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Goal for today:

Work out some of the experimental consequences of the
125 GeV Higgs boson
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Before we get to the Higgs, take a long digression into deep
inelastic scattering



Higgs bosons at hadron colliders (LHC)



Higgs bosons at hadron colliders (LHC)
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Initial states is are bound states of QCD, which is not possible to
solve analytically

Given that it takes a supercomputer to calculate any of the static
properties of the proton (lattice QCD), how can we hope to calculate
what happens during a collision?



We need to introduce an idea called factorization

This is the key feature of QCD that will allow us to calculate what happens in
high-energy collisions involving hadrons



We need to introduce an idea called factorization

This is the key feature of QCD that will allow us to calculate what happens in
high-energy collisions involving hadrons

Start with a simpler type of collider: e beam on a fixed target
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Deep inelastic scattering (DIS)

Electron interacts with quarks electromagnetically

No matter the energy, can never liberate a free quark from the proton
(confinement)

Only produce more hadrons via fragmentation
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Deep inelastic scattering (DIS)
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Electron interacts with quarks electromagnetically
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No matter the energy, can never liberate a free quark from the proton
(confinement)

Only produce more hadrons via process of hadronization

How do we even know hadrons are made from quarks?



Confinement
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Confinement
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0. becomes large at low energies (nonperturbative regime of QCD)



Asymptotic freedom
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0., becomes small at high energies (QCD is perturbative)



Factorization

What happens at small distances (<< fm) isn’t affected by dynamics over
large distances (> fm)



Factorization

What happens at small distances (<< fm) isn’t affected by dynamics over
large distances (> fm)
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Factorization
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Factorization
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Factorization
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Factorization
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Factorization

G’(C’P S>e H > Exclusive cross section to given final hadron state H

Easier to consider inclusive cross section summed over all possible
final hadron states H

cEp>ex) = 2 olep—e H)
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Factorization

G’(CI’[) S>e H > Exclusive cross section to given final hadron state H

Easier to consider inclusive cross section summed over all possible
final hadron states H
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Factorization
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Factorization
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Factorization
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This is known as the parton model. Partons are the constituents
inside hadrons: quarks and gluons.
o” = hadron-leve

Hats denote parton level quantities: N
= parton—level



Deep inelastic scattering
We're going to compute g~ (e' T) — e X> in two ways
1. Assume nothing (more general)

2. Parton model using factorization
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(Assume high energy, neglect electron mass)



Deep inelastic scattering: part 1



Deep inelastic scattering: part 1
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Some kinematic variables
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Some kinematic variables
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Some kinematic variables
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Some kinematic variables

-%2 I\ J
X = B&or I(en L /

()

¢



Some kinematic variables
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Some kinematic variables
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Some kinematic variables
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Some kinematic variables
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Some kinematic variables
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Some kinematic variables
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Counting kinematic variables
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Counting kinematic variables
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Counting kinematic variables
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Counting kinematic variables
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Counting kinematic variables

Elastic scattering: one independent kinematic variable

Inelastic scattering: two independent kinematic variables

(Not including center-of-mass energy s)



Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1

Matrix element:
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Deep inelastic scattering: part 1

Matrix element:
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1

| e MY
o) j(-zm 2gp) 94 -

1 r/mX)’ *ﬁg

LT[R s,

R CIF A M LY

SF'S

W/w(P)%) PAcametr, e our

\\ﬁ\/\ ofO\\(’\ CQ_,



Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 1
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Deep inelastic scattering: part 2

Repeat the same calculation in the parton model
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2

Now we need to connect parton-level quantities to the hadron-
level quantities that may be observed experimentally
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Deep inelastic scattering: part 2
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Deep inelastic scattering: part 2

Parton calculation for inclusive cross section ) \/
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Deep inelastic scattering: part 2

Parton calculation for inclusive cross section
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Parton distribution functions

Necessary ingredient for hadron collider calculations

Cannot be calculated from QCD and must be measured experimentally



Parton distribution functions

Which quarks do we include in the sum for the proton?
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Parton distribution functions

Which quarks do we include in the sum for the proton? A \\ 7)0 Qflfs
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Deep inelastic scattering: part 2

Differential cross section
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Deep inelastic scattering: part 2

Differential cross section
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Now let’s compare our two results:

General calculation (no information about QCD put in):
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Parton-level calculation (based on factorization):
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Now let’s compare our two results:
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Important results:




Important results:
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Deep inelastic scattering is ultimately elastic scattering off of the constituent
partons. Secretly only one independent kinematic variable because it is elastic.



Important results:
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Important results:

3. Scaling violations
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Summary: deep inelastic scattering (DIS)

DIS experiments done at SLAC in late 1960s—early 1970s were
one of key pieces of evidence for quarks

* Bjorken scaling: manifestation of elastic scattering off of
constituent particles in proton (less independent kinematic
variables)

* Callan-Gross relation: partons are spin-1/2

e Scaling violations: QCD prediction verified experimentally



Decay and production of the Higgs boson



Higgs interactions relevant for decay
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Higgs boson has largest couplings to most massive particles

(t,W,Z), but two-body decays |}y —s tt WW 24
are all forbidden since v, = |7 ¢ @6\/

This is actually very lucky! We can study not only these largest
couplings (via higher order processes), but also more
suppressed couplings to e.g. b,T



Higgs decays to fermions
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Higgs decays to gauge bosons (tree-level)
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Higgs decays to gauge bosons (one-loop)
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Higgs decays to gauge bosons (one-loop)
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Higgs decays to gauge bosons (one-loop)

A T et g
L gt et g

Sup @*’Sj el ric
? a\r"'\r\crj

U f)ﬁne/ov‘{'t\ on



Higgs boson production
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Higgs boson production channels
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Higgs boson production channels
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Higgs boson production channels
Cj;r\ order o—F ;mro/‘I—QV\CC)
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion

/PO\,f"L‘br\"lc.vCA ceoSS Sechion -

3 P2
A ' j?ﬁ_—/—(z)vgq(ﬂt -2)
(9520 = gy VG T T
(=) 2 Imla-hl
Sfir\S



Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion

Trick: use the decaq rue Vel vrtod
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion

Now relate parton-level quantities to hadron-level quantities
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Higgs production cross section: gluon-gluon fusion

Now relate parton-level quantities to hadron-level quantities
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Higgs production cross section: gluon-gluon fusion

Now relate parton-level quantities to hadron-level quantities
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion
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Higgs production cross section: gluon-gluon fusion

To go any further, you can download parton distribution
functions and evaluate the integral numerically
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Higgs production cross section: gluon-gluon fusion

To go any further, you can download parton distribution
functions and evaluate the integral numerically
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Higgs boson: triumph for both experiment and theory

Brief history of the weak interaction:
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Higgs boson: triumph for both experiment and theory

Brief history of the weak interaction:
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Higgs boson: triumph for both experiment and theory

Taking seriously issues of gauge theory and renormalizability
led to the prediction of new particles

G'Ou/\je 17050n5 \/\Ij)%

- L) A brand new type of particle —a
Hﬁ? ’ 17050r\ fundamental scalar boson



