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Perfect agreement between
theory and experiments
in all laboratories



Open Questions beyond the
Standard Model

Why do particles have mass?

Why so many types of matter particles?

Are the fundamental forces unified?

Quantum theory of gravity?



’, Where do the masses

Ve -~ come from?
" Are masses due to Higgs boson?
(the physicists’ Holy Grail)
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* High-precision electroweak data:

— Sensitive to Higgs mass:

e Combined upper limit:

, Or including direct limit
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e Exclusion from high-energy search at Tevatron:
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—— Fit including theory errors
---- Fit excluding theory errors

Gfitter collaboration |



Changed the state of the Univers when it was
about 1012 seconds old

May have generated then the matter in the
Universe

Contributes (too much) to today’s

A related might have expanded the
Universe when it was about 10-3° seconds old




Baryons: 4 1%

Cold Dark Matter:
29 + 4%

Dark Energy: 67 = 6%
The ‘Concordance Model’
prompted by astrophy51cs & cosmology

AP




Open Cosmological Questions

Where did the matter come from?

What is the dark matter?
What is the dark energy?

Why 1s the Universe so big and old?




Temperature: | —

Energies:
Rough magnitudes:




380,000
years

3
minutes

1 micro-
second

1 pico-
second

Formation
of atoms

Formation
of nuclei

Formation
of protons
& neutrons

Appearance
of mass?




& -

HC)
-

"

Total energy 7 to 14 TeV

) ¢
'R '

Yy

Up to 1,000,000,000 collisions/second



plasmaJ; ATLAS H1ggs and supersymmetry
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Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET

Interesting Events

Candidate Event with a Z—pp and missing E;




Compilation from Friday Nov. 18th e M \& N\ -

—— Observed
---- Expected

_ -1
Dt 26 Ldt=1.0-23 fb
— bserved w/o THsys = (s _ 7 Tev

Iﬁ xpected w/o TH sys
Higgs \

Precision

potential Electroweak
o . ()
collapses w/ Higgs coupling less dz.lta.
than 1n Standard Model nggs
coupling
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L7 TR | |
% Large M — large self—couphng — blow up at
low-energy scale A due to | [ 1c 990

renormalization exclusion

—— Perturbativity bound
Stability bound

e Small: renormalization DNty
~ due to t quark drives |
quartic coupling <0
at some scale A

— vacuum unstable Tee e oa r/ e
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Astronomers say
that most of the
matter 1n the
Universe 18
1nvisible

Dark Matter

We shall look for
them with the




Would unlfy matter partlclésﬁand force partlcles
Related particles spinning at different rates

(Every particle is a ‘ballet dancer’ )
Would stabilize vacuum

Would help fix particle masses

Would help unify forces
Predicts light Higgs boson
Could provide dark matter for the |

astrophyswlsts and cosmologlsts



. Stable‘in many models because of

conservation of R parity:
2S -L + 3B

 Particles have R = +1, sparticles R = -1:
Sparticles produced in pairs
Heavier sparticles = lighter sparticles

Lightest supersymmetric particle (LSP) stable




* No strong or electromagnetic interactions

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)
Y (partner of Z, H, )

(nightmare for astrophysical detection)




Vs O

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

Lumi section: 49

Jet pT: 468 GeV

20 Gev

MHT. 693 GeV

Missing transverse energy

carried away by dark matter particles §
N \ TS



CMS Preliminary
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MSUGRA/CMSSM: tanf = 10, A°= 0, u>0

ATLAS Preliminary 0 lepton 2011 combined

L™ =1.04f 7, ys=7 TeV CL, observed 95% C.L. limit
[0 LEP2 % ---- CL, median expected limit
[] D09, G, tanp=3, u<0, 2.1 fb™ exp. limit 68%, 99% CL
B CDF G4, tanp=5, u<0, 2 fb™' * Reference point
B Theoretically excluded —— 2010 data PCL 95% C.L. limit
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Aprile et al: arXiv:1104.2549



MasterCode ma@

« Combines diverse set of tools | Model parameters:
e.g. m0, 1/2, AD, tanp, etc
» different codes : all state-of-the-art )
« Electroweak Precision (FeynWz) Spectrum calculators
« Flavour (SuFla, micrOMEGASs) Softsusy || suspect
« Cold Dark Matter (DarkSUSY, micrOMEGASs)
« Other low energy (FeynHiggs) § Y
. O SLHA
« Higgs (FeynHiggs) o T
» different precisions (one-loop, two-loop, etc) § Predictors
. different languages (Fortran, C++, English, | @ riags Sector || Gosmoloay
German, ltalian, etc) B e
» different people (theorists, experimentalists) . Flavour Phys. || EWK Physics
 Compatibility is crucial! Ensured by o || T
* close collaboration of tools authors 7
» standard interfaces é{ Predictions

Expt. Data




Post-LHC, Post-XENON100 T Py

2011 ATLAS + CMS with 1 fb' of LHC Data

68% & 95%
2500 CL contours

m,,, [GeV/c?)
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m, [GeV/c?]
CMSSM NUHM1
60 million points sampled

70 million points sampled

Red and blue curves represent Ay2 from global minimum, located at ¥

(Preferred region “opens up” at cost of worsening global 42 value! )




Post-LHC, Post-XENON100  dezg

2011 ATLAS + CMS with 1 fb™' of LHC Data

-;: I : N P— Higgs mass :
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2 price to pay if M, = 125 GeV is <2 [aladd

CMSSM NUHM1
60 million points sampled 70 million points sampled

Buchmueller, JE et al: arXiv:1112.3564

Favoured values of M, ~ 119 GeV:

Range consistent with evidence from LHC !
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LHC: Higgs boson 'may have been
glimpsed'

By Paul Rincon

Science editor, BBC News website, Geneva

p—

Two teams at the LHC have seen hints of what may well prove to be the Higgs

The most coveted prize in particle physics - the Higgs boson - may

have been glimpsed, say researchers reporting at the Large Hadron Related Stories
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Interesting hints around Mh =125 GeV ?

2.5 . 4 s

CMS Preliminary, \'s = 7 Te1V ] ATLAS Preliminary 2011 Data
Combined, Llm = 4.6-4:.7 fb — Observed

....... - - Expected J Ldt=1.0-4.9 b
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95% CL limit on o/cg,,

CLs Limits
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Higgs boson mass (GeV/c?)

CMS sees broad
enhancement

ATLAS prefers

125 GeV
\  Ex TR
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Interesting hints around 125 GeV 1n both experlments

- but could also be 119 GeV ?



Events / 1 GeV

Events / 5 GeV

VY: 2.80
/7:2.10

WW: 140
Combined: 3.60

Events / 10 GeV
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119.5 GeV

124 GeV
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viXra unofficial global Higgs signal plot LHC+Tevatron+LEP - Dec 2011

Best fit oig™M

Unofficial blogger’s combination
NOT ENDORSED BY EXPERIMENTS
but he was right last time !

130

Higgs boson mass GeV/c?



Post-LHC, Post-XENON100 T Py

2011 ATLAS + CMS with 1 fb' of LHC Data

68% & 95%
s 0y RS — CL contours
S
g 2m
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Buchmueller, JE et al: arXiv:1112.3564
Red and blue curves represent Ay2 from global minimum, located at ¥

(Preferred region “opens up” at cost of worsening global y? value! )




Post-LHC, Post-XENON100 iy

2011 ATLAS + CMS with 1 fb' of LHC Data
Gluino mass
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Buchmueller, JE et al: arXiv:1112.3564
Favoured values of gluino mass significantly

above pre-LHC, > 2 TeV
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Post-LHC, Post-XENON100  \oieiyg

2011 ATLAS + CMS with 1 fb™' of LHC Data

Spin-independent T -+ pre-Higgs
dark matter scattering 5 — Higgs @ 125
. 1:)‘ | - l.nz.[(.;;\.”f v - “10' — lml.;GeV]O'
CMSSM NUHM1
60 million points sampled 70 million points sampled

Buchmueller, JE et al: arXiv:1112.3564

Higgs @ 125 GeV reduces

prospects for coming years ?



Post-LHC, Post-XENON100 iy

2011 ATLAS + CMS with 1 fb' of LHC Data 68% & 95%

25300 - CL contours

m, [GeV]
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CMSSM NUHM1

60 million points sampled 70 million points sampled
Buchmueller, JE et al: arXiv:1112.3564

Higgs @ 119 GeV would enhance
prospects for coming years ?
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2011 ATLAS + CMS with 1 fb™' of LHC Data

-+ pre-Higgs
— Higgs @ 119

Spin-independent
dark matter scattering
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v mx.[Ge\ho, w m o [GeV]o,

CMSSM NUHM1

60 million points sampled 70 million points sampled
Buchmueller, JE et al: arXiv:1112.3564

Significant impact on dark matter experiments:
Better prospects for coming years !




How to Create the Matter 1n the
Umverse?

e Needa d1fference between matter and antimatter

* Need interactions able to create matter r——c_ |

C

e Must break thermal equilibrium




Observations of

Matter-Antlmatter lefferences

¥ Bl L a0 e

- Observed in strange partlele decays in 1964

| ° Described within the Standard Model

» Matter-antimatter asymmetry now seen by LHCb

5 &5 002 gy L7

’;‘ (B NN AA_, LHCDb Prelim. 2010 data
, 1n C a l I l l e C a S G ‘ : \/ ‘ : EPS 2011 NN e AA,, BaBar Sastaly
' N ZZ. 1 [T AA, Belle
: LHCb band drawn by N
oved!
. hand, not HFAG approved! o oraim.
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e 10 x larger than SM estimate?
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Collide heavy nuclei at high energies to create ... -

- g

Recreate the first 10-° seconds ... Prop erﬁés described “

v
3

__, AdS/CFT correspondence
W suggested by string theory:

| Viscosity, jet quenching, ...? |

+— ossoniun Apeg

Temperature T [Me

Hadrons

... and probe the quark-hadron \5100 w
phase transition ) 2 |

/ Neutron starsii
.}K -

1 :
Nuclei

Net Baryon Density
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Collide heavy nuclei at high energies to create ...

2
- A vai2
03 m v, 2}
¢ vsi2}
[ - Vo ('q/s = 0.0)
" — V2 ('q./S = 0.08)
= gof T velwe=09
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Anisotropic flow with > — i

|
= u

very low viscosity [ &/ x !
SRR

T
Centrality 0-1%, Inl < 0.8

o lAnI>1 y J

Vy345(2, 1ANI > 1} & .4 .
I Flow patter explained

by 1nitial conditions: *
CMB redux ? |

20<p_ <30
t,tri
1.0<p <20

t,assoc

Challenge: measure viscosity before/after

minimum: Hard probes for high T? e

A . R ST s a2




B1g Bang < Little Bangs

o The content of the
Universe

e Particle experiments




