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LHC & Dark Matter

Summary




Where do the masses of R R - The key questlon
elementary particles come from? ... =~ . | ' [Where is the Higgs?
. _' b« 0 : . . : .L .

: ‘ We do not know the i e
- Massless particles move at the speed | .cc of the Higes Boson |, '~

- of light ->no atom formation!!

V(g) = A (¢¢)° — 12 (¢'0)

VEV: v = u/V A =2mw/g
mass: my = V2 -

i o It could be anywhere
. Scalar field with at least .~ - *  from 114 to 700 GeV
one scalar particle i T P '



The Origin of Particle Masses

*At ‘low’ energy the Weak force is very different from the
Electromagnetic force: Electroweak Symmetry Breaking

The W an Z bosons are very massive (~ 100 proton
masses) while the photon is massless.

*The proposed mechanism in 1964 by P. Higgs, R. Brout
and F. Englert, and Kibble, Hagen and Guralnik gives mass
to W and Z bosons and predicts the existence of a new
elementary particle, the'Higgs’ particle. This mechanism is
further extended to give mass to the Fermions via Yukawa

couplings. The Higgs (H) particle has been searched
J for since decades at accelerators, LEP
(aeveed) (CERN), Tevatron (Fermilab, Chicago) and
the large hadron collider @ CERN
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Also: WW scattering at High Energies:
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ESB Heroics

The year is 1964 Electroweak Symmetry Breaking
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BROKEN SYMMETRIES, MASSLESS PARTICLESE AND GAUGE FIELDS

P.W. HIGGS
Tl destitwle of Matvemalival Mosice, Chilvereily of Bdiwbwrgh, Scodlowad
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The Higgs Particle

Technique: Produce and detect Higgs Particles at Particle Colliders

The Higgs particle is the last missing particle in the Standard Model
It could also give us the first window “Beyond the Standard Model”



This Search Requires......

1. Accelerators : powerful machines
f that accelerate particles to extremely
high energies and bring them into

/ collision with other particles

~< ! 2. Detectors : gigantic instruments

W that record the resulting particles as
they “stream” out from the point of
collision.

3. Computing : to collect, store,
distribute and analyse the vast
amount of data produced by these
. detectors

4. Collaborative Science on
Worldwide scale : thousands of
scientists, engineers, technicians and
. W support staff to design, build and

| operate these complex “machines”.



The Large Hadron Collider = a proton proton collider

7 TeV + 7 TeV
(3.5/4 TeV + 3.5/4 TeV)

\‘ = > & — : v \\‘ | X i
I e A EEENNS N NG 1 TeV = 1 Tera electron volt
——ma 0 R N U s = 102 electron volt

Primary physics targets

* Origin of mass

* Nature of Dark Matter

* Understanding space time
| * Matter versus antimatter

B * Primordial plasma (PbPDb)
i i
The LHC is a Discovery Machine
The LHC will determine the Future course of High Energy Physics



CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-02 15:07 UTC LumanS|ty

w2010, 7 TeV, 44.2 pb !
e 2011, 7 TeV, 6.1 1 !
m— 2012, 8 TeV, 22.8 b '

= # events/cross section/time

Total Integrated Luminosity (fb ')
(4]
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At this-highlluminosity, multiple-collisions per—

pl IE‘U p ( P U ) beam-crossing occur:

Experimental challengeto cope-with high-PU.

LHC operation is now stopped
Reconstruction and-analyses-are designed-to . for 2 years and the maChIne
b ohust s 7O | is being prepared for running

I ' at 13-14 TeV from 2015 onwards
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The LHC is an Extraordinary Machi-

The LHC is ...

IIIIIIIIII

Colder than the empty
Space in the Universe: 1.9K ﬁ
ie above absolute zero

The emptiest place in our solar
system. The vacuum is better
than on the moon

Hotter than in the sun: temperature
in the collisions is a billion times
the one in the centre of the sun







The Higgs Hunters @ the LHC

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter
|

LHC: pp collisions
at 7/8 TeV

The ATLAS experiment

Total weight 14000 t C IVI S
d Overall diameter 15 m ECAL 76k scintillating
i i PbWO, crystals
Toroid Magnets  Solenoid Magnet SCT Tracker Overall length 28.7m 4

. MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?

The CMS experiment [ /)€ ==

These experiments use different
technologies for their detector P L

~1m?~66M ch

HCAL -Si Strips (80-180 um)
components s

Muons

MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers



Schematic of a LHC Det-

Physics requirements drive the design!

Analogy with a cylindrical onion:

Technologically advanced detectors comprising many layers, each
designed to perform a specific task.

Together these layers allow us to identify and precisely measure the
energies and directions of all the particles produced in collisions.

Such an experiment
has ~ 100 Million
read-out channels!!




Data Taking Challenges %

« Collider: 20M bunch crossings per second
« ~ 20-30 events per bunch crossing: pile-up

« Trigger on 400 events/sec (+ another 400-600 Hz of
parked data in CMS): keep the interesting, incl. unknown
physics

« Total data volume in eg ATLAS: 5 billion detector events,

120 PB of data (simulation and data). Several billion Monte
Carlo events (produce ~ 109 events/2 M anas- 1ype of paper

« ATLAS+CMS > 500 papers so far
> ~600 papers for all experiments

Searches for Higgs and New Physics but
also studies of QCD, EWK interactions,

top quark, heavy flavor physics,
heavy ions...

w
]

0 Search Hl Ferformance
B Measure




Standard Model Meas_

Top Quark Cross Sections

Electroweak Measurements
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Good understanding of the detector + accurate theory predictions

—Precise measurements of the SM processes in a large range
—@Good knowledge of the backgrounds to the Higgs analyses




Higgs Hunters -

Higgs Hunting Basics 8

Needle-in-the-hay-stack problem
— need high energy:
E = mc
— need lots of data
non-deterministic and very rare
order 1 in 10"

Con rafulahms, '
it only took you
65 299 secands

* for us finding the Higgs it was
48 years = 1,513,728,000 sec



Higgs Production Channel-

Higgs Production at the LHC

Higgs production in proton-proton collisions
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Note: the LHC is a Higgs Factory: 1 Million Higgses already produced
15 Higgses/minute with present lumi.




Higgs Decay Chann-

7 [
Z

- Ww 1% Higgs boson
< g 18
R 7z 1% couples to
S 5 mass
& 10 e == E
@ E » couplings to the electr_'oweak gauge bosons:
) gmw - (HWW") + - i’:;w - (HZZ)
107 E . :
- - = Yukawa couplings to all fermions
YY Zy - . (HFf)
1 0-3 . T SR S SR S N S k N S
100 120 140 160 180 200

My [GeV]

Messy: many channels, many subsequent decays efc. efc.
* common: leptons/photons essential for any search
* 5 channels are most promissing




Higgs Hunting at the LHC )

Overview — The big five :

Channel Mx range data set Data used Mu
[GeV/cT [fb-1] CMS [fb] resolution
1) Hoyy 110-150 5+5/fb 2011+12 1-2%
2) H — tau tau 110-145 5+12/fb 2011+12 15%
3) H—bb 110-135 5+12/fb 2011+12 10%

By now all the analyses are updated to the full statistics for CMS and
ATLAS (except tau tau)



Higgs Boson Searches (simulat-

Low My < 140 GeV/c2  Medium 130<M,<500 GeV/c? High My, > ~500 GeV/c2?
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Searches for the Higgs Particle

A Higgs particle will decay immediately, eg in two heavy quarks
or two heavy (W,Z) bosons

Example: Higgs(?) decays into ZZ and Z bosons decays into yu and ee

But two Z bosons can also be
produced in LHC collisions,
without involving a Higgs!

H % ZZ 9 e+e- tU_+ ll-l‘- Candidate event We Cannot Say for Sure On
QATLAS \ . event by event (we can reconstruct

EXPERIMENT
hitp://atlas.ch ) el , the total mass with the 4 leptons)

So we look for 2 muons
and 2 electrons in the detector




process without

a ‘background’
a Higgs?

A Higgs or
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Aside :Profile likelihood Rati

Local significance p,
to test background
hypothesis

CL, =CL,,/CL,
(log-likelihood ratio)

to test signal
hypothesis

estimate
signal strength
(relative to
expectation)

See lecture of A. Read

o

10 _—— Observed p,

R SMH — yy expected p|
1e
107
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1 2011Data 1
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M, [GeV]

December 2011
A Higgs in the making?

3 sigma= “Evidence”

1 chance in 1000 to
be wrong!

5 sigma="Discovery”

1 chance in 3 million
To be wrong!!!




July 4 2012 8

 Official announcement of the discovery of a Higgs-like
particle with mass of 125-126 GeV by CMS and ATLAS.

* Historic seminar at CERN with simultaneous transmission
and live link at the large particle physics conference of
2012 in Melbourne, Australia

Followed live around
= the world...




Summer 2012: Res

Higgs - 2 photons!! Higgs > 2Z >4 leptons!! Higgs > 2W —>2[2v!!
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Summer 2012: ReSL-

Both experiments see an excess ~125 GeV in the yy, ZZ and WW channel
—>Adding up al the channels gives the following combination
Shown is the compatibility with a ‘background only hypothesis”

5fb1/2011 and 5 fb1/2012
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- - T, \‘:'/ — — Dhsarvad H — 1y — Observed H — WIN® — Ivhy Obsansed H - Tt
5| _ i
10 - I.“ _&5 I;.I
108 [ = Combined ote ‘ . —
= Bxpfor8MH | T, BG
| =——H-=yy -
— s 2
1079 = L -
— — - 1T . —]
10.1EE|LIHT’l|x}1| - IIilIlI.:.ll.l.t?a.=I.lll:[llE?ﬂ “:'-A|--J-|-g--|-|-nlnn..|..‘:“l‘..‘..]...w[....l“rT
110 115 120 125 130 135 140 145 110 115 120 125 130 135 140 145 150
my, (GeV) m, [GeV]

CMS and ATLAS observe a new boson with a significance
of about 5 sigma (1 chance in 3 million to be wrong!!!)
The particle is consistent with a Higgs-like boson



Higgs Publications...

Special booklet PLB edition with
the ATLAS and CMS papers
More than 1400 citations...

Also...
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The Press... (5! July 2012)

The discovery of the Higgs made the headlines worldwide

Hawking lost $100 bet over Higgs
boson

'God Particle' '‘Discovered': European Researchers
Claim Discovery of Higgs Boson-Like Particle

HOW THE HIGGS COULD
BECOME ANNOYING

Yes, the discovery of the Higgs boson is thrilling and game-
changing. But it could also introduce some aggravating
situations. —3.07.1215:113 —

Xurrc yBuauT 6030H

B CERN otkpbinu 6030+ Xurrca

TEKCT: ANEKCAHOPA BOPVUCOBA
O: SCIENCEUNSEEN.COM

Discovery of Higgs Boson Bittersweet News in
Texas

Scientists Set The Higgs Boson
To Music

3 Ways the Higgs Boson
Discovery Will Impact Financial

Services

Higgs boson researchers consider move to Cloud
computing

"Within another decade the Cloud will be where grid computing is now"

What Comes After Higgs Boson?

Atlanticm
Wwire

»
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1
&

Teker

1 Higgs boson discovery could

make science fiction a
reality

Discovery of the ‘God particle’ could make science fiction
a reality, and answer one of the most basic questions of
our universe: How did light become matter — and us?



The Theorists...

A. Pomarol ICHEP2012

... ahnd finally plenty of new relevant data has
begun to fall over us!

_ SRR TR TR TOwE ot
0 133 130 143 183 183 193 10
" [




The Community (The day after.-

Confronting the MSSM and the NMSSM with the Discovery of a Signal in the two Photon Channel at the LHC
R. Benbrik, M. Gomez Bock, S. Heinemeyer, O. Stal, G. Weiglein, L. Zeune

Have We Observed the Higgs (Imposter)? 2:1 for Naturalness at the LHC?
lan Low, Joseph Lykken, Gabe Shaughnessy Nima Arkani-Hamed, Kfir Blum, Raffaele Tito D'Agnolo, JiJi Fan

The apparent excess in the Higgs to di-photon rate at the LHC: New Physics or QCD uncertainties?

l. Baalio. A. Diouadi. R. M. Godbole
Testing No-Scale F-SU(5): A 125 GeV Higgs Boson and SUSY at the 8 TeV LHC

Tianjun Li, James A. Maxin, Dimitri V. Nanopoulos, Joel W. Walker
Higgs boson of mass 125 GeV in GMSB models with messenger-matter mixing
A. Albaid, K.S. Babu

125 GeV Higgs Boson, Enhanced Di-photon Rate, and Gauged U(1)_PQ-Extended MSSM
Haipeng An, Tao Liu, Lian-Tao Wang

Higgs discovery: the beginning or the end of natural EWSB? The Social Higgs
Marc Montull, Francesco Riva Daniele Bertolini, Matthew McCullough

Could two NMSSM Higgs bosons be present near 125 Gev? First Glimpses at Higgs' face
Joh:: F. G\thlnion YunJianlgggSabine Kraml P J. R. Espinosa, C. Grojean, M. Muhlleitner, M. Trott

Precision Unification in ASUSY with a 125 GeV Higgs e : . .

Edward Hardy, John March-Russell, James Unwin Isrl:}g!:c:t:’?ar:sprgﬁ t;‘;hﬂlé’rg;o??:;; Discovary for mSUGRA
Global Analysis of the Higgs Candidate with Mass ~ 125 GeV

John Ellis, Tevong You

The Higgs sector of the phenomenological MSSM in the light of the Higgs boson discovery

Alexandre Arbey, Marco Battaglia, Abdelhak Djouadi, Farvah Mahmoudi

Is the resonance at 125 GeV the Higgs boson?
Fjier Paolo‘Giardinc‘),__ Kristjan Kannike, Martti Raidal, Alessandro Strumia

Constraining anomalous Higgs interactions
Tyler Corbett, O. J. P. Eboli, J. Gonzalez-Fraile, M. C. Gonzalez-Garcia
Higgs After the Discovery: A Status Report Are There Hints of Light Stops in Recent Higgs Sear

Dean Carmi, Adam Falkowski, Eric Kuflik, Tomer Volansky, Jure Zupan Matthew R. Buckley, Dan Hooper

.



The Theories

But not so excellent for all theorists:

Specially for fans of Higgsless models:




The Theories 22

but be careful about resurrections...

It is not unconceivable that a light dilaton appears
in Higgsless theories

This indeed
happened

Dilaton

(Goldstone of the spontaneous breaking of scale invariance)
Couples as a Higgs up to an overall scale — A Higgs impostor

However, less and less likely...



Is it really the Higgs Bo-

We, experimentalists, called it a “"Higgs-like” particle
* Does this new particle have all the properties that we expect a
Higgs Boson to have?

— So far it seems to couple as expected to photons, heavy Z
and W bosons, but at the time of the discovery it was not
seen that they also couple to quarks or leptons

« What are the quantum numbers of this new particle?

— EG Spin and Parity: for the SM Higgs we expect it to have
spin = 0 and parity = +.

* Is there more than one Higgs-like particle? Some theories
beyond the Standard Model predict these...

Does it have ‘exotic’ properties?

Still a lot of questions to be answered in summer 2012!!

Let’s look at the new updates with full 2012 data (~ 25 fb1)




Update with the Full 2012
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We now enter the phase of measuring the properties of the new particle
T



The Birth of a Part

Y
p H / “History” of the data
@ accumulation during
’A the last two years
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Does this Particle Decay into Fermio

*The BEH Mechanism was proposed in 1964 to give mass to the W and Z boson
*Does it also give mass to the fermions? Does the particle couple to fermions?

= Direct test: check for the decays H— tau tau and H — b quark pairs

CMS

Higgs —1t leptons
Hadronic and leptonic decays

CMS Preliminary, \'s=7-8TeV, L=24.3fb"

Higgs — b-quark pairs
Only possible in VH and VBF processes
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Does this Particle Decay in_

Higgs —t leptons Higgs — b-quark pairs
1 CMS Preliminary, Hotr L=24.3f" —
3 1 3 T CMS
‘_5' 3 20 6- \\ .............
© . —
§10 g — .W
10-3 - 30 — wennt

10 CMS Preliminary
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Significance 2.850 at 125 GeV Significance 2.10 at 125 GeV
A mild excess is building up also for these channels with ~ 3.4c




Tevatron Higgs Results

Tevatron results: proton anti-proton collisions at 1.96 TeV

+ Sensitivity is dominated by the VH(bb) ovz=3.020.6+0.7 pb
~30 significance

channel
+ Evidence for VZ(bb) production consistent §mr AR I
with osm = 4.4 £ 0.3 pb 8 f

Eé?'ls!

+ Spin-parity is being investigated as well

I§I

~30 significance @ mu = 125 GeV
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The Mass of the _

Determine the mass from ZZ and 2-photon channels which show a peak!

_7 ATLAS r 10CMS Preliminary fs=7TeV,L<51f0" {s=8TeV,L<196fb CMS
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iy = 125.5 & 0.2(stat) 19 2(syst) GeV iy = 125.7 + 0.3(stat) % 0.3(syst) GeV

ATLAS and CMS observe the same particle!! ©



Signal Stren

Signal strength p is the observed over Standard Model expected cross section
*For u=1 the production rate is compatible with Standard Model expectation
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ATLAS a bit above and CMS a bit below u=1...




The Spin of the Ne

«Study angular correlations in the decays
of the particle; build likelihoods and

test spin- and parity hypotheses
*Use the ZZ, 2-photon and WW final states

=> Particle consistent with a 0* state!!

0% vs 0-
2 —— J°=0" (SM) hypothesis ~ ATLAS Preliminary

—— F=2" (100%gg) hypothesis J-L =207
observed =

CMS preliminary  {s=7TeV,L=5.1f5" {s=8TeV,L=19.6f5"
L B L I B
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Couplings to the Ne_

*Use information of all production and decay channels : f
*¥; and x are scale factors w.r.t. the Standard N
Model values for fermions and vector bosons
i f
gu- 4:;4-1-1‘-4'3- lllllllll o |_|H —>4| EH—) Ivlv ' CMS Preliminary .|s-?TeV. L<51fb" ys=8TeV.L<19.6 fb’ CMS
- \s=7TeV]Ldt=46481b" #8H— vy ElCombined = | 4 SMHiggs ® Fermiophobic [ Bkg. only
3 \s=8TeV|Ldt=20.7 1" + SM x Best Fit | 2 T
- 1 - All channels
ATLAS
1
of-
i
06 0.7

= Couplings compatible Standard Model values, but large uncertainties

...Future data will decide...



.Shown in a different way

CMS Preliminary {S=7TeV,L=511" {S=8TeV,L= 196"
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For the fermions, the values of the fitted yukawa couplings are shown,
while for vector bosons the square-root of the coupling for the hVV vertex
divided by twice the vacuum expectation value of the Higgs boson field.




The News Since July 2012

Results based on the full data set of 2011-2012 have
been released this spring.

The discovery of the new particle has been confirmed
with more added collisions

Signals in the fermion-channels start building up
We tested the spin: it is compatible with a O+ state
and not with (simple) O- or spin 2 (1) states

The mass is getting measured better with time, in the
range125-126 GeV. A naive average gives 125.6 GeV

The couplings to Bosons and Fermions are
consistent with the SM predictions (but these are not
very precise yet; Surprises possible...)




March 2013 News

About CERN Mﬂ-(lj&m\

Sclentists

s the Higgs boson

) that will unlock
e key of the universe? (&)

Following the data released by ATLAS and by CMS last March, we
now call it a Higgs boson (instead of a Higgs-like boson)



News From EPS Stoc

New result on additional channel and first differential ~ £ %™ Sorana
distributions for H->yy. But the picture did not change £ | =
=> Next stop 13-14 TeV collisions in 2015-2016 g Z(IHHWwW)
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Invisible Higgs Decay

Light Dark Matter may couple to a Higgs
If m, <M,/2 then Higgs can decay "invisibly”
Study case: Z+H - 2 leptons + missing E;

No evidence for
—— e invisible decays

CMS Preliminary

IR R T ™ O
‘E— SE—I _ Olbserveii - ZHoI4MET - S 1 E . — Observed =
\DN o Expected {5=7 TeV, [ L=5.1 " ] C _____ Expected - fou nd SO far
¢ o5 Bwectedslo {5=8 TeV, [ L=19.6 fb" - N P ]
']1': "I [JExpected = 26 =eTeuf e ] i 7 . :
&, 1 1 [+ ATLAS (4.7+13.0 fb-1):
m 2r ] “
X F - = —
& 1 10 ; - ® Br(H—yy) < 65% (84% exp.) @ 95% CL,
§ : [ ATLAS Preliminary ] mu = 125 GeV
= 1= B | ZH->lI(inv) R
% ; ; V5=TTeV, [ Ldt=4.7b" + CMS (5+20 fbo):
(\2 0.55— g 10’2?|\1'_s=8TeV, ;det=13.(|)fb" | | ‘* ® Br(H—yy) < 75% (91% exp.) @ 95% CL,
8 O T i a0 i a1 002 o4 06 08 my = 125 GeV
M, [GeV] BR(H—inv)
L. MK Projection
ost @ Spin independent o A M A
e =\ ' ' ' ' ' 3 103 |- cross section limit [cm’] 95% CLBR = 0.06 .
- - ey _ More production
07 Al following arXiv: 1205.3169, - P
1ot Djouadi et al. : channels are
0’} 104 - i being analyses
- a - Scalar =
e XENON100 (projected) i 47:* |
10-11 L e BR:V= 20% _§ : Fermion
S, B e Future LHC
20 40 60 A E Y
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Dark Matter @ LH

Search for WIMP candidates in events with Missing Transverse Momentum
EG: SUSY searches, monojet and mono-photon Searches, W’ searches...

arXiv:1305.1605

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

: DM DM : DM M : SM DM DM DM
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM SM DM SM M DM DM DM

Nudear Matter
quarks, gluons

Photons, Other dark
W, Z, h bosons particles




The Other Dark Matter Connecti-

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

Direct Indlrect

e el

Colllder

Collider

Direct

Use effective theory
tO relate q Photon+MET Jet+MET W+

measurements to x
Dark Matter studies - DM

See P. Gondolo’s lectures @ ¢

XI



The Dark Matter Con

Results for direct searches and collider searches for Dark Matter
-> Spin dependent and spin independent cross sections of Dark Matter
with ordinary matter (monojets searches)

|—|1O'27_| T T T T T T T T T T T TTTTTH |—|10'27 — T T T TTTT — T T T TTTT T T T TTTT
& L . i ' ! i
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c 10%°= — - CDF 2012 = c 10 s =8TeV — — CDF 2012 E
L ol f Ldt=19.5fb" -:== SIMPLE 2012 B Q J.L dt=19.5fb" — XENON1002012
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34| _ _
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N 4n36 N -== lceCube W*W _ 8 36| --- CDMSII 2011 il
o 107F 10% =
= _ B --- CDMSII 2010
O g — d
- C
(@]
()
S woy@yad - 3 = = N\
2 A2 —] ’ S —
>I< 10-44 :_ Spln Dependent _: 10'44 — N :‘:;.-::l:.:.- -------------
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10‘46| Ll Lol Lol 10-46| Lol Lol Lol
1 10 10 1203 1 10 102 10°
2
M, [GeV/c M, [GeV/c?]

Competitive limits with direct searches (under the effective theory assumptions)



The Dark Matter Co

Results for direct searches and collider searches for Dark Matter
-> Spin dependent and spin independent cross sections of Dark Matter
with ordinary matter (W/Z + MET searches) u
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X
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Competitive if DM-u quark coupling different from DM-d quark coupling
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SUSY force particles

Candidate particles for Dark Matter
= Produce Dark Matter in the lab

------
——

S SUSY particle production at the LHC .



SUSY Searches: No signal yet to dat-

squark mass [GeV]

*So far NO clear signal of
supersymmetric particles

MSUGRA/CMSSM: tanf = 30, A0= -2m,, u>0
T T T

I T T T -_-I T Ill.: I T T | T I T T T I T T T I T T T | T
'.‘ ATLAS Preliminary has been found

5000 ‘E J.Ldt=20.3 o Ys=8 TeV ]

t allowed  o-epton combined 1 *We can exclude regions
4000 \ —— Observed limit (+1c520)] where the new partides

- - - Expected limit (+1c,,,) I .
could exist.

3000

eSearches will continue for
the next years

: ATLT e
H .»"6 m""’ﬁ.ﬂ.ﬂ.ﬂ-“"“

2000

1000

sool l 110001 l '12001 | l14oo' | 11600I l 11800I l '20001 l I22001 | m0 and m1/2 are SUSY
guuino mass [GeV] | parameters at the GUT scale

Masses of SUSY particles are larger than 1000 GeV!!!

So these particles are heavier than 1000 times the proton
Explore other than the simplest/constrained SUSY models



AHiggs...

m, = 125.6 + 0.4 GeV

A malicious choice!

MSSM at the weak scale I"I"!Um.
| |

L L L e ————

Strumia

50 60 70 80 90 100 110 120 T 130 140

The Higgs:
so simple yet so unnatural

Stockholm Nobel Symposium
May 2013

Guido Altarelli

Naturalness: Requires Top squarks < ~1 TeV, gluino < ~1.5 TeV...
So far no evidence found...



SUSY Searches: LSP |
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Searches for SU

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

Status: EPS 2013 [Ldt=(44-229)b" +5=7,8TeV
Model ety Jets ET™ [rdim] Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 a8 1.7TeV  m(g)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1ep 3-6jets Yes 20.3 g 1.2 TevV any m(q) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(g) ATLAS-CONF-2013-054
8 4, Goa¥s 0 2-6jets Yes 203 |@& 740 GeV m(F3)=0 GeV ATLAS-CONF-2013-047
SN ::. g—»qqx‘l’ 0 2-6jets  Yes 203 |& 1.3TeV m@9)=0 Gev ATLAS-CONF-2013-047
8 &8, Eoqot; —.qu )(1 lepn 3-6jets  Yes 20.3 g 1.18 TeV m(¥3)<200 GeV, m(¥*)=0.5(m(¥3)+m(z)) ATLAS-CONF-2013-062
1] gg—»qqqqll(t’l)xlxl 2e,u(SS) 3jets Yes 207 |& 1.1 TeV m(£3)<650 GeV ATLAS-CONF-2013-007
©  GMSB (ZNLSP) 2e,pu 2-4jets  Yes 4.7 tang<15 1208.4688
‘G GMSB (/NLSP) 127 0-2jets Yes 207 |& 1.4 TeV tang >18 ATLAS-CONF-2013-026
~§ GGM (bino NLSP) 2y 0 Yes 48 m(E)>50 GeV 12000753
£ GGM (wino NLSP) Tep+y 0 Yes 4.8 m(¥3)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) ¥ 1b Yes 4.8 m(E3)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(F)>200 GeV
“ Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10"* eV
g S g—)bb\’ 0 3b Yes 20.1 4 1.2 TeV m(¥?)<600 GeV
o “E’ E_’"Xb 0 7-10jets  Yes 203 |& 1.14 TeV m(#9) <200GeV
T v §->t221+ 0-1e,u 3b Yes  20.1 g 1.34 TeV m(«l:’( )<400 GeV
O gobit) 0-1ep 3b Yes 201 |& 1.3TeV m(E9)<300 GeV
" byby, byob?? 0 2b Yes 201 |by 100-630 GeV mi)<100GeV
by by, by—t¥T 2e,u(SS) 03b Yes 207 |b 430 GeV m¥i)=2 m(¥3)
£S ailion host 12en 126  Yes 47 |E{GHGEVI miE3)-55 Gev
3 ks %17 (light), F1— WBYY 2epu 0-2jets Yes 203 |& 220 GeV m(E9) =m(;)-m(W)-50 GeV, m(E;)<<
a'g %1% (medium), T, -t} 2epu 2jets Yes 203 |& 225-525 GeV m(¥3)=0 GeV
: £ (medium), & —b¥T 0 2b Yes 201 |§ 150-580 GeV m(¥?)<200 GeV, m(¥;)-m(¥?)=5GeV
85 Liheaw) fotl) Teu 1b  Yes 207 |& 200-610 GeV m()=0GeV
® E t & (heavy), i~ 0] 0 2b Yes 205 |% 320-660 GeV m(¥3)=0 GeV
®T if, hoch 0 mono-jet/ctag Yes 203 |& 200 GeV m(E)-m(¥})<85 GeV
#  (natural GMSB) 2e,u(2) 1b Yes 207 |& 500 GeV m(¥3)>150 GeV
S B b+ Z 3eu(2) 1b Yes 207 |& 520 GeV m(fy)=m(¥3)+180 GeV
& RbLR, e 2e,u 0 Yes 203 |# 85-315 GeV m(¥3)=0 GeV
> B . x*.,gy(ey) 2epu 0 Yes 203 | X} 125-450 GeV m(E3)=0 GeV, m(Z, 9)=0.5(m(¥; )+m(¥
oo FEy E () 27 0 Yes 207 | & 180-330 GeV mEE)=0 GeV, m(z, 7)=0.5(m(¥5)+m(k
e Xle—)lvaLof(Vv) &) 3eu 0 Yes 207 | B ¥ 600 GeV mF)=meE3), meF)=0, mE, 5)=0.5(m¢¥i )smik
Wz ¥ ¢ 3enu 0 Yes 207 |X;.X; 315 GeV miET)=m(¥3), m(£9)=0, sleptons dect
§ Direct ¥1 #; prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |X; 270 GeV m(E5)-m(2)=160 MeV, 7(¥;)=0.2 n
= Stable, stopped g R-hadron 0 1-5jets  Yes 229 g 857 GeV m(#9)=100 GeV, 10 us<r(#)<1000 s ATLAS-CONF-2013-057
GMSB, stable 7, B8, f)+r(e, ) 121 0 - 15.9 10<tanB<50 ATLAS-CONF-2013-058
§ 8 GMSB, ByG, Iong-llvedX? 2y 0 Yes 4.7 0.4<1(73)<2 ns 1304.6310
Xl—)qq,u (RPV) 1u 0 Yes 4.4 1 mm<cr<1 m, g decoupled 1210.7451
LFV pp—¥; + X, e+ 2epu 0 - 4.6 243,=0.10, 2132=0.05 1212.1272
LFV pp—¥r + X, ¥roe(u) +7  lepu+t 0 - 4.6 233,=0.10, A1(2)33=0.05 1212.1272
> Blllnear RPV CMSSM Teu 7 jets Yes 4.7 m(g)=m(g), ctisp<1 mm ATLAS-CONF-2012-140
& X X1 b4 —)WXl X1—»eev,,. euve 4eu 0 Yes 20.7 m(P9)>300 GeV, Ay5,>0 ATLAS-CONF-2013-036
X1 1 W B rev,, er9, Bemu+t 0 Yes  20.7 m(E3)>80 GeV, 4,33>0 ATLAS-CONF-2013-036
£—qqq 0 6 jets - 4.6 1210.4813
g-tit, tiobs 2e,u(SS) 03b Yes  20.7 ATLAS-CONF-2013-007
E Scalar gluon 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
6 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 i | m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
Vs=8Tev 107 1

*similar results obtained by CMS



C M S EXOTl CA 95% CL ExcLusion LimiTs (Tev) .B=10

Z'3EM (e, pp)

Z'S5M (1)

Z* ftt hadronic) width=1_2%
Z' (dijet)

27 it lep+jet) width=1_2%
Z'88M (I fob=0.2

G (dijet

G fttbar hadronic)

G (jet+MET) kM = 0.2

G fyy) kM =01

G ZZigq)) kM =0.1
W'

W (dijeg)

W' (d)

W' — W{leptonic)

WR' (th)

WH, MNR=MWR/2
WEK p =10 TeV

pTC, nTC = 700 GeV
String Resonances (gg)
=8 RAezonance (gg)

E6 diguarks (gg)
HAeaigluoniColoron (ggbar)
gluino, 3jst. RPV

Searches for Exotic

=’_‘_J Mz, I, HLZ nED =&

4 B

MBH, Cuantum BH, MD=3TeV, nED =2

LQ1. =05

LO2, p=0.6

LG22, p=1.0

LA fbv). O=+1/3, p=0.0

LO3 (b}, Q=+2/3 or +4/3, B=1.0
atop (bT)

b* — W, (21, 21) + b-jet

q', b'/t" degenerate, \Vtb=1
b — tW, l+jeta

B' — bZ (100%)

T = {Z (100%)

1 — bW [100%), l+jeta

' = bW (100%), 1+

G.L A, X analysis, A+ LL/RR
G.L A, X analysie, A- LL/RR
C.l., py. destructve LLIM
C.L., pp. conetructive LLIM
C.1., gingle & (HnCM)

IR GVl Interactions

C.L, incl. jet, destructive
C.L, incl. jet, conatructive

Mz, yy. HLZ. nED = 3
Mz, yy. HLZ. nED = §
Mz, I HLZ nED = 3

MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED =3

MD, mono-y, nED = 6

MEH, rotating, MD=3TeV, nED = 2
MEH, non-rot, MD=3TeV, nED = 2
MEH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

E FE FE E R E E B E B B

*similar results

LeptoQuarks

Generation

Contact

BExtra Dimensions
& Black Holes

1 2 3 4 & TeV
obtained by ATLLAS




What is Next?
Iggs as a porta

® having discovered the Higgs!?

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

SU(3)exSUQR)xU(1)y

hidden Higgs quarks
sector sector leptons

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



The Future of the LHC

LHC luminosity forecast

~30/fb at 3.5 & 4 TeV 2012 DONE
~400/fb at 6.5-7 TeV 2021 goal (?)
~3000/fb at 7 TeV 2035 goal (??)

question: how do we get 3000/fb by 20357
answer: with HL-LHC



The Future: Proposals Di

Years E., TeV | Luminosity | Int. Luminosity
10%*cm2s! | 300 fb™!
1-2 300

Design LHC 2014-21

pp colliders HL-LHC 2024-30 14 5 3000
HE-LHC >2035 26-33* 2 100-300/y
V-LHC** >2035 42-100

25 km

10*¥cm2s?
. ILC 250 <2030 0.75
e+e- colliders ILC 500 500 1.8 ~30
ILC 1000 1000 ~50
S CLIC 500 >2030 500 2.3(1.3) ~13
+ proposals for CLIC 1400 1400(1500)  3.2(3.7) ~27

photon colliders,

CLIC 3000

3000

5.9

muon collider,.. LEP3 >2024 240 1 LEP/LHC ring
TLEP >2030 240 5 80 (ring)
TLEP 350 0.65 80 (ring)

Discussed in 3 areas (US, Europe, Asia) Wait for LHC-14 TeV results?

~48




Consequences for our Universe?.

Precise measurements
N of the top quark and
Important SM parameter — stability of EW vacuum  first measurements of the

O T Higgs mass:

Instability - ==~ .-~ Meta=stability

Our Universe meta-stable ?

%
s PE j Will the Universe disappear
29 : in a Big Slurp? (NBCNEWS.com)
a -
g 1or ) ‘ Will our universe end in a 'big slurp'?
; 10 Stability ] Higgs-like particle suggests it might
’ arXiv:1205.6497
165 M i i M | i L " i 1 i i M | i i " i
115 120 125 130 135

Higgs mass M, in GeV




Summer 2012 the CMS and ATLAS experiment found a new
particle, with a mass of 125-126 GeV, which behaved like the long

sought Higgs boson, postulated in 1964. .

March 2013: The full statistics of 2011+2012 (about a factor 3
more data) confirms the ex:steﬁce of:ﬂaenewaoartlcle

The spin and couplmgs to W and Z bosons are- consistent
with the expectation for-a Higgs boson. Hence we call'it from
‘now onwards “a nggs particle”.'This is a brand new particle,
as we never seen before. o, '

"ThlS HJggs~boson s likely to carry the ‘genetic code forihe
.physics Beyond the Standard Model. Present studies do not yet
reveal any BSM S|gnatures but have only. a ~20% precision.

The nggs and hopefuily future Dark Matter particle discovery are
major mnlestones on our road to ‘understand the Umverse better.

~This is only the beglnnlng”'



More Higgs Boson Results

7 DISCOVERED WHAT

NOTHINGNESS
ISMADE OF !

I'he HIGGS BOSON is
the theoretical particle of
the Higgs mechanist

‘ets its masa. Many We FOUND 11/
ntists pe that HBFQUNDTHB
Gotlder in Gene H6s BOSON/
collides particies s
w II{(._‘
Bo:

0000000000000 Wool felt, fleece with gravel fill

LIGHT HEAVY for maximum Mass. wae ivcuina

SPARTICLLEZ




Effective Field Op

Name| Operator |Coeflicient
D1 Xx4q mq/M}
D2 XY°xdq | img/M}
D3 Xxqv’q | img/M}
D4 | x7V°xqv°q | mg/M;
D5 | Xv*xdvg | 1/M?
D6 | X" xqvuq | 1/M?
D7 | xv"x@wn’q | 1/M?
D8 Xy’ xqvuy’q| 1/M?
D9 | xo"'xqouwq 1/M?
D10 |XowY’Xq0apq| /M2
D11 | xxGG* | as/AM?
D12 )275xGWG’“’ iog /AM3
D13 | xxGuwG* | ias/AM?
D14 | x7°XG WG | as/4M3

Name| Operator |Coefficient
C1 x'xaq mq/M?
C2 | x'x@r’q | img/M?
C3 | x'ouxar*q | 1/M?

C4 |xTOuxar*~’q| 1/M?

C5 | x'XGuwGH | as/4M?
C6 | xIxGuG™ | ias/4M?
R1 x*aq me/2M?
R2 x2q7%q img/2M?
R3 | x*GG*™ | as/8M?
R4 | X2GuG" | ias/8M?

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.




Quantum Numbers: Spi_

*We use the angular analysis to define a likelihood for a spin hypothesis
*We test spin 0, 1, 2 and parity + or -. A Higgs particle is expected to have 0*

CMS prefimirary \E=7TeV,L =51 fb'\E=8TeY, L= 196"

CMS prefiminary  Ys5=7TeV.L=51f" y5=8TeV.L=196 1"
T T T
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We test many more hypotheses: CLS levels:

New particle most compatible with a O* state
. as it should be for a Higgs particle...

-2xIn(L_/L,)
" CLs
0~ 0.16%
O,'," 8.1%
2“;,83 1.5%
2‘*,‘,,44 <0.1%
1~ <0.1%
1" <0.1%

16%




Quantum Numbers: Spin

Spin from H-yy

» Reconstruct decay angle from photons
* Sensitive to spin but not parity
* Fit background and signal in bins of cos6”

Y_' 200 llllllll I LA I LB l T I AL I AL l LA B l LI I LA B
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Spin 0 favoured.




The Mass of the_

Determine the mass from ZZ and 2-photon channels which show a peak!

mH — 126.8 + 0.2(stat) + 0.7(syst) GeV i = 125440, 5(stat) = 0.6(syst) GeV

my = 124.3792(stat) 703 (syst) GeV myy = 125.8 £ 0.5(stat) £ 0.2(syst) GeV
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My = 125.5 & 0.2(stat) 19 2(syst) GeV My = 125.7 4 0.3(stat) £ 0.3(syst) GeV

ATLAS and CMS observe the same particle!! ©



