
On the cutoff dependence of jet masses obtained from parton showers

Daniel Samitz

(University of Vienna)

in collaboration with André Hoang and Simon Plätzer
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Motivation

• Parton showers as part of Monte Carlo (MC)
event generators widely used in collider phenomenology

• Most precise top mass measurements based
on reconstruction rely heavily on MCs

mMC
t = 172.44± 0.49 GeV (CMS)

mMC
t = 172.84± 0.70 GeV (ATLAS)

mMC
t = 172.44± 0.64 GeV (Tevatron)

• Which mass scheme is determined in these
measurements is still unsettled

• Shower cut is expected to have impact on
the IR behavior of the parton shower and
the MC → mass scheme?
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Previous Work (Selection)

• Hoang, Stewart (2008), arxiv:0808.0222

I qualitative considerations based on analogy of MC components (hard ME + PS +
hadr. model) to SCET+bHQET factorization theorem for 2-jettiness at resonance for
boosted tops

I conjecture: parton shower cutoff Q0 implies that MC top mass is short distance mass

+ non-pert. corrections

mMC
t = mMSR

t (R = Q0) + ∆t,MC(Q0)

∆t,MC(Q0) ' O(1 GeV)

mpole
t −mMSR

t = R
(αs(R)

4π

16

3
+ . . .

)

I shower cutoff Q0 cuts away infrared contributions to the mass

• Hoang (2014), arxiv:1412.3649

I quantitative estimate of ∆t,MC based on analogy to B meson mass

I ∆t,MC . 1 GeV
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Previous Work (Selection)

• Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart (2017), arxiv:1608.01318

I numerical relation between Pythia MC top mass and MSR mass using 2-jettiness in
e+e− in the resonance region from calibration fits

I mMC
t = mMSR

t (1 GeV) + (0.18± 0.22) GeV

I universality conjectured but not proven

• Hoang, Mantry, Pathak, Stewart (2017), arxiv:1708.02586

I extension of the framework to groomed jet masses at the LHC for boosted top quarks

I results consistent with e+e− calibration

I full calibration analysis still to be done
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Previous Work (Selection)

• Corcella, Franceschini, Kim (2017), arxiv:1712.05801

I MC studies of dependence of kinematic top decay distributions (e.g. Mbl) on variation
of hadronization- and fragmentation parameters (Pythia 8 and Herwig 6)

I result: dependence on fragmentation parameters small in the top mass endpoint region

• Heinrich, Maier, Nisius, Schlenk, Schulze, Scyboz, Winter (2017), arxiv:1709.08615

I studied effects of off-shell top production compared to narrow width approximation

I found effects of 0.5− 1 GeV for top mass determination

I finite lifetime effects important
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Aim of our work

• Want to add another important piece to the puzzle by examining the theoretical
properties of parton showers with respect to dependence of shower cut Q0

• Want to understand mass of the top quark state (= top + gluons around) that is
produced in the hard interaction (do not address issues related to decay)

• Do not address finite lifetime issues

adopt narrow width approximation as used in state of the art MCs

(factorization of production and decay)

• Questions we want to address:

(A) Can a state of the art parton shower in principle describe the single top
mass threshold (resonance) with NLO precision?

(B) What is the impact of the shower cut Q0 on the peak of jet masses?

(C) Does the shower cut imply that the MC top mass is a short-distance mass?
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Observable

• Want to study the mass of the top state (i.e. top + gluons) produced in the hard
interaction (quasi-coll. limit → boosted top quarks)

• Want an observable that is not sensitive to differential details of the top decay or
further branching of daughter particles (e.g. b→ b+ g)

• Here we look at the sum of the hemisphere masses (w.r. to the thrust axis) in e+e−

τ ≡ M2
1 +M2

2

Q2

≈ thrust in the resonance region (2-jettiness in the massive case)

• Study e+e− for simplicity,
but results are general
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[Stewart, Tackmann, Waalewijn (2010)][Farhi (1977)]



Outline

1 Massless Quarks
1 Coherent branching (CB) for massless quarks

2 Impact of the shower cut Q0 (CB vs SCET)

3 Comparison with Herwig 7

2 Massive Quarks
1 Coherent branching for massive quarks

2 Impact of the shower cut Q0 (CB vs SCET+bHQET)

3 Comparison with Herwig 7

3 Conclusions
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Coherent Branching (CB)
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Dokshitzer, Fadin, Khoze (1982)
Bassetto, Ciafaloni, Marchesini (1983)
Catani, Marchesini, Webber (1991)

default shower in Herwig 7

k

k ’

q

k′µ = zk−
nµ

2
+
k′2 − q2

⊥
zk−

nµ

2
− qµ⊥

qµ = (1− z)k− n
µ

2
+

q2 − q2
⊥

(1− z)k−
nµ

2
+ qµ⊥

momentum conservation:

k2 =
k′2

z
+

q2

1− z +
q2
⊥

z(1− z)
evolution variable: q̃2 =

q2⊥
z2(1−z)2

color coherence of soft gluon emissions → angular ordering: z2
i q̃

2
i > q̃2

i+1

jet mass distribution (inv. mass distr. generated by CB from one hard quark):

J(Q2, k2) = δ(k2) +

∫ Q2

0

dq̃2

q̃2

∫ 1

0
dz Pqq

[
αs
(
z(1− z)q̃

)
, z
]

×
[∫ ∞

0
dk′2

∫ ∞
0

dq2δ
(
k2 −

k′2

z
−

q2

1− z
− z(1− z)q̃2

)
J(z2q̃2, k′2)Jg((1− z)2q̃2, q2)− J(q̃2, k2)

]

k2 ≈ hemisphere mass (does not account for out of cone radiation)



Coherent Branching (CB)
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thrust insensitive to gluon splitting: Jg(µ2, q2)→ δ(q2)

⇒ jet mass distribution:

J(Q2, k2) = δ(k2)

+

∫ Q2

0

dq̃2

q̃2

∫ 1

0
dz Pqq

[
αs
(
z(1− z)q̃

)
, z
](
zJ(z2q̃2, zk2 − z2(1− z)q̃2)− J(q̃2, k2)

)
partonic cross section:

dσ̂

dτ
=

∫
dk2 dk′2 δ

(
τ −

k2 + k′2

Q2

)
J(Q2, k2)J(Q2, k′2)

splitting function:

Pqq
[
αs(µ), z

]
=

1

(1− z)
αs(µ)

4π

(
Γcusp

0 +
αs

4π
Γcusp

1

)
−
αs(µ)CF

2π
(1 + z)

CMW sheme of αs: absorb two loop cusp by redefinition of αs

Pqq
[
αs(µ), z

]
=
αCMW
s (µ)CF

2π

1 + z2

1− z

[Catani, Marchesini, Webber (1991)]

scale in αs

µ2 = q2
⊥ = z2(1− z)2q̃2



Power Counting in CB
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kinematic constraint: q̃2 <
k2

z(1− z) αs(µ) with µ2 = z2(1− z)2q̃2

soft (1− z) ∼ k2/Q2 µ2 ∼ k4/Q2 ∼ Q2τ2

q̃2 ∼ Q2

coll. (1− z) ∼ z ∼ 1 µ2 ∼ k2 ∼ Q2τ

q̃2 ∼ k2

gluon momentum:

(q+, q−, q⊥) ∼ Q(1− z)
( q̃2

Q2
, 1,

q̃

Q

)
soft:→ Q

(
λ2, λ2, λ2

)
coll:→ Q

(
λ2, 1, λ

)
λ ∼ k

Q
∼
√
τ

ordering in q̃2 6= ordering in energy scale



Resummation in CB
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[Catani, Trentadue, Turnock, Webber (1993)]

at NLL accuracy we can expand z → 1 (not in the splitting function!)

J(Q2, k2) = δ(k2) +

∫ Q2

0

dq̃2

q̃2

∫ 1

0
dz Pqq

[
αs
(
(1− z)q̃

)
, z
](
J(q̃2, k2 − (1− z)q̃2)− J(q̃2, k2)

)

go to Laplace space

J̃(Q2, ν) =

∫ ∞
0

dk2 e
− νk

2

Q2 J(Q2, k2)

= 1 +

∫ Q2

0

dq̃2

q̃2

∫ 1

0
dz Pqq

[
αs
(
(1− z)q̃

)
, z
](

e
−ν(1−z)q̃2

Q2 − 1
)
J̃(q̃2, ν)

jet mass function exponentiates

⇒ J̃(Q2, ν) = exp

[∫ Q2

0

dq̃2

q̃2

∫ 1

0
dz Pqq

[
αs
(
(1− z)q̃

)
, z
](

e
−ν(1−z)q̃2

Q2 − 1
)]

sum of hemisphere masses:

convolution in k-space → product in Laplace space →
(
J̃(Q2, ν)

)2



Question A: Can CB describe peak position at NLO?
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Resummation in CB vs SCET

CB:

neglecting higher logarithmic terms, the resummed jet mass function can be written in the form

2 ln J̃(Q
2
, ν) ≈ 8

∫ αs(µH )

αs(µJ )

dαs

β[αs]

(αs
4π

Γ
cusp
0 +

(αs
4π

)2
Γ
cusp
1

)∫ αs

αs(µJ )

dα′s
β[α′s]

+ 12CF

∫ αs(µH )

αs(µJ )

dαs

β[αs]

αs

4π

−4

∫ αs(µH )

αs(µS)

dαs

β[αs]

(αs
4π

Γ
cusp
0 +

(αs
4π

)2
Γ
cusp
1

)∫ αs

αs(µS)

dα′s
β[α′s]

= ln

(
ŨJ
( ν

Q2
, µ

2
H , µ

2
J

)
ŨS
( ν
Q
, µ

2
H , µ

2
S

))

with µ
2
H = Q

2
µ
2
J =

Q2e−γE

ν
µ
2
S =

Q2e−2γE

ν2
for τ ∼

1

ν
corresponds to µ

2
J ∼ Q

2
τ

µ
2
S ∼ Q

2
τ
2

SCET:

Q3 H(Q2, µ2)×
∫

dτ ′J
(
Q2(τ − τ ′), µ2

)
S(Qτ ′, µ2)

NLL
====⇒
L-space

ŨJ

( ν

Q2
, µ2
H , µ

2
J

)
ŨS

( ν
Q
, µ2
H , µ

2
S

)
evolve everything to µH

⇒ CB and SCET equivalent at NLL ⇒ parton showers based on CB are NLL precise for τ

Korchemsky, Sterman (1994)



Question A: Can CB describe peak position at NLO?
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peak position with NLL

partonic cross section in SCET at NLO:

dσ̂

dτ
= δ(τ) +

αsCF

4π

{
− 8

[
ln τ

τ

]
+︸ ︷︷ ︸

LL

− 6

[
1

τ

]
+︸ ︷︷ ︸

NLL

+ δ(τ)
(2π2

3
− 2
)

︸ ︷︷ ︸
N2LL

}
+O(α2

s)

can use that N2LL@NLO part is proportional to LO. f(τ) = dσ̂
dτ
⊗ Smod

fNLO(τ) = f̃NLO(τ) + αfLO(τ)

f(τ) = fLO(τ) + fNLO(τ) = (1 + α)fLO(τ) + f̃NLO(τ) +O(α2
s)

LO peak position:

f ′LO(τ0) = 0

NLO peak position: δτ ∼ αs

f ′(τ0 + δτ)
!
= 0 +O(α2

s)

= (1 + α)f ′LO(τ0 + δτ) + f̃ ′NLO(τ0 + δτ) +O(α2
s)

= (1 + α) f ′LO(τ0)︸ ︷︷ ︸
=0

+δτf ′′LO(τ0) + f̃ ′NLO(τ0) +O(α2
s)

⇒ δτ =
−f̃ ′NLO(τ0)

f ′′LO(τ0)
+O(α2

s)

CB at NLL has full NLO information on peak position.



Question B: Impact of Shower Cut
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Cutoff in CB

to avoid infrared singularities and separate perturbative from non-pert. physics

→ have to introduce cutoff Q0 in the parton shower

Q0/Q=0

Q0/Q=0.1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

x1

x
2

only allows emission with q⊥ > Q0

⇒ θ
(
q̃2 − Q2

0

z2(1− z)2

)
in the jet mass formula (1)

strong coupling when parton shower terminates:

αs(q⊥ = Q0)

x1-x2 plane for e+e− → qq̄ + g

xi = 2Ei
Q

Question: Can the cutoff dependence be
controlled theoretically and what does it imply?



Question B: Impact of Shower Cut
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Power Counting in CB with Cutoff

kinematic constraint: q̃2 <
k2

z(1− z) αs(µ) with µ2 = z2(1− z)2q̃2

cutoff: q̃2 >
Q2

0

z2(1− z)2

peak region

k2 ∼ QQ0:

soft (1− z) ∼ Q2
0/k

2 µ2 ∼ Q2
0

q̃2 ∼ k4/Q2
0

coll. (1− z) ∼ z ∼ 1 µ2 ∼ k2

q̃2 ∼ k2

only soft radiation affected
due to cut on q⊥.



Question B: Impact of Shower Cut
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SCET Soft Function with q⊥ Cutoff

introduce q⊥ cutoff in partonic soft function:

ŜQ0(`) = δ(`) + Ŝ(1)(`)− δŜ(1)
Q0

(`) +O(α2
s)

δŜ
(1)
Q0

(`) =

∫
ddq

(2π)d
θ(Q0 − q⊥) . . . = −θ(Q0 − `)

αsCF
4π

16

[
ln `

Q0

`

]
+

=unreleased soft radiation
(radiation prevented by shower cut)

0 Q0 λ
ℓ

δSQ0(ℓ)

Smod(ℓ,λ)



Question B: Impact of Shower Cut
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SCET Soft Function with q⊥ Cutoff

introduce q⊥ cutoff in partonic soft function:

ŜQ0(`) = δ(`) + Ŝ(1)(`)− δŜ(1)
Q0

(`) +O(α2
s)

δŜ
(1)
Q0

(`) =

∫
ddq

(2π)d
θ(Q0 − q⊥) . . . = −θ(Q0 − `)

αsCF
4π

16

[
ln `

Q0

`

]
+

=unreleased soft radiation
(radiation prevented by shower cut)

Q0 scale unresolved if Q0 < λ:

⇒ multipole expansion (∼ expansion in Q0/λ, with λ ∼ width of model function):

δŜQ0(`) ≈ −δ′(`)
∫ ∞

0

d`′ `′ δŜQ0(`′) + . . . = δ′(`) (−Q0)
αs(Q0)

4π
16CF︸ ︷︷ ︸

=∆(1)(Q0)

+O(α2
s)

⇒ ŜQ0(`) ≈ δ(`) + Ŝ(1)(`)−∆(1)(Q0)× δ′(`) +O(α2
s)



Question B: Impact of Shower Cut
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Soft Function Gap

convolute with non-pert. model function:

SQ0(`) =
(
ŜQ0 ⊗ Smod

)
(`)

≈
(
Ŝ ⊗ Smod

)
(`)−∆(1)(Q0)× S′mod(`) +O(α2

s)

= S
(
`−∆(1)(Q0)

)
+O(α2

s)

⇒ Smod,Q0(`) = Smod

(
`− ∆(1)(Q0)︸ ︷︷ ︸

soft function gap

)
Q0 dependence of gap:

d∆(1)(Q0)

dQ0
= −16CF

αs(Q0)

4π
+O(α2

s)

∆(1)(Q0) = ∆(1)(Q′0)− 16CF

∫ Q0

Q′0

dR
αs(R)

4π
R-evolution

⇒ Q0 dependence of peak position:

τmax(Q0) = τmax(Q′0)− 1

Q
16CF

∫ Q0

Q′0

dR
αs(R)

4π

[Hoang, Stewart (2008)]

[Hoang, Jain, Scimemi, Stewart (2008); Hoang, Kluth (2008)]



Question B: Impact of Shower Cut
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Resummation in CB with Cutoff

[Dokshitzer, Marchesini, Webber (1996)]

recall resummed thrust distribution in Laplace space:

L
(

dσ̂

dτ

)
(ν,Q) = exp

[
2

∫ Q2

0

dq̃2

q̃2

∫ 1

0

dz
αs
(
z(1− z)q̃

)
CF

2π

1 + z2

1− z

(
e
−νz(1−z)q̃2

Q2 − 1

)]
introduce cutoff: θ

(
z(1− z)q̃ −Q0

)
= 1− θ

(
Q0 − z(1− z)q̃

)
L
(

dσ̂Q0

dτ

)
(ν,Q) = L

(
dσ̂

dτ

)
(ν,Q)× eI(ν,Q,Q0)

expand I in ν keeping only linear term:

I(ν,Q,Q0) ≈ −ν 1

Q
Q0

αs(Q0)

4π
16CF︸ ︷︷ ︸

=∆(1)(Q0)

+O
(ν2Q2

0

Q2

)

term linear in ν in the exponential gives shift in τ -space:

dσ̂Q0

dτ
(τ,Q) =

dσ̂

dτ

(
τ − 1

Q
∆(Q0), Q

)
⇒ CB reproduces the SCET results for the peak shift induced by the cutoff



Question B: Impact of Shower Cut
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Implications:

The use of a shower cut Q0 for CB implies a gapped hadronization model.
(negative shift in the jet mass threshold)

The gap satisfies an R-evolution in Q0.



Comparison with Herwig
• compare our predictions for peak shift with real parton shower

• used Herwig 7 with angular ordered shower for e+e− → 2 jets

• modifications:
I only light quarks + gluons, set all constituent masses to zero
I unrestricted kinematics in evolution of CB
I switched off: QED radiation, hadronization

• only partonic distribution from Herwig

“hadronization”: convolution with model function → disentangle parton shower and
hadronization model

Smod(k, λ) =
128 k3e−

4k
λ

3λ4

• 30 GeV ≤ Q ≤ 300 GeV

0.5 GeV ≤ Q0 ≤ 2 GeV

1 ≤ λ ≤ 3

• compare cutoff dependence of peak position with R-evolution

τmax(Q0) = τmax(Q′0)− 1

Q
16CF

∫ Q0

Q′0

dR
αCMW
s (R)

4π
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[Bahr et al. (2008); Bellm et al. (2015)]



Comparison with Herwig

□

□

□
□

□
□ □

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.00

0.01

0.02

0.03

0.04

Q0

τ m
ax

Q=91 GeV, m=0, λ=1 GeV □

□

□
□

□
□

□
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.030

0.035

0.040

0.045

0.050

Q0

τ m
ax

Q=91 GeV, m=0, λ=2 GeV

□
□

□
□

□
□ □

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.000

0.005

0.010

0.015

0.020

Q0

τ m
ax

Q=200 GeV, m=0, λ=1 GeV □

□

□
□

□
□

□
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.016

0.018

0.020

0.022

0.024

0.026

Q0

τ m
ax

Q=200 GeV, m=0, λ=2 GeV

Daniel Samitz (University of Vienna) Cutoff dependence of jet masses from parton showers Amsterdam 2018-03-21 22 / 33

Herwig

R-evolution



CB for Massive Quarks
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(only valid for boosted heavy quarks,
quasi coll. limit Q� m)

[Gieseke, Stephens, Webber (2003)]

k

k ’

q

momentum conservation:

k2 −m2 =
k′2 −m2

z
+

q2

1− z +
q2
⊥ +m2(1− z)2

z(1− z)
ordering variable:

q̃2 =
q2
⊥ +m2(1− z)2

z2(1− z)2

scale in αs: z2(1− z)2q̃2 cutoff: q⊥ > Q0

massive splitting function:

PQQ
[
αs, z,m

]
= Pqq

[
αs, z

]
− αsCF

π

m2

z(1− z)q̃2

J(Q2, k2 −m2,m2) = δ(k2 −m2)

+

∫ Q2

0

dq̃2

q̃2

∫ 1

0

dz PQQ
[
αs
(
z(1− z)q̃

)
, z,m

]
θ
(
q̃2 − Q2

0 +m2(1− z)2

z2(1− z)2

)
×
[
zJ
(
z2q̃2, z(k2 −m2)− z2(1− z)q̃2)− J(q̃2, k2 −m2)]



Power Counting in CB with Mass
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kinematic constraints:
m2

z2
< q̃2 <

k2 −m2

z(1− z) αs(µ) with µ2 = z2(1− z)2q̃2

ŝ = k2−m2

m

peak region

ŝ < m:

soft (1− z) ∼ mŝ
Q2 µ2 ∼ m2ŝ2

Q2

q̃2 ∼ Q2

ucoll. (1− z) ∼ ŝ
m

µ2 ∼ ŝ2

q̃2 ∼ m2

soft gluons in top rest frame

bHQET counting: µs = µucm/Q

bHQET+SCET factorization theorem:

dσ

dτ
= H ×Hm ×B ⊗ S

[Fleming, Hoang, Mantry, Stewart (2008)]



Resummation with Massive Quarks in CB vs bHQET+SCET
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CB: 2 ln J̃(Q2, ν,m2) = 2

∫ Q2

m2

dq̃2

q̃2

∫ 1

m
q̃

dz PQQ

[
αs
(
z(1− z)q̃

)
, z,m

](
e
−νz(1−z)q̃2

Q2 − 1

)

≈ 4

∫ αs(µH )

αs(µm)

dαs

β[αs]

(αs
4π

Γcusp
0 +

(αs
4π

)2
Γcusp

1

)∫ αs

αs(µm)

dα′s
β[α′s]

+ 4CF

∫ αs(µH )

αs(µm)

dαs

β[αs]

αs

4π

+4

∫ αs(µH )

αs(µB)

dαs

β[αs]

(αs
4π

Γcusp
0 +

(αs
4π

)2
Γcusp

1

)∫ αs

αs(µB)

dα′s
β[α′s]

+ 8CF

∫ αs(µH )

αs(µB)

dαs

β[αs]

αs

4π

−4

∫ αs(µH )

αs(µS)

dαs

β[αs]

(αs
4π

Γcusp
0 +

(αs
4π

)2
Γcusp

1

)∫ αs

αs(µS)

dα′s
β[α′s]

= ln

((
ŨH(Q2, µ2

m, µ
2
H)
)−1

ŨHm

(Q
m
,µ2
m, µ

2
H

)
ŨB

(νm
Q2

, µ2
H , µ

2
B

)
ŨS

( ν
Q
, µ2
H , µ

2
S

))
with µ2

H = Q2 µ2
m = m2 µ2

B =
Q4e−2γE

ν2m2
µ2
S =

Q2e−2γE

ν2
⇒ µ2

B ∼
Q4τ2

m2
µ2
S ∼ Q

2τ2

SCET: Q3H(Q2, µ2)×Hm(m2, µ2)×
∫

dτ ′B
(Q2(τ − τmin − τ ′)

m
,µ2
)
S(Qτ ′, µ2)

NLL
====⇒
L-space

(
ŨH(Q2, µ2

m, µ
2
H)
)−1

ŨHm

(Q
m
,µ2
m, µ

2
H

)
ŨB

(νm
Q2

, µ2
H , µ

2
B

)
ŨS

( ν
Q
, µ2
H , µ

2
S

)
⇒ CB and bHQET+SCET equivalentat NLL ⇒ parton showers based on CB are NLL precise for τ



Power Counting in CB with Mass and Cutoff
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constraints:
m2

z2
+

Q2
0

z2(1− z)2
< q̃2 <

k2 −m2

z(1− z)

soft and ucoll. radiation
affectd by cut on q⊥



bHQET Jet Function with Cutoff
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=unreleased u.-collinear radiation
(radiation prevented by shower cut)

introduce q⊥ cutoff in bHQET jet function:

mBQ0(ŝ) = δ(ŝ) +mB(1)(ŝ)−mδB
(1)
Q0

(ŝ) +O(α2
s)

mδB
(1)
Q0

(ŝ) =

∫
ddq

(2π)d
θ(Q0 − q⊥) . . . =

αsCF
4π

f(ŝ)

2Q0
s

mδB(s)

BW(s,Γ)



bHQET Jet Function with Cutoff
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=unreleased u.-collinear radiation
(radiation prevented by shower cut)

introduce q⊥ cutoff in bHQET jet function:

mBQ0(ŝ) = δ(ŝ) +mB(1)(ŝ)−mδB
(1)
Q0

(ŝ) +O(α2
s)

mδB
(1)
Q0

(ŝ) =

∫
ddq

(2π)d
θ(Q0 − q⊥) . . . =

αsCF
4π

f(ŝ)

multipole expansion (Γ > Q0):

mδBQ0(ŝ) ≈ −δ′(ŝ)
∫ ∞

0

dŝ′ ŝ′mδBQ0(ŝ′) . . . = δ′(ŝ) (−Q0)
αs(Q0)

4π
c(1)
m︸ ︷︷ ︸

=∆
(1)
m (Q0)

+O(α2
s)

convolute with Breit-Wigner:

mBΓ,Q0(ŝ) =
(
mBQ0 ⊗BW

)
(ŝ)

≈
(
mB ⊗BW

)
(ŝ)−∆(1)

m (Q0)×BW ′(ŝ) +O(α2
s)

= mBΓ

(
ŝ−∆(1)

m (Q0)
)

+O(α2
s)

⇒ leading effect of cutoff is to give a shift in the bHQET jet function by ∆m(Q0) ∼ αsQ0



Resummation for CB with Mass and Cutoff
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recall resummed thrust distribution in Laplace space:

L
(

dσ̂

dτ

)
(ν,Q,m) = exp

[
2

∫ Q2

m2

dq̃2

q̃2

∫ 1

m
q̃

dz PQQ
[
αs
(
z(1− z)q̃

)
, z,m

](
e
−νz(1−z)q̃2

Q2 − 1

)]
introduce cutoff: θ

(
q̃2 − Q2

0 +m2(1− z)2

z2(1− z)2

)
= 1− θ

(Q2
0 +m2(1− z)2

z2(1− z)2
− q̃2

)

L
(

dσ̂Q0

dτ

)
(ν,Q,m) = L

(
dσ̂

dτ

)
(ν,Q,m)× eI(ν,Q,Q0,m)

expand I up to terms O
(
ν2Q02

Q2

)
I ≈ −ν Q0

Q

αs(Q0)

4π

(
16CF +

m

Q
c(1)
m

)
+ . . .

term linear in ν gives shift in τ -space

⇒ CB reproduces the bHQET+SCET results for the peak shift induced by the cutoff



Peak Shift from Soft and Jet Function
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total shift due to the cutoff has contributions from soft and bHQET jet function

mass reduces leading coefficient of R-evolution (c
(1)
m < 0)

τmax(Q0) = τmax(Q′0)− 1

Q

(
16CF +

m

Q
c(1)
m

)∫ Q0

Q′0

dR
αs(R)

4π



Comparison with Herwig
• run Herwig 7 for e+e− → tt̄

• same modifications on Herwig as in the massless case
+ on-shell top production
+ only leptonic W-decays

• used same model function as for the massless case

• used a broader smearing to account for effects of finite top width

λeff = λ+
4mtΓt
Q

• mt = 173 GeV Γt = 1.5 GeV

• 500 GeV ≤ Q ≤ 1 TeV

0.5 GeV ≤ Q0 ≤ 2 GeV

1 ≤ λ ≤ 3

• compare cutoff dependence of peak position with R-evolution

τmax(Q0) = τmax(Q′0)− 1

Q

(
16CF +

mt

Q
c(1)
m

)∫ Q0

Q′0

dR
αCMW
s (R)

4π
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Comparison with Herwig
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Herwig

R-evolution



Question C: Does the cutoff imply the use of a short-distance mass scheme?
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shift linear in the mass implies change of mass scheme

threshold:
2(mpole)2

Q2
=

2(m+ δm)2

Q2
=

2m2

Q2
+

4mδm

Q2
+ . . .

Implication:

mass scheme of coherent branching algorithm with cutoff:

mCB(Q0) = mpole +Q0
αs(Q0)

4π

c
(1)
m

4



Summary and Outlook

• answers to our three initial questions:

(A) for τ : parton showers based on CB have NLO precision concerning mass of
jets in the peak region

(B) leading dependence of τmax on Q0: linear;
agreement between Herwig and SCET at NLL

(C) cutoff in parton shower implies use of renormalon-free gap and mass scheme

• we have proven: mCB(Q0) 6= mpole

• caveat:
I CB (and MCs) uses narrow width approximation

I practical MCs have features not treated here that affect mMC

→ still work to be done to theoretically relate mMC to renormalized QCD mass

• Outlook: many issues to be studied, e.g.:
I theory uncertainties

I implications for top invariant mass reconstruction and kinematic distributions

I Q0 dependence of hadronization models (retuning ...)

I dipole showers

I . . .
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