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Outline of Lectures

@ Standard Model of Electroweak Interactions
@ Searches for Violations of Discrete Symmetries
@ Precision Low Energy Electroweak Measurements

@ Electroweak Probes of Hadron Structure
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Introductory Remarks

@ Student background and preparation varies

@ Some of you will have had nuclear and/or particle physics at an advanced
level; but not all of you

@ I will try to have a few slides each lecture on very basic undergraduate
and graduate subatomic physics

@ As postdoctoral researchers, you will learn fo cope with
imperfect knowledge

& Qualitative rather than quantitative understanding

@ I am an experimentalist! I will focus on measurements but theory is
critical. A complementary theory lecture by Vincenzo Cirigliano

o I will try to communicate the “big picture”

@ necessary general knowledge for students focused on other subfields
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Outline of Lecture #1

® Electroweak Interactions: a minimalist view

@ Why do we think we have the correct
effective low energy electroweak theory?

@ Why do we think we have more work to do?

@ The path forward
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Fundamental
Interactions
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Charged Weak Interactions have pure V-A structure (maximal parity violation)
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Free fermions fields are solutions to the Dirac equation (iy, 0" —=m)y =0

Corresponding Lagrangian: £ ~ Y (iy M&“ —mny

Conserved electromagnetic current

A i
: J" =qyy"y 4-vector
Feynman Rules: emission and absorption of virtual current A1 )
photons by fermion electromagnetic current Y

p3,5 s3 e “ 4 S4

2
ge —S$5 % ] o
Momenta and W 2[” (p3))/uu (pl)][u (P )y u (pz)] -

t spins p and s (pl = p3) s
PirS1 (o LL\P22 Sz e \6
2 dO’ hi 4O{2E'2 o) ﬂ E H

X Differential Cross Section e OSEe 4-momentum transfer
dQ q 2 2 AN 9
q  =-4EE sin 5




J* ~ vyt vector J* ~yYyty>y axial-vector V-A Interaction
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Left- and right-handed projections
Only left-handed particles participate

PL,RM =U;p PP;=0,P, 23 o in charged weak interactions



Charge & Handedness

Electric charge determines strength
of electric force

Electrons and protons have same charge Left-handed particles Right-handed particles
magnitude: same strength (Right-handed antiparticles) (left-handed antiparticles)
have weak charge are “weak charge neutral”
, Neutrinos are “charge i@'Co "Nijg
D neutral”: do not feel 1 =
‘ the electric force FEammmI Y e
observed Ve

| anti-neutrino

anti-neutrino

Important: Helicity # Chirality if m#0!

Helicity operator commutes with free-particle Hamiltonian
Conserved but not Lorentz invariant!

(Can race past a massive particle and observe it spinning the other way)

Chirality operator not conserved, but Lorentz invariant!
Freely propagating left-chiral projection will develop a right-chiral component
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Each decay mode provides a partial width 1,

Conversion factor: 197 MeV-fm

G.m’
FM = 1;2 = :> Muon lifetime in vacuum: 2.2 us
JU

Gedanken Experiments: The luxury of being a theorist
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For E ~ 1 TeV, probability > 1!

More particles going out than coming in
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Mass of the W between 10 and 100 GeV Short range

Real W production u+d —-W"—e' +v,

Fixed target: M?,, ~2ME Collider: M2, ~ 4E?

Very short lifetime (> Large width
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I'sp Relative probability of A+B decay w.r.t. total probability:
IR Branching Ratio

tot

Count possibilities:

+ + + 1 =
ev,,Uv,,T v_,ud cs

el 39

:> Few nbarn

Need ppbar collider with luminosity £ ~ 10%’/cm?/s
NevedoT = 102L864105x 10:24.x 107

Challenge: QCD background: 40 mbarn!

sete or p-pbar or p-p
» “hermetic” detector
sCollision at heart of detector
*Engineering and

technological challenges

:> Few events!

A detector cross-section, showing particle paths

eeeeeeee

W signal: highly energetic lepton with energy imbalance



More gedanken experiments Electron-positron collisions
Vi W A
W- -

=+ 70

Unitarity violation forces important constraints

*Need WWy vertex: same charge as electron!
*Need a new, neutral massive weak boson: the Z°
»One free parameter: o,, the weak mixing angle

WEL,I‘J;JJW’* Scattering of longitudinal vector bosons (m=0)

oy eceZ couplings depend on sin” 6,

m
ﬁ —* =cos6,,
ol 70 mZ



T N ‘Left-handed particles in isodoublets

I ]' ‘Right-handed particles iso-singlets
racn y *Including neutrinos!
S @ Left- Right-
| v %
/,U, ) ‘,{_' Y Charge g0 g,i 5 g=WlE E,: 5
Jerwo - petsire)
1
Ul T W Charge Lat> T=0
1] Z. Charge T -gsin® 6, ~gsin” 6,

*Ws have no couplings to right-handed particles
oZs couple to both (provided the particles are charged): introduce g, and g,

Also use gy and g ,: 8v =8t 8k 84 = 8L ~ &R
Vector and Axial-vector couplings



Z Decays

electron-positron collisions at “Z-Factories”
SLC @ SLAC and LEP @ CERN

= 2.9840+0.0082
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L .

[—)
o
NN

+ —
e e —hadrons
Wt ¢
N

N

Cro&s-s_cction (pb)

I I lllllll
1 L lllllll

1 || lllllll
1 llllllll

CESR
DORIS |
PEP

PETRA

I llllllll
1 llllllll

TRISTAN S L C
LEPI LEP 11

1 1 1 I L1 1 l 1 L1 l 1 L1 I L1 1 l 1 L1 l 1 1 L I L1 1 l 1 L1 l 1 1 L I Ll 1

20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

4

llll

=

Krishna Kumar NNPSS 2010 Lecture 1



Perturbation Theory &
Charge Renormalization

s
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Running Couplings

total charge enclosed is less than q

dielectric

effective charge increases
with decreasing distance:

test charge q higher order terms in

total charge depends on relative distance perturbative expansion ‘ a(m’z) = a/(1-Ac)
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For electroweak interactions, there are three parameters needed:

1. Scale of electromagnetism (electric charge)
2. Scale of the weak interaction (weak vector boson mass)
3. Weak mixing angle (ratio of the weak vector boson masses)

Parameters are chosen from

experimental measurements: W >
t\{ ab
1. electron g-2, thomsen scattering W tz t
2. The muon lifetime /\

3. The mass of the Z boson

Z production

Muon decay

Z mass know to 23 parts per million! :
The answer differs from what
you would get at tree level

2 2
Al SR e =i



EW Global Fits

Electroweak Precision Data

Very high Q2 physics at LEP, SLC, and the Tevatron:
More than 1000 measurements with (correlated) uncertainties
Combined to 17 precision electroweak observables

Z boson physics (LEP-1,SLD):
5 Zlineshape and leptonic forward-backward asymmetries
2 Polarised leptonic asymmetries P_, ALR(FB)

1 Inclusive hadronic charge asymmetry
6 Heavy quark flavour results (Z decays to b and ¢ quarks)

W boson & top quark physics — ongoing at Tevatron's Run-lII:
2 W boson mass and width (LEP-2, Tevatron)
1 Top quark mass (Tevatron)

17
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J. Erler

The Top and the Higgs

1—‘Z’ O-had’ Rl’ Rq

Z pole asymmetries

direct (10)
indirect (10)
all data (90%)

— — — low energy

all data (90% CL)

150 155 160 165 170 175 180 185 190
m, [GeV]

170 175
m, [GeV]

100 110 120 130 140 150 160 170 180 190 200 210

<——— Tevatron

®Most precise observables: My and Z pole asymmetries
®Direct and Indirect Measurements agree
®Extraordinary accomplishment of theory and experiment
®Higgs Boson is expected in a narrow range: 115-160 GeV

probability per GeV

100 110 120 130 140 150 160 170 180 190 200 210
M,, [GeV]
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The Electroweak Theory

@ Effective low energy theory of weak and
electromagnetic interactions

@ Tested at the 1% accuracy or better from
microns to attfomefters

@ Theoretical framework allows precision
calculations

@ Testing consistency provides access to
phenomena much heavier than scale of
measurements
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Open Questions

Why is the weak boson scale 100 GeV?

Why are there 3 generations of particles?

How did matter come to dominate over anti-matter?

Were there as yet unobserved new forces in the early universe?
Is there a unifying framework to describe all forces?

Why are neutrinos so light?

Why is the top so heavy?
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Time and Length Scales

Unified 1 10-43 seconds
2 Plank time

& 10-%5 to 1022
| seconds
2 Inflation period
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The Large Hadron
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Compelling arguments for "New Dynamics” at the TeV Scale
A comprehensive search for clues requires:

Large Hadron Collider as wellas Lower Energy: Q<< M2

Nuclear/Atomic systems address several topics; complement the LHC:

. Neutrino mass and mixing Ovpf decay, 0, (3 decay, long baseline neutrino expts

. Rare or Forbidden Processes EDMs, charged LFV, Ovp33 decay
. Dark Matter Searches

. Low Energy Precision Electroweak Measurements:

Complementary signatures to augment LHC new physics signals

« Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS...)

e Muons: Lifetime, Michel parameters, g-2 (BNL, PSI, TRIUMF, FNAL, J-PARC...)

 Parity-Violating Electron Scattering Low energy weak neutral current couplings,
precision weak mixing angle (SLAC, JLab)



e A Framework for a

Comprehensive Search
Interplay:

T Theoretical
Cleanliness
Experimental

Feasibility

@ SM process must be calculated at
the level of radiative corrections

@ Non-perturbative QCD effects play

Theory uncertainty

“smears” these a significant role: auxiliary theory

sharp lines

and experimental programs

Figure copyright: David Mack @ Vincenzo Cirigliano on Thursday
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An Example:
Supersymmetry

-
-

az_l —~

a;l b) MSSM—2HD

-1 E
¢) MSSM—4HD

103 108 109 1012 10l°
Q (GeV)
Krishna Kumar

Every particle has a supersymmetric
sparfticle partner

sparticles stabilize the scalar sector of the
theory in the presence of radiative
corrections

remarkable (but not compelling) that
couplings unify at a common GUT scale

SUSY processes calculable at the level of
radiative corrections: important for precision
low energy measurements
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Summary
"Textbook EW Physics”

@ A very successful theoretical framework
exists to describe electroweak interactions
over a wide range of energy scales

@ There are many unanswered questions
regarding the high energy behavior and its
implications for the early universe

@ The theoretical and experimental progress
sets the stage for further research at low
energies and at colliders
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Rest of the Lectures

@ Lecture 2: Symmetries and Conservation
Laws. Particular focus on EDMs and Charged
Lepton Flavor violation experiments

@ Lecture 3: Precision Electroweak
measurements at low energy using electron,
muon, neutron and other hadron beams

® Lecture 4: Precision Electroweak Probes of
Hadron Structure
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