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Open Questions beyond the
Standard Model

« \What is the origin of particle masses?

Strings

* Why so many types of matter particles? Strings
 What is the dark matter in the Universe Strings
« Unification of fundamental forces? Strings
» Quantum theory of gravity? String
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Precision Tests of the Standard Model

Lepton couplings

Pulls in global fit

Measurement Fit
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The State of the Higgs: January 2010

Direct search limit from LEP: o5
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Electroweak fit sensitive to m,
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Tevatron exclusion:

m, <162 GeV or > 166 GeV

| e




Higgs Search @ Tevatron

Tevatron excludes Higgs between 162 & 166 GeV




Combining the Higgs Information
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Theory uncertainty

— Fit including theory errors
---- Fit excluding theory errors




Theoretical Constraints on Higgs Mass

Large — large self-coupling — blow up at low

energy scale A due to
renormalization

Small: renormalization
due to t quark drives
quartic coupling <0

at some scale A
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« Bounds on Higgs mass depend on A
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» Dependence on scale up to which Standard Model remains

— Stable

— Metastable at non-zero temperature

— Metastable at zero temperature
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What Is the probable fate of the SM?

Confidence Levels (CL)
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The LHC Roulette Wheel

Standard Model




The LHC Physics Haystack(s)

Interesting cross sections
cm S rate
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. |+ Compare needle

» Cross sections for heavy particles
~1/(1 TeV)? |

« Most have small couplings ~ a?

« Compare with total cross section
~ 1/(100 MeV)?

e Fraction ~ 1/1,000,000,000,000

* Need ~ 1,000 events for signal

~1/100,000,000 m?
« Haystack ~ 100 m3
« Must look in ~ 100, OOO haystacks
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A la recherche
du

Some Sample Higgs Signals
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When will the LHC discover the Higgs boson?

— S0 discovery

- =« 95% C.L exclusion 1 ‘year’ @ 1033
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Blaising, JE et al: 2006



The LHC will Tell the Fate of the SM

Constraint an A from EW fit and . . Constraint on A fram EW fit and
stabllity and parturbativity bounds . stabdlity and parfurbativity bounds
ARGLUMB prel | SE0m me sy ramant: ' Assmpd precision measEngmani:
M, = {120 = 0.1} GeV i M_ = [115 = 0.12) GeV

Incl. thesry efrors l Inel. theary armars
[ Excl. theary emmors . .| Exel. theory errars

Espinosa, JE, Giudice, Hoecker, Riotto



The LHC Roulette Wheel

Supersymmetry




Lightest Supersymmetric Particle

« Stable in many models because of
conservation of R parity:

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




Constraints on Supersymmetry

« Absence of sparticles at LEP, Tevatron

DEHZ 03 (e'e -based)

180.9+38.0 —ia—
DEHZ 03 (t-based)
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« Indirect constraints e
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 Density of dark matter




Quo Vadis

g_u—Z?

Older e"e data show
discrepancy

— now34o

Disagreement with T decay
data
— Discrepancy ~2 ¢
New BABAR e"e data agree
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Minimal Supersymmetric Extension of
Standard Model (MSSM)

 Particles + spartners

) ( % ) e.q., ( - | p hotin HI ) or ‘1‘ el { '

2 Higgs doublets, coupling 1/, ratio of v.e.v.’s =

Unknown supersymmetry-breaking parameters:
Scalar masses 111, gaugino masses
trilinear soft couplings ~, bilinear soft coupling

Assume universality? constrained MSSM =
Single m,, single , single . not string?

Gravitino mass, additional relations




Non-Universal Scalar Masses

 Different sfermions with same quantum #s?
e.g., d, s squarks?

 Squarks with different #s, squarks and sleptons?

» Non-universal susy-breaking masses for Higgses?
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MSSM: > 100 parameters

Minimal Flavour Violation: 13 parameters
(+ 6 violating CP)

SU(5) unification: 7 parameters

NUHM2: 6 parameters
NUHM1 = SO(10): 5 parameters
CMSSM: 4 parameters
MSUGRAR3

parameters




Current Constraints on CMSSM

SU(5) universality at 101" GeV

Assuming the
g lightest sparticle J——
IS a neutralino

WMP constraint o relic de

Preferred (?) by latestg -2 -
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my, (GeV)
JE + Mustafayev + Olive




Looking for Dark Matter
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Global Supersymmetric Fit

 Frequentist approach

» Data used:
— Precision electroweak data
— Higgs mass limit
— cold dark matter density
— B decay data (b - sy, B, > pu™w)
— g, - 2 (optional)
« Combine likelihood functions

WAL et
- L —

Tex

:0808.4128, 0907.5568, 0912.1036 |

| O.Buchmueller, JE et al: arXiv




The (m,, m,,,) Planes in the

CI\/ISSI\/I and the NUHM1
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Contributions to the Global y?

Observable

Best CMSSM fit

Best NUHMI fit

Best CMSSM FP fit
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What Happens 1t g, - 2 Dropped?
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How Soon Might the CMSSM be
Detected?

T

O.Buchmueller, JE et al: arXiv:0808.4128

tanf=10,A,=0, u>0
— 1/fb @14 TeV

— + 100/pb @ 14 TeV

= = 50/pb @ 10 TeV

full CMSSM
'~ parameter space

~ — — _ E3esncL

=] g5% C.L.

T
m, [GeV]




How Soon Might the NUHM1 be
Detected?

tanf=10,A,=0, u>0
— 1fb@ 14 TeV

— © 100/pb @ 14 TeV

— - 50/pb @ 10 TeV

full CMSSM
parameter space

l \\\\\ 95%CL |
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Spectra with lik

ely Ranges
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Likelthood Function for Higgs Mass

: Theoratically— 05F LEP Thearatically—
- excluded inaccessible - excluded inaccessible 1
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O.Buchmueller, JE et al: arXiv:0907.5568



5§ 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
BR(B,—uy) BR(B,—~up)

Standard Model prediction
O.Buchmueller, JE et al: arXiv:0907.5568




Likelihood Function for tan 3
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The LHC Roulette Wheel

Extra dimensions
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And if gravity becomes strong at the TeV scale ...

Black Hole Production at LHC?

Multiple jets,
leptons from
Hawking
radiation
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Measuring Extra Dimensions @
LHC
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First 2009 Beam Circults:
Friday Nov. 20th @ 8.15pm
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e -Excellent agreement between measurements
A and model of the LHC accelerator
*The LHC Is very well easured understood




Accelerating 2 Beams to 1.18 TeV

E: 1180 GeV 14-12-2009 02:40:39

1180 GeV [(B1):

*Smooth increase of magnet current to 2000 Amps
| *Few protons lost during the acceleration
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Tense Anticipation ...

S .. and tense anticipation..
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| Monday, 23" November, ~15:30*
..after concentrated preparations.. in the ALICE Control Room
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Colliding Beams @ 900 GeV

= TIMBER v3.1.3
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First LHC Collision in ATLAS

Candidate
Collision Event

EXPERIMENT
2009-11-23, 14:22 CET
Run 140541, Event 171897

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html




First LHC Physics Paper from ALICE

First proton—proton collisions at the LHC as observed with
the ALICE detector: measurement of the charged particle Based on 300

pseudorapidity density at /s = 900 GeV events from 23/11
ALICE collaboration
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CMS preliminary 2009, 900 GeV data Ul IR LN LN LS RN LA I IR =
AR RASal RAhal AAAAl MhAad AR MARAR MARRS RARRG Q CMS preliminary 900 GeV Data:

Nsig = 3966 + 94 .
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NO

Supersymmetry

yet!
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No Black Holes yet!
CMS 4-Jet Event @ 2. 36 TeV

CMS Experiment at the LHC, CERN
Date Recorded: 2009-12-14 05:41 CET
Run/Event: 124120/16701049

Candidate Multijet Event at 2.36 TeV




What will the Future bring?

Default scenario:

— 2010/2011
* Run @ 3.5TeV + 3.5 TeV
« Aim for > 1/fb integrated luminosity

Plan long shutdown before increasing energy
At least one major upgrade:
— Linac4, new collision insertions

Scope of second upgrade under discussion
— SPL? PS2? Collision insertions? Crab cavities?




~ 100

Ratios of parton-parton
luminosities @ LHC/Tevatron
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OUDY (q,2): Tevatron limit ~ 400 GeV (95% C.L)

. discovery up to ~ 400 GeV
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Higgs Vs=7 TeV:H> ww, m, ~ 160 GeV (Tevatron exclusion: 163-166 GeV)

300 pb-! per experiment : ~ 30 sensitivity combining ATLAS and CMS (similar to Tevatron)

1fbl per experiment

: could exclude 145 < m < 180 GeV
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Evidence against/for the Higgs?
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Discovery of Supersymme
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What are the Stakes for Strings?

Is there such a thing as an elementary scalar field?
Not if you believe Stephen Hawking *

Is there supersymmetry at an accessible energy?
First postulated by string theorists

If so, how Is supersymmetry broken?

Are any extra dimensions large?

If so, what fixes their sizes?

Does gravity become strong at TeV scale?

If so, measure stringy grey-body factors




Conversatlon with Mrs Thatcher 1982

What do you do?
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Think of things for the i Wouldn’t it be
experiments to look - betteritthey
for, and hope they find ; ~ found what
Then we would not 2 ‘
learn anythlngl |



Strategies for Detecting Supersymmetric
Dark Matter

Annihilation in galactic halo
Annihilation in galactic centre

Annihilation in core of Sun or Earth

Scattering on nucleus In laboratory




Elastic Scattering Cross Sections
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O.Buchmueller, JE et al: arXiv:0907.5568 '



CDMS ‘Hint’?

Two events where 0.8 were expected: not significant

Likelihood Analysis &5

L e -
10 . . . —_ . e =
1 Bis JH F&T

FEFLIN 11 3888
*  KINLWEIN: JER
KESAS I BT
= = TS Sewdas 88

1w

o
1o

WIM P-nuclemn o em’]

/ﬁ",“;’ WIMID maass Iﬂ'n:"l-'.'l."ll

-

10 10 10° [

. ™5 —_— ™ -
~~*_,J‘ t - B Iny N
A T At IR vl e

- lng‘L-“'
— gL —) L
At 0
.\ l*’l-ln—’




The Stakes 1n the Higgs Search

How 1s particle symmetry broken? -
Is there an elementary scalar field?

What 1s the fate of the Standard Model?

Did mass appear when the Universe was a
picosecond old?

Did Higgs help create the matter in the Universe?

Did a related inflaton make the Universe so big
and old?

Why 1s there so little dark energy?
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