit (:105125‘:;) —
(“naturalness”) scale 2 | . S Expected limit (104, A
g | fL dt=4.7 o (s=7TeV LEP 7_excluded 1
Perhaps, all strong production sparticles are yet ~ %100 TT=1'% %, y -
too heavy to be produced with sufficient statistics I / Z
and only (naturally) light gauginos are produced ? sol // h
- ?Q\ / -
i S/ ]
60 S/ -
I & / i
I / |
L / _
40+ / .
i / Z
- / g PR R
20 111 I/I 11 | 111 | 111 | y l{l 111 | 111 | 111 | 11 I| | II | I:EI |

0 20 40 60 80 100 120 140 160 180 200 220

Tmass [GeV]
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter ?

Should we give up on natural SUSY and

directly search for WIMP (dark matter) S 10E Cuws | Emae
production in proton-proton collisions ? g ] oB;s /s =7 TeV E:w E
: Ql : - ]
How can we detect (and trigger) them ? Y J Ldt=5.010" o ]
0 10 E [ zom 3
E E —@— Data E
—_ GJ bl 0 mmmees DMA =599 GeV, m=1 GeV
q Energetic gluon/photon Lﬁ 08 ADD Mp=2TeV. 5 =3 ?
radiation in the initial sate 3 [ ]
10 E
% 10° -
10E R I
q X 1 i
| | 11 1 | * i 1 |
200 400 600 800 1000
—> Search for mono-jets or mono-photon events! ErTn'SS [GeV]
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter ?

'CMS arXiv:1206.5663

Limit on WIMP pair production cross section

can be transformed into limit on effective % 107'? | ClMS Y mmew
WIMP-hadronic contact interaction: O 106; /s = 7 TeV [ won E
S : ILdt 5.0fb' EZCD :
Vector (SI): (xv,x)(qr"q)- A” SIS e |
e — o —@— Data .
Axial-v. (SD): (v *x)(@r "v°q) - A~ AT g0t e
LLI J A ]
q DM DM DM 107 R E
_ X } x 1 02 '- ?;
q DM q q e -
10 3
WIMP-nucleon scattering cross section: ’
2 4 ) ;

o _ M (300GeV) [1.4:107 cm® [S]] 200 400 600 800 1000

- miss

1Gevil A ) 19.2-10 em? [SD] ETS [GeV]

u, = reduced mass of WIMP-nucleon system

i = WS |
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Many models other than Supersymmetry deal with the
hierarchy problem ...

« some also provide dark matter candidates,
« some also grand unification,

« some of them provide new sources of matter-antimatter
violation to create the remaining matter,

« some may explain the hierarchy in the observed particle
HENYEY

« some are only valid up to several tenth of TeV, others up
to GUT scales...



o ; B o Re'co'rd‘Blacszole-.\'rvfthi?f—33 Solar Masses m [@ 1.‘0'~clwarflgalaxy
Many ofothe'se models have fascmatlng features

Comp /Ytra el{mensmns for example are small curled
I i;f..j';fﬁdfmensmns of micfon- size or much smaller ‘ |

If grav1tons propagates in them grav1ty may become strong
--ﬁ-.j-‘-and ‘we should observe couplfng of SM part1cles to grav1ty

We mfght then even reach into the trans Planck regime at
fthe LHC! If also the SM fields propagate in the extra
,’;dlmensmns they may develop new hfgh ‘éass states.

If the new phenomena are of TeV scale should see them.
._;-{_;;.-.j;We hence must search for them at the LﬁC'

B

B

Artist’s portrayal of the IC 10 X-1 system: the bltcr— = —arra itS companio,_n star is on the right ‘




Extra dimensions

Large ED (ADD) : monojet + E ¢

Large ED (ADD) : monophoton + E .
Large ED (ADD) : diphoton, m,,

UED : diphoton + E

RS1 with k/Mg, = 0.1 : diphoton, m,,

RS1 with k/M,, = 0.1 : dilepton, m,

RS1 with k/Mp, = 0.1 : ZZ resonance, my, ,;

RS1 with k/My, = 0.1 : WW resonance, my, ,,
RS with g /g =-0.20 : tt — I+jets, m,

RS with BR(g, 28925 : tt — I+jets, m _—

ADD BH (M., /M,=3) : SS dimuon, Ny e
ADD BH (M, /M,=3) : leptons + jets,>p

Quantum bIack hole : duet F (mS

Z' (SSM) : mee,w
Z'(SSM) : m_,

W' (SSM) :mT’e,M

W' (—tq, g_=1) :m,
W', (— tb, S5M) :m,
Scalar LQ pairs (5=1) : k|n vars. in egjj, evu
Scalar LQ palrs (B=1) : kin. vars. in uujj, uvjj

4" generatlon Q4G—>Wqu
4" generatlon utl—>WbWb
4" generation : d ,— WtWt

New quark b': bB'— Zb+X, m
TT, —>tt+AA :2-lep +jets + E

top partner T,miss (MT;

Vector like quark : CC,m,
Vector-like quark : NC, m,,

Excited quarks :y-jet resonance, m o
Excited quarks : dijet resonance, m
Excited electron : e-y resonance, m_
Excited muon : u-y resonance, m’"

Techni-hadrons : dilepton, mee,w'
Techni-hadrons : WZ resonance (vlll), m_ Wz
Major. neutr. (LRSM, no mixing) : 2-lep + jets

W, (LRSM, no mixing) : 2-lep + jets
H* (DY prod., BR(H‘*—mu) 1) : SS dimuon, m
Color octet scalar : dijet resonance, m

My (5=6)
M, (8=6)
Mp, (5=6)
A
A (constructive int.)
A
L=4.9-5.0 fb", 7 TeV [ATLAS-CONF-2012-007] 221Tev Z'mass
L=4.7 fb”', 7 TeV [ATLAS-CONF-2012-067] 1.3Tev Z' mass
L=4.7 fb”', 7 TeV [ATLAS-CONF-2012-086] 255Tev. W' mass
L=4.7 fb”', 7 TeV [CONF-2012-096] 350 GeV W'mass
L=1.01b", 7 TeV [1205.1016] 1.13Tev. W'mass
" | =101, 7 Tev [1112.4828] 660 Gev 1" gen. LQ mass 9 leCtu re by
L=1.0 fb::, 7 TeV [1203.3172] 685 Gev 2™ gen. LQ mass Hen r-l Bach acou
L=1.0fb", 7 TeV [1202.3389] 350GeV. Q, mass .
L=1.01b", 7 TeV [1202.3076] 404GeV| U, mass later this week
L=1.0b™, 7 TeV [1202.6540] 480GeV d, mass —
L=2.0b", 7 TeV [1204.1265] 400 GeV b'mass
L=1.0fb™, 7 TeV [ATLAS-CONF-2012-071] 483 GeV T mass (m(A ) <100 GeV)
L=1.0 fb™, 7 TeV [1112.5755] 900Gev. Q mass (coupling kg =v/m)
L=1.0b™, 7 TeV [1112.5755] 760GevV. Q mass (coupling k,q =v/my)

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

M, (6=2)
My (8=2)

Mg (GRW cut-off, NLO) AT.L.AS
Compact. scale 1/R Preliminary

Graviton mass
Graviton mass det =(1.0-5.8) b

Graviton mass

Graviton mass Vs=7,8TeV

KK gluon mass
KK gluon mass

g* mass

q* mass
e* mass (A = m(e*))

w* mass (A = m(u”))

p,/w; mass (m(pT/wT) - m(n;) = 100 GeV)

p, mass (m(p,) = m(x;) + my, m(a) =1.1m(p,))

N mass (m(WH) =2TeV)

W, mass (m(N) < 1.4 GeV)

H* mass

Scalar resonance mas,
] L1 11111 ] L1 11111

10" 1 10 10°
Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown
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What’s next ?



Is the new boson the SM Higgs ?

If so, what protects it ?

I\

Mr. Higgs

These questions can only be
answered with more data

Thank you !




Spare slides






Does SUSY hide from our analyses?

Limits on gluino-mediated stop (left) and direct sbottom production (right)
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CLg 95% C.L. limits. 025" not included.
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ATLAS-CONF-2012-103 — Observed
2-SS-leptons, = 4 jets [L, =5.8fb", 8 Tev] ~ " Expected
ATLAS-CONF-2012-105 g)t();gé\t/eeg
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter ?

Consider a new stable weakly interacting particlex

During an early universe, its annihilation _
reaction is in thermal equilibrium: XX <> ff

As the universe expands it cools down, so that: X)X — f f

When o, < H(T ), some x freeze out and create dark matter Q,,

Its abundance is inverse proportional to its annihilation cross section:

1

“on * T )

DM <

«m?, Q=01 = m -0(0.1TeV)
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Does SUSY hide from our analyses?

What mechanisms could camouflage strong SUSY production?

Some scenarios (AMSB) have a large degeneracy
among gaugino masses, rendering the x,* long-lived

- Search for heavy particles decaying in inner
detector, giving a “disappearing track” in ATLAS TRT

high-p; charged particle
interacting with TRT material

[ reconstructed track
true particle track

in TRT

A\

TRT

o -

Ecole de Gif, Sep 17, 2012

LAr/Tile

A\ 2

B
=

o3

F 3

background tracks
interacting hadronically

[ 107 T T T T T T
O —e— Data
S 108
Y E e SM MC prediction
5 7 _ _ i .
10 m m.. = 100 GeV,ri: =1 ns (Decay radius < infinite)
10* - m. = 100 GeV,tiT =1 ns (Decay radius < 863 mm)
-2--0- . .
3 > *_ ATLAS Preliminary
10 .._.-o-' : ;
: ":\@=7Tevf|_dt=4.7fb’
e : f
102 B e -
i
10 .
f,
1 T
10-1 |||||E-|-||||||||||
20 25 30 35
Nouter
TRT
= 10* T
® . .
9 10° ATLAS Preliminary  —e— pata
n <4<+ Total background
S 5 Vs=7 TeV,fL dt=471f" Hadron track background
E 10 Y e Electron track background
= m. =100 GeV, t.=0.2 ns
10" m%:1006eV, v.=10ns
m.. =200 GeV, 7. =1.0ns
% %
1
10"
102
10°

~100 200 500 100C

track p, [GeV]
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Does SUSY hide from our analyses?

What mechanisms could camouflage strong SUSY production?

- 1 >
R-parity could also be broken (RPV). Proton decay 8 10°E s=7Tev fL =206 e pamzoti
requires lepton and baryon-number violating o E ATLAS Profiminar #% Total SM ]
couplings. If either one of them vanishes, the % 102k g Sy -
proton is stable, but neutralinos may decay: § - %?’zze i ]
w - [0 2Z — other .
10 [ Z+jets -
T = 0000000000 SM +RPVBC1 3
- === SM + RPV .
B m,,, =740 GeV, ]
- 15 [ fau=e-- . i_ tanp = 22 =
€ E ///////////////////// "Tsmmm, ot nm ‘ E
— R e ===
1 a Lo 10" 222 5
—— e (n7) SO0 S IO R ., ., NI
X%~ 0 20 40 60 80 100 120 140 160 180 200 220

€ mi

R ) (<;> ) ET"*® [GeV]
) e
No significant excess found
‘ in any channel combination
—> Search for events with many leptons with or w/o E;Mss (neither does CMS)

- If RPV coupling is small, search also for displaced vertices

Ll W |
1\ B s -
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Paper Statistics in SPIRES Is SUSY out already?
I | L I | [ l

Supersymmetry !
Extra dimensions
Little Higgs
Technicolor
Higgsless

Hidden valley/sector
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