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There exist variety of ways for measuring mt

Top mass can be measured in a variety of ways. Some examples:
Total cross section:

Theory(QFT)

Experiment

Simulation 
(Monte Carlo)

19

�tt̄ = �(pp � tt̄)

e.g.

19

�tt̄ = �(pp � tt̄)

e.g.

Top Mass Measurement

Extract top mass mt from
observables Q directly sensitive to it:

d�exp({Q})/dQ = d�th(mt, {Q})/dQ

�exp(pp ! tt̄) = �th
tt̄ (mt)

Measurement of heavy quark masses is a complex
problem due to non-perturbative e↵ects of
strong interactions: �mt ⇠ ⇤QCD?

Top mass extraction methods:

• Template method

• Matrix Element Method

• Fit to total cross section

• Threshold scan at an e+e� collider

4

Czakon, Fielder, Mitov (13)

Direct comparison of theory and experiment

t

t̄
hadrons

�shower = 1GeV

16

Theory (QFT)

Experiment

Simulation
(Monte Carlo)

mpole
t ,mt,m

MSR
t , . . .

mMC
t

CMS: mMC
t = 172.44± 0.49

Determines best fit value of Monte Carlo top-mass parameter:

No Ambiguity

Breit Wigner �
�

Definition ?

eg. Pole mass from Total Cross Section

Czakon,Fielder,Mitov

Threshhold scan:
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FIG. 5. Comparison ofQ2
tR

v with fixedM1S
t mass for the fixed order and resummed expansions.

The dotted, dashed, and solid curves in a) are LO, NLO, and NNLO, and in b) are LL, NLL, and

NNLL order. For each order four curves are plotted for ν = 0.1, 0.125, 0.2, and 0.4.

√
s (GeV) 347 350 353

Q2
tR

v
LL ν = 0.1 0.387 1.556 1.276

ν = 0.125 0.355 1.411 1.215

ν = 0.2 0.302 1.175 1.105

ν = 0.275 0.276 1.054 1.043

ν = 0.4 0.251 0.940 0.980

Q2
tR

v
NLL ν = 0.1 0.230 0.881 0.770

ν = 0.125 0.237 0.917 0.804

ν = 0.2 0.243 0.944 0.835

ν = 0.275 0.242 0.937 0.837

ν = 0.4 0.237 0.912 0.827

Q2
tR

v
NNLL ν = 0.1 0.237 0.888 0.842

ν = 0.125 0.240 0.920 0.836

ν = 0.2 0.244 0.955 0.841

ν = 0.275 0.245 0.961 0.845

ν = 0.4 0.244 0.955 0.846

TABLE I. Numerical values of Q2
tR

v which appear in the NNLL results in Fig. 5b.

VII. DISCUSSION

In this section we carry out a detailed analysis of Rv and Ra in the 1S mass scheme with
the main emphasis on assessing the remaining theoretical uncertainties in our computation.
In Fig. 5 we have displayed results for Q2

tR
v over the c.m. energy

√
s for M1S

t = 175 GeV,
αs(mZ) = 0.118 and Γt = 1.43 GeV. For the strong coupling four-loop running is employed
and all light quark flavors (nf = 5) are taken massless. Fig. 5a shows results at LO (dotted
blue lines), NLO (dashed green lines) and NNLO (solid red lines), while Fig. 5b shows the

19

Fadin, Khoze; Peskin, Strassler; Hoang,
Manohar, Stewart, Teubner; . . .

Kinematic reconstruction:

3

LHC & Tevatron Top Mass Measurements

Use Direct Reconstruction to obtain sensitivity:

CMS: mMC
t = 172.44± 0.49 ATLAS: mMC

t = 172.84± 0.70

Determine best fit value of Monte Carlo top-mass parameter:
Use Monte Carlo Templates

The top mass has been measured at the LHC at sub-percent accuracy via kinematic extractions:

CMS @ 8 TeV (2016) : mt = 172.35 ±0.16 (stat + JES) ± 0.48 (sys) GeV

Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017) : mt = 172.08 ± 0.41 (stat) ± 0.81 (sys) GeV

ATLAS-CONF-2017-071

But, in what top mass scheme are we measuring this?
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No field theoretic definition of Monte Carlo top mass parameter exists

Kinematic extractions:

CMS @ 8 TeV (2016) : mt = 172.35 ±0.16 (stat +
JES) ± 0.48 (sys) GeV

Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017) : mt = 172.08 ± 0.41 (stat)
± 0.81 (sys) GeV

ATLAS-CONF-2017-071

These extractions have relied on Monte Carlo simulations
and lack a precise field theoretic interpretation.

Theory(QFT)

Experiment

Simulation 
(Monte Carlo)

t

t̄
hadrons

�shower = 1GeV

16

Theory (QFT)
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Simulation
(Monte Carlo)

mpole
t ,mt,m

MSR
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mMC
t

CMS: mMC
t = 172.44± 0.49

Determines best fit value of Monte Carlo top-mass parameter:

No Ambiguity

Breit Wigner �
�

Definition ?
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Theory (QFT)

Experiment

Simulation
(Monte Carlo)

mpole
t ,mt,m

MSR
t , . . .

mMC
t

CMS: mMC
t = 172.44± 0.49

Determines best fit value of Monte Carlo top-mass parameter:

No Ambiguity

Breit Wigner �
�

Definition ?

?

?

Benchmark for this work:

We need a kinematic observable that can be calculated in theory in a specified short distance
mass scheme and has the required sensitivity to mt .

mMC
t depends on the intrinsic details of parton shower [see Daniel Samitz’s talk], hence we want

minimal or no dependence on Monte Carlo.

The observable must be robust against the nonperbative corrections from hadronization and
contamination from the Underlying Event. (I trust my fellow experimentalists to deal with
Pile-up).

The observable must retain the sensitivity even after unfolding has been applied to the data.

We will use effective field theories and jet substructure tools to achieve these goals
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Outline

1 Plain light quark/gluon jet mass

2 Plain Top Jet Mass

3 Soft Drop Grooming

4 Light Grooming for Top Jets

5 Nonperturbative corrections to groomed light quark/gluon jet mass

6 Nonperturbative corrections to groomed top jet mass

7 Hadron Level Factorization for Groomed Top Jets

8 Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

9 Conclusions
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Plain light quark/gluon jet mass

EFT modes for the Plain jet mass

Consider a gluon emission off an energetic quark.

m2
J = (kq + kg )2 = 2EqEg (1− cos θqg ) = Qp+

g

p± = E ∓ ~p · ~njet , zi = Ei/EJ = p−i /Q

kµq
<latexit sha1_base64="VmNeDdUQUPZxOboW1OIjdDFKWbM="></latexit><latexit sha1_base64="VmNeDdUQUPZxOboW1OIjdDFKWbM="></latexit><latexit sha1_base64="VmNeDdUQUPZxOboW1OIjdDFKWbM="></latexit><latexit sha1_base64="VmNeDdUQUPZxOboW1OIjdDFKWbM="></latexit>

kµg
<latexit sha1_base64="zVp0MbQEz31fAAqfHzyYUNTH8ag="></latexit><latexit sha1_base64="zVp0MbQEz31fAAqfHzyYUNTH8ag="></latexit><latexit sha1_base64="zVp0MbQEz31fAAqfHzyYUNTH8ag="></latexit><latexit sha1_base64="zVp0MbQEz31fAAqfHzyYUNTH8ag="></latexit>

For a given jet mass m2
J the gluon will lie on the blue line
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Figure 6: Convergence of resummed and fixed-order distributions. aleph data (red) and opal
data (blue) at 91.2 GeV are included for reference. All plots have αs(mZ) = 0.1168.

4 αs extraction and error analysis

In this section we now use our result for the thrust distribution to determine αs, using lep data
from aleph [42] and opal [43]. Before performing the fit, let us compare the perturbative
expansion with and without resummation. The result at Q = 91.2 GeV is shown in Figure 6
side-by-side with the fixed-order expression. We use the same value αs(mZ) = 0.1168 for both
plots and have set the scales µh, µj and µs to their canonical values (25). For reference, we
also show the aleph and opal data. The curves for the fixed-order calculation correspond to
the standard LO, NLO, NNLO series; for the effective field theory calculation, the orders are
defined in Table 1. It is quite striking how much faster the resummed distribution converges.
In fact, it is hard to even distinguish the higher order curves after resummation, except in
the region of very small τ , where the distribution peaks. The peak region is affected by non-
perturbative effects, as will be discussed in the next section, but it will not be used in the
extraction of αs. The region relevant for the αs extraction is shown in the lower two plots.
The value of αs(mZ) = 0.1168 we use in the plots corresponds to the best fit value in the range
0.1 < τ < 0.24 for the aleph data set. However, the plot makes it evident that the extracted

14

m2
J = Q2⌧/2

<latexit sha1_base64="uqKuut2UMlA9CCVwfz2llUSgHis="></latexit>

Becher, Schwartz 0803.0342
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Becher, Schwartz 0803.0342

Moving further into the tail region moves the blue line down
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Figure 6: Convergence of resummed and fixed-order distributions. aleph data (red) and opal
data (blue) at 91.2 GeV are included for reference. All plots have αs(mZ) = 0.1168.

4 αs extraction and error analysis

In this section we now use our result for the thrust distribution to determine αs, using lep data
from aleph [42] and opal [43]. Before performing the fit, let us compare the perturbative
expansion with and without resummation. The result at Q = 91.2 GeV is shown in Figure 6
side-by-side with the fixed-order expression. We use the same value αs(mZ) = 0.1168 for both
plots and have set the scales µh, µj and µs to their canonical values (25). For reference, we
also show the aleph and opal data. The curves for the fixed-order calculation correspond to
the standard LO, NLO, NNLO series; for the effective field theory calculation, the orders are
defined in Table 1. It is quite striking how much faster the resummed distribution converges.
In fact, it is hard to even distinguish the higher order curves after resummation, except in
the region of very small τ , where the distribution peaks. The peak region is affected by non-
perturbative effects, as will be discussed in the next section, but it will not be used in the
extraction of αs. The region relevant for the αs extraction is shown in the lower two plots.
The value of αs(mZ) = 0.1168 we use in the plots corresponds to the best fit value in the range
0.1 < τ < 0.24 for the aleph data set. However, the plot makes it evident that the extracted

14

m2
J

<latexit sha1_base64="tdfowxWxGIabnV0S4/uRXKnB+Jo="></latexit>
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Figure 6: Convergence of resummed and fixed-order distributions. aleph data (red) and opal
data (blue) at 91.2 GeV are included for reference. All plots have αs(mZ) = 0.1168.

4 αs extraction and error analysis

In this section we now use our result for the thrust distribution to determine αs, using lep data
from aleph [42] and opal [43]. Before performing the fit, let us compare the perturbative
expansion with and without resummation. The result at Q = 91.2 GeV is shown in Figure 6
side-by-side with the fixed-order expression. We use the same value αs(mZ) = 0.1168 for both
plots and have set the scales µh, µj and µs to their canonical values (25). For reference, we
also show the aleph and opal data. The curves for the fixed-order calculation correspond to
the standard LO, NLO, NNLO series; for the effective field theory calculation, the orders are
defined in Table 1. It is quite striking how much faster the resummed distribution converges.
In fact, it is hard to even distinguish the higher order curves after resummation, except in
the region of very small τ , where the distribution peaks. The peak region is affected by non-
perturbative effects, as will be discussed in the next section, but it will not be used in the
extraction of αs. The region relevant for the αs extraction is shown in the lower two plots.
The value of αs(mZ) = 0.1168 we use in the plots corresponds to the best fit value in the range
0.1 < τ < 0.24 for the aleph data set. However, the plot makes it evident that the extracted
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m2
J = Q2⌧/2

<latexit sha1_base64="uqKuut2UMlA9CCVwfz2llUSgHis="></latexit>

In the soft/collinear limit: m2
J ' Qp+

coll, usoft

zus ∼
m2

J

Q2 , θus ∼ 1 zc ∼ 1, θc ∼
mJ

Q

(Ultra-)Soft and collinear modes:
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4 αs extraction and error analysis

In this section we now use our result for the thrust distribution to determine αs, using lep data
from aleph [42] and opal [43]. Before performing the fit, let us compare the perturbative
expansion with and without resummation. The result at Q = 91.2 GeV is shown in Figure 6
side-by-side with the fixed-order expression. We use the same value αs(mZ) = 0.1168 for both
plots and have set the scales µh, µj and µs to their canonical values (25). For reference, we
also show the aleph and opal data. The curves for the fixed-order calculation correspond to
the standard LO, NLO, NNLO series; for the effective field theory calculation, the orders are
defined in Table 1. It is quite striking how much faster the resummed distribution converges.
In fact, it is hard to even distinguish the higher order curves after resummation, except in
the region of very small τ , where the distribution peaks. The peak region is affected by non-
perturbative effects, as will be discussed in the next section, but it will not be used in the
extraction of αs. The region relevant for the αs extraction is shown in the lower two plots.
The value of αs(mZ) = 0.1168 we use in the plots corresponds to the best fit value in the range
0.1 < τ < 0.24 for the aleph data set. However, the plot makes it evident that the extracted
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m2
J ⇠ Q⇤

<latexit sha1_base64="7WIGp19lYe5B3oXmgEs5Etl0WD0="></latexit>

In the soft/collinear limit: m2
J ' Qp+

coll, usoft

zus ∼
m2

J

Q2 , θus ∼ 1 zc ∼ 1, θc ∼
mJ

Q

Now add a background of NP particles at
all angles:

p+
Λ p−Λ − p2

Λ⊥ ∼ Λ2
QCD

wide angle NP→ ΛQCD
(
1, 1, 1

)
collinear NP→ ΛQCD

(
θΛ

2
,

2
θΛ

, 1
)

zΛ(θΛ) =
2ΛQCD

QθΛ

Dominant NP mode = Wide angle Λ mode
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Plain light quark/gluon jet mass

EFT modes for the Plain jet mass

In SCET this is captured by the factorization formula: Becher, Schwartz 0803.0342

1
σ0

dσ

dτ
= H(Q2

, µ)

∫
dp2

L dp2
R dk J(p2

L , µ) J(p2
R , µ) ST (k, µ) δ

(
τ − p2

L + p2
R

Q2 − k

Q

)
The Nonperturbative model function is then included in the Soft function:

ST (τ) =

∫
d`+d`− δ

(
τ − `+ + `−

Q

)
S(`+

, `
−) ,

where
S(`+

, `
−) =

∫ ∞
−∞

dk+dk−Spart(`+ − k+
, `
− − k−) F (k+

, k−) .

Calculation of top-mass sensitive observable
in short distance mass scheme

Issues relevant for e+e� ! top jets

0.4 slide4

e+e� ! top jets Cross Section

B, Shemi, and HQ - Known up to two loops

Shemi = Spert
hemi ⌦ F non�pert

Here we calculate Hm at O(↵2
s)

0.5 Slide 5

Cross section at NLL0

Hm - Matching Coe�cient from SCET to bHQET
Can be obtained from known O(↵2

s)

4

1

d�

dM2
t dM

2
t̄
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Q
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⇥
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Ql�
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M2
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X

i2a

⇣
pµi

⌘2

(1)

Aren
QCD(Q,m,�IR) = CQ(Q, µ) Aren

SCET(Q,m, µ,�IR) +O(
m

Q
)

Aren
SCET(Q,m, µ,�IR) = Cm(m,µ) Aren

bHQET(Q,m, µ,�IR) +O(
m

Q
)

(2)

HQ(Q, µ) = |CQ(Q, µ)|2

Hm(m,µ) = |Cm(m,µ)|2
(3)

Hm(m,µ) = 1 +
↵s

4⇡

⇣
2Lµ + 2Lµ
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⇡2

3
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9
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+ CFTF
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16

9
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Ql�

mJ

,�t, �m,µ)

mpole
t = mJ(R, µ) + �m(R, µ) (1)

�m(R, µ) = R

1X

n=1

nX

k=0

ank

h↵s(µ)

4⇡

i
lnk

⇣ µ

R

⌘
(2)

M2
a =

X

i2a

⇣
pµi

⌘2

(3)

Aren
QCD(Q,m,�IR) = CQ(Q, µ) Aren

SCET(Q,m, µ,�IR) +O(
m

Q
)

Aren
SCET(Q,m, µ,�IR) = Cm(m,µ) Aren

bHQET(Q,m, µ,�IR) +O(
m

Q
)

(4)

HQ(Q, µ) = |CQ(Q, µ)|2

Hm(m,µ) = |Cm(m,µ)|2
(5)

Hm(m,µ) = 1 +
↵s

4⇡

⇣
2Lµ + 2Lµ

2 +
⇡2

3

⌘

+
h↵s

4⇡

i2h
CACF

⇣
� 679

54
� 14⇡2

9
� 47⇡4

90
+ Lµ

2
⇣8
3
� 2⇡2

3

⌘
+ 8⇡2 ln 2

+ Lµ

⇣106
9

+
4⇡2

3
� 60⇣3

⌘
� 12⇣3

⌘

+ CFTF

⇣5107
81

+
20

9
Lµ

2 +
16

9
Lµ

3 � 70⇡2

27
+ Lµ

⇣
� 260

27
� 4⇡2

3

⌘

+ L
⇣
� 224

27
+ Lµ

80

9
� Lµ

216

3
� 4⇡2

9

⌘
� 8⇣3

9

⌘

+ CF�0

⇣1541
108

+ Lµ
213

3
+ Lµ

32

3
+

37⇡2

18
+ Lµ

⇣77
9

+
4⇡2

3

⌘
+

26⇣3
3

⌘

+ C2
F

⇣305
4

+ 4Lµ
3 + 2Lµ

4 + 10⇡2 � 79⇡4

90
+ Lµ

2
⇣
18 +

2⇡2

3

⌘

� 16⇡2 ln 2� 12⇣3 + Lµ

⇣
19� 10⇡2

3
+ 48⇣3

⌘i

HQ(Q, µ) Hm(µ, µsoft,m) = HQ(µQ) UQ(µQ, µ, Q) Hm(µ, ↵s(µ), m) UHm

⇣
µ, µsoft,

m

Q

⌘

1

d�

dM2
t dM

2
t̄

= �0 HQ(Q, µm) Hm(mJ ,
Q

mJ

, µm, µ)

⇥
Z

dl+dl�Shemi(l
+, l�, µ)B(ŝt �
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Calculation of top-mass sensitive observable
in short distance mass scheme

Issues relevant for e+e� ! top jets
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B, Shemi, and HQ - Known up to two loops

Shemi = Spert
hemi ⌦ F non�pert

Here we calculate Hm at O(↵2
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Mass Scheme:

• mJ is specified in a specific mass scheme

• Pole Mass has renormalon ! O(⇤QCD) ambiguity

• Include �m to switch to a short distance mass
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Cross section at NLL0
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⌦1: Average hadronic energy deposit

Universality: ⌦here
1 = ⌦massless jets

1 for Heavy Jet Mass in e+e�
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Resummation of large logarithms

HQ and Hm are evaluated at µ ⇠ Q and m
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Plain Top Jet Mass

Heavy Quark Effective Theory for top quark

To connect the framework of light quark jet mass to top jets we isolate the top from the surrounding
radiation using (boosted) HQET.

Lpole = h̄v
(
iv · D +

i

2
Γt

)
hv , vµ =

(m

Q
,
Q

m
, 0⊥

)
Here we integrated out the pole mass of the top. For other schemes where

mpole
t = m + δm

we have

L = h̄v
(
iv · D +

i

2
Γt + δm

)
hv , δm ∼ Γt

Assume a top quark produced close to mass shell:

pµt = mtv
µ + rµ , r0 � p0

t

M2
J = m2

t + 2mtv · r +O(r2/m2
t )

A convenient variable for top quarks in the peak region:

ŝt =
M2

J − m2
t

mt
= 2v · r , ŝt ∼ Γt

Ultra collinear modes in HQET:

kuc ∼ Γt

(mt

Q
,
Q

mt
, 0⊥

)
, k2

uc ∼ Γ2
t , zuc ∼

Γt

mt
, θuc ∼ 2

mt

Q
.
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Plain Top Jet Mass

Heavy Quark Effective Theory for top quark

Hence the SCET jet function for top quark is modified to the bHQET jet function: [Fleming et.al 2008],
[Jain et. al. 0801.0743]

J(p2
, µ)→ JB (ŝt , δm, Γt , µ)

One key assumption is that we are inclusive over the decay products. Hence use full decay width Γt :

JB (ŝt , Γt , δm, µ) =

∫ ŝt

−∞
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π
(
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t
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=
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dŝ′ JB (ŝt − ŝ′ − 2δm, µ)

Γt

π
(
ŝ′ 2 + Γ2

t

)
This leads to a factorization theorem for e+e− → tt̄ in the peak region and boosted regime
Fleming et.al 2008
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Q

)
,

One has now ability to measure top mass in a specific short distance mass scheme (with δm ∼ Γt) via
jet mass of boosted tops. We employ MSR mass:

mpole
t = mMSR

t (R) + R
∞∑
n=1

aMS
n (nl )

(α(nl =5)
s (R)

4π

)n
, R ∼ Γt

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 6 / 31



Plain Top Jet Mass

Challenges at a Hadron Collider

Very nice but not good enough for hadron colliders . . .

Hadronization and Underlying event have a significant effect on the spectrum. Peak position of the
jet mass spectrum shifts by as much as 5 GeV.

The contamination lives in the soft sector (and spoils our beautiful physics in the collinear sector).

t
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Soft Drop Grooming

Reduce hadronization corrections using Soft Drop

Studies of boosted objects at the LHC and the need to reduce contamination from the underlying event
and pile-up led to development of jet grooming.

}
}
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Calculating Mass?
Larkoski, Marzani, Soyez, Thaler 2014

Pythia8, partonic Pert QCD at ~ NLL

m2/pT2 m2/pT2

Soft Drop

Soft drop grooming involves reclustering a jet with purely angular measure (CA clustering) and selectively
throwing away the softer branches.

Soft Drop criteria:

min[pTi , pTj ]

(pTi + pTj )
> zcut

(Rij

R0

)β
Larkoski, Marzani, Soyez, Thaler 2014
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Fri, Larkoski, Schwartz, Yan 2016
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Grooms soft radiation from the jet

z > zcut �
�

two grooming parameters

min(pTi, pTj)

pTi + pTj
> zcut

��Rij

R0

��

Soft Drop
Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

two grooming parameters

Groomed jet Groomed Clustering tree

The criteria is IR safe for β > 0 and Sudakov safe for β = 0 (calculable after performing resummation)
Larkoski, Thaler 2013
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Soft Drop Grooming

Groomed jet mass is less sensitive to hadronization corrections

Compare the groomed and ungroomed jet mass spectrum (for massless jets here):

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 9 / 31



Soft Drop Grooming

Groomed jet mass is less sensitive to hadronization corrections

The nonperturbative corrections to the groomed jet mass become significant at much smaller jet
masses compared to the ungroomed jet mass.

Hence the groomed jet mass spectrum is a desirable candidate for mt measurement.
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Soft Drop Grooming

Huge Interest in Understanding Groomed Observables

Partonic resummation of groomed jet mass is well understood:

(a) (b)

Figure 9: Direct comparison of hadron-level output from Herwig++, Pythia, and Vincia

already shown in Figs. 7 and 8. Soft drop is performed with zcut = 0.1 and both � = 0 (left)

and � = 1 (right). Curves are displayed as relative di↵erences between Monte Carlo output

and our matched NNLL predictions, with theoretical uncertainties shown as a shaded band.
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Figure 10: Perturbative NNLL results for soft-drop groomed e
(2)
2 with zcut = 0.1 and � =

0 (left) and � = 1 (right), compared to analytic results that include the shape function

of Eq. (6.2) for modeling hadronization, and compared to hadron-level Monte Carlo. The

parameter ⌦ = 1 GeV. Note that, qualitatively, the shape function produces a hadronization-

bump similar to those seen in the Monte Carlos.

by Ref. [96]:

Fshape(✏) =
4✏

⌦2
e�2✏/⌦ . (6.2)

– 33 –

Frye, Larkoski, Schwartz, Yan 2016
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Figure 6. The results for the fixed order and resummed differential cross section of the plain and soft-
dropped thrust for e+e� collisions at a centre of mass energy Q = mZ and the soft drop parameters � = 0 and
zcut = 0.1 (left) and zcut = 0.05 (right). The figure shows LO for plain thrust (black dashed) and soft-dropped
thrust (magenta dashed-dotted) and the matched LO+NLL0 cross section for plain thrust (blue dotted) and
soft-dropped thrust (red solid) with the bands from resummation and scale uncertainties included.

5.1 Hemisphere jet invariant mass

We start by considering the hemisphere mass. In this case, we cluster an event into exactly two jets
and we look at the largest value of:

e
(2)
2 =

m2
J

E2
J

, (5.1)

with mJ the jet mass and EJ its energy. This is the same observable that was considered in Ref. [42].
Therefore, the results can be largely reused, with a slight modification due to the different definition
of soft drop, which corresponds to zcut ! zcut2

��/2. Factorisation of the distribution in terms of hard,
soft and jet functions leads to the identification of the following scales

µH = Q, µ2
J =

Q2

4N̄
,

µSG
= 2�/2Qzcut, µSC

=
h zcut
2�/2N̄�+1

i 1
�+2 Q

2
. (5.2)

Note that these scales only differ in factors of two compared to the computation for thrust, since
these observables share soft and collinear behaviours. Furthermore, this leads to the same anomalous
dimensions. Just as for the scales, the transition point contribution is also the same as for thrust after
the change N̄ ! 4N̄ or in ⌧ -space ⌧ ! e

(2)
2 /4. This leads to a transition contribution:

T (⌧, zcut) =
↵s

⇡
CF (� + 2)Li2

2
41
2

 
e
(2)
2

2 zcut

! 2
�+2

3
5. (5.3)

Because the resummation of the hemisphere mass was discussed in great detail in Ref. [42], in
this section we limit ourselves to an analysis of its behaviour in the transition region in order to
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Figure 11. Final results for the jet mass distribution in the case of the ungroomed pt,jet selec-
tion. The perturbative calculation is performed at NLO+LL and non-perturbative corrections are
included as a multiplicative factor obtained from Monte Carlo parton showers. Perturbative un-
certainties are obtained varying renormalisation, factorisation and resummation scales as detailed
in section 3. Non-perturbative uncertainties are obtained considering the spread of five different
Monte Carlo tunes, as detailed in section 5. Perturbative and non-perturbative uncertainties are
added in quadrature.
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Figure 12. Final results at NLO+LL, with non-perturbative corrections, for the normalised jet
mass distribution, in the case of the ungroomed pt,jet selection.

Figure 11 and figure 12 show the results (in black, with grey uncertainty bands)

for the ungroomed pt,jet selection in the two representative transverse momentum bins:

460 < pt,jet < 550GeV and pt,jet > 1300GeV. The former is the jet mass distribution,

while the latter is normalised to the NLO jet cross-section in the appropriate transverse

momentum bin. Similarly, in figure 13 we show our final results for the pt,mMDT selection.

As discussed in the paper, the NLO jet cross section is not well-defined in this case, so

we only present unnormalised distributions. For comparison, we also show in red the

purely perturbative NLO+LL results with their uncertainties. As previously noted, non-

perturbative corrections are sizeable (with large uncertainties) in the first few mass bins
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Has been measured at the LHC:
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level,
and NLO+NLL+NP [40] and LO+NNLL [41, 42] theory predictions. The LO+NNLL calculation does not
have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker, while regions where they are expected to be small are shown with a filled marker. All uncertainties
described in the text are shown on the data; the uncertainties from the calculations are shown on each one.
The distributions are normalized to the integrated cross section, �resum, measured in the resummation region,
�3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21
nb for � = 0, 1, 2, respectively [40].

8

ATLAS 1711.08341

More studies:

Other observables: groomed D2 [Larkoski, Moult, Neill
2017], groomed angularity for b-jets [Lee, Shrivastava,
Vaidya 2019], Jet mass for inclusive jets and groomed
angularities at the LHC [Kang, Lee, Liu, Ringer 2018].

Fixed order pieces at NNLO: [Kardos et al. 1807.11472].

Nonperturbative corrections: [Hoang, AP, Mantry, Stewart
2019]
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Soft Drop Grooming

EFT modes for the Groomed Jet Mass

We identify the relevant region for our
analysis by considering the EFT modes for
groomed jet mass measurement

Turning on soft drop removes
emissions in the shaded region.

z > zcutθ
β

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 11 / 31
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EFT modes for the Groomed Jet Mass

We identify the relevant region for our
analysis by considering the EFT modes for
groomed jet mass measurement

Turning on soft drop removes
emissions in the shaded region.

CS denotes the emission at widest
angle that satisfies the soft drop
condition.
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β
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Soft Drop Grooming

EFT modes for the Groomed Jet Mass

We identify the relevant region for our
analysis by considering the EFT modes for
groomed jet mass measurement

Turning on soft drop removes
emissions in the shaded region.

CS denotes the emission at widest
angle that satisfies the soft drop
condition.

z > zcutθ
β

pµCS ∼
m2

J

Q ζ

(
ζ,

1
ζ
, 1
)

pµC ∼
(

m2
J

Q
, Q, mJ

)

ζ ≡
(

m2
J

Q Qcut

) 1
2+β

Qcut ≡ 2βQzcut

θcs/2 ∼ ζ

Parton level factorization formula
Frye, Larkoski, Schwartz, Yan 2016

d2σ̂

dm2
J dΦJ

=
∑
κ=q,g

Nκ(ΦJ ,R, zcut, β, µ)

×
∫
d`+ Jκ

(
m2

J − Q`+
, µ
)
Q

1
1+β
cut Sκc

[
`

+Q
1

1+β
cut , β, µ

]
.

Same Jet function as in the case of ungroomed
jets

The Collinear soft function depends on zcut and

`+ only via the combination `+Q
1

1+β
cut .
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Light Grooming for Top Jets

“Light grooming” is required for top quark jets

In order to retain the inclusive treatment of the decay products in
the bHQET Jet function and also groom effectively at the same
time we require the following:

Avoid grooming aggressively so as to not touch the decay
products:

zcut .
Γt

h2+βmt

( pT

mt

)β
, h ∼ 2

Groom enough so as to get rid of wide angle soft modes
(where also the contamination from hadronization and UE
lives):

z
1

2+β
cut �

1
2

(
Γt

mt

m2
t

p2
T

) 1
2+β t
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Light Grooming for Top Jets

“Light grooming” is required for top quark jets

In order to retain the inclusive treatment of the decay products in
the bHQET Jet function and also groom effectively at the same
time we require the following:

Avoid grooming aggressively so as to not touch the decay
products:

zcut .
Γt

h2+βmt

( pT

mt

)β
, h ∼ 2

Groom enough so as to get rid of wide angle soft modes
(where also the contamination from hadronization and UE
lives):

z
1

2+β
cut �

1
2

(
Γt

mt

m2
t

p2
T

) 1
2+β t

We then arrive at the following parton level factorization formula:

dσ̂

dMJdΦJ

= N(ΦJ ,R,mt , zcut, β, µ)×
∫

d`+ JB
(
ŝt −

Q`+

mt
, δm, Γt , µ

)
Sq
c

[
`

+Q
1

1+β
cut , β, µ

]

Same bHQET jet function JB as in the ungroomed tt̄ jets

Same collinear soft function Sq
c as in the massless quark jets
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

We take zcut = 0.1, β = 2 and pT ≥ 750 GeV for illustration.

Comparing jet mass spectrum at parton level, hadron level, and with MPI

No soft drop:
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Comparing jet radius dependence
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

We take zcut = 0.1, β = 2 and pT ≥ 750 GeV for illustration.

Comparing jet radius dependence

No soft drop: With soft drop:
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

We take zcut = 0.1, β = 2 and pT ≥ 750 GeV for illustration.

Dependence on pT veto on additional jets is mild
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

pp and e+e− spectra differ substantially without soft drop.

Q = 2400 GeV ∼ pT ≥ 750 GeV , |η| ≤ 2.5
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

pp and e+e− spectra agree very well with soft drop (at hadron level)
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Light Grooming for Top Jets

Light grooming is effective in the peak region

Light grooming achieves significant reduction of the contamination in the peak region

pp and e+e− spectra agree very well with soft drop (at hadron level)

All we need now is a hadron level factorization formula for light groomed top jets
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Nonperturbative corrections to groomed light quark/gluon jet mass

Nonperturbative corrections to groomed jet mass are intricate

}
}
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Calculating Mass?
Larkoski, Marzani, Soyez, Thaler 2014

Pythia8, partonic Pert QCD at ~ NLL

m2/pT2 m2/pT2

Soft Drop

In what way is the groomed jet mass different?

C/A clustering: NP corrections could depend on perturbative branching history. Not even
obvious if a nonperturbative factorization is possible!

NP catchment area: no longer determined by the jet radius, no fixed geometric region.

Universality: dependence on zcut? β? Is there any connection between power corrections in
groomed and ungroomed event shapes?

These questions can be answered within the framework of Effective field Theories

Hoang, AP, Mantry, Stewart 1906.11843

Perturbative 
cross section

Nonperturbative 
Contribution

Interface using 
perturbation theory
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Nonperturbative corrections to groomed light quark/gluon jet mass

EFT modes for the Groomed Jet Mass

We identify the relevant region for our
analysis by considering the EFT modes for
groomed jet mass measurement

Turning on soft drop removes
emissions in the shaded region.

CS denotes the emission at widest
angle that satisfies the soft drop
condition.

z > zcutθ
β

pµCS ∼
m2

J

Q ζ

(
ζ,

1
ζ
, 1
)

pµC ∼
(

m2
J

Q
, Q, mJ

)

ζ ≡
(

m2
J

Q Qcut

) 1
2+β

Qcut ≡ 2βQzcut

θcs/2 ∼ ζ
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Nonperturbative corrections to groomed light quark/gluon jet mass

EFT modes for the Groomed Jet Mass

We identify the relevant region for our analysis
by considering the EFT modes for groomed jet
mass measurement

Turning on soft drop removes emissions
in the shaded region.

CS denotes the emission at widest angle
that satisfies the soft drop condition.

Leading non-perturbative corrections have
the largest plus component - hence the
same angle as the CS modes.

p+
cs � pΛ

+
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(
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1
ζ
, 1
)

The Λ mode slides with the CS mode.
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Nonperturbative corrections to groomed light quark/gluon jet mass

Soft Drop Nonperturbative and Operator Expansion Region

Distinguish two regions of the groomed jet mass spectrum:

a) soft drop operator expansion (SDOE) region, p+
cs � p+

Λ :
QΛQCD

m2
J

( m2
J

QQcut

) 1
2+β � 1 ,

b) soft drop nonperturbative (SDNP) region, p+
cs ∼ p+

Λ : m2
J . QΛQCD

(ΛQCD

Qcut

) 1
1+β .

a) SDOE region b) SDNP region

In the SDNP region the Λ and CS mode come parametrically close merging into a single mode, Λ-CS.

The nonperturbative corrections to the jet mass spectrum are O(1) in SDNP region.
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Nonperturbative corrections to groomed light quark/gluon jet mass

Soft Drop Nonperturbative and Operator Expansion Region

Distinguish regions of the groomed jet mass spectrum:

a) soft drop operator expansion (SDOE) region, p+
cs � p+

Λ :
QΛQCD

m2
J

( m2
J

QQcut

) 1
2+β � 1 ,

b) soft drop nonperturbative (SDNP) region, p+
cs ∼ p+

Λ : m2
J . QΛQCD

(ΛQCD

Qcut

) 1
1+β ,

c) ungroomed resummation region: m2
J & zcut

Q2

4
.
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Nonperturbative corrections to groomed light quark/gluon jet mass

Soft Drop Nonperturbative and Operator Expansion Region

Changes to perturbative subjets on adding NP emissions are small:

jet
<latexit sha1_base64="9LRdGGPoQyQDUx9sCSBGKrSyx0s="></latexit><latexit sha1_base64="9LRdGGPoQyQDUx9sCSBGKrSyx0s="></latexit><latexit sha1_base64="9LRdGGPoQyQDUx9sCSBGKrSyx0s="></latexit><latexit sha1_base64="9LRdGGPoQyQDUx9sCSBGKrSyx0s="></latexit>

Collinear
<latexit sha1_base64="9KBBjrrxgbRrH/+ea2QFmg1Jf0A="></latexit><latexit sha1_base64="9KBBjrrxgbRrH/+ea2QFmg1Jf0A="></latexit><latexit sha1_base64="9KBBjrrxgbRrH/+ea2QFmg1Jf0A="></latexit><latexit sha1_base64="9KBBjrrxgbRrH/+ea2QFmg1Jf0A="></latexit>

Nonperturbative
<latexit sha1_base64="XrpGA3qn5Y0/SEp8vbHQn3dlUyY="></latexit><latexit sha1_base64="XrpGA3qn5Y0/SEp8vbHQn3dlUyY="></latexit><latexit sha1_base64="XrpGA3qn5Y0/SEp8vbHQn3dlUyY="></latexit><latexit sha1_base64="XrpGA3qn5Y0/SEp8vbHQn3dlUyY="></latexit>

Collinear Soft
<latexit sha1_base64="oFMZs9V0M6boKKiwn7PWZUb0aa0="></latexit><latexit sha1_base64="oFMZs9V0M6boKKiwn7PWZUb0aa0="></latexit><latexit sha1_base64="oFMZs9V0M6boKKiwn7PWZUb0aa0="></latexit><latexit sha1_base64="oFMZs9V0M6boKKiwn7PWZUb0aa0="></latexit> SDOE

region
<latexit sha1_base64="qDuliZyUfk6QJkZMckDdohzvE44="></latexit><latexit sha1_base64="qDuliZyUfk6QJkZMckDdohzvE44="></latexit><latexit sha1_base64="qDuliZyUfk6QJkZMckDdohzvE44="></latexit><latexit sha1_base64="qDuliZyUfk6QJkZMckDdohzvE44="></latexit>

rejected
<latexit sha1_base64="rwbBL44Y4zuYrJqppQLtz57eYZo="></latexit><latexit sha1_base64="rwbBL44Y4zuYrJqppQLtz57eYZo="></latexit><latexit sha1_base64="rwbBL44Y4zuYrJqppQLtz57eYZo="></latexit><latexit sha1_base64="rwbBL44Y4zuYrJqppQLtz57eYZo="></latexit>

kept
<latexit sha1_base64="uaeEsZ5+incSL/nqVnfjq1dcnoM="></latexit><latexit sha1_base64="uaeEsZ5+incSL/nqVnfjq1dcnoM="></latexit><latexit sha1_base64="uaeEsZ5+incSL/nqVnfjq1dcnoM="></latexit><latexit sha1_base64="uaeEsZ5+incSL/nqVnfjq1dcnoM="></latexit>

Soft
<latexit sha1_base64="8g0DKKYPZfjys10BHyi3Bj4i3rk="></latexit><latexit sha1_base64="8g0DKKYPZfjys10BHyi3Bj4i3rk="></latexit><latexit sha1_base64="8g0DKKYPZfjys10BHyi3Bj4i3rk="></latexit><latexit sha1_base64="8g0DKKYPZfjys10BHyi3Bj4i3rk="></latexit>

}
}

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 17 / 31



Nonperturbative corrections to groomed light quark/gluon jet mass

Soft Drop Nonperturbative and Operator Expansion Region

Catchment area determined by collinear and CS subjets (at LL):

Collinear soft

Collinear
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Nonperturbative corrections to groomed light quark/gluon jet mass

Measurement in the Collinear-Soft Sector

Measurement in the collinear-soft sector:

(m2
J )cs
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∑
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nonperturbative corrections to the measurements involve two terms:
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�
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NP(θqi , θcs ,∆φi )
)

shift correction: CS emission sets the
catchment area for the NP modes that are
kept by soft drop: Θ

◦◦
NP = 1

boundary correction: change in the soft drop
test for CS mode due to hadronization. Inside
cs subjet: Θ
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NP = 1, Θ �

NP = 1− Θ
�
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Nonperturbative corrections to groomed light quark/gluon jet mass

Leading Power corrections to the groomed cross section

Leading power corrections for the full cross section can be parameterized as

dσhad
κ

dm2
J

=
dσ̂κ

dm2
J

− Q Ω◦◦1κ
d

dm2
J

(
C1(m2

J ,Q, zcut, β)
dσ̂κ

dm2
J

)
+

QΥκ1 (β)

m2
J

C2(m2
J ,Q; zcut, β)

dσ̂κ

dm2
J

Hoang, AP, Mantry, Stewart 1906.11843

Nothing like standard shape function.

Υκ1 (β) linear in β, hence two parameters:

Υκ1 (β) = Υκ1,0 + βΥκ1,1

The Wilson coefficients C1(m2
J ,Q, zcut, β) and C2(m2

J ,Q, zcut, β) are not constants along the spectrum
depend on both the grooming parameters, but the hadronic power corrections themselves are universal:

{Ω◦◦1κ,Υκ1,0,Υκ1,1} only depend on ΛQCD and the jet initiating parton κ = q, g

Wilson coefficients are perturbatively calculable and involve resummed averages of opening angles of
stopping pair:

C1(m2
J ,Q, zcut, β) ∼

〈
θcs (m2

J )

2

〉
, C2(m2

J ,Q; zcut, β) ∼
〈

2
θcs (m2

J )

m2
J

Q2 δ

(
zcs − zcutθ

β
cs

)〉

All the dependence of the hadronization correction on zcut, β,mJ ,Q and R is perturbatively calculable
via C1,2(m2

J ,Q; zcut, β)
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Nonperturbative corrections to groomed light quark/gluon jet mass

Comparing the shift correction matching coefficient with MC

LL result for C1(m2
J ) compared with partonic Monte Carlo for zcut = 0.1, β = 0, 1, 2

A LL calculation of C1,2 (∼ 20% uncertainty) is sufficient for the precision we aim for, and agrees well
with partonic Monte Carlo.
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Nonperturbative corrections to groomed light quark/gluon jet mass

Size of power corrections

Absolute value of the fractional power correction:

shift =

∣∣∣∣− QΩ ◦◦1κ
d

dm2
J

(
C1(m2

J )
dσ̂κ

dm2
J

)/
dσ̂κ

dm2
J

∣∣∣∣ , |boundary| =

∣∣∣∣QΥκ1 (β)

m2
J

C2(m2
J )

dσ̂κ

dm2
J

/
dσ̂κ

dm2
J

∣∣∣∣
Take Ω ◦◦1 = 1.0 GeV, Υ1,0 = 0.7 GeV, Υ1,1 = 0.4 GeV

Shift and boundary power corrections have comparable size and grow from ∼ 1% to ∼ 10%.
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Nonperturbative corrections to groomed light quark/gluon jet mass

Visualizing the angular distribution of NP subjets

Tag an NP subjet with E . 1 GeV in the CA clustering tree of the groomed jet and apply the rescaling.

In the OPE region we find the expected geometry with R ∼ 1

0

0.05

0.10

0.15

0.20

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.05

0.10

0.15

0.20

0.25

0

0.05

0.10

0.15

0.20

0

0.1

0.2

0.3

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 22 / 31



Nonperturbative corrections to groomed light quark/gluon jet mass

Fitting for the power corrections in Monte Carlo

Fit for the three hadronic parameters for the following grid in the SDOE region:

Q = 500, 1000 GeV, zcut = {0.05, 0.1, 0.15, 0.2}, β = {0, 0.5, 1.0, 1.5, 2.0}

3 universal parameters fit the whole grid well
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Nonperturbative corrections to groomed top jet mass

Hadronization corrections to the groomed top jet mass

To recap -

Light grooming ensures an inclusive treatment of the decay products at parton level (for jet
mass)

Top mass schemes with mpole − m = δm ∼ Γt can be implemented in the factorized cross
section.

Hadronization corrections in soft drop depend on the opening angle of the stopping pair θcs .
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Nonperturbative corrections to groomed top jet mass

Hadronization corrections to the groomed top jet mass

To recap -

Light grooming ensures an inclusive treatment of the decay products at parton level (for jet
mass)

Top mass schemes with mpole − m = δm ∼ Γt can be implemented in the factorized cross
section.

Hadronization corrections in soft drop depend on the opening angle of the stopping pair θcs .

However, hadronic corrections can not be treated while being inclusive over the decay products!

“high-pT ” scenario: “decay” scenario:

In the second case a decay product at an angle θd is seen first by the groomer and determines the
location of the Λ mode.
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Nonperturbative corrections to groomed top jet mass

Hadronization corrections to the groomed top jet mass

In the second case a decay product at an angle θd is seen first by the groomer and determines the
location of the Λ mode.

θd ≡ max
(
θ̃(xy)t , θ̃zt

)
, θ̃xy = min

(
θ̃qq̄′ , θ̃qb, θ̃q̄′b

)
Parameterize θd in terms of h (useful later):

θd = θd

(
Φd ,

mt

Q

)
, tan

( θd
2

)
=

mt

Q
h
(

Φd ,
mt

Q

)
Φd is 5 dimensional top decay t → bqq̄′ phase space in the rest frame. mt/Q is the boost factor.

dt
(

Φd ,
mt

Q

)
=

1

ΓJ
t→bqq̄′

dΓt→bqq̄′

dΦd

, P
(
h̃,

mt

Q

)
=

∫
J
dΦd dt

(
Φd ,

mt

Q

)
δ
(
h̃−h(Φd ,

mt

Q
)
)
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Nonperturbative corrections to groomed top jet mass

Hadronization corrections to the groomed top jet mass

θd ≡ max
(
θ̃(xy)t , θ̃zt

)
, θ̃xy = min

(
θ̃qq̄′ , θ̃qb, θ̃q̄′b

)
Parameterize θd in terms of h (useful later):

θd = θd

(
Φd ,

mt

Q

)
, tan

( θd
2

)
=

mt

Q
h
(

Φd ,
mt

Q

)
Φd is 5 dimensional top decay t → bqq̄′ phase space in the rest frame. mt/Q is the boost factor.

dt
(

Φd ,
mt

Q

)
=

1

ΓJ
t→bqq̄′

dΓt→bqq̄′

dΦd

, P
(
h̃,

mt

Q

)
=

∫
J
dΦd dt

(
Φd ,

mt

Q

)
δ
(
h̃−h(Φd ,

mt

Q
)
)

P(h) gives us the probability of the event where a decay product stops soft drop and determines the
leading nonperturbative Λ mode.
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Nonperturbative corrections to groomed top jet mass

Sensitivity to the decay product phase space at hadron level is not problematic

The inclusive treatment of bHQET Jet function remains valid at hadron level. The Breit-Wigner is
now replaced by

Dt

(
ŝ′,Φd ,

mt

Q

)
=

Γt

π(ŝ′ 2+Γ2
t )

dt
(

Φd ,
mt

Q

)[
1+O

( ŝ′

mt

)]
,

∫
J
dΦd dt

(
Φd ,

mt

Q

)
= 1

Φd dependence of θd determined at the mt scale and does not affect the dynamics of the
ultracollinear modes

Description of UC modes still based on the inclusive bHQET jet function JB (ŝ, δm, µ)

Keep the full top width in the non cut bubbles

t t t t t t t t
b
q
q ‘
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Nonperturbative corrections to groomed top jet mass

Sensitivity to the decay product phase space at hadron level is not problematic

The inclusive treatment of bHQET Jet function remains valid at hadron level. The Breit-Wigner is
now replaced by

Dt

(
ŝ′,Φd ,

mt

Q

)
=

Γt

π(ŝ′ 2+Γ2
t )

dt
(

Φd ,
mt

Q

)[
1+O

( ŝ′

mt

)]
,

∫
J
dΦd dt

(
Φd ,

mt

Q

)
= 1

Φd dependence of θd determined at the mt scale and does not affect the dynamics of the
ultracollinear modes

Description of UC modes still based on the inclusive bHQET jet function JB (ŝ, δm, µ)

The collinear soft function needs to account for the angular
infomration of the decay products. At NLO we have

S (d)
c (`+

,Qcut, β, θd , µ) = Sq
c

(
`

+Q
1

1+β
cut , β, µ

)
− αs (µ)CF

(2+β)π

23+β

Qcutθ
2+β
d

L1

(
`+

Qcut

22+β

θ2+β
d

)
Θ

[
Qcutθ

2+β
d

22+β
− `+

]
+O(α2

s ) ,
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Nonperturbative corrections to groomed top jet mass

Sensitivity to the decay product phase space at hadron level is not problematic

The inclusive treatment of bHQET Jet function remains valid at hadron level. The Breit-Wigner is
now replaced by
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,

∫
J
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(
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mt
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)
= 1

Φd dependence of θd determined at the mt scale and does not affect the dynamics of the
ultracollinear modes

Description of UC modes still based on the inclusive bHQET jet function JB (ŝ, δm, µ)

The collinear soft function needs to account for the angular
infomration of the decay products. At NLO we have
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Not a large log in the light grooming region
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Nonperturbative corrections to groomed top jet mass

Shift Correction for Light Groomed Top Jets

|shift| =

∣∣∣∣− QΩ ◦◦1q
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d
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2
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)/
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ŝt ,Φd ,

mt

Q

)
= max{θ̂cs (ŝt), θd
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or

?

The leading hadronization effects depend on the angle of the soft drop stopping subjet

The winning scenario between “decay” and “high-pT ” factorizations depends on the comparison
between θd and θcs
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Nonperturbative corrections to groomed top jet mass

Shift Correction for Light Groomed Top Jets
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or

?

The leading hadronization effects depend on the angle of the soft drop stopping subjet

The winning scenario between “decay” and “high-pT ” factorizations depends on the comparison
between θd and θcs

Pick a kinematic phase space region allowed by light grooming constraints
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Nonperturbative corrections to groomed top jet mass

Shift Correction for Light Groomed Top Jets

|shift| =

∣∣∣∣− QΩ ◦◦1q

mt

d

dŝt

(
θstop

2
dσ̂κ

dŝt

)/
dσ̂κ

dŝt

∣∣∣∣ , θstop
(
ŝt ,Φd ,

mt

Q

)
= max{θ̂cs (ŝt), θd

(
Φd ,

mt

Q

)
}

The leading hadronization effects depend on the angle of the soft drop stopping subjet

The winning scenario between “decay” and “high-pT ” factorizations depends on the comparison
between θd and θcs

“decay” scenario dominant in the peak region

Decay and high-pT components of the
factorization theorem (coming up):
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Nonperturbative corrections to groomed top jet mass

Boundary Correction for Light Groomed Top Jets
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or

None?

The boundary correction is only relevant for the case when a QCD radiation stops soft drop
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Nonperturbative corrections to groomed top jet mass

Boundary Correction for Light Groomed Top Jets

|boundary| =

∣∣∣∣(QΥq
1(β)

mt ŝt
C2(ŝt)

dσ̂κ

dŝt

)/
dσ̂κ

dŝt

∣∣∣∣× σhigh−pT (MJ )

σ(MJ )
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or

None?

The boundary correction is only relevant for the case when a QCD radiation stops soft drop

The net correction gets reduced by this fraction of high-pT events in the peak region.

Aditya Pathak (University of Vienna) Precision Top Mass Determination at the LHC Using Jet Grooming Workshop on Determination of Fundamental QCD Parameters 27 / 31



Nonperturbative corrections to groomed top jet mass

Boundary Correction for Light Groomed Top Jets

|boundary| =

∣∣∣∣(QΥq
1(β)

mt ŝt
C2(ŝt)

dσ̂κ

dŝt

)/
dσ̂κ

dŝt

∣∣∣∣× σhigh−pT (MJ )

σ(MJ )

The boundary correction is only relevant for the case when a QCD radiation stops soft drop

The net correction gets reduced by this fraction of high-pT events in the peak region.

For the light grooming region boundary correction from high-pT component is negligible in the
peak region

Boundary correction is negligible in the peak region
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Nonperturbative corrections to groomed top jet mass

Boundary Correction for Light Groomed Top Jets

The boundary correction is only relevant for the case when a QCD radiation stops soft drop

The net correction gets reduced by this fraction of high-pT events in the peak region.

For the light grooming region boundary correction from high-pT component is negligible in the
peak region

Only the shift hadronic parameter Ω◦◦1 is relevant for NP corrections.

As a nuisance parameter we also consider the second moment of a shape function whose first
moment is constrained by Ω◦◦1 :∫ ∞

0
dk k F q

◦◦(k) = Ω◦◦1q → Ω◦◦nq ≡
∫ ∞

0
dk kn F q

◦◦(k) , x2 ≡
Ω◦◦2q(

Ω◦◦1q
)2 − 1
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Hadron Level Factorization for Groomed Top Jets

Hadron level factorization for groomed top jets

We now arrive at the final hadron level factorization formula for light groomed top jets:

dσNLL(ΦJ )

dMJ

= N(ΦJ , zcut, β, µ)

∫
dh̃ P

(
h̃,

mt

Q

)∫
d`+ JB

(
ŝt −

Q`+

mt
, δm, Γt , µ

)
×
∫
dk+ F q

◦◦(k+) Sq
c

[(
`

+ −max
{
C

q(pp)
1 (mt ŝt),

mt h̃

Q

}
k+
)
Q

1
1+β
cut , β, µ

]

×
{
1− Θ

(
C

q(pp)
1 (mt ŝt)−

mt h̃

Q

)Qk+

mt

dC
q(pp)
1 (mt ŝt)

dŝt

}
The non perturbative corrections are incorporated by comparing θd/2 and θcs/2 = C q

1 (mt ŝt)
ŝt = (M2

J − m2
t )/mt
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Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

Calibrating mMC
t in Pythia 8

Fit for the top mass in MSR scheme mMSR
t (Rm = 1) with mMC

t = 173.1 GeV and hadronic parameters
Ω◦◦1 and x2 in the peak region.
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Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

Calibrating mMC
t in Pythia 8

Fit for the top mass in MSR scheme mMSR
t (Rm = 1) with mMC

t = 173.1 GeV and hadronic parameters
Ω◦◦1 and x2 in the peak region.

Fit for two different pT bins to break degeneracy between mt and Ω◦◦1
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Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

Calibrating mMC
t in Pythia 8

Fit for the top mass in MSR scheme mMSR
t (Rm = 1) with mMC

t = 173.1 GeV and hadronic parameters
Ω◦◦1 and x2 in the peak region.

Fit for two different pT bins to break degeneracy between mt and Ω◦◦1

Compare the fit results with and without underlying event
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Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

Calibrating mMC
t in Pythia 8

Results:

mMSR
t remains stable, UE effects absorbed in Ω◦◦1 and x2

Result compatible with e+e− calibration result in [Butenschoen et. al, 1608.01318]: supports
universality of mMC

t calibration fits for pp groomed or e+e− ungroomed even with UE
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Monte Carlo Top Mass Calibration using Groomed Top Jet Mass

Fits for pole mass

Comparing the fits with MSR scheme we see mpole
t fit values are 0.4-0.6 GeV lower than mMSR

t

difference related to R evolution between the reference scale Rm = 1 and scale probed by the
bHQET jet function in the peak region Rm = µJb

∼ 5 GeV.

compatible with e+e− calibration in [Butenschoen et. al, 1608.01318]
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Conclusions

Conclusions

We used EFT and jet substructure tools to
achieve a hadron level observable for kinematic
extraction of short distance top mass at the
LHC.

The power corrections to the groomed jet mass
are universal, and their dependence on
kinematic and grooming parameters
{zcut, β,Q,R} can be calculated perturbatively.

Our preliminary calibration of pp with groomed
top quark jets in presence of underlying event is
compatible with e+e− calibration [Butenschoen
et. al, 1608.01318] with ungroomed top quark
jets.

Given our systematically improvable approach
we anticipate the perturbative and hadronization
uncertainties on mt extraction using this
observable to eventually go down below a GeV.

Universality allows Ω◦◦1q to be determined from
fits to light or b quark soft drop jets, and can
be further used as a handle.

Thank you
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