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Overview

I This talk: Heavy Flavor = t
I Studied intensely, both at fixed order

I NNLO QCD [Czakon,Fiedler,Mitov ’13], [Czakon,Heymes,Mitov ’16]

I NLO QCD / EW in production × decay [Bernreuther,Brandenburg,Si ’04],
[Melnikov,Schulze ’09], [Campbell,Ellis ’15], [Bernreuther,Si ’10]

I NLO QCD / EW WWbb̄ [Bevilacqua,Czakon,vanHameren,Papadopoulos,Worek ’11],
[Denner,Dittmaier,Kallweit,Pozzorini ’11+’12], [Heinrich,Maier,Nisius,Schlenk,Winter ’14],
[Frederix ’14], [Cascioli,Kallweit,Maierhöfer,Pozzorini ’14], [Denner,Pellen ’16]

I NLO QCD tt̄+(multi-)jet [Dittmaier,Uwer,Weinzierl ’07],
[Bevilacqua,Czakon,Papadopoulos,Worek ’10], [Maierhöfer,Moretti,Pozzorini,Siegert,SH ’16]

I and in the context of particle-level Monte Carlo
I NLO QCD+PS [Frixione,Nason,Webber ’03], [Frixione,Nason,Ridolfi ’07]

I NLO QCD+PS in production × decay [Campbell,Ellis,Nason,Re ’15]

I NLO QCD+PS WWbb̄ [Garzelli,Kardos,Trocsanyi ’14], [Jezo,Lindert,Nason,Oleari,Pozzorini ’16]

I NLO QCD+PS tt̄+(multi-)jet [Kardos,Papadopoulos,Trocsanyi ’11], [Alioli,Moch,Uwer ’11],
[Huang,Luisoni,Schönherr,Winter,SH ’13], [Krauss,Maierhöfer,Pozzorini,Schönherr,Siegert,SH ’14]

I Will focus on
I NLO QCD for tt̄+multi-jets
I Matching to parton shower and (N)LO merging
I Parton shower uncertainties
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Top-quark pairs – A QCD scale uncertainty study

I Renormalization/factorization scale
typically used at very high multiplicity:
sum of transverse mass HT,m =

∑
m⊥

I Has been criticized for being ‘too large’
and insensitive to dynamics of process

I Very different scale defined by MINLO
[Hamilton,Nason,Zanderighi] arXiv:1206.3572

I Interpret event in terms of QCD
branchings, like in a parton-shower

I Assign transverse momentum scales
q to splittings, evaluate one αs at
each of these scales

I Multiply with NLL Sudakov factors,
subtract first-order expansion

I MINLO scale probes detailed dynamics,
typically very small → good candidate
for comparison to HT,m

?

cluster once
find some kT

?

kT

cluster twice
find some k′T

k′T

kT
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Top-quark pairs – A QCD scale uncertainty study

[Maierhöfer,Moretti,Pozzorini,Siegert,SH ’16]

Sherpa+OpenLoops
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Matching to parton showers

Two possible ways to match NLO calculations and parton showers

Additive (MC@NLO-like)
[Frixione,Webber ’02]

I Use parton-shower splitting kernel
as NLO subtraction term

I Multiply LO event weight by
Born-local K-factor including
integrated subtraction term
and virtual corrections

I Add hard remainder function
consisting of subtracted
real-emission correction

Multiplicative (POWHEG-like)
[Nason ’04]

I Use matrix-element corrections to
replace parton-shower splitting
kernel by full real-emission matrix
element in first shower branching

I Multiply LO event weight by
Born-local NLO K-factor
(integrated over real corrections
that can be mapped to Born
according to PS kinematics)

Both cases: Beware of sub-leading color, spin correlations & off-shell effects!
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Matching – Full vs leading color

[Huang,Luisoni,Schönherr,Winter,SH ’13]

I Standard MC@NLO: Soft-gluon kinematics ignored by fading out
real-emission correction to account for leading color MC subtraction terms

〈O〉 =

∫
dΦB B̄(K) F (0)

MC(µ2
Q, O) +

∫
dΦR H(K) F (1)

MC(t(ΦR), O)

B̄(K) = B + Ṽ + I +

∫
dΦ1

[
S− B K

]
f(Φ1) , H(K) =

[
R− B K

]
f(Φ1)

I Appropriate for sufficiently inclusive observables, problematic e.g. for AFB
Similar issues could arise in other observables that break PS unitarity
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Matching – Production vs decay

[Campbell,Ellis,Nason,Re ’15]

I POWHEG simulation including top decays
and off-shell effects (via remapping to
on-shell kinematics & BW reweighting)

I Moderate differences compared to LO
decays & no spin correlations

I Sizable differences for varying shower
parameters (removing decay ME
correction in Pythia improves agreement)
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Matching – Processes with intermediate resonances

[Jezo,Nason ’15]

I NLO subtraction methods do not preserve virtuality of possible resonances
IR cancellation takes place highly non-locally → efficiency problem

I Problem worsens in POWHEG, as uncontrollable ratios are exponentiated:

∆(ΦB , pT ) = exp

{
−
∑
α

∫
dΦ1

R(Φ
(α)
R )

B(ΦB)
Θ(pT − kT )

}

I Proposed solution:
I Partition phase space such that each region

corresponds to a unique resonance history
I Within each region modify subtraction mappings

such that resonance mass is preserved

I Assignment of resonance histories requires algorithm
→ Use kinematic proximity to resonance

Πfb =
Pfb∑

f ′
b
∈res hists Pf ′b

, Pfb =
∏
i∈ress

M4
i

(si −M2
i )2 + Γ2

iM
2
i
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Matching – Wt vs tt̄

[Jezo,Lindert,Oleari,Nason,Pozzorini ’16]

I Wt production in the 5F scheme:
I NLO corrections swamped by LO tt̄ decay
I Requires ad-hoc subtraction prescription (DR/DS)

I Wt production in the 4F scheme:
I Unified treatment of Wt and tt̄ (identical at LO)
I Requires off-shell WWbb̄ calculation

I Sizable differences compared to resonance-unaware matching
and to narrow-width approach [Frixione,Nason,Ridolfi ’07]
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Matching – tt̄bb̄

[Cascioli,Maierhöfer,Moretti,Pozzorini,Siegert ’13]

I Matching of tt̄bb̄ NLO calculations requires special care

I Secondary bb̄ pair(s) from g → bb̄ splitting in PS can have
larger invariant mass than primary pair if PS scale high enough
→ distortion of MC@NLO spectrum compared to NLO

ttb ttbb(mbb > 100)
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Merging in tt̄+jets – Production vs decay

[SH (PhD thesis) ’08]

I ME+PS merging possible in top production and decay independently

I Effect of merging in decay negligible for most jet observables
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Merging in tt̄+jets – NLO

I NLO-Matched & merged simulations
now up to tt̄+2j (+ any jets at LO)
[Frederix,Frixione ’12],
[Krauss,Maierhöfer,Pozzorini,Schönherr,Siegert,SH ’14]

I Decays & spin correlations at LO

I Largely reduced µR/F variations,
central value agrees well with
LO merged prediction

Sherpa+OpenLoops
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Parton shower uncertainties – Splitting functions

I Splitting functions for heavy flavor ambiguous

I Example: FSR g → QQ̄ in Pythia8 [Jimenez (Masters Thesis) LU-TP 14-15]

I w1 = β [1− 2z(1− z)] , β =
√

1− 4m2
Q/Q

2

I w2 = β
[
1− 2z(1− z)(1− 8m2

Q/Q
2)
]

I w4 → full γ∗ → QQ̄ ME correction

Table 4: Simulated gbb values for each option.

Option gbb(±(stat.)(%)

1 0.397± 0.002
2 0.527± 0.002
3 1.106± 0.003
4 0.407± 0.002
5 0.384± 0.002
6 0.504± 0.002
7 1.083± 0.003
8 0.389± 0.002

As we were expecting, the table reflects the description of the options. Option 2 gives
a larger rate than the default since it adds the mass term that corrects the behaviour in
the threshold region, whereas option 3 is even larger than the first two, due to the (1− δ)
denominator. Option 4 provides a value close to the one given by option 1; the effect of the
option 4 enhancement in the threshold region is approximately canceled by the suppression
factor for high masses.

The production of bb as a function of the pair invariant mass is shown in figure 8.

Figure 8: Bottom-antibottom pair production as a function of the invariant mass. Pythia
options: default (solid), 2 (dashed), 3 (dotted) and 4 (dashed-dotted).
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The relevant features of the options 1-4, discussed in 2.3.3, are present in this graph.
Option 3 represents the extreme case. The compensation between the enhancement in
the threshold region and the suppression for high masses in option 4 is visible. That
compensation corrects the total rate (area under the curve) to a value similar to the one
given by option 1. From first principles, there was no reason to expect these two effects to
compensate as closely as they do in the total rate. Option 2 has a clear enhancement in
the threshold region compared to option 1.

21

w1 →solid
w2 →dashed
w4 →dash-dotted

I Also: Effects of massive recoil partners in momentum mapping
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Parton shower uncertainties – Shower model

I Old angular ordered / vetoed parton showers do not fill full phase space
Dipole showers lack parton interpretation → prefer alternative to both

I Can preserve parton picture by partial fractioning soft eikonal
↔ soft enhanced part of splitting function [Catani,Seymour ’96]

pipk

(pipj)(pjpk)
→ 1

pipj

pipk

(pi + pk)pj
+

1

pkpj

pipk

(pi + pk)pj

+

k j i k j i k j i

I “Spectator”-dependent kernels, singular in soft-collinear region only
→ capture dominant coherence effects (3-parton correlations)

1

1− z →
1− z

(1− z)2 + κ2
κ2 =

k2
⊥
Q2

I For correct soft evolution, ordering variable must be identical
at both “dipole ends” (→ recover soft eikonal at integrand level)
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Parton shower uncertainties – Shower model

[Stoll (Diploma thesis)], [Plätzer (IPPP HF WS ’16)]

I Something odd in this model for g → bb̄ splittings
I Not a bug, consistent between generators (Herwig7, Sherpa, . . . )
I Not fixed by a scale choice (pT vs. mqq̄)
I Not a kinematics/ordering effect

54 8. Analysis II: Simulation Results

8.2. B-Hadron Fragmentation

The B-hadron fragmentation distribution is an important tool for investigating the impact
of our implementation, since it is explicitly related to heavy quarks. Fig. 8.4 shows the
simulation results for various shower setups. Although the description is improved by the
new parton shower in comparison to the dipole shower in the massless approximation,
agreement with experimental data seems out of reach.
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Figure 8.4.: B-hadron fragmentation for three different parton shower implementations.

Therefore, we investigated the partonic final state and the subsequent formation of primary
clusters just before hadronization in more detail. Since the Herwig++ standard shower
gives a fairly accurate description of the B-hadron fragmentation, it served as a benchmark
to which the dipole shower spectra were tuned manually. Fig. 8.5 shows the spectrum of
the partonic state right before hadronization as well as the spectrum of primary clusters
which contain a b or b̄ quark. In both spectra, an excess of particles carrying a very high
energy fraction arose, which corresponds to shower evolution without any branching at

all. Lowering the IR cutoff to µ
(b)
IR = 0.25 GeV was found to yield quite good agreement

in this phase-space region. Additionally, the respective soft scale µ
(b)
soft which screens the

Landau singularity in the coupling constant was significantly lowered to 0.2 GeV in order
to give a better description in the perturbative domain.

A second effect of our implementation is manifest in a bump in the primary cluster spec-
trum at 10 ∼ 11 GeV. Since the default value of the bottom quark constituent mass
is 5 GeV in Herwig++, the bump corresponds to bb̄ clusters just above the production
threshold. At least one of the constituent quarks must have been produced during shower
evolution from g 7→ bb̄ splittings, which is strongly suppressed in the standard shower.
As a practical choice, this particular shower kernel was removed from further simulations.
The prediction by the modified simulation is also plotted in Fig. 8.5.

Lastly, the impact of the cutoff µ
(uds)
IR on the full spectrum of primary clusters was in-

vestigated. Fig. 8.6 shows that the best agreement with the standard shower spectrum

was found for a value of µ
(uds)
IR = 0.8 GeV. Note that the spectra considered cannot be

obtained by experiment and that the outcome of the Herwig++ standard shower is con-
sidered plausible simply because it yields satisfactory agreement with experimental data
and its shape can be explained by quark production threshold considerations.

After applying the parameters discussed above and manually excluding g 7→ bb̄ branching,
B-hadron fragmentation was significantly improved. A new tune of b quark evolution and
b hadronization parameters based on these considerations supports a low IR shower cutoff,
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Parton shower uncertainties – Shower model

[Stoll (Diploma thesis)], [Plätzer (IPPP HF WS ’16)]

I Something odd in this model for g → bb̄ splittings
I Not a bug, consistent between generators (Herwig7, Sherpa, . . . )
I Not fixed by a scale choice (pT vs. mqq̄)
I Not a kinematics/ordering effect

56 8. Analysis II: Simulation Results
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Figure 8.6.: Primary cluster spectrum right before hadronization.
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Figure 8.7.: B-hadron fragmentation as predicted by the leading order simulation after
adjusting the b quark and primary cluster spectra and performing a new tune with exclu-
sion of g 7→ bb̄ shower branching. For comparison, the results for the (similarly modified
and tuned) dipole shower in the massless approximation and for the standard Herwig++
parton shower are presented as well.

Parameter LO NLO

µ
(b)
IR,FF 0.273(12) GeV 0.27(3) GeV

µ
(b)
soft,FF 0.61(3) 0.392(8)

Cl
(b)
max 4.06(9) 0.58(4)

Cl
(b)
pow 4.89(12) 9.98(4)

Cl
(b)
smr 0.0 0.43(6)

P
(b)
split 0.017(10) 0.000(4)

Table 8.4.: Parameters concerning b quark evolution for LO and NLO fits of the modified

dipole shower to LEP data. Cl
(b)
smr was set to zero as it was determined negative in the LO

tune (but compatible with zero).
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Parton shower uncertainties – Kinematics

[Prestel,SH ’15]
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I Two mapping schemes for IF dipoles → local [Catani,Seymour ’96]

and global [Plätzer,Gieseke ’09], [Schumann,Siegert,SH ’09]

I Negligible impact e.g. on qT -spectrum of Drell-Yan lepton pairs

I Less well investigated in more exclusive observables and heavy flavor
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Summary

Heavy Flavor particularities

I Resonance-aware matching for top

Major sources of uncertainty

I 4F vs. 5F scheme in hard process

I Splitting kernels and scales in PS

I Shower model (partons vs dipoles)

All of them under constant investigation
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AFB from a parton shower viewpoint

[Skands,Webber,Winter] arXiv:1205.1466

[Huang,Luisoni,Schönherr,Winter,SH] arXiv:1306.2703

I Parton-shower unitarity broken by splitting of emission phase space
I Events with ∆ytt̄ > 0 have fewer phase space for radiation
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I But inclusive asymmetry is mainly generated by momentum mapping

∆σ+− = − 2

∫
dσLO|∆y>0(1−∆+)P+−︸ ︷︷ ︸

subdominant as ∆−<∆+ ((b) vs. (a))

+ 2

∫
dσLO|∆y<0(1−∆−)P−+︸ ︷︷ ︸
dominant as ∆+>∆− ((a) vs. (b))

P−+/P+− - probabilities for ∆y to increase / decrease in splitting
I Dipole showers generate positive rapidity shift in each emission

∆yt =
1

2
ln

(
1 +

pqpg

pqpt

(
1− z
z

+
m2
t

pqpt

)
p̃+
q

p̃+
t

)
> 0

Similar finding for any dipole-like recoil scheme → positive asymmetry
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