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Outline

Future Colliders
‣ Two proposals for future hadron colliders

‣ FCC @ 100 TeV

‣ SPPC @ 70 TeV


‣ Higher energies mean we will be sensitive to a 
wide range of new physics models

41

‣ Also able to do precision measurements of rare processes

‣ Need precise jet reconstruction across range of scales 

‣ Interested in reconstructing both quark/gluon jets (e.g. dijet searches, ttbar 

searches), as well as W/Zs (diboson searches)

‣ These types of resonance searches probe some of the highest masses 

accessible from these colliders

‣ Tagging boosted objects will be important for (hopefully) discovering new 

physics

• Overview of Observables and Calculations

• Interplay of Experimental and Theoretical
Issues

• Opportunities at Future Colliders
(extremely brief)
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Disclaimer

• Jet substructure is by now a huge topic, to which I can not do justice
in 20min.

• Topics chosen represent my personal views. Others may (do) have
different views.
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Overview of Observables and Calculations

I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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General Classification

• Huge variety of observables exist, many of which probe similar physics.

• Can loosely classify based on the physics that is probed:
• “Scaling” observables: probe scaling with “size”. Sensitive to αs,

certain anomalous dimensions in the theory. e.g. jet mass, two-point
energy correlator.

• Multi-point correlators/multidifferential: probe kinematic structure,
1→ n splitting, spin correlations, etc. e.g. Lund Plane, three-point
energy correlator.

• Jets from Massive Particles: probe properties of the massive particle.
e.g. mass of top quark jets.
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Scaling Observables
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Rich Variety of Physics
• Scaling observables are those whose dominant behavior is determined

by 1→ 2 splitting functions (alternatively twist-2 spin j operators).
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

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

Example: Energy Correlation Functions

• Energy Correlation Functions: fN(p̂i1 , · · · , p̂iN ) =
Q
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Boost 2016 July 18, 2016 7 / 28

Energy-Energy Correlators

• To understand the structure of energy flow observables, one should
start with those that are most closely tied to simple field theoretic
objects.

• Arguably the simplest is the two-point correlator, which is called the
Energy-Energy Correlator.
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Figure 5: Comparison of a Pythia simulation for Higgs EEC to the analytic LO and NLO

results from eq. (3.1). Both Pythia curves contain contributions from self-correlations,

which are not included in the analytic result. The area under both Pythia curves is

unity. Omitting the self-correlations decreases the area under the Pythia curve with

haronization to 0.96, while the area under the curve without hadronization becomes 0.88.

Adding self-correlations only increases the number of entries in the very last bin in the

collinear (cos� � 1) region, while the rest of the curve remains unchanged.

we generate 50 additional samples with the same settings and the same number of events

but di�erent random seeds. Then, for each bin i we can calculate the standard deviation

�i via

�i =

���� 1

n

nX

j=1

(xj(i) � µi)2, (5.2)

where xj(i) is the content of the ith bin in the jth sample, n = 50 and the mean for the ith

bin, µi is given by

µi =
1

n

nX

j=1

xj(i). (5.3)

Comparing the size of the errors in our simulations we observe the unphysical e�ect that

the curve with hadronization seems to have smaller errors than the one without. This

suggests that the systematic errors (especially for hadronization) might be much larger

than the statistical uncertainties. Looking only at the central values, it is interesting to

observe that in the cos� region between �0.5 and 0.5, both curves seem to lie very close
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From [Luo, Shtabovenko, Yang, Zhu]

CERN QCD “Lunch” June 5, 2020 10 / 59
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level,
and NLO+NLL+NP [40] and LO+NNLL [41, 42] theory predictions. The LO+NNLL calculation does not
have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker, while regions where they are expected to be small are shown with a filled marker. All uncertainties
described in the text are shown on the data; the uncertainties from the calculations are shown on each one.
The distributions are normalized to the integrated cross section, �resum, measured in the resummation region,
�3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21
nb for � = 0, 1, 2, respectively [40].
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• Due to the complex environment of the LHC, it is convenient to
remove sensitivity to soft radiation. The two physics regimes (finite j
vs. j →∞) correspond to two different approaches to doing this:
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Groomed Jet Mass

• Groomed jet mass was the first precision calculation of a jet
substructure observable at the LHC!

• Compute to NLL (single log).
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Figure 12: Comparison between soft-drop groomed e
(2)
2 distributions with zcut = 0.1 and

� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e
(2)
2 2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e
(2)
2 . 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.
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Figure 3. Comparison between the resummed and matched calculation with finite zcut (red) and the

result with the resummation computed in the zcut ! 0 limit. The ratio plots at the bottom show that

for zcut = 0.1 this type of correction is very small.

performed in the zcut ! 0 limit, in grey, for two di↵erent transverse momentum bins. From

the top plots we can already see that, for zcut = 0.1, these e↵ects are small and the two curves

fall well within each other’s uncertainty bands. Looking at the bottom plots we can see that

these e↵ects are at most a couple of percent at NLO+LL (red curves). For comparison, we

also show, in green, the same ratio in the case of the LO+LL result. Note that the bands

in the ratio plots represent the uncertainty on the e↵ect, not the overall uncertainty which

is of the order of 10%, as can be seen from the top plots. We also note that for a pure

LL calculation, finite zcut e↵ects are found to be of the order of 2%, rising to about 5% for

zcut = 0.2. These findings justify the approximation of Refs. [32, 33], which achieved higher-

logarithmic accuracy but in the small-zcut limit. We will see in the next section that the

situation radically changes when consider bins in pt,mMDT.

Finally, in Fig. 4 we compare two di↵erent matching schemes. In particular, we plot

the ratio between the NLO+LL distribution obtained with log-R matching Eq. (3.19) to

the one obtained with multiplicative matching Eq. (3.17), with their respective perturbative

uncertainties. We see that the two results are in good agreement and they fall within each

other’s scale variation bands.
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Figure 5. The theoretical predictions for the soft drop groomed jet mass distribution for single

inclusive jet production pp ! jet + X at
p

s = 13 TeV. The observed jets are reconstructed

through the anti-kT algorithm with a jet radius parameter of R = 0.8. The rapidity and transverse

momentum intervals for the inclusive jet samples are chosen as |⌘| < 1.5 and pT > 600 GeV and the

soft threshold parameter is zcut = 0.1. The soft drop groomed jet mass distribution is normalized to

the corresponding inclusive jet cross section and plotted as a function of log10(m
2
J,gr/p2

T ) for � = 0

(left), � = 1 (middle), and � = 2 (right). The dashed black lines and yellow error bands show the

purely perturbative NLL results, while the red lines and the red hatched bands are the NLL results

but including the non-perturbative shape function according to Eq. (4.6). We choose ⌦ = 1 GeV

for the parameter of non-perturbative shape function.

the soft drop grooming algorithm, we choose zcut = 0.1. In Fig. 5, we show the soft drop

groomed jet mass distributions normalized by the corresponding inclusive jet cross sections

as a function of log10(m
2
J,gr/p2

T ) for three di↵erent values of the angular exponent: � = 0

(left), � = 1 (middle), and � = 2 (right). Similar to Fig. 4, the dashed black lines and

the corresponding yellow error bands show our purely perturbative results at NLL accu-

racy. The red lines and the red hatched bands show the result when the non-perturbative

shape function is included where we follow the prescription in Eq. (4.6). We choose the

parameter of the non-perturbative shape function as ⌦ = 1 GeV to illustrate the impact

of non-perturbative physics e↵ects.

As discussed above, the ungroomed jet mass distribution should be recovered from the

groomed case by taking the limit � ! 1. In section 3.5 we discussed this transition at the

level of the analytical perturbative results. Here, we study the � ! 1 limit numerically.

In Fig. 6, we plot the groomed jet mass distribution for di↵erent values of the angular

exponent in the range of � = 0 to 4 (dashed lines) as well as the ungroomed result (solid

blue). Note that we only show the purely perturbative results here in order to better

illustrate how the groomed results converge to the ungroomed jet mass distribution when

� is increased. If we instead have included non-perturbative shape function, then ⌦ would

have to be adjusted when taking the limit � ! 1. Note that here we plot both the

groomed and ungroomed results as a function of log10(m
2
J,gr/p2

T ) as in Fig. 5 instead of

mJ used in Fig. 4. For a stronger grooming procedure (smaller values of �), the jet mass

distribution gets flatter and shifted toward smaller values. This is expected intuitively as it

– 22 –

Soft Drop Mass pp→ Z + j

[Frye, Larkoski, Schwartz, Yan] [Marzani, Soyez, Schunk] [Kang, Lee, Liu, Ringer]

• Ingredients for extension to NNLL recently extracted by Larkoski et al.
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Projected Energy Correlators

• Finite j DGLAP can be probed using “Projected Energy Correlators”

• We can reduce higher point correlators by integrating out shape
information, keeping only the longest side xL. This is a proxy for its
size.

dσ[N ]

dxL
=
∑

n

∑

1≤i1,...,iN≤n

∫
dσe+e−→Xn

∏N
a=1Eia
QN

· δ(xL −max{Ri1i2 , Ri1i3 , . . . , RiN−1iN })

• Directly generalizes the two point correlator. Exhibits scaling with
twist-2 spin-j anomalous dimension:

dσ[ν]

dxL
= C [ν](αs)γ

N=4
J[ν] (αs)

x
γN=4

J[ν] (αs)

L

xL

Projected Energy Correlator:
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Behavior of Projected Correlators

• Generalizes the two point correlator to an infinite family of single
logarithmic (groomed mass like) observables.
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N = 5

Gluons

N = 2

N = 3

N = 4

N = 5
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Ratios
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• Multiple observables of same family =⇒ can take ratios!

• Ratios of correlators offer a particularly robust observable.

Scaling Behavior X

• Slope is directly proportional to αs.
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3/2 Ratio at NLL

• Starting to look at phenomenology: 3/2 point ratio for quark jets.
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���

��� �=��� ���

(scale variation is by a factor of 5 instead of the standard 2)

• Hope to extend to NNLL (single log) very shortly. We are missing
one number, preliminary tests show significant further reduction in
scale variation.
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Towards Phenomenology for All j

• NNLL for all j realistic goal in near future. Should be the goal for
“scaling” observables.
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

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

8

• Would greatly extend physics probed in precision jet substructure!
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Beyond Scaling: Multi-Differential/Multi-Point
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Multi-Point Energy Correlators

• Full shape dependence of higher point correlators probes detailed
aspects of the underlying theory.

• Multipoint correlators are used in many jet substructure searches.

• Stereographically project to plane
to deal with complex analysis
instead of vectors.
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Recent Progress in Understanding Multipoint Correlators

• First calculations of multipoint correlators achieved thorugh
representations as a dual Feynman loop integral, where the |zij |2 are
the dual coordinates:

xµi − x
µ
i+1 = pµi , x

2
ij = (xi − xj)2 = (pi + · · · pj−1)2 ,
x2ij ↔ |zij |2

• This allows us to move to a world that we understand much better.

EF05 Topical Group Meeting September 21, 2020 17 / 45



Shape Dependence: Celestial Correlators

• A remarkably detailed probe of QCD in jets! (dimension associated
with overall scale suppressed)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

• Direct probe of full structure of 1→ 3 splitting.

Shape X
〈q(E)E(~n1)E(~n2)E(~n3)〉

〈g(E)E(~n1)E(~n2)E(~n3)〉
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Seeing Quantum Interference with Spinning Gluons
• Multi-point correlators allow for new opportunities: rotate the

squeezed pair to reveal a cos(2φ) interference pattern in the detector!

• Does not rely on any external direction, or polarized beams.
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Resumming Interference

• Resummation is controlled by gluonic operators with transverse spin 2
=⇒ probe of gluon spin structure!

• Would be remarkable to probe experimentally!

TrF−(i⊥(iD−)m−2F−j⊥)
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The Lund Plane
• Characterize a single emission with two variables:

Past Boosts

2018: (Primary) Lund Plane density

Recluster jet constituents with
Cambridge/Aachen

Iteratively decluster j ! j1, j2

At each step, measure

� =
q

y2
12 + �2

12,

kt = min(pt1, pt2)�,

z =
min(pt1, pt2)

pt1 + pt2

Idea: characterise radiation in jets

2019: measured by ATLAS

⇢̃(�, kz) =
1

Njets

dnemissions

d ln 1/� d ln z

arXiv:2004.03540; CERN-EP-2020-030

Andrew Lifson, Gavin Salam, Gregory Soyez Calculating the Lund Jet Plane density Boost 2020 1 / 3

EF05 Topical Group Meeting September 21, 2020 21 / 45



Gregory
• Slices through the Lund Plane have been analytically calculated:

Boost 2020: calculating the Lund Jet Plane in QCD

Step-by-step inspection:

Resummation of single logs

Exact O(↵2
s ) from NLOJet++

Match NLO+resum

Non-perturbative corrections
from Monte-Carlo

Pythia8(3 tunes), Herwig7 & Sherpa2

Relevant below kt ⇠ 20�30 GeV
significant uncertainty below
kt ⇠ 3�5 GeV

Overal uncertainty:

5�7% at large kt ,

⇠ 20% at kt ⇠ 5 GeV

Andrew Lifson, Gavin Salam, Gregory Soyez Calculating the Lund Jet Plane density Boost 2020 2 / 3
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Gregory

QCD predictions v. ATLAS

good agreement
for kt & 5 GeV

extra non-pert
correction due to
charged tracks

gray indicates large
non-pert uncert.

Andrew Lifson, Gavin Salam, Gregory Soyez Calculating the Lund Jet Plane density Boost 2020 3 / 3
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Jets from Massive Particles

p

p
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Top Quark Mass

QCD

SCET

HQET
      Soft
Cross-Talk

top

Q

mt

Γt

Integrate out 
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/m
2.

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

RECAP FROM BOOST 2016

TOP MASS MEASUREMENT USING EFFECTIVE FIELD THEORIES

5

6

Bt(M
2
t ,�, �mt) =

1

⇡mt

�

(
(M2

t �mt
2)

mt
)2 + �2

+ ↵sB
1(�mt) + O(↵2

s) (22)

d�

dM2
t dM2

t̄

= �0 HQ(Q, µQ) UHQ
(Q, µQ, µm)Hm

⇣
mJ ,

Q

mJ

, µm

⌘
UHm

⇣ Q

mJ

, µm, µ⇤

⌘

⇥
Z

dŝt
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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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Factorization Theorem:

• For sufficiently inclusive event (jet) shape observables, top mass can
be given a precise meaning through factorization formulas:
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Top Jets in pp

9

EFFECT OF HADRONIZATION AND UE

Input mass in Pythia 
mt = 173.1 GeV Significant contamination

Not ideal to have such large shift that needs to be modeled

RECAP FROM BOOST 2016
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• The complication of such an inclusive measurement at a hadron
collider is the large contamination.

Top Jet Mass

[Hoang, Mantry, Pathak, Stewart]
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Soft Drop Top Mass

• Grooming techniques can be used to achieve a precision top mass
measurement from jet substructure.

• Hadronization uncertainty reduced X
• Poorly understood contribution from MPI minimal X

37

input mass in
Pythia =173.1 GeV

Only 0.19 GeV shift from MPI

36

Great!

Soft Drop Top MassGroomed vs. Ungroomed

[Hoang, Mantry, Pathak, Stewart]
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Soft Drop Top Mass
• All orders factorization theorem for Soft Drop Top Mass in pp:

• Calculation can be extended to NNLL for a precision top mass
extraction.

4

strong dependence on R for ungroomed jets. The light
groomed spectrum is also independent of an anti-kT jet-
veto cut pveto

T (for jets beyond the two with largest pT )
once pveto

T
>⇠ 50 GeV, as shown in Fig. 2c.

An important prediction of the light soft dropped top
factorization theorems is an insensitivity to parts of the
event outside the groomed top jet. Thus the same fac-
torization theorems apply for top-jets from e+e� ! tt̄
and pp ! tt̄, with only changes to the meaning of Q
and the function N . To obtain a reasonable compari-
son with Pythia8 we take the ee center-of-mass energy
Q = 2400GeV to approximate the spectrum weighted
average Q for pp with |⌘| < 2.5 and pT � 750 GeV. We
see in Fig. 2d that the spectra di↵er without soft drop
(dotted green and dot-dashed blue curves), but agree
quite well with soft drop (solid green and dashed blue
curves). Also shown is the impact of MPI on the pp
spectra. Without soft drop adding MPI shifts the peak
of the spectrum by 4.5 GeV (dotted red versus dotted
green), whereas with light soft drop the shift is only
1.1 GeV (solid red versus green). Formally e↵ects from
UE are outside the framework of factorization. However,
in Ref. [25] it was shown that MPI in Pythia for the
ungroomed jet mass spectrum can be well modeled by
simply changing FC . This occurs because the dominant
impact of MPI is to populate the jet with uncorrelated
soft radiation of somewhat higher energy than that as-
sociated to the soft hadronization. We adopt this ap-
proach to account for hadronization plus UE, replacing

⌦
(�)
n ! ⌦

(�)MPI
n . Estimating this treatment of UE is

uncertain at the <⇠ 30% level, this induces a residual un-
certainty of �mt

<⇠ 0.3 GeV for our soft drop top mass
extraction, compared to �mt

<⇠ 1.4 GeV without soft
drop. With additional dedicated studies this uncertainty
may be further reduced.

In Fig. 3 we show a comparison of Pythia8 results
with the “decay” and “high-pT ” factorization formulae
in Eqs. (4) and (5) with all ingredients taken at tree-
level with next-to-leading-logarithmic (NLL) order re-
summation and ↵s(mZ) = 0.118. In the factorization
theorems we adopt the MSR short distance top mass
scheme mMSR

t (R) [26, 27] and include it’s leading loga-
rithmic evolution from a reference scale R = 1GeV to the
scale µ in JB . As fit parameters we have the MSR mass
mMSR

t ⌘ mMSR
t (R = 1 GeV), and two non-perturbative

parameters ⌦
(�)
1 and x

(�)
2 = ⌦

(�)
2 /(⌦

(�)
1 )2 � 1. We do a

simultaneous fit of these parameters to pT � 750 GeV
and pT � 1000 GeV bins, fixing mMC

t = 173.1 GeV in
Pythia8. For the fit range we take MJ 2 [173, 180] GeV,
over which the curves are also normalized. In the up-
per two plots we include only hadronization in Pythia8,
whereas the lower two plots also include MPI. The or-
ange band shows the perturbative NLL uncertainty on
the “decay” result, from varying scales in the factoriza-
tion theorem. These values of pT are close to the upper

a)

b)

c)

d)

FIG. 3. Comparison of Pythia8 without and with MPI to
the “decay” and “high-pT ” factorization theorems at NLL
with mt in the MSR mass scheme.

limit of Eq. (3), and we find that both factorization the-
orems reproduce the Pythia8 results accurately in the

31

Ensure soft drop 
does not touch      

Can only apply  a “light soft drop” for tops:

Ensure soft drop removes global 
soft radiation from measurement      

“light grooming here”
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ĤQmŜ(T cut, Qzcut,�, . . .)�F

�
�JB�II � ff

�
��

d�dk JB

�
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Factorization with Soft Drop on one jet:

Soft Drop Top Mass NLL

[Hoang, Mantry, Pathak, Stewart]
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Summary
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Figure 12: Comparison between soft-drop groomed e
(2)
2 distributions with zcut = 0.1 and

� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e
(2)
2 2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e
(2)
2 . 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.

– 41 –

• Precise predictions for “scaling”
observables: can now probe complete
set of twist 2 anomalous dimensions
associated with splitting functions.

• Push towards multi-point correlations in
jets due to improved analytic
understanding.

• Probing desired physics with
theoretically simpler observables.

• Better understanding of jets from
massive particles.
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Relate Experimental, Phenomenological, and

Theoretical Issues Associated with Making

Measurements
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Tracking Information
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Tracks
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Figure 6: Comparison of the unfolded ⇢ distribution with MC predictions. The uncertainty bands include all sources:
data and MC statistical uncertainties, nonclosure, modeling, and cluster or tracking uncertainties where relevant.
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• Tracks offer many experimental advantages: better precision, better
angular resolution, etc.

• This is already true for “simple” observables like mass:

• Essential to move to multidifferential/ higher point correlations.

• Also becomes more important with increased pile up (e.g. HL-LHC).

• Incorporating tracking in higher order pertubative calculations is
absolutely crucial to advance sophistication of jet substructure.
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Track Functions
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FIG. 1: Schematic relationship between the partonic matrix
element �3 and the matching coe�cient �3 for e+e� ! qq̄g.
Here, black (blue) dots represents the tree-level (O(↵s)) track
functions. Diagrams with emissions from the other quark leg
are elided for simplicity. Note the trivial matching condition
�2 = �2.

where Ti(xi) is the track function for parton i. This
equation defines a matching onto track functions where
d�̄N/d⇧N represents the short distance matching coef-
ficient, which is calculable in perturbation theory. In
the absence of track functions, d�/de would exhibit a
mismatch between real and virtual diagrams in the form
of uncompensated IR divergences in the partonic com-
putation. The track functions absorb these IR diver-
gences, and the partonic cross section �̄N is correspond-
ingly modified with respect to �N . We will show below
for the example of e+e� ! qq̄g how the mismatch in the
absence of Ti(xi) occurs. Fig. 1 shows schematically how
we determine the IR-finite matching coe�cient �̄3 for this
case, by using that Eq. (3) is valid both at the hadronic
and partonic level. The fact that we consider factoriz-
able (otherwise) IRC-safe observables modified to include
only charged particles and that collinear divergences are
known to be universal in QCD [18–20] guarantees a valid
matching to all orders in the strong coupling constant ↵s.

At leading order (LO) in ↵s, the cross section depends
on a single partonic multiplicity N and there are no IR

divergences implying �̄
(0)
N = �

(0)
N . The LO T

(0)
i (xi) is

simply a finite distribution which can be obtained di-
rectly from the energy fraction of charged particles in
a jet initiated by a parton i. Ideally, we would extract
this information from data, but just for illustrative pur-
poses, we can determine it from (tuned) Monte Carlo
event generators. We stress that our formalism does not
rely on the use of these programs nor on their built-in
hadronization models. In Fig. 2, we show the track func-
tions obtained from pure quark and gluon jet samples
produced by Pythia 8.150 [21, 22] and clustered using
the anti-kT algorithm [23] in FastJet 2.4.4 [24]. (To ex-
tract the track function at next-to-leading order (NLO)
we use Eq. (11); the jet radius R is correlated with the
RG scale µ.) As expected, the up- and down-quark track
functions are very similar, with a peak at x = 0.6. This
means that on average 60% of the energy of the initial
quark is contained in charged hadrons, in agreement with
a recent CMS study [25]. The small di↵erence between
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FIG. 2: LO (dotted) and NLO (solid) track functions ex-
tracted in Pythia from the fraction of the jet energy carried
by charged particles.

up and down is due to strangeness, since us̄ mesons are
charged whereas ds̄ mesons are neutral. Because gluons
have a larger color factor than quarks, they yield a higher
track multiplicity, and the corresponding track functions
are narrower, as expected from the central limit theorem.

Formally, the (bare) track function is defined in QCD
in a fashion analogous to the unpolarized FF (cf. [26, 27]).
Expressed in terms of light-cone components,

Tq(x) =

Z
dy+ d2y? e ik� y+/2 1

2Nc

X

C,N

�
⇣
x � p�C

k�

⌘

⇥ tr
h��

2
h0| (y+, 0, y?)|CNihCN | (0)|0i

i
, (4)

where  is the quark field, C (N) denote charged (neu-
tral) hadrons, and p�C is the large momentum compo-
nent of all charged particles. Whereas the FF describes
the energy fraction carried by an individual hadron, the
track function describes the energy fraction carried by
all charged particles. As for the FF, gauge invariance
requires the addition of eikonal Wilson lines. The gluon
track function is defined analogously [28].

Treating the intermediate states in Eq. (4) partoni-

cally, we obtain the bare track functions T
(1)
i,bare at NLO

in pure dimensional regularization with d = 4 � 2✏,

T
(1)
i,bare(x) =

1

2

X

j,k

Z
dz

h↵s(µ)

2⇡

⇣ 1

✏UV
� 1

✏IR

⌘
Pi!jk(z)

i

⇥
Z

dx1 dx2 T
(0)
j (x1, µ)T

(0)
k (x2, µ)

⇥ �
⇥
x � zx1 � (1 � z)x2

⇤
, (5)

which arise from collinear splittings, controlled by the
timelike Altarelli-Parisi splitting functions Pi!jk(x) [12].
In contrast with the analogous partonic FF calculation,
track functions involve contributions from both branches
of the splitting. Renormalizing the ultraviolet diver-
gences in Eq. (5) in MS leads to the evolution equation

• Calculations on tracks are not IRC safe.

• There is an elegant formalism for incorporating tracks (Chang,
Procura, Waalewijn, Thaler 2013) using Track Functions, Ti(x).

• Track functions are a non-perturbative function describing energy
fraction of a parton going into tracks, p̄µi = xpµi +O(ΛQCD).
(Analogous to a fragmentation function).

• Evolution is perturbative.

• Unfortunately, phase space constraints from standard jet substructure
observables (e.g. mass) do not interface well with tracks =⇒ has
not been used.

1∫
0

dx Ti(x, µ) = 1
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Tracks and Energy Correlators

• Energy correlators are weighted by energy flow through detector cells
as a function of angle.

• How to go from full calorimeter to tracks? simply multiply by
“average energy deposited into tracks”.

Ei →
∫
dxi xiTi(xi)Ei = T

(1)
i Ei

• Upshot: Any perturbative calculation of energy correlators that can
be done, can also be done on tracks just by weighting pieces of

calculation by T
(1)
i ! (higher moments only appear as contact terms)

EECtr(z) = (T
(1)
q )2I1(z) + 2T

(1)
q T

(1)
g I2(z)
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Tracks and Resummation

• Interfaces nicely with resummation. e.g.Two point correlator at LL for
pure gluons:
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Σ[2](xL) = 1
2

(
αs(
√
xLQ)

αs(Q)

)− γ(0)(3)
β0

Σ
[2]
tr (xL) = 1

2 [T (1)
g (Q)]2

(
αs(
√
xLQ)

αs(Q)

)− γ(0)(3)
β0

• With both quarks and gluons there is a matrix, but still
straightforward...
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Hadronization
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Hadronization

• Experimentalists make measurements in real world with hadrons, not
quarks and gluons =⇒ non-perturbative effects can be large,
particularly for jet substructure observables that probe small scales
within high energy jets.

• At this point, there are loosely three approaches:
• Reduction via Grooming Algorithm
• Reduction via Choice of Observable
• First Principles Understanding
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Reduction via Grooming Algorithm

• Hadronization effects can be significantly reduced by using a grooming
algorithm. This is a general approach for any scaling observable.

Introduction

Groomed jet mass is less sensitive to hadronization corrections

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

Hence the groomed jet mass spectrum is a desirable candidate for ↵s extraction from the
high energy data. See talk by Vincent Theeuwes on Thursday.

A. Pathak (University of Vienna) Power Corrections to the Groomed Jet Mass 2 / 30

• Recent work towards improved understanding NP effects in Groomed
Mass (Stewart, Pathak, Hoang).
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Reduction via Choice of Observable

• Ratios of projected correlators have ≤ percent level NP corrections:
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• Observable specific approach, but useful for e.g. precision αs.
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Summary

Introduction

Groomed jet mass is less sensitive to hadronization corrections

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

Hence the groomed jet mass spectrum is a desirable candidate for ↵s extraction from the
high energy data. See talk by Vincent Theeuwes on Thursday.

A. Pathak (University of Vienna) Power Corrections to the Groomed Jet Mass 2 / 30
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• (multi-point) Energy Correlator based
observables can be computed on tracks.

• Multiple approaches to reducing
sensitivity to sensitivity to NP effects
for precision QCD measurements:

• Grooming Algorithms
• Choice of Observable
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Opportunities at Future Colliders

Future Colliders
‣ Two proposals for future hadron colliders

‣ FCC @ 100 TeV

‣ SPPC @ 70 TeV


‣ Higher energies mean we will be sensitive to a 
wide range of new physics models

41

‣ Also able to do precision measurements of rare processes

‣ Need precise jet reconstruction across range of scales 

‣ Interested in reconstructing both quark/gluon jets (e.g. dijet searches, ttbar 

searches), as well as W/Zs (diboson searches)

‣ These types of resonance searches probe some of the highest masses 

accessible from these colliders

‣ Tagging boosted objects will be important for (hopefully) discovering new 

physics
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Future Colliders

• The study of jet substructure, originally motivated by improving our
ability to search for new physics at the LHC, has revolutionized our
theoretical and experimental understanding of jets. The study of
QCD at any future collider will be strongly influenced by this.

• The main lesson learned from jet substructure is how to construct
observables that are sensitive to specific physics effects, and the
theory/ experiment techniques to realize these. This is a paradigm
shift that is more important than any particular case study.
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Future Colliders

• Jet substructure for studying QCD is in its infancy. Only most basic
observables have been studied. Only most basic scaling observables
have been studied =⇒ Huge room for improvement even just with
standard LHC/ HL LHC.

• Higher energy colliders provide huge improvement:
• More perturbative substructure.
• More boosted top quarks.
• Smaller NP effects.

• e+e−/µ+µ− colliders would enable all these techniques to be applied
in a clean context.

• Study of event shapes on samples of Higgs decays enable one to
probe light quark Yukawas.

• Electron-Hadron/ electron-ion colliders can exploit jet substructure to
probe nuclear structure (much recent work related to EIC)

• · · ·
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Conclusion

• In addition to its utility as a search strategy, jet substructure provides
a window into the dynamics of quantum field theory on the lightcone.

• Provides new ways to measure SM parameters, such as αs and mt

• Very Exciting Progress in Understanding the Field Theory Underlying
Jet Substructure in the Past Year, and Hopefully Much More to
Come!
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Thanks!
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