


The Standard Model

gravity

That’s it!



o (electric charge)? ~ a, ~ %37 =0.007«1

o (electric charge)?* ~ a2 ~ 0.00005




i (weak charge)”(energy)® ~~ EZ
(mass of Z)2 (1 TeV)?







Where is the Higgs?

How do we know where to look!?

W boson
AW e mass predicted from indirect precision experiments 82 + 2.4 GeV
. at CERN in 1983 at
Z boson
_ * mass predicted from indirect precision experiments 94 + 2.5 GeV
Al at CERN in 1983 at
Top quark
e first (30) at CERN at m, = 40 £ 10 GeV (1984)

@ ° underestimated backgrounds!
e mass predicted from indirect precision experiments m, = |79 + 20 GeV
. at Fermilab in 1994 at m =

Agreement between theory and measurements of
Quantum Field Theory



Parameter Input value

My [GeV] 91.1875 4+ 0.0021
2.1952 & 0.0023
41.540 + 0.037
20.767 £ 0.025
0.0171 £ 0.0010

0.1499 + 0.0018

0.670 4 0.027
0.923 4 0.020
0.0707 + 0.0035
VD 0.0992 + 0.0016
RO 0.1721 4+ 0.0030
RY 0.21629 £ 0.00066
sin?8%; (Qrp) 0.2324 +0.0012

Combine many
observables to constrain
Higgs mass

Where is the Higgs?

M W & L @ = @ @O 9

Indirect
Exclusion

(95%)




Parameter Input value

875+ 0.0021
2.4952 £ 0.0023
41.540 + 0.037
20.767 £0.025
0.0171 + 0.0010

0.1499 + 0.0018

0.670 + 0.027
0.923 +0.020
0.0707 + 0.0035
VD 0.0992 + 0.0016
R 0.1721 + 0.0030
RY 0.21629 + 0.00066
sin26’ (Qrn) 0.2324 + 0.0012

Combine many
observables to constrain
Higgs mass
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Where i1s the Higgs?

Indirect
Exclusion

(95%)




Parameter

My [GeV]
T, [GeV]
oga.d [llb]

Ay,
40,
e
Agp
i’
Ry
sin®6’ (Qrp)

Input value

875 £ 0.0021
.4952 £+ 0.0023
41.540 + 0.037
20.767 £0.025
0.0171 + 0.0010
0.1499 + 0.0018
0.670 &+ 0.027
0.923 +0.020
0.0707 &+ 0.0035
0.0992 + 0.0016
0.1721 £ 0.0030
0.21629 £ 0.00066
0.2324 +0.0012

Combine many
observables to constrain
Higgs mass

Whereisathe Higos?

M W & L @ = @ @O 9

Combined
bound
(95%)

LEP axcluslon at 95% CL

RecentTevatron
exclusion
(160-170 GeV)

Combined
bound
(95%)




Tevatron Higgs search

May exclude
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Year 2011
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Tevatron can’t do much in the most likely region
Sadly, it CANNOT find the Higgs (50)
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Wikisia it se - diliiculito find the Higes?

total cross section

dijets
(background for H -> bb
or H->gg )

Background is
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m, [GeV]

Production Decay






EHC can sec are Higes decays

total cross section

dijets
(background for H -> bb
or H->gg )

The LHC will find
the Higgs

(if it exists)

Signal significance

00 background But 00 background is

small

so we can see it!

JL at=30m"
(no K-factors)

ATLAS

H - vy
ttH(H — bb)
H 5 z2z" 5 41
H > WW? - v
qqH — qq Ww'
qqH — qq 1t

— Total significance

| I
180
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CMS
(expected)

|

200

M, [Gev]

o

I in 1000
Higgses decays to [l




The is being built to find the Higgs

If there is no Higgs

The will find
something better

esupersymmetry
stechnicolor
eextra-dimensions

most exciting possibility!

The - T is a win-win situation







e e S AalE
3. TR e R e N T Sl e i

7 3% DARK ENERGY




Galaxy rotation curves Cosmic microwave background,
Supernova, Galactic clusters

observed __;_7_*
o S S

No Big Bang

expected
from
__ lumincus disk

Supernovae

10 R {kpc)

M33 rotation curve Clusters

Simulations:

With only visible matter, structure doesn’t form



] i :
What do we know? e Must equilibrate with matter

* Must be stable * Must clump
% I
p’ o ‘
\ v ;
~TeV
Not Doesn’t clump mass = 1¢
coupling ~ weak
* Must be Weakly Interacting
Massive Particle
We can compute the density left over from big bang: (WIMP)
const X LT
calculable
nMBCE Planck’s Age of the observed
constant amount

universe

(|O|9 GeV) (|0|0years)






When two seemingly different things turn out to be the same

Chemistry

[ss]ea] o J Joo valonlor [y s Jeul vl el
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Electromagnetism

Quark model

C
Electroweak ‘ o)

unification




Grand Unification

g
strong force Unified
.’ force

\W/Z I
weak force g weak
force
* Explains why and electron have the same charge
* Coupling constants should be the same proton decay
'Bstrong = 0.15 New force! p
e 5 0_'04 hmm... New effects! Y
ofl, ... =0.02
unification at
10'S GeV X
1
predicts:

proton lifetime = 103! years

limit (1974) ~ 10%° years
limit (2009) ~ 5x 1033 years

(12m)InQ/M,, hmm...

but they are energy dependent!



Supersymmetry
-and Forces

* What if every matter particle is unified
with a force particle?

* Matter and force particles must have
the same charges!

* No pairings work...

hmm...




Supersymmetry
Particles and Forces

* What if every matter particle is unified
with a force particle?

* Matter and force particles must have
the same charges!

* No pairings work...

hmm...

* Invent new particles!
* Superpartners must have
the same mass!

hmm...

* Supersymmetry must be broken!
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Benefits / NG
. candidates! e L Higgsino

* Unification improved! Gravitino

Predictive!

detectable
* proton decay around current limits
* predicts Higgs mass
* new sources of CP violation
* B meson decays and mixings
* muon anomalous magnetic moment (g-2)
* flavor changing neutral currents
* collider signatures — jets, leptons, missing energy

Higher scale

Proton lifetime ~ 1032 years
limit (2009) ~ 5x 1033 years



Higgs mass
In the Minimal Supersymmetric Standard Model, the Higgs mass is calculable

mpo < mz|cos(2B)| <90 GeV
Free parameter

MSSM predicted that the Higgs would be seen by UAI, the Tevatron or LEP!

LEP bound: mpo > | 14 GeV

Can increase mass with parameters

3
A(mhu)— o cosaytm,fln(m- a/m.f)

Free parameters
SUSY “requires”

mp S 135 GeV

Remaining SUSY window |14 < m, <135 will be probed by the LHC
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Intriguing excesses at PAMELA

Ruled out by direct
searches (CDMS/Xenon)

astro-ph 0810.4995
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o(e”) / (o(e")+ d(e))

Scattering Cross Section
WIMP-Nucleon / pb

Positron fraction

100
Energy (GeV)

and DAMA

100 1000
WIMP Mass / GeV/c?

=
o

Typical SUSY

Residuals (epd/kg/keV)

300 1000 1500 2000 2500
Time (day)

Not really consistent with typical



e stiraints

Indirect (

Flavor parameters in
the SM can be
Hadronic B- parameterized by

O MO ME 180°

CP violation
parameters

decays

Represent with a triangle:

CP Violation If the triangle doesn’t close,
there must be physics
beyond the SM

in B-meson
mixings

Semi-leptonic B-meson supersymmetry predicts
decay rates many deviations

B-factories
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(1991) SUSY
prediction

—
b =+ 5

boriiin e s,

SM
prediction

125

mass of superparticles




[~ FEP liDeliversd Luminaaly: 25
d L

Babar Recorded Yi(2s): 14,454
O Peak Lumingsity: 53.B51b

BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/b
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

Integratefd Lumino§ity [fb™

_ X Aerogel Cherenkov cnt.
SC solenoid R A s e n=1.015~1.030
o 3.5GeV e*

Integrated Luminosity{log)

Csl(TI) 16X,

TOF counter

] 8GeVe o
' .

]

: 3 lyr. DSSD
Julition Jan1m3 Julin g Jani1/06 Julnor Janingg

g 5T 1/ K, detection

14/15 lyr. RPC+Fe




(1991)

SM
gﬂﬁ%z
b t,e,u 4

BB — X

M

>200, GeV

from Misiak et al, ]
PRL8,022002(’ 07)

[
é’Y . 3.2 3.4 3.6

3.8 4

Measured B(B — X,)) x 10*

ST}|ET}1.EGeV |
measurement: (3.52+0.25) x 104

SUSY
prediction

prediction




Indirect Constraints




Indirect Constraints

Everything agrees!

Impressive SM calculations:

Awkward for supersymmetry

7

e o«

*Can avoid constraints
with fancy models

1
1
1
H O\
' II. I\ Y . .
i ‘\\‘ : ,g
fitter i sol.\w/\cos 2B < 0
Moriond 09 i {exc}-.\ af\.IGL > 0.95) e ,
A\ Fr e e
I b .\ h | | -
- \ A% ‘v:_,l“'\ \\' m:‘“‘
2 el YT TR A,
% SN A TS
CRIEEI Y
e » W
ORI e S £
"’:& & "")'~ v ® -
vy YES Ye s



Buaeel Goisita

Tanp and charged Higgs mass

mnts

smuon and neutralino mass
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SUSY is highly constrained

Predictions Problems
* detectable /\  where are the sparticles?
e proton decay e [l problem
e calculable Higgs mass e SUSY flavor problem

* B meson decays and mixings
* new sources of CP violation
e muon anomalous magnetic moment (g-2) « CP problems

e flavor changing neutral currents « Moduli problems
e collider signatures Ko

e Little hierarchy problem
* Proton decay

Solutions

* Gauge/Gravity/Anomaly/Gaugino mediation
* R-parity
* Hidden sectors

e NMSSM
¢ A terms, D terms

If supersymmetry is relevant to TeV scale physics,



The Higgs is weird




ﬂ The Higgs is Weird

The Higgs boson is a particle.

It naturally wants to clump together. It also clumps around fermions to give

A ? 2 them mass
(bad) % @ (g0od)

Scale of
This makes it very heavy (10 GeV) A {,}
+

but it has to be light to cancel strong W/Z scattering

= small
This is known as the hierarchy problem:

*Why is the weak scale ( )
so much smaller than the (10" GeV)?

*Why is the Higgs so light!?

supersymmetry: =

fermions don’t



The Higgs is Weird

Electromagnetism
| The Higgs is just an order parameter for

electroweak symmetry breaking

=

Magnetization is an order parameter for
spin-alignment symmetry breaking

Weak force

Not magnetized magnetized

Does a “magentization particle” exist?
No.There are electrons with spins.

What are the “electrons” for electroweak symmetry breaking?



Technicolor

What if the order parameter is a fermion condensate?

Ch- @
h=(93)

Solves the Hierarchy Problem: fermions don’t clump!

Weak scale (100 GeV) can be much smaller than Planck scale ( )
posw
Ve 7D

Weak scale is generated by pairs of virtual techniquarks and technigluons

(We already know that the strong scale is generated
by pairs of virtual quarks and gluons)



Technicolor
*But it cannot explain fermion masses.

P00 00
N 4

*Huge problem with flavor-changing neutral currents
by precision measurements

sin“Byla

Theories like
technicolor with
strong dyanmics
are very hard to
study

Many more types
that we don’t
understand

Typical technicolor prediction



Extra dimensions

ey [/
*Why not? S e . i’ E\"-'/!|

*Must be tiny and curled up hard to visualize
*Fun to think about, but not particularly well-motivated

C
Warped Extra dimensions --
e Randall-Sundrum models

* Related to technicolor by duality

* Thousands of parameters AdS/CET
d
e Current bounds are strong correspondence

*hard to see at the LHC

CDF Run I Preliminary (200 pb )

Randall-Sundrum Graviton

0556 .. Excluded Region Leptoquarks Little Higgs models

in dielectron decay mode CDF Run II Preliminary (200 pb ")

Little Higgs Model Z
95% C.L. Excluded Region
in dielectron decay mode

&
2o
'gn
&

200 300 400 500 600

Zrtnass (GoVie D

Graviton mass (GeV/c 2)



Quantum Gravity
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Paciiclesplniaiesin 1930

proton electron photon .
Three particles: p* o - n 8 .
P : . Q\ Two forces: A I \‘ »
Nuclei are made up of protons and electrons
ny = ge i
A ) HeIU|m' A
P /
neutron P+ =
ny o ° P) Simple explanation
of U decay
(Occam'’s razor)
Dirac equation (1928)
3 [
3
: 3H
* explains spin A s x
e predicts positron = \\ \\
* Klein-Nishina formula ® ®

sexplains details of Compton scattering (I& — [ e)
*requires virtual positrons

*Dirac (1930): Maybe proton is the positron! Ny -



19850
problems

|. Nuclear spins and magnetic moments
made no sense

2.lf p* = ,nuclei can implode
0) B
‘-'
Hydrogen Light
3 spectrum continuous
(J [

WV electron voltss

F16. 5. Energy distribution curve of the beta-rays.

Bohr (1930)
Perhaps only
on average

n

discovered 0 M
(1932)

positron discovered

(1932)

® neutrino
n ! (theory 1930)
¢ ( discovery 1956)

separate solutions

Needed to find out



There is a lot we don’t understand today

2. Unification

3. The Higgs

What will the LHC find? 4. Quantum Gravity

esupersymmetry
etechnicolor
eextra-dimensions

Will we need a new principle?
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Conclusions

*The Higgs is @

e Quantum field theory without a Higgs.

* The Higgs is w Hiping
(Hierarchy problem) a.

* None of our “better” ideas seem to work

D@, 2.3 15’ Search for {5
300/~ mSUGRA DO obsdrved limit

|
tanfi = 3, A =0,p=>0 mmm DO expected limit
¥

—— CDF chserved
limit (2.0 5™
5

¥

* The LHC must either find the Higgs, find something else, or
disprove

“There are more things in Heaven and in Earth than are dreamt of

in our philosophy”

-- Ernest Rutherford, 1914, from Hamlet
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Origin of mass?

Why do people say the Higgs explains the origin of mass?

mass mass without Higgs
proton (P 938.3 MeV 800 MeV
neutron @  938.3 MeV 800 MeV
electron e 0.5 MeV 0.0 MeV

The Higgs is very important for mass, but it is not the origin of mass

God particle?

Give me a break!



[ndirect Constraints

Super B-factory potential
Current Constraints (under study)

Super B-factories will give very precise indirect measurements of
new flavor physics — if there is any!
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