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MOTIVATION, GOAL, CHALLENGES

TOP MASS MEASUREMENT
Why should we care about a precision mt?

Gfitter Group, 2014

▸ Stability of SM Vacuum 
▸ Precision Electroweak Measurements 
▸ BSM Searches

Direct 
Measurements

Indirect global 
fit

Significant contribution to 
uncertainty due to mt

Why should I care about a precision        ?mt

Stability of the Standard Model vacuum! 

mt

mHiggs
uncertainty dominated by mt

Andreassen, Frost, Schwartz

Butazzo, Degrassi, Giardino, Giudice, Sala

•
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FIG. 3. Gauge dependence of the SM potential at its maxi-
mum with mpole

h = 125.14 GeV and mpole

t = 173.34 GeV.

approach at 1-loop. Decent fits are (12)
�
V 1-loop, trad.
max

�1/4 ⇡ (2.50⇥ 109 GeV)e�0.02⇠t+0.0003⇠2t

⇣
�V 1-loop, trad.

min

⌘1/4
⇡ (3.08⇥ 1029 GeV)e0.001⇠t�0.0001⇠2t

The consistent gauge-invariant values at NLO are

�
V NLO
max

�1/4
= 2.88⇥ 109 GeV (13)

��V NLO
min

�1/4
= 2.40⇥ 1029 GeV

Note that �Vmin corresponds to an energy density well
above the Planck scale. Thus, the potential at the mini-
mum will surely be e↵ected by quantum gravity and pos-
sible new physics not included in our calculation. Previ-
ous analyses have defined stability to be Planck-sensitive
if the instability scale ⇤I > MPl [1, 2]. As we have ob-
served, the instability scale is gauge dependent, so this
is not a consistent criterion. An alternative criterion is
that new operator, such as O6 ⌘ 1

⇤2
NP

h6 be comparable

to Vmin when h = hhi. Although O6 and Vmin are gauge-
invariant, the value of O6 at the field value h where the
minimum occurs is gauge dependent, so this condition
is also unsatisfactory. A consistent and satisfactory cri-
terion was explained in [13]: the new operator must be
added to the classical theory and its e↵ect on Vmin eval-
uated.

Adding O6 to the potential, we find that the the po-
tential is still negative at its minimum in the SM even
for operators with very large coe�cients. For example,
taking ⇤NP = MPl = 1.22 ⇥ 1019 GeV, we find that
µmin
X = 6.0 ⇥ 1017 GeV and Vmin = �(1.1 ⇥ 1017 GeV)4.

Comparing to Eq. (13) we see that the energy of the true
vacuum is very Planck-sensitive.

More generally, a good fit is given by

Vmin = �(0.01⇤NP)
4, ⇤NP & 1012 GeV (14)

When ⇤NP < 3.6⇥1012 GeV, Vmin becomes positive and
for ⇤NP < 3.1 ⇥ 1012 GeV the maximum and minimum
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FIG. 4. Boundaries of absolute stability (lower band, NLO)
and metastability (upper line, LO). The thickness of the
lower boundary indicates perturbative and ↵s uncertainty.
The theoretical uncertainty of the metastability boundary is
unknown. The elliptical contours are 68%, 95% and 99%
confidence bands on the Higgs and top masses: mpole

h =

(125.14±0.23) GeV and mpole

t = (173.34±1.12) GeV. Dotted
lines are scales in GeV at which V

min

can be lifted positive by
new physics.

disappear. Thus the stability of the Standard Model can
be modified by new physics at the scale 1012 GeV.
If we vary the Higgs and top masses in the Standard

Model, we can compute the boundary of absolute stabil-
ity. This bound is shown in Figs. 4 and 5. The dotted
lines show where Vmin becomes positive when in the pres-
ence of O6 for the indicated value of ⇤NP. Unexpectedly,
we find that three independent conditions (1) that Vmin

goes to zero, (2) that Eq. (5) have no solution, and (3)
that Vmin goes positive when ⇤NP = MPl all give nearly
identical boundaries in the mpole

h /mpole
t plane. Know-

ing that quantum gravity is relevant at MPl, we should
therefore be cautious about giving too strong of an in-
terpretation of the perturbative absolute stability bound
in the SM. We also show in this plot the metastability
bound, that the lifetime of our vacuum be larger than
the age of the universe. At lowest order this translates to
�( 1

R )�1 < �14.53 + 0.153 ln[RGeV] for all R [30]. Since
�(µ) is gauge invariant, so is this criterion. Although for
the Standard Model this approximation is probably suf-
ficient, it has not been demonstrated that the bound can
be systematically improved in a guage-invariant way [31].
In this paper, we have only discussed a single physical

feature of the e↵ective action: the value of the e↵ective
potential at its extrema. There is of course much more
content in the e↵ective action, especially when tempera-
ture dependence is included. Unfortunately, many uses
of the e↵ective action involve evaluating it for particu-
lar field configurations, a procedure that has repeatedly
been shown to be gauge-dependent. For example, the

Butazzo, Degrassi, Giardino, Giudice, Sala

Andreassen, Frost, Schwartz



STATUS OF TOP MASS PRECISION

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

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

Kinematic Top Mass Extractions:

CMS (2016) :            mt = 173.8 ± 1.8 GeV 

ATLAS (2017) :         mt = 173.2 ± 1.6 GeV

Top Mass from total cross section:

Most precise top mass measurements are based on 
kinematic extractions.

MOTIVATION, GOAL, CHALLENGES

ATLAS-CONF-2017-071 

Phys. Rev. D 93 (2016)

JHEP08 (2016) 029

ATLAS-CONF-2017-044
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CMS (2016) :            mt = 173.8 ± 1.8 GeV 

ATLAS (2017) :         mt = 173.2 ± 1.6 GeV

Top Mass from total cross section:

In this talk we discuss  
another source of uncertainty.

What mass is it?

How precisely do we know 
the mass definition?
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Precision Measurements

mt = 172.84± 0.70
mt = 172.44± 0.49
mt = 174.34± 0.64Tevatron (2014)

CMS Run-1(2015)

ATLAS Run-1(2016)

GeV

0.3% syst. & 0.07% stat. !

This talk is about another 
source of uncertainty:

What mass is it? or 

How precisely do we know 
the mass definition?

�mt � 1 GeVestimate:

Most precise top mass measurements are based on 
kinematic extractions.

MOTIVATION, GOAL, CHALLENGES

ATLAS-CONF-2017-071 

Phys. Rev. D 93 (2016)

JHEP08 (2016) 029

ATLAS-CONF-2017-044



What scheme is the top mass measured in?

Theory (QFT)

Experiment

Monte Carlo

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 ?
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Theory (QFT)

Experiment

Simulation
(Monte Carlo)

Most precise measurements 
need simulations where its 
hard to determine the 
       definition.mt

mpole
t ,mt,m

MSR
t , . . .

L :

t

t̄
hadrons

t

t̄
hadrons

�shower = 1GeV
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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 ?

Kinematic extractions make use of Monte Carlo and hence are 
measuring a MC top mass parameter.

Field Theoretic  
Definition?

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016

CMS @ 8 TeV (2016) :            mt = 172.35 ± 0.16 (stat + JES) ± 0.48 (sys) GeV 
ATLAS @ 8 TeV (di lepton) : mt = 172.08 ± 0.41 (stat) ± 0.81 (sys)  GeV

STATUS OF TOP MASS PRECISION
MOTIVATION, GOAL, CHALLENGES

Hoang, Stewart 2008



GOAL OF THIS WORK
MOTIVATION, GOAL, CHALLENGES

Theory (QFT)

Experiment

Monte Carlo

t

t̄
hadrons

�shower = 1GeV
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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
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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 ?

Bridge the gap between 
theory, MC and 
experiments using 
analytical calculations

?

?



KINEMATIC EXTRACTIONS
MOTIVATION, GOAL, CHALLENGES

Measure top mass using 
decay product momenta:

Jets with Substructure
t�Wb� (u d̄ )(b) = 3 prong jet

(Slide from
Jesse)

pp� tt̄

t

W

b

q

q ‘p
t

p
b

p1
p2

m2
t = p2t = (p1 + p2 + pb)

2
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In reality kinematic based 
methods at hadron colliders 
are a lot more complicated 
than inclusive measurements: 
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Measure top mass using 
decay product momenta:

Jets with Substructure
t�Wb� (u d̄ )(b) = 3 prong jet

(Slide from
Jesse)

pp� tt̄

t

W

b

q
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t

p
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p1
p2

m2
t = p2t = (p1 + p2 + pb)
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F. Krauss. (Sherpa Collaboration), “Sketch of a 𝑡𝑡h event”

protons

top anti-top

Junk!

In reality kinematic based 
methods at hadron colliders 
are a lot more complicated 
than inclusive measurements: 

Contamination in the jet is inevitable



KINEMATIC EXTRACTIONS
MOTIVATION, GOAL, CHALLENGES

Partonic Pythia without hadronization and UE (MPI modeled)

Fastjet: Cacciari, Salam, Soyez, 2011

Boosted top jets with R = 1



KINEMATIC EXTRACTIONS
MOTIVATION, GOAL, CHALLENGES

Contamination 
from UE ~ 5 GeV!Effect of hadronization ~ 2 GeV

Fastjet: Cacciari, Salam, Soyez, 2011

Boosted top jets with R = 1



KINEMATIC EXTRACTIONS
MOTIVATION, GOAL, CHALLENGES

Contamination 
from UE ~ 5 GeV!Effect of hadronization ~ 2 GeV

In order to aim 
for mt precision 
<1 GeV we 
must account 
for these effects 
in our analytical 
calculations

Fastjet: Cacciari, Salam, Soyez, 2011

Boosted top jets with R = 1
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MODERN TECHNIQUES IN PERTURBATIVE QCD

‣ hard scattering  

‣ perturbative shower  

‣ non-perturbative hadronization 

‣ underlying event model

Components of MCs based on factorization: 

Allows arbitrary measurements 
on the final state particles, but 
limited in accuracy ~ NLO + NLL

See the recent Jet Substructure review by Moult, Larkoski and Nachman 2017

WHAT CAN WE CALCULATE ANALYTICALLY?



WHAT CAN WE CALCULATE ANALYTICALLY?

See the recent Jet Substructure review by Moult, Larkoski and Nachman 2017

‣ hard scattering  

‣ perturbative shower  

‣ non-perturbative hadronization 

‣ underlying event model

Components of MCs based on factorization: 

Allows arbitrary measurements 
on the final state particles, but 
limited in accuracy ~ NLO + NLL

Devise analytically calculable exclusive observables that 

are sensitive to the top mass, 

describe these components with systematically improvable accuracy, 

robust against contamination and account for NP corrections.

MODERN TECHNIQUES IN PERTURBATIVE QCD



MODERN TECHNIQUES IN PERTURBATIVE QCD

EFFECTIVE FIELD THEORIES

21

First simplification:

• boosted top quarks,  Q = 2pT � mt

enables us to be inclusive over decay products

production energy >> mt

t

21

First simplification:

• boosted top quarks,  Q = 2pT � mt

enables us to be inclusive over decay products

production energy >> mt

t
First Simplification: Boosted Top Quarks

21

First simplification:

• boosted top quarks,  Q = 2pT � mt

enables us to be inclusive over decay products

production energy >> mt

t
Enables us to be  
inclusive over  
decay products.

11

Theory (QFT)

Experiment

Simulation
(Monte Carlo)

Most precise measurements 
need simulations where its 
hard to determine the 
       definition.mt

mpole
t ,mt,m

MSR
t , . . .

L :

t

t̄
hadrons

Need boosted tops to capture 
decay products

Q � mt � �t > ⇤QCD

hard scale

173.1 GeV 1.4 GeV 0.5 GeV>500 GeV

hadronization scale

CHALLENGING PROBLEM DUE TO MULTIPLE SCALES



EFFECTIVE FIELD THEORIES
MODERN TECHNIQUES IN PERTURBATIVE QCD

QCD

SCET(6)

bHQET(5)

HQ

Hm

B±

S

Q

mt

ŝt

mŝt
Q

➤ SCET is the appropriate 
Effective theory for collider 
physics applications 

➤ HQET is the appropriate theory 
that describes decay of top 
quark close to mass shell

Bauer, Pirjol, Stewart 2002

Isgur, Wise 1989

Fleming, Hoang, Mantry, Stewart 2007



WHAT CAN WE CALCULATE ANALYTICALLY?
Boosted top jets at ee collider (2008)

6

Bt(M
2
t ,�, �mt) =

1

⇡mt

�

(

(M2
t

�m
t

2)

m
t

)

2
+ �

2
+ ↵sB

1
(�mt) +O(↵2

s) (22)
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2
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Jet Functions Soft Function Hadronization

Peak Region:

3

d2�

dM2
t dM

2
t̄

, M2
t,t̄ �m2 ⇠ m� ⌧ m2
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Fleming, Hoang, Mantry, Stewart 2007, 2008

Factorization Theorem derived using Soft Collinear Effective Theory (SCET) 
and Heavy Quark Effective Theory (HQET):

thrust
 axis

soft particles

n-collinear n-collinear

hemisphere-a hemisphere-b

FIG. 3: Final state jets in SCET for stable top-quarks with invariant mass ∼ m2. The invariant
mass is restricted and the top-decay products become explicit by matching onto HQET.

where Pµ is a label operator picking out the large collinear momentum of order Q and Qλ of

a collinear field [27], while the partial derivative acts on the residual momentum components

∂µ ∼ λ2. The term Wn is the momentum space Wilson line built out of collinear gluon fields

Wn(x) =
∑

perms

exp
(

− g

P̄
n̄ · An(x)

)

. (15)

We also note that Eq. (13) is the bare Lagrangian. In particular, any mass definition can

be chosen for m through an appropriate renormalization condition without breaking the

power-counting. At O(αs) these mass-schemes are the same as those in QCD [51], because

the self-energy graphs are directly related.

An example of an external operator that connects different collinear sectors is the jet

production current, which couples to the γ∗ or Z∗. In QCD the production matrix element

is ⟨X|J µ
a,v|0⟩ where ⟨X| is the final state. The required vector and axial currents are given

by

J µ
v (x) = ψ̄(x)γµψ(x) , J µ

a (x) = ψ̄(x)γµγ5ψ(x) , (16)

and for convenience we will adopt the short-hand notation J µ
i = ψ̄(x)Γµ

i ψ(x). The matching

relation of these QCD currents to SCET currents is given by the convolution formula [26]

J µ
i (0) =

∫

dω dω̄C(ω, ω̄, µ)J (0)µ
i (ω, ω̄, µ) , (17)

where C contains short-distance dynamics at the scale Q, while J (0)µ
i describes fluctuations at

all longer distance scales. In the presence of multiple collinear fields, as well as modes scaling

like our mass-modes and soft-modes, the construction of currents in SCET has been discussed

in great detail in Ref. [41]. Interactions between the mass-modes and the collinear-modes

produce offshell particles, which when integrated out leave residual interactions through

Wilson lines in the SCET current. The SCET production current at leading order in λ is

given by

J (0)µ
i (ω, ω̄, µ) = χ̄n,ω(0)S†

nΓ
µ
i Sn̄χn̄,ω̄(0) , (18)
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B(ŝt̄,�t, �m)

ˆS =

ˆSpert ⌦ Smod

⌦1 =

Z

dk k Smod
(k)

⌦1 =

Z

dk k Fmodel
(k)

3

d2�

dM2
t dM

2
t̄

, M2
t,t̄ �m2 ⇠ m� ⌧ m2
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WHAT CAN WE CALCULATE ANALYTICALLY?
Boosted top jets at ee collider (2008)
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logarithmic (DL) accuracy as

1

σtot

dσ

dt

∣

∣

∣

∣
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=

dR
PT

(t)

dt
, R

PT
(t)

DL
= exp

(

−
4αs(Q)

3π
ln2 t

)

(4)

with R
PT

(t) called the radiator function. One can systematically improve perturbative approxi-
mation by including additional nonleading logarithmic terms in R

PT
(t) and matching the result

into exact higher order calculations using the ln R−scheme [13]. The perturbative Sudakov spec-
trum extends over the interval 0 ≤ t ≤ tmax and vanishes at the end points. The peak of the
distribution is located close to t = 0 and it is shifted towards larger t as one improves pertur-
bative approximation. Its position, tp = O(Λ

QCD
/Q), is sensitive to the emission of soft gluons

with energy ∼ Λ
QCD

indicating that the physical spectrum around the peak is of nonperturbative
origin.

Let us now estimate the effects of nonperturbative soft gluon emissions on the thrust dis-
tribution (3). We take into account that in the leading order in 1/(Q2t) the transverse size of
two quark jets k2

⊥ = O(Q2t) can be neglected, that is soft gluons with the energy ∼ Qt can not
resolve the internal structure of jets. This means that considering soft gluon emissions we may
apply the eikonal approximation and effectively replace quark jets by two relativistic classical
particles that carry the color charges of quarks and move apart along the light-cone directions p+

and p−. The interaction of the quark jets with soft gluons is factorized into the unitary eikonal
phase W (0) given by the product of two Wilson lines calculated along classical trajectories of
two particles

W (0) = W+(0)[W−(0)]† , W±(x) = P exp
(

i
∫ ∞

0
ds p± · A(x + p±s)

)

, (5)

with gauge fields Aµ(x) describing soft gluons. Denoting the total momentum of soft gluons
emitted into the right and left hemispheres as kR =

∑

i∈R ki and kL =
∑

i∈L ki, correspondingly,
one finds the thrust (1) as t = 2(kRp+)/Q2 + 2(kLp−)/Q2 and obtains the following expression
for the differential distribution
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k−

R

Q
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L
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(6)

with k± = k0±k3. Here, the matrix element of the Wilson line operator describes the interaction
of quarks with soft gluons and the summation goes over the final states N of soft gluons with
the total momentum k = kR + kL. Expression (6) follows from the universality of soft gluon
radiation and it takes into account both perturbative and nonperturbative corrections [9].

Let us neglect for the moment the perturbative contribution to the matrix element of the
Wilson line in (6). Then, introducing the shape function

f(ε) =
∑

N

|⟨0|W (0)|N⟩|2 δ
(

ε − k−
R − k+

L

)

(7)

one can estimate the nonperturbative contribution to the thrust distribution as

1

σtot

dσ

dt

∣

∣

∣

∣

nonPT
= Qf(Qt) . (8)

The nonperturbative function f(ε) is localized at small energies ε and according to (8) it deter-
mines the shape of the spectrum at small t = O(Λ

QCD
/Q).
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Includes a non-perturbative function:

Korchemsky, Sterman 1999

Improved understanding of hadronization corrections
Hoang, Stewart 2007
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but not virtual contributions. The latter must be integrated out explicitly by switching

to the description of the jet functions in the boosted unstable HQET theories discussed in

Sec. II B. In these HQETs the only fluctuations are due to low energy ultracollinear gluons

that preserve the condition M2 − m2 ≪ m2.

To determine the definitions of the bHQET jet functions we follow the same procedure as

for the bHQET current in Eq. (37), namely boost the SCET jet function in Eq. (82) to the

heavy quark rest frame, giving ψ̄(x)W (x)W (0)ψ(0), then match onto HQET ψ(x) → hv(x).

We then boost back to the moving frame where v → v±. The spin structure can also be

simplified to give
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Thus the bHQET jet functions are defined as

B+(2v+ ·k) =
−1

8πNcm
Disc

∫

d4x eik·x ⟨0|T{h̄v+
(0)Wn(0)W †

n(x)hv+
(x)}|0⟩ ,

B−(2v− ·k) =
1

8πNcm
Disc

∫

d4x eik·x ⟨0|T{h̄v−(x)Wn̄(x)W †
n̄(0)hv−(0)}|0⟩. (88)

These bHQET jet functions can be calculated using the usual Feynman rules of HQET

except that the gluons have ucollinear scaling as in Eq. (34). The W -Wilson lines in B±

also contain these boosted gluons. Since p2
n − m2 = 2mv+ · k and p2

n̄ − m2 = 2mv− · k, we

can identify the arguments of the bHQET jet functions as

2v+ · k =
st

m
= ŝt , 2v− · k =

st̄

m
= ŝt̄ . (89)
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WHAT CAN WE CALCULATE ANALYTICALLY?
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dŝt0dŝt̄
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distance top mass 
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WHAT CAN WE CALCULATE ANALYTICALLY?

XCone is a particularly nice choice for jet and 
beam measures

Stewart, Tackmann, Thaler, Vermilion, Wilkason, 2015

Stewart, Tackmann, Waalewijn 2010

4.1 Mass Sensitive Observable

We propose using a jet mass measurement that can be calculated with the aid of the

2-jettiness variable in order to measure the top mass from a boosted top sample in

pp collisions. We extend the factorization theorem already known for the 2-jettiness

measurement for massless jets to the case of top jets. We will be focusing on the case of

exclusive top production, and later comment on how one can make a generalization for

the inclusive case with the aid of soft drop grooming which also has other advantages.

The 2-jettiness event shape, T2, divides the event into various sectors: the top and

anti-top jet sectors and the beam sector. The jet regions are defined using a specific

algorithm and a minimization procedure, and the remaining region is considered as

the beam region. The particle momenta are combined linearly in each region which

yields a quantity that can be directly related to the invariant masses of the jets. The

2-jettiness for pp collisions is defined as follows

T2 = min
nt,nt̄

X

i

min{⇢jet(pi, nt), ⇢jet(pi, nt̄), ⇢beam(pi)}

= T t
2 + T t̄

2 + T beam
2 , (4.2)

where the sum runs over all the particles in the event with momentum pi, and ⇢

specifies a distance measure to the jet axes, nt,t̄, or to the beam. A given particle will

fall in one of these regions depending on the smallest of all three distances given by

the ⇢’s. Anti-kT [28] is the standard jet algorithm currently being employed at the

LHC. We use the XCone jet algorithm introduced in Ref. [97] to obtain two exclusive

top jets and also specify the distance measure ⇢. The XCone algorithm yields circular

jets just like jets obtained from Anti-kT algorithm, and since it is based on 2-jettiness

it allows us to simply write down a factorization theorem.

For the XCone measure, we have

⇢jet(pi, nJ) =
2 cosh yJ

R2
nJ · pi =

2 qJ · pi
QJ

, ⇢beam(pi) = pTi
, (4.3)
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(a) (b)

Figure 3: Comparison between the XCone default (β = 2) and anti-kT , using the same tt̄

events as figures 1 and 2. (a) Unlike anti-kT which merges jet regions closer in angle than

≈ R, XCone allows such jet regions to remain split. (b) For widely-separated jets, XCone

yields nearly identical jet regions to anti-kT .

change the style of the event partitioning. One can maintain conical jets, however, if one

deforms eq. (3.1) via

General Conical Measure
ρjet(pi, nA) = pT i f(pi)

(
RiA

R

)β

,

ρbeam(pi) = pT i f(pi) ,

(3.3)

where f(pi) is any dimensionless function of the particle four-momentum. This measure still

returns exactly conical jets with overlapping jets still having Voronoi partitioning, because

the factor of f(pi) drops out when comparing ρjet to ρbeam or when comparing two different

ρjet. While the partitioning for given axes does not depend on f(pi), the f(pi) factor does

play a role in determining the overall TN minimum in eq. (2.3). So the final jets will have

different axes depending on the choice of f(pi). We will exploit this possibility when defining

the conical geometric measure in section 3.3.

3.2 The Geometric Measure

A variety of N -jettiness measures were proposed and studied in refs. [16, 19]. For the purposes

of defining a cone jet algorithm, the most promising choice is the geometric measure:

Geometric Measure
ρjet(pi, nA) =

nA · pi
ρ0

,

ρbeam(pi) = min{na · pi, nb · pi} ,
(3.4)
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qbqa

t
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FIG. 1. For the jet mass spectrum in Pythia8, the change from partonic to hadronization+MPI is described by a simple shift
in the tail, and a simple convolution everywhere, for both quark jets (left panel) and gluon jets (right panel).

yJ and R but not pJ
T , and can be factorized as [27–29]

S(kS , kB , yJ , R) =

Z

dk Spert

 (kS � k, kB , yJ , R) (2)

⇥ F(k, yJ , R)
⇥

1 + O�

⇤
QCD

/kB

�⇤

,

where Spert

 contains the perturbative soft contributions.
F is a normalized nonperturbative shape function which
encodes the smearing e↵ect that the hadronization has on
the soft momentum kS . For kS ⇠ ⇤

QCD

, the full F(k)
is required and shifts the peak region of the jet mass
spectrum to higher jet masses.

In the perturbative tail of the jet mass spectrum, where
kS � ⇤

QCD

, S can be expanded,

S(kS , yJ , R) = Spert



�

kS � ⌦(R), yJ , R
�

+ O�

⇤2

QCD

/k3

S , ↵s⇤QCD

/k2

S

�

, (3)

where ⌦(R) =
R

dk k F(k) ⇠ ⇤
QCD

is a nonpertur-
bative parameter. In this region factorization predicts
a shift in the jet mass spectrum, which is described by
⌦(R). Below, we use the field-theoretic definition of ⌦

to quantify its R dependence and prove that it is indepen-
dent of yJ . The above treatment provides an excellent
description of hadronization in both B-meson decays and
e+e� event shapes [30, 31].

Factorization also underlies the Monte Carlo descrip-
tion of the primary collision, where H corresponds to the
hard matrix element, while I, J , and S are described
by parton showers, and F corresponds to the hadroniza-
tion models. The standard parton shower paradigm does
not completely capture interference e↵ects between wide-
angle soft emissions from di↵erent primary partons that
appear at O(↵s) in S. Monte Carlo programs include
MPI (source 3), which are not in Eq. (1). See Ref. [32]
for a recent discussion. For our numerical studies, we
consider both Pythia8 [33, 34] with the ATLAS underly-
ing event tune AU2-MSTW2008LO [16] and Herwig++
2.7 [35, 36] with its default underlying event tune UE-EE-
5-MRST [18]. Both give a reasonable description of the

CMS jet mass spectrum in Z+jet events [20]. We also
compare to the Pythia8 default tune 4C.

We consider exclusive Z/H+jet events at E
cm

= 7TeV
in both quark and gluon channels, with the leading jet
within a certain range of pJ

T and yJ , and we veto addi-
tional jets with pJ

T > 50 GeV. The jets are defined using
anti-kT [37, 38]. In Fig. 1, we show the jet mass spectrum
for quark and gluon jets with R = 1 after parton shower-
ing (black dotted line) and including both hadronization
and MPI (blue dashed line). Equation (3) predicts that
for m2

J � ⇤
QCD

pJ
T the nonperturbative corrections shift

the tail of the jet mass spectrum by

m2

J = (m2

J)pert + 2pJ
T ⌦(R) . (4)

We can regard the partonic result from Pythia8 as
the baseline purely perturbative result. Choosing ⌦ =
2.4 GeV for qg ! Zq and ⌦ = 2.7 GeV for qq̄ ! Zg
yields the green dot-dashed curves in Fig. 1. We see that
the e↵ect of both hadronization and MPI in the tail is
well captured by this shift. For hadronization, Eqs. (1,2)
predict a convolution with a nonperturbative function,

d�

dm2

J

=

Z

dk
d�partonic



dm2

J

(m2

J � 2pJ
T k) F(k) . (5)

With the above ⌦’s, this convolution gives the red solid
curves in Fig. 1, yielding excellent agreement with the
hadronization+MPI result over the full range of the jet
mass spectrum.1 Both hadronization and MPI populate
the jet region with a smooth background of soft parti-
cles, which can explain why the MPI e↵ect is reproduced
alongside the hadronization by a convolution of the form

1 Here, F(k) = (4k/⌦2

) e
�2k/⌦ ; the simplest ansatz that satis-

fies the required properties: normalization, vanishing at k = 0,
falling o↵ exponentially for k ! 1, and having a first moment
⌦. Fixing the value of ⌦ from the tail, we find similar lev-
els of agreement across all values of pJT , yJ , R, for all partonic
channels, and for di↵erent jet veto cuts (including no jet veto).
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Issue is that contamination is significant:

Factorization for

Jets with Substructure
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same jet functions!

BUT control of underlying event
 is model dependent.

•

Simple one parameter function F 
does give a reasonable model

which reproduces Pythia

(IS, Tackmann, Waalewijn 2015)

d2�
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J2dT cut
= tr

�
ĤQmŜ(T cut, R, . . .)�F

�
�JB � JB�II � ff

(Stewart, Tackmann, Waalewijn)

Can be extended to pp using 2-jettiness.

Same model used for
Hadronization can describe UE
by (primarily) tuning 
one parameter Ω.

Stewart, Tackmann, Waalewijn, 2015

A. Hoang, S. Mantry, AP, I. Stewart
(Stewart, Tackmann, Waalewijn)
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X
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dŝt dŝt̄ (2⇡)
4 �(4)(pa+pb�pt�pt̄)

⇥ Tr

h

ˆHb(xa, xb, Q,EJ)
ˆS(T beam

2 �T 0
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F (k, k0):

S
IJ(`a, `b, `t, `t̄, {µSi

, �}) =

Z

d`0t

Z

d`0̄t S
IJpart.(`a, `b, `t � `0t, `t̄ � `0̄t, {µSi

, �})F (`0t, `
0̄
t),

(5.121)

where the partonic soft function S
part.

is convoluted with the non-perturbative func-

tion F which has the normalization

Z

d`t

Z

d`t̄ F (`t, `t̄) = 1. (5.122)

In order to have an explicit functional form we parameterize the nonperturbative soft

function for the ungroomed cross section using the Korchemsky-Tafat model [78]

F (`+, `�) = ✓(`+)✓(`�)
N (a, b, ⇤)

⇤2

⇣`+`�

⇤2

⌘a�1

exp
h�2`+ � 2`� � 2b

p
`+`�

⇤

i

.(5.123)

Here ⇤, a, and b are parameters of the model and N (a, b, ⇤) is a normalization factor

that ensures the normalization condition in Eq. (5.122)..

In our analysis of the ungroomed jet mass spectra we always consider integrating

fully over one jet mass, while studying the other. Since at NLL order there is no

correlation between the two jet mass variables, so the only possible correlation occurs

through F via the parameter b. Keeping b and integrating over `� only effectively

results in a modified one-dimensional model function for the `+ depencence, whose

parameters depend on b. Therefore for simplicity for our analysis of single jet mass

spectra we take b = 0. The integral over `� then leads to the simple one-dimensional

exponential model function modulated by a power,

F (`) = ✓(`)
N (a, ⇤)

⇤

⇣ `

⇤

⌘a�1

exp
⇣�2`

⇤

⌘

, (5.124)

where again N (a, ⇤) is fixed to ensure this function is normalized to 1 when integrated
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the LHC 

‣ Non-perturbative corrections are 
modeled and can account for the UE

Stewart, Tackmann, Waalewijn 2015
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parameters would also make such an analysis quite involved, and it is beyond the

scope of our work. Obviously the function F in Eq. (4.74) need not be the same as

for e+e� in Eq. (4.73) (despite our abuse of notation by giving them the same names).

The exact form of F for our implementation for ungroomed top jets is stated in

Sec. 5.5.1 below. This function is normalized

1 =

Z

dk dk0 F (k, k0) , (4.75)

and it can be determined by fitting its first few moments defined by

⌦n,m =

Z

dk dk0 kn k0m F (k, k0) . (4.76)

The first moment of F , ⌦1 ⌘ ⌦1,0 = ⌦0,1 has a special significance since it sets the

dominant momentum scale for this non-perturbative function, and allows us to pa-

rameterize the size of the non-perturbative corrections. For example, we parameterize

the second moment ⌦2 ⌘ ⌦2,0 as

x2 =
⌦c

2

⌦2
1

=
⌦2 � ⌦2

1

⌦2
1

, (4.77)

where ⌦c
2 is the 2nd cumulant of F , ⌦c

2 = ⌦2 � ⌦2
1. From carrying out a dedicated

study we find that the dependence of the peak position on the higher moments is most

often subleading when they are parameterized in terms of dimensionless parameters

like x2. This involves considering ⌦1 and x2 as independent parameters, and the

same conclusion is not reached if we instead take the parameters as ⌦1 and ⌦2 since

these are both dimensionful and more highly correlated. This allows us to specify

the scale of the non-perturbative corrections solely by referring to the first moment.

For the ungroomed jet mass there is also a third moment parameter, ⌦1,1/⌦2
1 that

encodes information about cross correlations between the k and k0 variables. Since

our focus is on one-dimensional jet mass spectra, where the other jet-mass variables is

integrated over, this parameter becomes redundant, and hence is not considered here.

We explore the dependence of the cross section on ⌦1 and x2 in detail in Sec. 5.5.2.
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Dominant dependence 
on the first moment:

F (k, k0):

S
IJ(`a, `b, `t, `t̄, {µSi

, �}) =

Z

d`0t

Z

d`0̄t S
IJpart.(`a, `b, `t � `0t, `t̄ � `0̄t, {µSi

, �})F (`0t, `
0̄
t),

(5.121)

where the partonic soft function S
part.

is convoluted with the non-perturbative func-

tion F which has the normalization

Z

d`t

Z

d`t̄ F (`t, `t̄) = 1. (5.122)

In order to have an explicit functional form we parameterize the nonperturbative soft

function for the ungroomed cross section using the Korchemsky-Tafat model [78]

F (`+, `�) = ✓(`+)✓(`�)
N (a, b, ⇤)

⇤2

⇣`+`�

⇤2

⌘a�1

exp
h�2`+ � 2`� � 2b

p
`+`�

⇤

i

.(5.123)

Here ⇤, a, and b are parameters of the model and N (a, b, ⇤) is a normalization factor

that ensures the normalization condition in Eq. (5.122)..

In our analysis of the ungroomed jet mass spectra we always consider integrating

fully over one jet mass, while studying the other. Since at NLL order there is no

correlation between the two jet mass variables, so the only possible correlation occurs

through F via the parameter b. Keeping b and integrating over `� only effectively

results in a modified one-dimensional model function for the `+ depencence, whose

parameters depend on b. Therefore for simplicity for our analysis of single jet mass

spectra we take b = 0. The integral over `� then leads to the simple one-dimensional

exponential model function modulated by a power,

F (`) = ✓(`)
N (a, ⇤)

⇤

⇣ `

⇤

⌘a�1

exp
⇣�2`

⇤

⌘

, (5.124)

where again N (a, ⇤) is fixed to ensure this function is normalized to 1 when integrated
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Z
dk kF (k)

Less sensitive to x2 
(higher moments)
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While the underlying event can be 
modeled in this framework, we 
would like to explore methods to 
directly reduce the contamination 
while retaining calculability in pQCD. 

F (k, k0):

S
IJ(`a, `b, `t, `t̄, {µSi

, �}) =

Z

d`0t

Z

d`0̄t S
IJpart.(`a, `b, `t � `0t, `t̄ � `0̄t, {µSi

, �})F (`0t, `
0̄
t),

(5.121)

where the partonic soft function S
part.

is convoluted with the non-perturbative func-

tion F which has the normalization

Z

d`t

Z

d`t̄ F (`t, `t̄) = 1. (5.122)

In order to have an explicit functional form we parameterize the nonperturbative soft

function for the ungroomed cross section using the Korchemsky-Tafat model [78]

F (`+, `�) = ✓(`+)✓(`�)
N (a, b, ⇤)

⇤2

⇣`+`�

⇤2

⌘a�1

exp
h�2`+ � 2`� � 2b

p
`+`�

⇤

i

.(5.123)

Here ⇤, a, and b are parameters of the model and N (a, b, ⇤) is a normalization factor

that ensures the normalization condition in Eq. (5.122)..

In our analysis of the ungroomed jet mass spectra we always consider integrating

fully over one jet mass, while studying the other. Since at NLL order there is no

correlation between the two jet mass variables, so the only possible correlation occurs

through F via the parameter b. Keeping b and integrating over `� only effectively

results in a modified one-dimensional model function for the `+ depencence, whose

parameters depend on b. Therefore for simplicity for our analysis of single jet mass

spectra we take b = 0. The integral over `� then leads to the simple one-dimensional

exponential model function modulated by a power,

F (`) = ✓(`)
N (a, ⇤)

⇤

⇣ `

⇤

⌘a�1

exp
⇣�2`

⇤

⌘

, (5.124)

where again N (a, ⇤) is fixed to ensure this function is normalized to 1 when integrated
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Grooms soft radiation from the jet
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Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014
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Soft Drop
Soft drop has an advantage of being 
amenable to theoretical calculations
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GROOMED TOP JET MASS
Top quarks at the LHC with jet grooming (2017)
Factorization Theorem for Soft Drop Groomed Top Jets:

Figure 6. Sequence of e↵ective field theories for top invariant mass distribution before and after soft
drop grooming

3.5 Non Perturbative Corrections and Gap Scheme

To describe hadronization and the underlying event we include a model function in our per-

turbative cross section as in the case of ungroomed top jets. However, due to the suppression

of non-perturbative modes because of soft drop grooming we get a very di↵erent convolution

structure between the perturbative and then non-perturbative model function. Below we derive

this expression.

3.6 Soft Drop Factorization

Given the two cases for the location of non perturbative mode in the z-✓ plane we have two

di↵erent factorization formulas:
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(more precise version up next)

The factorized cross section uses universal ingredients:
‣ JB : Fleming, Hoang, Mantry, Stewart 2007 

‣ SC, FC : Frye, Larkoski, Schwartz, Yan 2016 Allows us to use 
semi-leptonic 
decays!

EFTs:
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THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?
Groomed top jet mass cross section:
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ŝt�
Q`

m
, �m,�t, µ

⌘

⇥
Z

dk0 SC

h⇣

`� mk0

Q

⌘

(2�Qz
cut

)
1

1+� ,�, µ
i

F̃C(k
0,�,m/Q) , (3.31)

where the induced nonperturbative model function is
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)

– 31 –

(“decay” factorization)

Hoang, Mantry, AP, Stewart 2017
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation
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4.1.1 Tree-level Cross Section
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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Here we derive the explicit tree-level result of the factorization formula. The beam function at
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At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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‣ Fully correct computation: gluon radiation off the top and decays 
properly accounted for. Width dependence of radiation taken 
care of. 

‣ Scale settings: Bulk of higher order corrections already taken 
care of through scale settings. Experience from ee studies. 

‣ Resummation of logarithms: EFT approach designed for specific 
kinematics of this process.

Merits of EFT calculation:
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)
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0,�d, m/Q)

Z

d` JB

⇣M2

J �m2

t �Q`

mt
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⇡(ŝ0 2 + �2

t )
dt(�d, m/Q) . (3.30)

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z

d` JB

⇣
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?
Groomed top jet mass cross section:

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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Parameters in the factorization formula:

‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties
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ŝt � ŝ0�Q`
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0,�d, m/Q) =

�t

⇡(ŝ0 2 + �2

t )
dt(�d, m/Q) . (3.30)

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z

d` JB

⇣
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS
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ŝt � ŝ0�Q`

m
, �m,µ

⌘

⇥
Z

dk SC

h⇣

`� mk

Q
h
�

�d,
m

Q

�

⌘

(2�Qz
cut

)
1

1+� ,�, µ
i

FC(k, 1) (3.29)

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z
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� ŝ0, �m,µ

⌘

⇥
Z

dk SC

h⇣

`� mk

Q
h
�

�d,
m

Q

�

⌘

(2�Qz
cut

)
1

1+� ,�, µ
i

FC(k, 1)

Dt(ŝ
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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4.1.1 Tree-level Cross Section
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dŝ0 d�dDt(ŝ
0,�d)

Z

d` JB

⇣
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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‣ Kinematic scales pT, ηJ : determines statistics of boosted top events 

‣ mt and Ω1 : parameters to be fitted (Γt is fixed to SM value) 

‣ δm : choice of renormalization scheme 

‣ Soft drop parameters zcut and β: adjust the strength of the groomer 

‣ Renormalization scale μ: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?
Groomed top jet mass cross section:

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section
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Power counting in the EFTs involved 
imposes strong constraints on the 
ranges of these parameters.
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Mass Definitions:

MassMS• make a “minimal subtraction”

k�

µ=mt

dk

mt

mpole
t = mt + 0.4 �smt + . . .�

7 GeV � �t = 1.4 GeV

Not compatible with Breit Wigner.No Ambiguity.

• MSR Mass

a mass which nicely interpolates

mMSR(R)

No Ambiguity

Breit Wigner

(Hoang, Jain, Scimemi, IS, 2008)

R � �t

R > �QCD

�

�

� X

THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

CONSTRAINTS FROM POWER COUNTING
Constraints on the top mass scheme choice:

Pole Mass:

12

Mass Definitions:

• Pole Mass (i�/�m)� = 0Dirac equation

Full propagator:

(p/�m)�(p) = 0

pole at mt

Good for electron in QED.   Compatible with Breit Wigner.

For quarks?  confinement induces ambiguity

like a free particle

k�

0
dk eg.  Strong Force  

LQCD = �1
4
Ga

µ�Gµ�a + �̄i(iD/�mi)�i

emergeQCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  
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Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)
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(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)(–)

�s(µ)

µ

� 1
p/�mpole

t

�mpole
t � �QCD

in perturbation theory shows 
up as growth of coefficients: (2�0)n n!�n+1

s

‣ Good for electron in QED, but NOT for quarks: renormalon ambiguity
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Not compatible with Breit Wigner.No Ambiguity.
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a mass which nicely interpolates
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No Ambiguity

Breit Wigner

(Hoang, Jain, Scimemi, IS, 2008)
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‣ No ambiguity and suitable for inclusive cross sections, but NOT for 
kinematic extraction: incompatible with Breit-Wigner
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(Q) S C(Q) Bt(�mt,�) Bt̄(�mt,�) Ba(xa) Bb(xb)

MS

Define using MS coe�cients ank

0.6 Scheme choice

How does the choice of scheme a↵ect
the accuracy of the measurement?

Certain schemes are better than others.

Bottom quark decay width example:

[Hoang, Ligeti, Manohar hep-ph/9809423]

0.7 Short distance schemes

Renormalons

Short Distance Schemes

Renormalon ambiguity in the definition of pole mass.

7

‣ Take R ~ Γt : No Ambiguity and 
Compatible with Breit Wigner

(pole mass does not violate power counting)
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Constraints on the kinematic region 
and soft drop parameters:
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m
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⌘

= |Cm|2

“light grooming” here

Ensure soft drop 
does not touch mass

Ensure soft drop 
removes most 
contamination

▸ Light grooming region: zcut ~ 1% 

▸ Minimum pT allowed by constraints: pT ~ 500 GeV



CONSTRAINTS FROM POWER COUNTING
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

Peak Region

More 
grooming

Vary β

▸ Minimum β allowed: 
β ≥ 1,2
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Peak Region

More 
grooming

Vary β

▸ Minimum β allowed: 
β ≥ 1,2

Light grooming constraints invalidate 
values of zcut and β typically employed by 
experimentalists: zcut ~ 0.1, β = 0,1



TESTING EFFECTIVENESS 
OF LIGHT GROOMING



TESTING EFFECTIVENESS OF LIGHT GROOMING
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

‣ Most Contamination is removed with light grooming.

Predict: transition at zcut ~ 1%

40

zcut dependence

Predict transition for “light Soft Drop” 

170 175 180 185 190 195 200

0.03

0.06

0.09

0.12

�� [���]

� σ
�σ ��

�
[�
��

-
� ]

Pythia, zcut=0.2

Pythia, zcut=0.05

Pythia, zcut=0.02

Pythia, zcut=0.01

Pythia, zcut=0.005

Pythia, zcut=0.001

Pythia (No Soft Drop)

������� ��
�� = ����� ���

��� �� ≥ ��� ���� �=�

������= ��� ���� β = �

� most contamination
is removed
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Predict: 
Independent of 
Jet Radius

Predict: 
independent of 

Jet Radius 
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Without 
Soft Drop

(huge):
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R
R

‣ Without Soft Drop (huge):
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Predict independent of cutoff 
on radiation outside the jet (“jet veto”):

42

Predict independent of cutoff 
on radiation outside the Jet (“jet veto”):
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veto =100 GeV

Pythia, pT
veto =200 GeV

Pythia, No pT
veto cut

������� ��
�� = ����� ���
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���� = ����� β = �
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Significant 
improvement with 
soft drop:



TESTING EFFECTIVENESS OF LIGHT GROOMING
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

Without Soft Drop 
(differ):

Soft Drop Prediction:  
e+e- and pp collisions should be close for similar kinematics

Q = 2 pT cosh(⌘J)
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With Soft Drop 
(peaks within 
0.2 GeV ):

Much Smaller Contamination!

40

zcut dependence

Predict transition for “light Soft Drop” 

170 175 180 185 190 195 200

0.03
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0.09

0.12

�� [���]

� σ
�σ ��
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-
� ]

Pythia, zcut=0.2

Pythia, zcut=0.05

Pythia, zcut=0.02

Pythia, zcut=0.01

Pythia, zcut=0.005

Pythia, zcut=0.001

Pythia (No Soft Drop)

������� ��
�� = ����� ���

��� �� ≥ ��� ���� �=�

������= ��� ���� β = �

� most contamination
is removed

Soft Drop Prediction:  
e+e- and pp collisions should be close for similar kinematics

Q = 2 pT cosh(⌘J)
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TESTING ROBUSTNESS OF THE THEORY
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

No UE

With UE

‣ Expect a dominant change in Ω1: 
Nonperturbative corrections can 
model UE. 

‣ Expect mt to remain the same: 
Nonperturbative corrections 
well understood and do NOT 
mix with the perturbative 
components.

Independent NLL theory fits to 
Had-only and Had+MPI Pythia
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No UE

With UE

Independent NLL theory fits to 
Had-only and Had+MPI Pythia
‣ Expect a dominant change in Ω1: 

Nonperturbative corrections can 
model UE. 

‣ Expect mt to remain the same: 
Nonperturbative corrections 
well understood and do NOT 
mix with the perturbative 
components. 

‣ Get mt within 0.3 GeV 

‣ Bands correspond to 
perturbative uncertainty



TESTING ROBUSTNESS OF THE THEORY
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

Higher pT

No UE:

With UE:

Independent NLL theory fits to Had-only and Had+MPI Pythia
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Summarizing the fit results:

values we do a scan over values of the parameters with step size of 0.1GeV for mt and ⌦(�)
1 ,

and of step size of 0.1 for x(�)2 (also including the value x(�)2 = 0.05).

In the upper two plots of Fig. 34 we include only hadronization in Pythia8, whereas the

lower two plots also include MPI. The orange band shows the perturbative NLL uncertainty

on the “decay” result, from varying scales in the factorization theorem through our profile

functions. The values of pT being considered are close to the upper limit of Eq. (3.29) (both

above and below it), and our fits show that both factorization theorems actually reproduce the

Pythia8 results quite accurately in the fit range.

The mMSR
t fit values obtained from the fits in Fig. 34 are within 0.3GeV of the input

mMC
t . The variation between the five best fit values from the scan is �mMSR

t = ±0.3GeV for

both the Had and Had+MPI fits, so we conclude that these values agree within the anticipated

uncertainties. This is compatible with theoretical expectations for this mass parameter [13, 15],

as well as results from the e+e� calibration analysis in [30]. We also observe that the fit values

of mMSR
t are compatible between the “decay” and “high-pT ” results (within 0.2GeV), and

between results with and without MPI e↵ects (within 0.3GeV). As anticipated, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameter, for

example going from ⌦(1)
1 = 2GeV to ⌦(1)MPI

1 = 3.4GeV. Interestingly the fit values for ⌦(2)
1 and

⌦(2)MPI
1 for the high-pT factorization theorem give values that are half as large, in agreement

with the rough comparisons of the theory results in Sec. 5.2. Adding MPI also modifies

the fit results for x(�)2 . The fact that mMSR
t unchanged and only the hadronic parameters are

modified is crucial, and validates that our approach to modeling the UE/MPI e↵ects is working

as anticipated. This fact is what enables a precision mt to be obtained from this method.

In Fig. 34 and other fits given below there is a noticeable di↵erence between the factoriza-

tion theorem results and Pythia8 for the tail on the left of the peak. For this reason we have

purposely started the fit region at 173GeV so that it includes less of the region on the left of

the peak. We discuss this left of the peak region further in Sec. 6.5 below.

Since the soft drop factorization theorems provide control over the top mass scheme we

can also repeat the analysis using the pole mass instead of the MSR mass. The analog of

Fig. 34 showing the fit to Pythia8 with hadronization and hadronization+MPI is now given

by Fig. 35. Summarizing and comparing the fit values with soft drop and Pythia8 with just

Hadronization we have

Had, decay, MSR : mMSR
t = 172.8GeV, ⌦(1)

1 = 2.0GeV, x(1)2 = 0.1 , (6.1)

Had, decay, pole: mpole
t = 172.4GeV, ⌦(1)

1 = 1.8GeV, x(1)2 = 0.1 ,

Had, high-pT , MSR : mMSR
t = 173.0GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,

Had, high-pT , pole: mpole
t = 172.5GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,

– 73 –

while the corresponding results including both Hadronization and MPI in Pythia8 are

Had+MPI, decay, MSR: mMSR
t = 173.1GeV, ⌦(2)MPI

1 = 3.4GeV, x(2)MPI
2 = 0.3 , (6.2)

Had+MPI, decay, pole: mpole
t = 172.7GeV, ⌦(2)MPI

1 = 3.2GeV, x(2)MPI
2 = 0.3 ,

Had+MPI, high-pT , MSR: mMSR
t = 173.2GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 ,

Had+MPI, high-pT , pole: mpole
t = 172.6GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 .

We observe that the mpole
t values from the fit are 0.4–0.7GeV smaller than the input mMC

t .

Again the variations between the five best fit values in the scan are at the �mpole
t = ±0.3GeV

level for both the Had and Had+MPI fits, so in this case the mpole
t values are noticeably smaller

than the input mMC
t mass. This is compatible with the e+e� calibration result in [30]. These

results show that the pole mass cannot be directly identified with the MC top mass. The

obtained values of mpole
t are also compatible within uncertainties between the “decay” and

“high-pT ” results, and between results with and without MPI e↵ects, though in general we

observe larger variations in the pole scheme than we do in MSR. Once again, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameters ⌦(�)
1

and to modify x(�)2 .

As can be seen from Eqs. (6.1) and (6.2) the values of the ⌦(�)
1 and x(�)2 parameters

remain very stable when comparing corresponding MSR and pole mass fits. For the top mass

values the mpole
t fit results give numbers that are 0.4–0.6GeV smaller than the corresponding

mMSR
t (1GeV) fit results. At the NLL order we are working the di↵erence between the fit in the

two mass schemes comes from the evolution of mMSR
t (R). At this order the fit value of mpole

t

e↵ectively corresponds tomMSR
t (R) with the scaleR = µ ' 5GeV as the typical scale appearing

in the JB(ŝt, �m,�t, µ) jet function. The observed di↵erence in pole and MSR fit results is

compatible with the result from evolving between these scales, mMSR
t (1GeV)�mMSR

t (5GeV) =

0.53GeV. This e↵ect was also discussed above in Sec. 5.3, where we attributed it as being

compatible with known deficiencies of the pole mass scheme. The determination of mpole
t is

expected to be more uncertain than that of the short-distance MSR mass. This is compatible

with interpreting the di↵erence between the results from directly fitting formpole
t , and obtaining

mpole
t via the MSR fit result, as an additional uncertainity in the pole mass.

6.2 Predictions for higher zcut and lower �

Having determined the parameters of the soft drop factorization theorems we can now make

predictions for other amounts of soft drop grooming. Here we consider predictions coming

from the decay factorization theorem where both the zcut and � dependence are calculable.

In the left panels of Fig. 36 we show the factorization predictions (red curves) obtained when

we double zcut to zcut = 0.02. The upper panel shows the parameters fixed from the Had fit,

while the bottom panel shows those obtained from the Had+MPI fit. Also shown in the left

panels of Fig. 36 are results from Pythia8 for this value of zcut (dashed blue curves), which

agree well with the factorization results over a wide range of MJ values (an exception again

being the region to the left of the peak). These results seem promising, showing that the fit

results are pertinent, and can make meaningful predictions. Since the zcut dependence of the

high-pT factorization theorem is stronger than that of decay, it fits the Pythia8 results from

– 74 –

No UE:

With UE:

Not shown: results for “high pT” fact. theorem.



TESTING ROBUSTNESS OF THE THEORY
THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

Summarizing the fit results:

‣ (Preliminary) Fits to Pythia with mtMC = 173.1 GeV yield 
mtMSR~ 173 GeV for R = 1 GeV: Compatible with ee 
calibration by Butenschön et. al, 2016.

values we do a scan over values of the parameters with step size of 0.1GeV for mt and ⌦(�)
1 ,

and of step size of 0.1 for x(�)2 (also including the value x(�)2 = 0.05).

In the upper two plots of Fig. 34 we include only hadronization in Pythia8, whereas the

lower two plots also include MPI. The orange band shows the perturbative NLL uncertainty

on the “decay” result, from varying scales in the factorization theorem through our profile

functions. The values of pT being considered are close to the upper limit of Eq. (3.29) (both

above and below it), and our fits show that both factorization theorems actually reproduce the

Pythia8 results quite accurately in the fit range.

The mMSR
t fit values obtained from the fits in Fig. 34 are within 0.3GeV of the input

mMC
t . The variation between the five best fit values from the scan is �mMSR

t = ±0.3GeV for

both the Had and Had+MPI fits, so we conclude that these values agree within the anticipated

uncertainties. This is compatible with theoretical expectations for this mass parameter [13, 15],

as well as results from the e+e� calibration analysis in [30]. We also observe that the fit values

of mMSR
t are compatible between the “decay” and “high-pT ” results (within 0.2GeV), and

between results with and without MPI e↵ects (within 0.3GeV). As anticipated, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameter, for

example going from ⌦(1)
1 = 2GeV to ⌦(1)MPI

1 = 3.4GeV. Interestingly the fit values for ⌦(2)
1 and

⌦(2)MPI
1 for the high-pT factorization theorem give values that are half as large, in agreement

with the rough comparisons of the theory results in Sec. 5.2. Adding MPI also modifies

the fit results for x(�)2 . The fact that mMSR
t unchanged and only the hadronic parameters are

modified is crucial, and validates that our approach to modeling the UE/MPI e↵ects is working

as anticipated. This fact is what enables a precision mt to be obtained from this method.

In Fig. 34 and other fits given below there is a noticeable di↵erence between the factoriza-

tion theorem results and Pythia8 for the tail on the left of the peak. For this reason we have

purposely started the fit region at 173GeV so that it includes less of the region on the left of

the peak. We discuss this left of the peak region further in Sec. 6.5 below.

Since the soft drop factorization theorems provide control over the top mass scheme we

can also repeat the analysis using the pole mass instead of the MSR mass. The analog of

Fig. 34 showing the fit to Pythia8 with hadronization and hadronization+MPI is now given

by Fig. 35. Summarizing and comparing the fit values with soft drop and Pythia8 with just

Hadronization we have

Had, decay, MSR : mMSR
t = 172.8GeV, ⌦(1)

1 = 2.0GeV, x(1)2 = 0.1 , (6.1)

Had, decay, pole: mpole
t = 172.4GeV, ⌦(1)

1 = 1.8GeV, x(1)2 = 0.1 ,

Had, high-pT , MSR : mMSR
t = 173.0GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,

Had, high-pT , pole: mpole
t = 172.5GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,

– 73 –

while the corresponding results including both Hadronization and MPI in Pythia8 are

Had+MPI, decay, MSR: mMSR
t = 173.1GeV, ⌦(2)MPI

1 = 3.4GeV, x(2)MPI
2 = 0.3 , (6.2)

Had+MPI, decay, pole: mpole
t = 172.7GeV, ⌦(2)MPI

1 = 3.2GeV, x(2)MPI
2 = 0.3 ,

Had+MPI, high-pT , MSR: mMSR
t = 173.2GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 ,

Had+MPI, high-pT , pole: mpole
t = 172.6GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 .

We observe that the mpole
t values from the fit are 0.4–0.7GeV smaller than the input mMC

t .

Again the variations between the five best fit values in the scan are at the �mpole
t = ±0.3GeV

level for both the Had and Had+MPI fits, so in this case the mpole
t values are noticeably smaller

than the input mMC
t mass. This is compatible with the e+e� calibration result in [30]. These

results show that the pole mass cannot be directly identified with the MC top mass. The

obtained values of mpole
t are also compatible within uncertainties between the “decay” and

“high-pT ” results, and between results with and without MPI e↵ects, though in general we

observe larger variations in the pole scheme than we do in MSR. Once again, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameters ⌦(�)
1

and to modify x(�)2 .

As can be seen from Eqs. (6.1) and (6.2) the values of the ⌦(�)
1 and x(�)2 parameters

remain very stable when comparing corresponding MSR and pole mass fits. For the top mass

values the mpole
t fit results give numbers that are 0.4–0.6GeV smaller than the corresponding

mMSR
t (1GeV) fit results. At the NLL order we are working the di↵erence between the fit in the

two mass schemes comes from the evolution of mMSR
t (R). At this order the fit value of mpole

t

e↵ectively corresponds tomMSR
t (R) with the scaleR = µ ' 5GeV as the typical scale appearing

in the JB(ŝt, �m,�t, µ) jet function. The observed di↵erence in pole and MSR fit results is

compatible with the result from evolving between these scales, mMSR
t (1GeV)�mMSR

t (5GeV) =

0.53GeV. This e↵ect was also discussed above in Sec. 5.3, where we attributed it as being

compatible with known deficiencies of the pole mass scheme. The determination of mpole
t is

expected to be more uncertain than that of the short-distance MSR mass. This is compatible

with interpreting the di↵erence between the results from directly fitting formpole
t , and obtaining

mpole
t via the MSR fit result, as an additional uncertainity in the pole mass.

6.2 Predictions for higher zcut and lower �

Having determined the parameters of the soft drop factorization theorems we can now make

predictions for other amounts of soft drop grooming. Here we consider predictions coming

from the decay factorization theorem where both the zcut and � dependence are calculable.

In the left panels of Fig. 36 we show the factorization predictions (red curves) obtained when

we double zcut to zcut = 0.02. The upper panel shows the parameters fixed from the Had fit,

while the bottom panel shows those obtained from the Had+MPI fit. Also shown in the left

panels of Fig. 36 are results from Pythia8 for this value of zcut (dashed blue curves), which

agree well with the factorization results over a wide range of MJ values (an exception again

being the region to the left of the peak). These results seem promising, showing that the fit

results are pertinent, and can make meaningful predictions. Since the zcut dependence of the

high-pT factorization theorem is stronger than that of decay, it fits the Pythia8 results from

– 74 –

No UE:

With UE:

Not shown: results for “high pT” fact. theorem.

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016
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Summarizing the fit results:

‣ (Preliminary) Fits to Pythia with mtMC = 173.1 GeV yield 
mtMSR~ 173 GeV for R = 1 GeV: Compatible with ee 
calibration by Butenschön et. al, 2016. 

‣ Pole mass fits yield values 0.4-0.6 GeV smaller than mtMC: 
Can be explained by evolution of MSR mass at NLL

values we do a scan over values of the parameters with step size of 0.1GeV for mt and ⌦(�)
1 ,

and of step size of 0.1 for x(�)2 (also including the value x(�)2 = 0.05).

In the upper two plots of Fig. 34 we include only hadronization in Pythia8, whereas the

lower two plots also include MPI. The orange band shows the perturbative NLL uncertainty

on the “decay” result, from varying scales in the factorization theorem through our profile

functions. The values of pT being considered are close to the upper limit of Eq. (3.29) (both

above and below it), and our fits show that both factorization theorems actually reproduce the

Pythia8 results quite accurately in the fit range.

The mMSR
t fit values obtained from the fits in Fig. 34 are within 0.3GeV of the input

mMC
t . The variation between the five best fit values from the scan is �mMSR

t = ±0.3GeV for

both the Had and Had+MPI fits, so we conclude that these values agree within the anticipated

uncertainties. This is compatible with theoretical expectations for this mass parameter [13, 15],

as well as results from the e+e� calibration analysis in [30]. We also observe that the fit values

of mMSR
t are compatible between the “decay” and “high-pT ” results (within 0.2GeV), and

between results with and without MPI e↵ects (within 0.3GeV). As anticipated, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameter, for

example going from ⌦(1)
1 = 2GeV to ⌦(1)MPI

1 = 3.4GeV. Interestingly the fit values for ⌦(2)
1 and

⌦(2)MPI
1 for the high-pT factorization theorem give values that are half as large, in agreement

with the rough comparisons of the theory results in Sec. 5.2. Adding MPI also modifies

the fit results for x(�)2 . The fact that mMSR
t unchanged and only the hadronic parameters are

modified is crucial, and validates that our approach to modeling the UE/MPI e↵ects is working

as anticipated. This fact is what enables a precision mt to be obtained from this method.

In Fig. 34 and other fits given below there is a noticeable di↵erence between the factoriza-

tion theorem results and Pythia8 for the tail on the left of the peak. For this reason we have

purposely started the fit region at 173GeV so that it includes less of the region on the left of

the peak. We discuss this left of the peak region further in Sec. 6.5 below.

Since the soft drop factorization theorems provide control over the top mass scheme we

can also repeat the analysis using the pole mass instead of the MSR mass. The analog of

Fig. 34 showing the fit to Pythia8 with hadronization and hadronization+MPI is now given

by Fig. 35. Summarizing and comparing the fit values with soft drop and Pythia8 with just

Hadronization we have

Had, decay, MSR : mMSR
t = 172.8GeV, ⌦(1)

1 = 2.0GeV, x(1)2 = 0.1 , (6.1)

Had, decay, pole: mpole
t = 172.4GeV, ⌦(1)

1 = 1.8GeV, x(1)2 = 0.1 ,

Had, high-pT , MSR : mMSR
t = 173.0GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,

Had, high-pT , pole: mpole
t = 172.5GeV, ⌦(1)

1 = 1.0GeV, x(1)2 = 0.3 ,
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while the corresponding results including both Hadronization and MPI in Pythia8 are

Had+MPI, decay, MSR: mMSR
t = 173.1GeV, ⌦(2)MPI

1 = 3.4GeV, x(2)MPI
2 = 0.3 , (6.2)

Had+MPI, decay, pole: mpole
t = 172.7GeV, ⌦(2)MPI

1 = 3.2GeV, x(2)MPI
2 = 0.3 ,

Had+MPI, high-pT , MSR: mMSR
t = 173.2GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 ,

Had+MPI, high-pT , pole: mpole
t = 172.6GeV, ⌦(2)MPI

1 = 1.7GeV, x(2)MPI
2 = 0.6 .

We observe that the mpole
t values from the fit are 0.4–0.7GeV smaller than the input mMC

t .

Again the variations between the five best fit values in the scan are at the �mpole
t = ±0.3GeV

level for both the Had and Had+MPI fits, so in this case the mpole
t values are noticeably smaller

than the input mMC
t mass. This is compatible with the e+e� calibration result in [30]. These

results show that the pole mass cannot be directly identified with the MC top mass. The

obtained values of mpole
t are also compatible within uncertainties between the “decay” and

“high-pT ” results, and between results with and without MPI e↵ects, though in general we

observe larger variations in the pole scheme than we do in MSR. Once again, the dominant

e↵ect of adding MPI is to significantly increase the scale of the hadronization parameters ⌦(�)
1

and to modify x(�)2 .

As can be seen from Eqs. (6.1) and (6.2) the values of the ⌦(�)
1 and x(�)2 parameters

remain very stable when comparing corresponding MSR and pole mass fits. For the top mass

values the mpole
t fit results give numbers that are 0.4–0.6GeV smaller than the corresponding

mMSR
t (1GeV) fit results. At the NLL order we are working the di↵erence between the fit in the

two mass schemes comes from the evolution of mMSR
t (R). At this order the fit value of mpole

t

e↵ectively corresponds tomMSR
t (R) with the scaleR = µ ' 5GeV as the typical scale appearing

in the JB(ŝt, �m,�t, µ) jet function. The observed di↵erence in pole and MSR fit results is

compatible with the result from evolving between these scales, mMSR
t (1GeV)�mMSR

t (5GeV) =

0.53GeV. This e↵ect was also discussed above in Sec. 5.3, where we attributed it as being

compatible with known deficiencies of the pole mass scheme. The determination of mpole
t is

expected to be more uncertain than that of the short-distance MSR mass. This is compatible

with interpreting the di↵erence between the results from directly fitting formpole
t , and obtaining

mpole
t via the MSR fit result, as an additional uncertainity in the pole mass.

6.2 Predictions for higher zcut and lower �

Having determined the parameters of the soft drop factorization theorems we can now make

predictions for other amounts of soft drop grooming. Here we consider predictions coming

from the decay factorization theorem where both the zcut and � dependence are calculable.

In the left panels of Fig. 36 we show the factorization predictions (red curves) obtained when

we double zcut to zcut = 0.02. The upper panel shows the parameters fixed from the Had fit,

while the bottom panel shows those obtained from the Had+MPI fit. Also shown in the left

panels of Fig. 36 are results from Pythia8 for this value of zcut (dashed blue curves), which

agree well with the factorization results over a wide range of MJ values (an exception again

being the region to the left of the peak). These results seem promising, showing that the fit

results are pertinent, and can make meaningful predictions. Since the zcut dependence of the

high-pT factorization theorem is stronger than that of decay, it fits the Pythia8 results from
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No UE:

With UE:

Not shown: results for “high pT” fact. theorem.

mpole

t ' mMSR

t (R = 5GeV)

mMSR
t (1GeV)�mMSR

t (5GeV) = 0.53GeV

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016
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Bridging the gaps between 
Theory, Data and MC

‣ Major challenge - limited 
statistics at high pT required by 
light grooming.  

‣ Ungroomed factorization 
can be used to analyze 
lower pT top jets. 

‣ Light grooming effective in 
reducing the UE - pile up? If 
pile up behaves like soft 
radiation:  

‣ Track based pile up 
subtraction methods likely to 
be compatible. 
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underlying event (see Sec. 2.7). This would mean simply modifying the interpretation of the

same hadronic parameters which are being fit to the data

⌦1 ! ⌦MPI+Pile up
1 , x2 ! xMPI+Pile up

2 . (7.1)

Methods for treating pileup can be directly studied by comparing fits with these hadronic

parameters to Monte Carlo simulations, which should determine whether this treatment will

su�ce at the desired level of precision. Such studies were beyond the scope of this work, but

should be straightforward to carry out given the results derived here.

In the second approach, using the factorization theorem to calibrate Monte Carlo, we

are not directly constrained by the statistics of the high-pT experimental datasets, since the

Monte Carlo can be fit at multiple large pT values and then used to extrapolate to lower

pT where the experimental analysis is carried out. In this case it is best to use the soft

drop factorization theorem, both because of its simplicity in treating the isolated top jet, and

because of its much reduced sensitivity to underlying event. We have shown through our NLL

study in Sec. 6 that the MC top mass parameter mMC
t can be calibrated by comparison with

soft drop factorization results for a couple of pT bins. This analysis can be further improved

by considering simultaneous fits with more pT bins, and other choices for zcut and �. It can

also be improved by increasing the perturbative order to NNLL, adding non-singular O(↵s)

corrections, and TODO: Fix this

once profile fits

added.

(TODO) by analyzing perturbative uncertainties using a statistical method

that carries out fits for many choices of profile parameters (all things that we intend to explore

in the near future). One may also choose to use the MC to extrapolate in parameters other

than pT to go outside the range of the soft drop factorization theorem, such as in zcut, or by

allowing the angular separation between decay products to increase to the point where they

are reconstructed as separate jets. The main assumption here is that the meaning of the mMC
t

parameter is unchanged by these extrapolations. In general one expects that the closer the

experimental analysis is to calibration study, and thus the fewer extrapolations used, that the

more likely this is to be the case. Our results obtained in Sec. 6 for pp ! tt̄ at NLL order with

soft drop are in agreement with the more thorough e+e� calibration study at NNLL+O(↵s)

order without jet grooming presented in Ref. [30]. This agreement lends credibility to the fact

that it may be safe to extrapolate the Monte Carlo away from the calibration region, in order

to exploit experimentally favorable configurations.

The above considerations provide our best recommendation at this time, given our current

state of theoretical knowledge: i) Prior to obtaining enough statistics at higher pT , a direct

comparison with experimental data with moderate boosts pT & 450GeV should be carried

out with the ungroomed factorization theorem. ii) Further improvements to the Monte Carlo

calibration study for pp ! tt̄ should be carried out with the light soft drop factorization

theorem and bins with pT � 700GeV. To reduce extrapolation uncertainty the experimental

analysis should still try to maintain similar choices for parameters, such as zcut = 0.01.

TODO: Move to

Conclusions?

(TODO) There are also future avenues to explore theoretically, which may further improve

the direct comparison to soft drop groomed jets. Given that the requirements of light grooming

and high pT are both experimentally unfavorable, it would be interesting to explore whether

top jets with more aggressive grooming and lower pT can be described by e↵ective field theory

methods. One fact that makes this potentially possible is that the top-decay products can

stop the soft drop groomer because of their commensurate energies, and thus protect the

ultra-collinear radiation inside the groomed radius. We have seen from the Pythia8 study in
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require

z
cut

✓
2m

Q

◆�

< z ⇠ �t

m
) �t

m

✓
Q

2m

◆�

> z
cut

. (3.8)

The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:

✓
Q

2m

◆�

�
decay

products

kept

�t

m

✓
Q

2m

◆�

�
ucollinear

kept

z
cut

�
usoft

vetoed

2m�t

Q2

. (3.9)

However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.

– 6 –

Radiation off the top quark (either collinear or soft): 
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:
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�
k+, k�, k?

�
=

�
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�
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Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut
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Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require

z
cut

✓
2m

Q

◆�
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m
) �t

m

✓
Q

2m
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. (3.8)

The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:
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z
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. (3.9)

However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Radiation off the top quark (either collinear or soft): 

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:
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For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes
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(1� cos ✓) +

m2

Q2
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. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:
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cut
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Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies
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The decay products have same boost as the ultra-collinear particles, or ✓
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, but with

much higher energy z
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⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
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scales derived above:
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require

z
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< z ⇠ �t
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✓
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> z
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. (3.8)

The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Radiation off the top quark (either collinear or soft): 

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require
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The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Soft Drop:

35

Soft Drop Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

z > zcut ��

two grooming parameters

min(pTi, pTj)
pTi + pTj

> zcut

��Rij

R0

��

(cf.  Jesse Thaler’s recent colloquium)

Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014

Fri, Larkoski, Schwartz, Yan 2016
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:
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k+, k�, k?

�
=
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. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


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(1 + cos ✓)

�
⇠ 2m�t
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. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut
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The decay products have same boost as the ultra-collinear particles, or ✓
decay
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uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Radiation off the top quark (either collinear or soft): 

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require
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The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
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be parametrically separated from the

scales derived above:
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Soft Drop:

35

Soft Drop Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

z > zcut ��

two grooming parameters

min(pTi, pTj)
pTi + pTj

> zcut

��Rij

R0

��

(cf.  Jesse Thaler’s recent colloquium)

Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014

Fri, Larkoski, Schwartz, Yan 2016

How to decide whether to keep the gluon or groom it away?
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:
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=
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For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak
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z


(1� cos ✓) +
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Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:
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Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
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between the decay products.
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Radiation off the top quark (either collinear or soft): 

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=
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E(1� cos ✓), E(1 + cos ✓), k?
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. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2
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(1 + cos ✓)
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Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
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The decay products have same boost as the ultra-collinear particles, or ✓
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, but with

much higher energy z
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⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
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be parametrically separated from the
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However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.

– 6 –

Soft Drop:

35

Soft Drop Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

z > zcut ��

two grooming parameters

min(pTi, pTj)
pTi + pTj

> zcut

��Rij

R0

��

(cf.  Jesse Thaler’s recent colloquium)

Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014

Fri, Larkoski, Schwartz, Yan 2016

How to decide whether to keep the gluon or groom it away?

Answer: Decide based on what EFT modes are important.
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FIG. 1: Sequence of effective field theories used to compute the invariant mass distribution.

where, as indicated, power corrections are suppressed by αsm/Q, m2/Q2, Γt/m, or st,t̄/m2.

Here mJ is the short-distance top quark mass we wish to measure, and for convenience we

have defined

ŝt =
st

mJ
=

M2
t − m2

J

mJ
, ŝt̄ =

st̄

mJ
=

M2
t̄ − m2

J

mJ
, (4)

where ŝt,t̄ ∼ Γ are of natural size in the peak region. In Eq. (3) the normalization factor σ0

is the total Born-level cross-section, the HQ and Hm are perturbative coefficients describing

hard effects at the scales Q and mJ , B± are perturbative jet functions that describe the

evolution and decay of the the top and antitop close to the mass shell, and S is a nonpertur-

bative soft function describing the soft radiation between the jets. To sum large logs B± and

S will be evolved to distinct renormalization scales µ, as we discuss in section IIC below.

For the tail region Eq. (3) becomes

dσ

dM2
t dM2

t̄

= σ0 HQ Hm B+ ⊗ B− ⊗ Spart + O
(ΛQCDQ

st,t̄

)
+ O

(mαs(m)

Q
,
m2

Q2
,
Γt

m

)
, (5)

so the only changes are that the soft-function S = Spart(ℓ+, ℓ−, µ) becomes calculable, and

we have an additional O(ΛQCDQ/st,t̄) nonperturbative correction from the power expansion

of the soft-function which we will include in our analysis. The result in Eq. (3) was derived

by matching QCD onto the Soft Collinear Effective Theory(SCET) [3, 4, 5, 6, 7] which

in turn was matched onto Heavy Quark Effective Theory(HQET) [8, 9, 10, 11, 12, 13]

generalized for unstable particles [14, 15, 16, 17] as illustrated in Fig. 1. The decoupling of

perturbative and nonperturbative effects into the B± jet functions and the S soft function

was achieved through a factorization theorem in SCET and HQET, aspects of which are

similar to factorization for massless event shapes [18, 19, 20, 21]. The result in Eq. (3) is an

event shape distribution for massive particles, and can be used to determine common event

shapes such as thrust or jet-mass distributions. Note that a subset of our results can also
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require

z
cut

✓
2m

Q

◆�

< z ⇠ �t

m
) �t

m

✓
Q

2m

◆�

> z
cut

. (3.8)

The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:

✓
Q

2m

◆�

�
decay

products

kept

�t

m

✓
Q

2m

◆�

�
ucollinear

kept

z
cut

�
usoft

vetoed

2m�t

Q2

. (3.9)

However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Peak Region:

3

d2�

dM2
t dM

2
t̄

, M2
t,t̄ �m2 ⇠ m� ⌧ m2

ŝt =
st
mJ

=

M2
t �m2

J

mJ

, ŝt̄ =
st̄
mJ

=

M2
t̄ �m2

J

mJ

M2
t =

⇣

X

i2X
t

pµi

⌘2

, M2
t̄ =

⇣

X

i2X
t̄

pµi

⌘2

M2
t =

⇣

X

i2a

pµi

⌘2

, M2
t̄ =

⇣

X

i2b

pµi

⌘2

vµa =

⇣m

Q
,
Q

m
,0?

⌘

, kµ
a ⇠ �

⇣m

Q
,
Q

m
, 1
⌘

vµb =

⇣Q

m
,
m

Q
,0?

⌘

, kµ
b ⇠ �

⇣Q

m
,
m

Q
, 1
⌘

T2 = min
n
t

,n
t̄

X

i

min{⇢jet(pi, nt), ⇢jet(pi, nt̄), ⇢beam(pi, na,b)}

= T t
2 + T t̄

2 + T beam
2

d�

dM2
t dM

2
t̄ dT beam

2 d�td�t̄

= N

Z

dxa

xa

dxb

xb

Z

dT 0
2

Z

dŝt dŝt̄ (2⇡)
4 �(4)(pa+pb�pt�pt̄)

⇥ Tr

h

ˆHb(xa, xb, Q,EJ)
ˆS(T beam

2 �T 0
2 , ˆT t,t̄

2 � mt

Qt,t̄

ŝt,t̄)
i

⇥ BBab(T 0
2 , xa, xb) J

t
B(ŝt,�t, �m) J

t̄
B(ŝt̄,�t, �m)

ˆS =

ˆSpert ⌦ Smod

⌦1 =

Z

dk k Smod
(k)

⌦1 =

Z

dk k Fmodel
(k)

Radiation off the top quark (either collinear or soft): 

3.1 Modes and Power Counting Analysis

Following along the lines of derivation in Ref. [5] we consider an emission (or a decay product)

of energy E and at an angle ✓ o↵ the top quark and note that for this emission to contribute

to the invariant mass measurement in the peak region it needs to satisfy

ŝ = 2 v
+

.k ⇠ � , (3.3)

where � � �t is the physical width of the distribution in the peak region. Here k is the four

momentum and z is the energy fraction relative to the jet energy:

kµj =
�
k+, k�, k?

�
=

�
E(1� cos ✓), E(1 + cos ✓), k?

�
. (3.4)

For center of mass energy Q we have z = 2E/Q = k�/Q, and ✓ ⇠ 2k?/k�. Hence the peak

region constraint becomes

z


(1� cos ✓) +

m2

Q2

(1 + cos ✓)

�
⇠ 2m�t

Q2

. (3.5)

Eq. (3.3) states that the scale of fluctuations of momenta in bHQET theory is O(�t). Both

ultra-collinear or ultra-soft modes in bHQET satisfy this constraint.

Now, application of soft drop puts another constraint:

z & z
cut

✓� . (3.6)

Requiring grooming of ultra-soft modes with ✓ ⇠ 1 implies

z
cut

> z ⇠ 2m�t

Q2

, (3.7)

whereas, to keep the ultra-collinear modes with ✓
uc

⇠ 2m/Q we require

z
cut

✓
2m

Q

◆�

< z ⇠ �t

m
) �t

m

✓
Q

2m

◆�

> z
cut

. (3.8)

The decay products have same boost as the ultra-collinear particles, or ✓
decay

⇠ ✓
uc

, but with

much higher energy z
decay

⇠ 1. Hence, this condition is strong enough to ensure that the top

decays products are kept. Hence, we demand that z
cut

be parametrically separated from the

scales derived above:

✓
Q

2m

◆�

�
decay

products

kept

�t

m

✓
Q

2m

◆�

�
ucollinear

kept

z
cut

�
usoft

vetoed

2m�t

Q2

. (3.9)

However, the fact that angle of the decay products relative to the jet axis is the same as

that of ultra-collinear modes has an important consequence: For z
cut

in the range given by

Eq. (3.9) the soft drop criteria in Eq. (3.2) is satisfied when the algorithm reaches the branch

that corresponds to one of the three pairs of sub-jets of the decay products after having vetoed

away the ultra soft particles at larger angles. Thus Rg e↵ectively corresponds to �R ⇠ ✓
decay

between the decay products.
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Soft Drop:

35

Soft Drop Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

z > zcut ��

two grooming parameters

min(pTi, pTj)
pTi + pTj

> zcut

��Rij

R0

��

(cf.  Jesse Thaler’s recent colloquium)

Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014

Fri, Larkoski, Schwartz, Yan 2016

SCET [λ ∼ m/Q ≪ 1] bHQET [Γ/m ≪ 1]

n-collinear (ξn, Aµ
n) pµ

n∼Q(λ2, 1,λ) n-ucollinear (hv+ , Aµ
+) kµ∼Γ(λ,λ−1, 1)

n̄-collinear (ξn̄, Aµ
n̄) pµ

n̄∼Q(1,λ2,λ) n̄-ucollinear (hv− , Aµ
−) kµ∼Γ(λ−1,λ, 1)

mass-modes (qm, Aµ
m) pµ

m∼Q(λ,λ,λ)

Crosstalk: soft (qs, Aµ
s ) pµ

s ∼Q(λ2,λ2,λ2) same soft (qs, Aµ
s ) pµ

s ∼(∆,∆,∆)

TABLE I: Summary of the fields required in SCET and bHQET. The first field in each bracket is

a quark, and the second is a gluon. The scaling of momentum components is given for (p+, p−, p⊥).
After factorization, the soft fields on the last line generate a cross-talk theory that communicates

with collinear fields in both SCET and bHQET through two kinematic variables. ∆ is the scale
for the soft modes.

A. SCET with Masses

SCET is an effective theory describing the interactions of soft and collinear particles,

which are characterized by the scaling of their momenta. In this framework it is convenient

to introduce the four-vectors

nµ = (1, n⃗), n̄µ = (1,−n⃗), (8)

where n⃗ can be thought of as the direction of the top jet and −n⃗ as the direction of the

antitop jet (n⃗2 = 1, n2 = 0, n̄2 = 0) . Any momentum can then be decomposed as

pµ = n · p n̄µ

2
+ n̄ · p nµ

2
+ pµ

⊥ , (9)

and we denote momentum components in this light cone basis as (p+, p−, p⊥) = (n·p, n̄·p, p⊥).

The square of the momentum vector pµ then reads p2 = p+p− + p2
⊥. It is also convenient to

denote the momentum of collinear particles in the n⃗ and −n⃗ directions by the subscripts n

and n̄ respectively, which corresponds to the large energy modes in the corresponding jets.

Thus we have collinear labels

n for the top-jet, n̄ for the antitop-jet . (10)

The momentum of soft particles that communicate between the jets will be denoted by a

subscript s. We also have mass-modes that are required in order to describe certain top-

quark vacuum polarization loops. The momenta of the collinear, mass, and soft modes2 have

the typical scalings shown in table I in the SCET column, where here λ is the small expansion

parameter. A particle with components scaling as (λ2, 1,λ) has a small ⊥-momentum relative

2 In some factorization theorems it is necessary to distinguish between soft and ultrasoft particles, and

between two versions of SCET: called SCETI and SCETII. In this paper we only deal with SCETI with

ultrasoft gluons. For simplicity we will therefore simply use the term soft modes. For modes with momenta

pµ ∼ (m, m, m) that are specific to the massive SCET theory, we use the term “mass-modes”.
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Keep Ultra-collinear modes 
Groom away Soft modes

Mass scheme is specified in HQET
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WHAT MODES ARE LEFT AFTER SOFT DROP?
EFFECTIVE THEORY FOR GROOMED TOP JETS

Collinear Soft Mode

Non Perturbative Mode

▸ Collinear Soft Mode: widest angle soft mode allowed 

▸ Non Perturbative Mode: determines scale of NP corrections

blue curve: 
measurement MJ 
in the peak region



WHEN DOES  
SOFT DROP 
STOP? 

WHAT IS THE SIZE OF 
NONPERTURBATIVE 
CORRECTIONS?

Affects location 
of the Λ mode.

Or

?
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GROOMED JET RADIUS DISTRIBUTION
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

Groomed Jet Radius shows 
similar transition at zcut ~ 1% 

The peak of Rg 
distribution decreases 
as a function of pT: 

Soft Drop can be satisfied by 
top decay products, and give 
rise to this behavior.
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Factorization at High pT: 

Factorization with Decay Products Effects:

TWO CASES FOR NONPERTURBATIVE CONVOLUTION
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

m/Q h ~ Rg/4

Figure 6. Sequence of e↵ective field theories for top invariant mass distribution before and after soft
drop grooming

3.5 Non Perturbative Corrections and Gap Scheme

To describe hadronization and the underlying event we include a model function in our per-

turbative cross section as in the case of ungroomed top jets. However, due to the suppression

of non-perturbative modes because of soft drop grooming we get a very di↵erent convolution

structure between the perturbative and then non-perturbative model function. Below we derive

this expression.

3.6 Soft Drop Factorization

Given the two cases for the location of non perturbative mode in the z-✓ plane we have two

di↵erent factorization formulas:

d�

dMJ
= N

�

2�Qz
cut

, µ
�

Z

d` dk JB

⇣M2

J �m2

t �Q`

mt
,�t, �m,µ

⌘

⇥ SC

⇣

⇥

`(2�Qz
cut

)
1

1+� � k
2+�
1+�

⇤

1+�
2+� ,�, µ

⌘

F (k,�) (3.26)

d�

dMJ
= N

�

2�Qz
cut

, µ
�

Z

d` JB

⇣M2

J �m2

t �Q`

mt
,�t, �m,µ

⌘

⇥
Z

dk SC

✓

`� k

✓

k

2�Qz
cut

◆

1
1+�

◆

(2�Qz
cut

)
1

1+� , �, µ

�

FC(k,�) (3.27)

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z

dŝ0 d�dDt(ŝ
0,�d)

Z

d` JB

⇣

ŝt � ŝ0�Q`

m
, �m,µ

⌘

⇥
Z

dk SC

h⇣

`� mk

Q
h
�

�d,
m

Q

�

⌘

(2�Qz
cut

)
1

1+� ,�, µ
i

FC(k, 1) (3.28)
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1
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FC(k, 1) (3.29)
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Dt(ŝ
0,�d, m/Q) =
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⇡(ŝ0 2 + �2

t )
dt(�d, m/Q) . (3.30)

d�(�J)

dMJ
= N(�J , zcut,�, µ)
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d` JB
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where the induced nonperturbative model function is

F̃C

⇣

k0,�,
m

Q

⌘

=

Z

d�d
dt(�d)

h(�d,
m
Q )

FC
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h(�d,
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Q )

,�
⌘

. (3.32)

3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)

– 31 –

d�(�J)

dMJ
= N(�J , zcut,�, µ)

Z
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where the induced nonperturbative model function is
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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0,�d)

Z

d` JB

⇣

ŝt � ŝ0�Q`
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where the induced nonperturbative model function is
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)
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Q = 2 pT cosh(η)
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FACTORIZATION WITH DECAY PRODUCTS EFFECTS
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION
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where the induced nonperturbative model function is
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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3.7 Angular Distribution of Decay Products

We outline calculation of Dt.

3.8 Summing Logarithms and Consistency

We demonstrate independence of the cross section on various renormalization scales by deriving

consistency relations for the SCET and bHQET
+

theory.

4 NLL Implementation

4.1 Factorization Formulas for jets without grooming

4.1.1 Tree-level Cross Section

Here we derive the explicit tree-level result of the factorization formula. The beam function at

the soft scale µSa is related to that at the beam jet scale µa by the RG evolution equation

Bna(xa, ta, µSa) =

Z

dt0a UBa(ta � t0a, µSa ;µa)Bna(xa, t
0
a, µa). (4.1)

At tree level the evolution factor just reduces to a delta function

UBa(ta � t0a, µSa ;µa) ! �(ta � t0a), (4.2)
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Q = 2 pT cosh(⌘J)

▸ Factorization now depends on angluar distribution of decay products 

▸ Model function now beta dependent

FC(k)
decay = F high pT

C (k, � = 1)
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FACTORIZATION WITH DECAY PRODUCTS EFFECTS
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

h ' ✓d
2

Q

m
⌦(1)e↵

n = hhni⌦(1)
n

Compare the + component 
of non perturbative mode

Which factorization to use?
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RESULTS FOR SMALLER PT
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

MPI-off:

MPI-on:

Use values obtained from 
fits to higher pT bins

Factorization and Pythia 
are no longer in 
agreement. 
Larger expansion 
parameters
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LARGE ZCUT VALUES: BREAK DOWN OF LIGHT GROOMING FACT.
EFFECTIVE THEORY FOR GROOMED TOP JETS
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EFFECT OF CUTS ON DECAY PRODUCT SEPARATION
PYTHIA STUDIES: TOP JET MASS SPECTRUM WITH LIGHT GROOMING

We observed disagreement 
on the left of the peak

Possibly due to decay 
products at wider angles

Improvement on the left of 
the peak with a stronger cut



CLUSTERING AND GROOMING

particles

MODERN TECHNIQUES IN PERTURBATIVE QCD

Cluster particles in a jet defined by some algorithm



CLUSTERING AND GROOMING

Jet clustering

particles

Cluster particles in a jet defined by some algorithm

MODERN TECHNIQUES IN PERTURBATIVE QCD



CLUSTERING AND GROOMING

Jet clustering

particles

Jet clustering

particles

Cluster particles in a jet defined by some algorithm

MODERN TECHNIQUES IN PERTURBATIVE QCD



CLUSTERING AND GROOMING

Jet clustering

particles

Jet clustering

particles
jet

Jet clustering

particles

Cluster particles in a jet defined by some algorithm

MODERN TECHNIQUES IN PERTURBATIVE QCD



CLUSTERING AND GROOMING

Jet clustered based on original algorithm

Apply soft drop grooming on this jet

jet
particles

MODERN TECHNIQUES IN PERTURBATIVE QCD

Soft Drop grooming



CLUSTERING AND GROOMING

Re-cluster particles pairwise based on angluar distance

Recluster the jet:

jet
particles

MODERN TECHNIQUES IN PERTURBATIVE QCD

Soft Drop grooming



CLUSTERING AND GROOMING

Apply soft drop condition at every branch

Go back and groom!

that belong to the final groomed jet. The soft drop criteria for e+e� colliders is

min[Ei, Ej]

Ei + Ej

> zcut

 

p
2
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sin(R0/2)
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(5.1)
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✓ij
R0
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p
2 sin(R0/2), while for pp collisions the criteria is

min[pT i, pTj]

pT i + pTj

> zcut

✓

Rij

R0

◆�

, (5.2)

where the angular distance Rij =
p

2 [cosh(⌘i � ⌘j) � cos(�i � �j)]
1/2 in terms of

the rapidity ⌘i and azimuthal angle ✓i of the branch i. Here zcut and � are the soft

drop parameters which determine the relative strength of the groomer. We always

take R0 = 1 since this parameter is not independent from the choice for zcut and

�. If the pair fails this criteria then the softer branch is removed, and the groomer

proceeds along the more energetic branch. The procedure stops the first time soft

drop condition is satisfied, and the resulting jet is referred to as the groomed jet.

The soft drop procedure also determines a groomed jet radius Rg that corresponds

to the largest angle between two branches which pass the soft drop criteria in Eq. (5.2)

for the first time. This effectively limits the area of jet contaminated by soft particles

to ⇡R2
g, which is significantly smaller than the original jet area.

Soft drop grooming has been widely employed in the context of jets from massless

particles. As we will see below, soft drop grooming for top quark jets is more subtle

due to the nature of the mass measurement for massive particles and the unique decay

topology. We will develop an effective theory framework to predict the groomed top

jet mass spectrum in the peak region, and derive explicit factorization theorems to

predict the associated cross section. Predictions from soft drop and the factorization

theorem will also be explored with simulation studies using Pythia8. In particular

we will find, as expected, that the groomed-jet mass spectrum is much less sensitive to

effects of hadronization and MPI, and thus provides the robustness needed for direct
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to ⇡R2
g, which is significantly smaller than the original jet area.

Soft drop grooming has been widely employed in the context of jets from massless

particles. As we will see below, soft drop grooming for top quark jets is more subtle
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jet mass spectrum in the peak region, and derive explicit factorization theorems to

predict the associated cross section. Predictions from soft drop and the factorization
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for the first time. This effectively limits the area of jet contaminated by soft particles
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Soft drop grooming has been widely employed in the context of jets from massless

particles. As we will see below, soft drop grooming for top quark jets is more subtle

due to the nature of the mass measurement for massive particles and the unique decay

topology. We will develop an effective theory framework to predict the groomed top

jet mass spectrum in the peak region, and derive explicit factorization theorems to

predict the associated cross section. Predictions from soft drop and the factorization

theorem will also be explored with simulation studies using Pythia8. In particular

we will find, as expected, that the groomed-jet mass spectrum is much less sensitive to

effects of hadronization and MPI, and thus provides the robustness needed for direct

87

particles

MODERN TECHNIQUES IN PERTURBATIVE QCD

Soft Drop grooming



CLUSTERING AND GROOMING

Apply soft drop condition at every branch

Go back and groom!

jet

particles

X

X

that belong to the final groomed jet. The soft drop criteria for e+e� colliders is

min[Ei, Ej]

Ei + Ej

> zcut

 

p
2

sin(✓ij/2)

sin(R0/2)

!�

(5.1)

✓ij⌧1�! zcut

✓

✓ij
R0

0

◆�

,

with R0
0 =

p
2 sin(R0/2), while for pp collisions the criteria is

min[pT i, pTj]

pT i + pTj

> zcut

✓

Rij

R0

◆�

, (5.2)

where the angular distance Rij =
p

2 [cosh(⌘i � ⌘j) � cos(�i � �j)]
1/2 in terms of

the rapidity ⌘i and azimuthal angle ✓i of the branch i. Here zcut and � are the soft

drop parameters which determine the relative strength of the groomer. We always

take R0 = 1 since this parameter is not independent from the choice for zcut and

�. If the pair fails this criteria then the softer branch is removed, and the groomer

proceeds along the more energetic branch. The procedure stops the first time soft

drop condition is satisfied, and the resulting jet is referred to as the groomed jet.

The soft drop procedure also determines a groomed jet radius Rg that corresponds

to the largest angle between two branches which pass the soft drop criteria in Eq. (5.2)

for the first time. This effectively limits the area of jet contaminated by soft particles

to ⇡R2
g, which is significantly smaller than the original jet area.

Soft drop grooming has been widely employed in the context of jets from massless

particles. As we will see below, soft drop grooming for top quark jets is more subtle

due to the nature of the mass measurement for massive particles and the unique decay

topology. We will develop an effective theory framework to predict the groomed top

jet mass spectrum in the peak region, and derive explicit factorization theorems to

predict the associated cross section. Predictions from soft drop and the factorization

theorem will also be explored with simulation studies using Pythia8. In particular

we will find, as expected, that the groomed-jet mass spectrum is much less sensitive to

effects of hadronization and MPI, and thus provides the robustness needed for direct

87

groomed 
jet

MODERN TECHNIQUES IN PERTURBATIVE QCD

Soft Drop grooming



TOP MASS MEASUREMENT
▸ Stability of SM Vacuum

λ should always remain positive for the Higgs 
potential to be a true minimum.
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Figure 3: Evolution of the Higgs coupling �(µ) and its beta function, eq. (50), as a function of the
renormalization scale, compared to the evolution of the e↵ective coupling �e↵(h), defined in eq. (51),
as a function of the field value. Left: curves plotted for the best-fit value of Mt. Right: curves
plotted for the lower value of Mt that corresponds to �(MPl) = 0.

The factor

�(h) ⌘
Z h

Mt

�(µ) d lnµ , (54)

where � ⌘ d lnh/d lnµ is the Higgs field anomalous dimension, takes into account the wave-

function renormalization. We have also defined rp ⌘ ln[pe2�(h)].

The di↵erence �e↵(h) � �(h) is positive, as illustrated in fig. 3. As a result [9], at a

given field value the potential is more stable than what guessed from the naive expectation

based on the RG-improved tree-level potential in eq. (49), with µ = h. We finally notice

that the di↵erence �e↵(h) � �(h) gets suppressed at large field values, especially when �

reaches its minimum close to the Planck scale. This is expected according to the following

two observations: 1) the di↵erence between �e↵ and � can be reabsorbed by a shift in the

scales at which the two couplings are evaluated, up to finite two-loop corrections; 2) this

shift has a small impact at large field values given the corresponding vanishing of �� (see

fig. 3).
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Degrassi, Di Vita, et. al. 2013
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Figure 3: Evolution of the Higgs coupling �(µ) and its beta function, eq. (50), as a function of the
renormalization scale, compared to the evolution of the e↵ective coupling �e↵(h), defined in eq. (51),
as a function of the field value. Left: curves plotted for the best-fit value of Mt. Right: curves
plotted for the lower value of Mt that corresponds to �(MPl) = 0.

The factor

�(h) ⌘
Z h

Mt

�(µ) d lnµ , (54)

where � ⌘ d lnh/d lnµ is the Higgs field anomalous dimension, takes into account the wave-

function renormalization. We have also defined rp ⌘ ln[pe2�(h)].

The di↵erence �e↵(h) � �(h) is positive, as illustrated in fig. 3. As a result [9], at a

given field value the potential is more stable than what guessed from the naive expectation

based on the RG-improved tree-level potential in eq. (49), with µ = h. We finally notice

that the di↵erence �e↵(h) � �(h) gets suppressed at large field values, especially when �

reaches its minimum close to the Planck scale. This is expected according to the following

two observations: 1) the di↵erence between �e↵ and � can be reabsorbed by a shift in the

scales at which the two couplings are evaluated, up to finite two-loop corrections; 2) this

shift has a small impact at large field values given the corresponding vanishing of �� (see

fig. 3).

14

Rather sensitive to mt

Degrassi, Di Vita, et. al. 2013

MOTIVATION, GOAL, CHALLENGES

λ should always remain positive for the Higgs 
potential to be a true minimum.


