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Motivation — Top Quark Physics

* The top quark is the heaviest known elementary particle.

* Due to its large mass the top quark plays a key role in consistency checks
of the Standard Model and new-physics searches.

e Studies of top quark production and its decay commonly based on
two approaches:

- Narrow-width (NW) limit:
» Top quark treated as on-shell particle.
» Factorization of top production and decay dynamics.

soft particles

n-collinear n-collinear

- Off-shell fixed-order computation:
» Accounts for non-resonant, non-factorizable and finite lifetime effects.

» Start-of-the-art: fixed-order NLO QCD.

* New approach: Combine properties of NW limit and off-shell computations.
- QCD factorization theorem for off-shell boosted top quarks (—— SCET, bHQET)
» Merge factorization approaches for boosted top production and semileptonic B decays.

- Top quark state based on a measurement (and not on the concept of a “top particle”).
- Incorporate resummed QCD corrections for differential top decay observables.

* Aim: Analytic control of top mass dependent decay observables.

> Future application: Parton shower cutoff dependence of top mass sensitive endpoint region.
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- Off-shell fixed-order computation:
» Accounts for non-resonant, non-factorizable and finite lifetime effects.

» Start-of-the-art: fixed-order NLO QCD.

* New approach: Combine properties of NW limit and off-shell computations.
- QCD factorization theorem for off-shell boosted top quarks (—— SCET, bHQET)
» Merge factorization approaches for boosted top production and semileptonic B decays.

- Top quark state based on a measurement (and not on the concept of a “top particle”).
- Incorporate resummed QCD corrections for differential top decay observables. A. Hoang’s talk at 10:30

* Aim: Analytic control of top mass dependent decay observables. ./

> Future application: Parton shower cutoff dependence of top mass sensitive endpoint region.



Recap: Semileptonic B decays

* Inclusive semileptonic decays B — X £y and B — X,, £ i, allow extraction of | V4| and |V | from
measurements of the decay spectra.

_ « 7 < M? _ <
BO) (X “—  B() X
Q\A%<£ %6
Vg
Vg
d3T ) "
dE,dg2dh? G Lyw W
W — 2;Bjr1m (B z/ dze @ TLIHO) (@)} |BY |,  JY = (e4'PLb)

e B — X_.{¢vy;: WH can be studied by using a local OPE within HQET.
- Non-pert. physics encoded in matrix elements of local operators.
e B — X, £, Cuts on Ey or h? needed to eliminate b — ¢ background events.

- Restriction to phase space region of energetic jets with small invariant mass — SCET
- OPE not applicable in this region — need to rely on factorization tools.



Factorization for Semi-leptonic B decays

Neubert ‘94

: : : : : - Korchemsky, Sterman '94
* Factorized form of differential decay rate in the endpoint region: Bauer. Pirio). Stowart '02
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Recap:Boosted top pair production in eTe ™ collisions

e Factorization approach for inclusive boosted top hemisphere jet production in eTe~ — ¢ at c.m. energies (2 > m;.
- Dijet region for factorization characterized by s, 5 = Mib — m% < m% .
- Top state defined by measurements of Ma,b .
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[Fleming, Hoang, Mantry, Stewart: Phys.Rev.D77:074010 (2008)]



Boosted top pair production in e e~ collisions
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e Combination of factorization approaches for top quark production in € " e collision with factorization methods

known from heavy quark decays.

- Combine hemisphere mass measurements with measurements of top decay sensitive observables.

- Treatment of finite lifetime effects and of the dynamics of the top quark decay products.
- Study of effects at kinematic endpoint regions.

e Important application: Gauge invariant off-shell top quark decay.



Differential top jet function

e Scrutiny of the SCET electroweak+QCD jet function describing the top quark decay.
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e Underlying aspect of the collinear sector:

n
» collinear Wilson line
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Differential top jet function

e Scrutiny of the SCET electroweak+QCD jet function describing the top quark decay.
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Differential top jet function

e Scrutiny of the SCET electroweak+QCD jet function describing the top quark decay.

T (p?) =

N (7 - p)

Relevant for bHQET jet
function
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Differential top jet function

e Scrutiny of the SCET electroweak+QCD jet function describing the top quark decay.

Ty (p?) = N, (7 p) > (2m)?6W(p— Px)Tr
C X -

Result: (valid for boosted top quarks)

0
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- Universal, process independent and gauge invariant jet function.

- Generalization of the concept of an on-shell top including off-shell effects.

- Accounts for spin correlations.

- Possible application: Top spin measurements for off-shell top decays.

- Excellent approximation for off-shell top production.

L/R

n

(0) 10)

11



Differential top jet function

« m,, and £, distribution of differential top jet function including all tree level contributions:

my = 173 GeV,
Ft = 1.43 GGV,
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Differential top jet function

: : C _ — A. H. Hoang, S. Platzer, CR, |. Ruffa, work in progress]
 Comparison with MadGraph prediction for ete~™ — tb W™ at tree level: | 7 °
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Factorization of top quark jet function

* We want to study QCD corrections in the endpoint region.
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e Starting point: bHQET top jet function (s = (p?> — m?)/m = 2v - k)
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final state particles

1. Insert decay operator describing the top quark decay:
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Factorization of top quark jet function

3. Phase space factorization: (Define total hadronic momentum h = an and leptonic momentum ¢ = py + Py, .)
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L = dlla(p; g, h) dlla(g; pe, pyy) AT (R) , dTT(h) =[] (27)3 2E, 5(4)( Zp )
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4. Decoupling of n'-collinear and ultracollinear-soft degrees of freedom:
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Factorization of top quark jet function

KH* ~ /d4Z1 d4z2/dHn(h)Z/dwdw’ Cj(w)er(w')
j)j,
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5. Rearranging the momentum modes in K** into distinct sectors

- SCET Fierz for light b quark jet fields y,

- HQET Fierz for heavy top quark jet fields A,
- Color Fierz

» Factorized form of hadronic tensor:

K" ~ % Cj(h™) Cy(h™) Tr

'/

VY,
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Factorization of top quark jet function

KH* ~ /d4Z1 d4z2/dHn(h)Z/dwdw’ C’j(w)er(w')
j’j,
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5. Rearranging the momentum modes in K** into distinct sectors

- SCET Fierz for light b quark jet fields y,

- HQET Fierz for heavy top quark jet fields A,
- Color Fierz

» Factorized form of hadronic tensor:
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Factorization of top quark jet function

KH* ~ /d4Z1 d4z2/dHn(h)Z/dwdw’ Cj(w)er(w')
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5. Rearranging the momentum modes in K** into distinct sectors

- SCET Fierz for light b quark jet fields y,

- HQET Fierz for heavy top quark jet fields A,
- Color Fierz

» Factorized form of hadronic tensor:

K" ~ % Cj(h™) Cy(h™) Tr
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“bHQET ultracollinear-soft
function”

— New ingredient
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Ultracollinear-Soft Function

[A. H. Hoang, CR work in progress]
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- New ingredient
- Can be computed perturbatively.
- Top width acts as infrared cutoff.

- Describes Fermi motion of the decaying top in the measured state with mass M.
- Generalizes the shape function for heavy meson decays
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Ultracollinear-Soft Function

[A. H. Hoang, CR work in progress]
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- New ingredient
- Can be computed perturbatively.
- Top width acts as infrared cutoff.

- Describes Fermi motion of the decaying top in the measured state with mass M.
- Generalizes the shape function for heavy meson decays
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Ultracollinear-Soft Function

Gt = &+(§, h2, qz) 72 _ 2/(7‘7, . n') [A. H. Hoang, CR work in progress]
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Factorization for boosted top pair production

» New factorization theorem for boosted top quark pair production in eTe™ collisions including the effects of the top
quark decay:
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- Describes semileptonically decaying top quarks within the top jet function.
- Allows to study top decay sensitive observables in the endpoint region. n

- Generalizes the results of known shape functions for heavy meson decays.
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Summary & Outlook

Summary:

* We aim to combine properties of the NW limit and off-shell computations for decaying top quark studies.

- Merge existing factorization theorems for boosted off-shell top production in e e~ collisions and for heavy quark
decays in the endpoint region.

- Top state defined by measurements (and not by NW limit).
- Leads to a gauge-invariant jet function for boosted top quarks including off-shell effects (up to leading order in m,/ Q).

- (b)HQET expansion allows to study NLO QCD corrections to decay sensitive observables beyond the commonly
employed NW limit in the endpoint region.

- Generalizes known results of shape functions for heavy meson decays.

Outlook:

e \We want to study the NLO QCD corrections for off-shell and boosted top decays in the endpoint region.
> Analysis of our factorized approach with NLL resummation.

e Comparison with predictions from Monte-Carlo event generators.
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