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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

•

4

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

• Stability of SM vacuum 
• Precision electroweak measurements 
• LHC searches

Why should we care about a precision mt?

Butazzo, Degrassi, Giardino, Giudice, Sala

Andreassen, Frost, Schwartz
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Mass in Quantum Field Theory

Mass in quantum field theory  
gets renormalized and absorbs high  
energy divergences
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Mass in Quantum Field Theory

Most rigorous way we know to define the mass of a
point particle:

LSM(mt,�s, . . . ,�)QFT Lagrangian:

Parameters (including mass) absorb high energy physics,
    including divergences. 

To be able to do more than one calculation and know we’re 
talking about the same parameters requires giving them a precise 
definition (eg. “top mass scheme”).
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Mass in Quantum Field Theory
renormalized because of quantum corrections
Pick a specific renormalization scheme

mbare ! mbare + ⌃(mbare)
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dŝ

t

0
dŝ
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t

0 � Ql�

m
J

,�, �m,m
J

)

(18)

M2

a

=

X

i2a

⇣

pµ
i

⌘

2

(19)

b decay width example

Significant improvement 
from using 1S scheme for mb 

defined using binding potential 
 of bottomonium.



What makes certain schemes better (worse) than others?

• Pole Mass
Full propagator: 

12

Mass Definitions:
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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�
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Factorially diverging series (eg. bubble graphs) leads to an intrinsic 
uncertainty in the definition of pole mass.
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What makes certain schemes better (worse) than others?

•       Mass

renormalized because of quantum corrections
Pick a specific renormalization scheme

mbare ! mbare + ⌃(mbare)

⌃(m) = 3
4CF

↵s
⇡ m

⇣
1
✏ + finite

⌘
+O(↵2

s)

mbare = mren + �m

In dimensional regularization

Popular choices for schemes: Pole mass and MS mass

• Pole Mass - Remove the full one loop correction ⌃

• MS mass - Remove the 1/✏ term from ⌃

MS

Nature is unconcerned with the choice of scheme,
but for comparing finite order perturbative
calculations it matters!

6
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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
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R � �t

R > �QCD

�

�

� X

NOT compatible with Breit Wigner

No ambiguity

0.8 Scheme choice for top mass
measurement

What scheme is appropriate for
top mass measurement?

Experimentalists use Monte Carlo generators for
simulating top production, which use the Breit Wigner:

�t

[M 2 �mt[↵s]2]
2 + �2

t mt[↵s]2

�th(mt, {Q}) !
Z

dŝt �
th(ŝt, {Q})⇥ �t

[ŝ2t �m2
t ]
2 + �2

t m
2
t

Cannot use MS mass for such an observable

�LO ! �NLO, mt ! mt + �mt

O(↵s) correction from MS term ⇠ ↵smt ⇠ 10 GeV!
! Swamps the Breit Wigner with width �t = 1.4 GeV.

9

Suppression by an additional power of ↵s in the case of
1S scheme for mb leads to better convergence.

0.8 Scheme choice for top mass
measurement

What scheme is appropriate for
top mass measurement?

Experimentalists use Monte Carlo generators for
simulating top production, which use the Breit Wigner:

�t

[M 2 �mt[↵s]2]
2 + �2

t mt[↵s]2

�th(mt, {Q}) !
Z
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Factorization and SCET Higgs Jet Veto Calculation Results

H � WW vs. tt̄ � WWbb̄

1
W

H

W

⌅
�

�̄

⌅

�

�

�

p p

Soft

Jet Jet

:

40

b

b̄

W

W
⇤
�

�̄

⇤
�

�

�

p p

Soft

Jet Jet

Jet

Jet

⇥ Veto events with central jets, measure pp � H(� WW ) + 0 jets

Frank Tackmann (MIT) Higgs Production with a Central Jet Veto 2011-01-24 8 / 26

t

t

The Top Quark is Special

• Largest Mass                 Largest Higgs Coupling
H � mi

i

i

Dominates Higgs Production

• The only quark that decays before it binds into a hadron

Top width

t� bW

�t = 1.4 GeV > �QCD � 0.3 GeV

confinement scale

Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances

u
d

u

m 110510101015 10�5 10�10 10�15

LHC

Frank Tackmann (MIT) Better Theory Predictions for the LHC 2010-11-22 1 / 34

�t � �weak
m3

t

m2
W

Breit
Wigner

1
� q2�m2

t
mt

�2 + �2
t

mt

Suppression by an additional power of ↵s in the case of
1S scheme for mb leads to better convergence.

0.8 Scheme choice for top mass
measurement

What scheme is appropriate for
top mass measurement?

Experimentalists use Monte Carlo generators for
simulating top production, which use the Breit Wigner:

�t

[M 2 �mt[↵s]2]
2 + �2

t mt[↵s]2

�th(mt, {Q}) !
Z

dŝt �
th(ŝt, {Q})⇥ �t

[ŝ2t �m2
t ]
2 + �2

t m
2
t

Cannot use MS mass for such an observable

�LO ! �NLO, mt ! mt + �mt

7

Swamps the Breit Wigner

Fleming, Hoang, Mantry, Stewart 1998
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What makes certain schemes better (worse) than others?

• MSR Mass
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Hoang, Jain, Scimemi, Stewart 2008

Nicely interpolates

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



Direct Reconstruction Methods (Tevatron and LHC)

Theory Issues for

•

• suitable top mass for jets

•

•

•

•

•

initial state radiation

final state radiation

jet observable 

underlying event/MPI

color reconnection

beam remnant

parton distributions•

• sum large logs Q� mt � �t

pp� tt̄X

First

e+e� � tt̄X
and the issues �

�

�

�

�

�

t

t̄

b-jet

b-jet

jet

jet

jet

jet
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Direct Reconstruction Methods (Tevatron & LHC)

t

t̄

b-jet

b-jet

jet

jet

jet

jet

p

p

Kinematic Fit:

m2
t = p2

t = (pJb + pJ1 + pJ2)2

Kinematic Fit:



Direct Reconstruction Methods (Tevatron and LHC)
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Direct Reconstruction Methods (Tevatron & LHC)

Use Monte Carlo Templates from Simulations

15

Direct Reconstruction Methods (Tevatron & LHC)

Use Monte Carlo Templates from SimulationsUse Monte Carlo simulations for templates.
Determine the best fit value of MC top mass parameter:

CMS Run 1 (2015): mt = 172.44 ± 0.49 GeV



Direct Reconstruction Methods (Tevatron and LHC)

Theory(QFT)

Experiment

Simulation 
(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

Breit Wigner �
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Definition ?
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Theory (QFT)

Experiment

Simulation
(Monte Carlo)

Most precise measurements 
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hard to determine the 
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mpole
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Compatible with Breit Wigner
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Theory(QFT)

Experiment

Simulation 
(Monte Carlo)

19

�tt̄ = �(pp� tt̄)

e.g.

19

�tt̄ = �(pp� tt̄)

e.g.

Top Mass Measurement

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

d�exp({Q})/dQ = d�th(mt, {Q})/dQ

�exp(pp ! tt̄) = �th
tt̄ (mt)

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

Top mass extraction methods:

• Template method

• Matrix Element Method

• Fit to total cross section

• Threshold scan at an e+e� collider

4

Czakon, Fielder, Mitov (13)

Direct comparison of theory and experiment

t

t̄
hadrons

�shower = 1GeV
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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 ?

eg. Pole mass from Total Cross Section
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Theory (QFT)

Experiment

Simulation
(Monte Carlo)

Improving Top Mass Measurement at the LHC

• must use a kinematically 
sensitive LHC observable

• theoretically tractable in QFT,  
mass definition at Lagrangian level.

• control contamination 

Mpeak
t = mt + (nonperturbative e�ects) + (perturbative e�ects)

Theory(QFT)

Experiment

Simulation 
(Monte Carlo)

• Use kinematically sensitive LHC observable 
• Theoretically tractable in QFT 
• Control Contamination

Improving Top Mass Measurement at the LHC
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First simplification:

• boosted top quarks,  Q = 2pT � mt

enables us to be inclusive over decay products

production energy >> mt

t
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• jet observable

• suitable top mass for jets

• initial state radiation

• final state radiation

• underlying event/ MPI

• color reconnection

• beam remnant

• parton distributions

• sum large logs 

Q � mt � �t � ⇤QCD

[Kluth; hep-ex/0603011]

0.11 Soft Collinear E↵ective The-
ory

Soft Collinear E↵ective Theory

Energy modes involved in dijet production

• Multiple perturbative regions involved.
• SCET reproduces the soft and the collinear
infrared divergences of QCD.
•Match QCD operators onto SCET operators containing
separate fields for collinear and soft quarks/gluons.
• SCET systematically allows us to resum large logs.

[Bauer, Fleming, Luke; hep-ph/0005275]

[Bauer, Pirjol, Stewart; hep-ph/0109045]
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Theory issues for 

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

(Slide from
Jesse)
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• suitable top mass for jets
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initial state radiation

final state radiation

jet observable 

underlying event/MPI
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parton distributions•

• sum large logs Q� mt � �t

pp� tt̄X

beam remnant

Production Energy

ΛQCD

�t � 1.4 GeV

Q = 2pT � 1 TeV

mt = 173GeV
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Measure what observable?

Jet’s Invariant Mass:

Measure what observable?
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QCD

SCET
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      Soft
Cross-Talk
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Q

mt

Γt
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Hard Modes

Factorize Jets, Integrate 
 out energetic collinear 
 gluons

Evolution and 
decay of top 
close to mass shell

t t

HQET
antitop

n n

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

6

EFTs for Boosted Tops in the Peak Region

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(ŝt,�t, �m) J

t̄
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Fleming, Hoang, Mantry, ISFactorization: hep-ph/0703207
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Factorized Cross Section
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Fleming, Hoang, Mantry, IS (2007)
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ŝt̄
0 � Ql�

mJ

,�, �m,µ�

⌘

⇣

d�

dM2
t dM

2
t̄

⌘

hemi
= �0 HQ(Q, µm) Hm

⇣

mJ ,
Q

mJ

, µm, µ
⌘

⇥
Z

dl+dl�JB

⇣
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renormalized because of quantum corrections
Pick a specific renormalization scheme

mbare ! mbare + ⌃(mbare)
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In dimensional regularization

Popular choices for schemes: Pole mass and MS mass

• Pole Mass - Remove the full one loop correction ⌃

• MS mass - Remove the 1/✏ term from ⌃

MS
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To appear soon

Factorized Cross Section at NNLL+O(αs2)
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(Monte Carlo)
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• mMC
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mMSR
t (R = 1GeV)29

Fit Procedure:

•

•

Fix mMC
t . Generate MC data with Q = 700, 800, . . . , 1300, 1400 GeV.

•

(collision energies)

Fit theory to data to determine mt and hadronic parameter(s)

Repeat fit 500 times to obtain theory uncertainty.
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Top Mass Calibration of Monte Carlo
Butenschoen, Dehnadi, Hoang, Mateu, Preisser, IS  arXiv:1608.01318, PRL 

Calibrate the         parameter in Monte Carlo Simulation against 
  Hadron level theory predictions with definite        parameter

mMC
t

mt

mpole
t ,mt,m

MSR
t , . . .

mMC
t

e+e� � tt̄

30

Results:

• mMC
t di�ers from mpole

t by

• mMC
t compatible with

mMSR
t (R = 1GeV)



Top Mass Determination 
at the LHC

A. Hoang, S. Mantry, AP, I. Stewart



• jet observable

• suitable top mass for jets

• initial state radiation

• final state radiation

• underlying event/ MPI

• color reconnection

• beam remnant

• parton distributions

• sum large logs Q � mt � �t � ⇤QCD

[Kluth; hep-ex/0603011]

0.11 Soft Collinear E↵ective The-
ory

Soft Collinear E↵ective Theory

Energy modes involved in dijet production

• Multiple perturbative regions involved.
• SCET reproduces the soft and the collinear
infrared divergences of QCD.
•Match QCD operators onto SCET operators containing
separate fields for collinear and soft quarks/gluons.
• SCET systematically allows us to resum large logs.

[Bauer, Fleming, Luke; hep-ph/0005275]

[Bauer, Pirjol, Stewart; hep-ph/0109045]
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Theory issues for 

Jets with Substructure
t�Wb� (u d̄ )(b) = 3 prong jet
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Can be extended to pp. •
pp� tt̄
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dM2
J1dM2

J2dT cut
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ĤQmŜ(T cut, R, . . .)�F
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�JB � JB�II � ff
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Issue is that contamination is significant:

Factorization for

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

(Slide from
Jesse)

pp� tt̄

Same Jet Functions!
Initial State RadiationJet Veto in 

Beam Region PDFs

BUT control of Underlying Event
is model dependent.

Can be extended to pp 
(using N-jettiness)

•
QCD

SCET

HQET

pp� tt̄ A. Hoang,  S. Mantry,  A. Pathak, IS

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�

dM2
J1dM2

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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, ŝt̄ =
st̄
mJ

=

M2
t̄ �m2

J

mJ

M2
t =

⇣

X

i2X
t

pµi

⌘2

, M2
t̄ =

⇣

X

i2X
t̄

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
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Significant contamination
Input mass in Pythia 
mt = 173.1 GeV

Effect of UE/MPI

It is not ideal to have such a large shift from the 
contamination that needs to be modeled.



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

(Slide from
Jesse)

pp� tt̄
21

First simplification:

• boosted top quarks,  Q = 2pT � mt

enables us to be inclusive over decay products

production energy >> mt

t

Second Simplification: Jet Substructure Techniques

3-Prong Jet

3-Prong Jet

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

(Slide from
Jesse)

pp� tt̄

Use jet grooming 
to reduce contamination.
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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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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

��

Soft Drop
Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

two grooming parameters

Groomed jet Groomed Clustering tree
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Larkoski, Marzani, Soyez, Thaler 2014

Pythia 8, partonic Pert. QCD at     NLL�
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Larkoski, Marzani, Soyez, Thaler 2014

Pythia 8, partonic Pert. QCD at     NLL�

Calculating Mass?
Larkoski, Marzani, Soyez, Thaler 2014

Pythia8, partonic Pert QCD at ~ NLL

m2/pT2 m2/pT2

Soft Drop
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Figure 2: Location of modes appearing in the soft drop factorization theorem in the plane

defined by energy fraction z and splitting angle ✓ of emissions in the jet. The solid diagonal

line separates the regions of phase space where emissions pass and fail soft drop. All emissions

along the dashed line that pass soft drop contribute at leading power to the measured value

of e(↵)2 .

For a jet to have e(↵)2 ⌧ 1, all particles must be either soft or collinear to the jet axis. In

particular, a particle with energy E = zEJ at an angle ✓ from the jet axis must satisfy

z✓↵ . e(↵)2 . (3.1)

This is a line in the log(1/z)-log(1/✓) plane, as shown in Fig. 2. Anything below the dashed

line in this figure is too hard to be consistent with a given value of e(↵)2 . The soft drop criterion

is that

zcut . z✓�� , (3.2)

This is the region below the solid line in Fig. 2.

To find the relevant modes for the factorized expression, we need to identify the distinct

characteristic momentum scalings that approach the singular regions of phase space in the

limit e(↵)2 ⌧ zcut ⌧ 1. For a particular scaling, the constraints in Eqs. (3.1) and (3.2) will

either remain relevant or decouple. We can characterize the relevant regions by their scalings

in light-cone coordinates. Defining nµ as the jet direction and n̄µ as the direction backwards

to the jet, then light-cone coordinates are triplets p = (p�, p+, p?) where p� = n̄ ·p, p+ = n ·p
and p? are the components transverse to n. On-shell massless particles have p+p� = p2?.

The energy fraction is z = p0/Q = 1
2(p

+ +p�)/Q and the angle to the jet axis in the collinear

limit is ✓ = p?/p0.

– 7 –

H(Q2)

Match to SCET
Factorize 

Jet Function

µ2 ⇠ Q2

µ2 ⇠ Q2z2
cut

µ2 ⇠ Q2
⇣
e(�)
2

⌘2/�

µ2 ⇠ Q2z
2 ��1

�+�

cut

⇣
e(�)
2

⌘2 1+�
�+�

J(zcut, e
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Figure 3: Illustration of the multi-stage matching procedure to derive the soft drop fac-

torization theorem. As discussed in the text, we first match QCD to SCET, then factorize

the jet function into collinear and collinear-soft modes. Canonical scales of all modes in the

factorization theorem are shown on the right, ordered in virtuality where we assume that

↵ > 1 and � � 0.

full QCD to get the hard function, then decouple the soft and collinear degrees of freedom

to pull the jet and soft functions apart [15–18]. Alternatively, one can use the method of

regions approach [54, 55], or the on-shell phase space approach [56–58]. Importantly, e(↵)2 is

insensitive to recoil e↵ects from soft emissions that displace the jet axis from the direction of

hard, collinear particles [20, 40], and so the jet and soft functions are completely decoupled.

Next we write down the hard-soft-jet factorization formula in the presence of soft drop

grooming, assuming the hierarchy e(↵)2 ⌧ zcut ⌧ 1. With this assumption, soft radiation

emitted at large angles must necessarily fail the soft drop criterion. Thus, all wide angle soft

radiation in the jets (in this case, the hemisphere jets) is groomed and cannot contribute to

the observable. All that remains of the global soft function is a zcut-dependent normalization

factor SG(zcut). This leads to

d2�

de(↵)2,L de(↵)2,R

= H(Q2) ⇥ SG(zcut) ⇥ Jze

⇣
zcut, e

(↵)
2,L

⌘
⇥ Jze

⇣
zcut, e

(↵)
2,R

⌘
. (3.8)

SG(zcut) gives the cross section for the radiation from a set of Wilson lines that

fails the soft drop criterion. An explicit calculation of SG for hemisphere jets at one-

loop is given in Appendix C. With the collinear and soft modes decoupled, we can lower the

virtuality of the collinear modes without further matching.

The jet function Jze still depends on multiple scales, so to resum all the large logarithms it

must be re-factorized. To see that it refactorizes, note first that in addition to being collinear,

radiation in the jet function that is sensitive to the scale set by zcut must also be soft, by

the assumption that zcut ⌧ 1. Equivalently, emissions with order-1 energy fractions are not

constrained by the scale zcut. We can thus factorize the jet function into two pieces depending
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J(e(�)
2 )

e(�)
2 ⌧ zcut ⌧ 1

SC(zcute
(�)
2 )

SG(zcut)

Figure 1: Schematic of the modes in the factorization theorem for soft-drop groomed hemi-

spheres in e+e� ! dijets events. SG(zcut) denotes the soft wide-angle modes, SC(zcute
(↵)
2 )

denotes the collinear-soft modes, and J(e(↵)2 ) denotes the jet modes.

As we will explain in detail, there are several important consequences of this factorization

formula. Because the formula depends on the observables e(↵)2,L, e(↵)2,R only through collinear ob-

jects each of which has a single scale, there are no non-global logarithms. The elimination

of the purely soft contribution also makes the shape of soft-drop groomed jet shapes largely

independent of what else is going on in the event. For example, the shape of the left hemi-

sphere jet mass is independent of what is present in the right hemisphere. Additionally, the

scale associated with the collinear-soft mode is parametrically larger than the soft scale as-

sociated with ungroomed masses, so non-perturbative corrections such as hadronization are

correspondingly smaller.

This factorization theorem allows us to go beyond NLL accuracy to arbitrary accuracy.

In this paper, we show that next-to-next-to-leading logarithmic (NNLL) accuracy is readily

achievable. We focus on ↵ = 2 where the two-point energy correlation function is equal to the

squared jet mass (up to a trivial normalization). This lets us extract most of the necessary

two-loop anomalous dimensions from the existing literature. For � = 0, the global soft

function SG(zcut) is closely related to the soft function with an energy veto [28, 29] which is

known to two-loop order. There are additional clustering e↵ects from the soft drop algorithm,

but these are straightforward to calculate. Interestingly, we find that the clustering e↵ects in

the soft drop groomer are intimately related to similar e↵ects observed in jet veto calculations

[30–34]. For � = 1, we compute the two-loop anomalous dimension of SG(zcut) numerically

– 3 –

26

Soft Drop Factorization Frye, Larkoski, Schwartz, Yan  2016

Adds:
Soft-Collinear 

function SC
d�

de2 . . .
= H(Q2)SG(zcut,�)

�
�
SC(e2, zcut,�)� J(e2)

�

isolates measurement
achieve NNLL precision

Soft Drop Factorization
Frye, Larkoski, Marzani, Schwartz, Yan 2016

Adds
Soft-Collinear

Function

26

Soft Drop Factorization Frye, Larkoski, Schwartz, Yan  2016

Adds:
Soft-Collinear 

function SC
d�

de2 . . .
= H(Q2)SG(zcut,�)

�
�
SC(e2, zcut,�)� J(e2)

�

isolates measurement
achieve NNLL precisionisolates measurement

achieve NNLL precision



Top Jet Mass with Soft Drop

27

Top Jet Mass with Soft Drop

A. Hoang,  S. Mantry,  A. Pathak, IS (to appear)

pp� tt̄



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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Can still carry out calculations: Larkoski, Marzani, Soyez, Thaler 2014
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Figure 1. Modes on z-✓ plane.

However, the comparison between soft and ultra-collinear modes depends on specific values

of ✏ and �. We can also check that the soft modes lie below the top mass hyperbola, or

Qz
cut

/m ⌧ m. From Eq. (3.9) we have

z
cut

⌧ �t

m

✓
Q

2m

◆�

<
2m

Q
, (3.18)

since �t/m < (2m/Q)1+� for su�ciently large Q and � = 0, 1, 2.

Next we turn towards non-perturbative modes present after grooming. Modes that are

collinear and non-perturbative satisfy p2
NP

⇠ ⇤2

QCD

and can be parametrized by their angle ✓

relative to the jet axis as

pµ
NP

⇠ 2⇤
QCD

Q

2m

✓
✓2

4
, 1,

✓

2

◆
, z

NP

(✓) ⇠ 2⇤
QCD

Q ✓
, (3.19)

and are represented by the brown line in Fig. 1. The region above brown line corresponds to

non-perturbative modes with yet smaller invariant mass.

We can extend the results in Eq. (3.12) to describe the tail region, as well as the non-

perturbative region, by making a substitution �t ! ŝ. Since the collinear-soft modes have the

lowest invariant mass of all the three modes considered above, we can ask for what values of
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Figure 5: Phase space for emissions relevant for groomed jet radius Rg in the (log 1
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plane. The soft dropped region is gray and the first emission satisfying the soft drop criteria

is illustrated by the red dot. The forbidden emission region (the Sudakov exponent) is shaded

in pink.

the jet radius is set, so multiple emissions do not contribute to this observable. We have also

verified that non-global contributions are suppressed by Rg for � < 1, analogously to the

energy correlation case. For these reasons, we believe that the expression in Eq. (4.1) is fully

accurate to single-logarithmic level,8 though for consistency with the rest of this paper, we

will only evaluate Eq. (4.1) to MLL accuracy.

4.2 Comparison to Monte Carlo

There are two di↵erent ways one can define the groomed jet radius in Monte Carlo. The first

method is to simply measure the Rg value of the C/A branching that satisfies the soft drop

condition. A second approach, more directly relevant for pileup mitigation, is to determine

the e↵ective radius of the groomed jet from its active area [108]. The active area of a jet

is defined as the area over which infinitesimally soft particles are clustered into the jet. An

e↵ective jet radius Re↵ can then be defined from the groomed jet active area using:

Re↵ ⌘
✓

Aactive

⇡⇠

◆1/2

, (4.2)

8Strictly speaking, NLL accuracy requires evaluating the strong coupling at two loops, i.e. with �1, in the

CMW scheme [126].
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Predict independent of cutoff 
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Soft Drop prediction: Same Result for e+e� and pp

170 174 178 182 186 190

0.04

0.08

0.12

0.16

0.2

�� [���]

� σ
�σ ��

�
[�
��

-
� ]

pp No SoftDrop(Had+MPI)

pp No SoftDrop(Had)

ee No SoftDrop(Had)

������� ��
�� = ����� ���

�� ���� ����� � = �
��� �� ≥ ��� ���� ������= ��� ���

��� �� = ���� ���

Without 
Soft Drop
(differ):

collisions

Without 
Soft Drop
(differ):



170 174 178 182 186 190

0.04

0.08

0.12

0.16

0.2

�� [���]

� σ
�σ ��

�
[�
��

-
� ]

pp SoftDrop(Had+MPI)

pp No SoftDrop(Had+MPI)

pp SoftDrop(Had)

pp No SoftDrop(Had)

ee SoftDrop(Had)

ee No SoftDrop(Had)

������� ��
�� = ����� ���

���� = ���� ���� β = �� � = �
��� �� ≥ ��� ���� ������= ��� ���

��� �� = ���� ���

43

Soft Drop prediction: Same Result for e+e� and pp
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With 
Soft Drop:

Great!

much smaller
contamination



Compare Simulations to Our Theory 
(preliminary)
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Nature is unconcerned with the choice of scheme,
but for comparing finite order perturbative
calculations it matters!

Define using MS coe�cients ank

mpole
t = 171.8 GeV

mMC
t = 173.1 GeV

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:

7
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Same!

Dominant change is expected:

Pythia Simulation vs. Theory (with SoftDrop)

with
Contamination:

mpole
t = 172GeV

mMC
t = 173.1 GeV
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dominant change is expected: �1 (hadronization)
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Add uncertainties from
scale variation: Translation of theory uncertainties to 

the fit parameters is in progress.
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[Stewart, Tackmann, Waalewijn; 1405.6722]

[Hoang, Mantry, AP, Stewart]

0.21 Future directions

Conclusion and future directions

• Top-mass can be extracted with O(1 GeV) precision
in a specific mass scheme using event shapes.

• Ingredients for NNLL evaluation of 2-jettiness factor-
ization theorem are known, except for the Soft function.
N-jettiness soft function needs to be calculated for XCone

20

Pythia Simulation vs. Theory (with Soft Drop)

Testing sensitivity to
higher moments:



Looks very promising:

Theory(QFT)

Experiment

Simulation 
(Monte Carlo)

pp calibration

Even direct
Comparison



Summary

• Probing the question: “What mass are we 
measuring?” 

• Answers from connecting theory (QFT) to 
Simulations or Data. 

• A promising new method to measure Top Quark 
Mass exploiting a light Soft Drop


