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The main point of the talk is that simple shape function for groomed event shapes is
wrong.

There are 3 universal nonperturbative parameters for the leading hadronization corrections.
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Introduction

Power corrections dictate the accuracy of precision measurements

αs measurement from Thrust at LEP: 31
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FIG. 18: Thrust distributions in the far-tail region at N3LL′

order with QED and mb corrections included at Q = mZ to-
gether with data from ALEPH. The red solid line is the cross
section in the R-gap scheme using αs(mZ) and Ω1 obtained
from fits using our full code, see Eq. (68). The light red band
is the perturbative uncertainty obtained from the theory scan
method. The red dashed line shows the distribution with the
same αs but without power corrections. The light solid blue
line shows the result of a full N3LL′ fit with the BS profile
that does not properly treat the multijet thresholds. The
short dashed green line shows predictions at N3LL′ with the
BS profile, without power corrections, and with the value of
αs(mZ) obtained from the fit in Ref. [20]. All theory results
are binned in the same manner as the experimental data, and
then connected by lines.

of our theoretical result in Eq. (4) that are important in
this far-tail region are i) the nonperturbative correction
from Ω1, and ii) the merging of µS(τ), µJ(τ), and µH

toward µS = µJ = µH at τ = 0.5 in the profile func-
tions, which properly treats the cancellations occurring
at multijet thresholds. To illustrate the importance of
Ω1 we show the long-dashed red line in Fig. 18 which has
the same value of αs(mZ), but turns off the nonpertur-
bative corrections. To illustrate the importance of the
treatment of multijet thresholds in our profile function,
we take the BS profile which does not account for the
thresholds (the BS profile is defined and discussed below
in Sec. IX), and use the smaller αs(mZ) and larger Ω1

that are obtained from the global fit in this case. The
result is shown by the solid light blue line in Fig. 18,
which begins to deviate from the data for τ > 0.36 and
gives a cross section that does not fall to zero at τ = 0.5.
The fact that αs(mZ) is smaller by 0.0034 for the light
blue line, relative to the solid red line, indicates that the
proper theoretical description of the cross section in the
far-tail region has an important impact on the fit done
in the tail region. The final curve shown in Fig. 18 is the
short-dashed green line, which is the result at the level
of precision of the analysis by Becher and Schwartz in
Ref. [20]. It uses the BS profile, has no power correc-
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FIG. 19: Thrust cross section for the result of the N3LL′ fit,
with QED and mb corrections included at Q = mZ . The
red solid line is the cross section in the R-gap scheme using
αs(mZ) and Ω1 obtained from fits using our full code, see
Eq. (68). The red dashed line shows the distribution with the
same αs but without power corrections. The short-dashed
green line shows predictions at N3LL′ with the BS profile,
without power corrections, and with the value of αs(mZ) ob-
tained from the fit in Ref. [20]. Data from ALEPH, DELPHI,
L3, SLD, and OPAL are also shown.

tions, and has the value of αs obtained from the fit in
Ref. [20]. It also misses the Q = mZ data in this re-
gion. The results of other O(α3

s) thrust analyses, such as
Davison and Webber [23] and Dissertori et al. [22, 25],
significantly undershoot the data in this far-tail region.15

To the best of our knowledge, the theoretical cross sec-
tion presented here is the first to obtain predictions in
this far-tail region that agree with the data. Note that
our analysis does include some O(αk

sΛQCD/Q) power cor-
rections through the use of Eq. (24). It does not account
for the full set of O(αsΛQCD/Q) power corrections as
indicated in Eq. (4) (see also Tab. IIb), but the agree-
ment with the experimental data seems to indicate that
missing power corrections may be smaller than expected.

Unbinned predictions for the thrust cross section at
Q = mZ in the peak region are shown in Fig. 19. The
green dashed curve shows the result at the level of pre-
cision in Becher and Schwartz, that is N3LL′, with the
BS profile, without power corrections, and with the value
of αs(mZ) = 0.1172 obtained from their fit. This purely
perturbative result peaks to the left of the data. With
the smaller value of αs(mZ) obtained from our fit, the
result with no power corrections peaks even slightly fur-
ther to the left, as shown by the long-dashed red curve.
In contrast, the red solid curve shows the prediction from

15 See the top panel of Fig. 9 in Ref. [23], the top left panel of Fig. 4
in Ref. [22], and the left panel of Fig. 2 in Ref. [25].
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Power corrections can be modeled via a nonperturbative
shape function

dσ

dτ
=

∫
dk

dσpert

dτ

(
τ − k

Q

)
F
(
k − 2∆

)
Only the first moment Ω1 is relevant.
Hoang Stewart 0709.3519

One needs to fit for both αs and Ω1:

αs (mZ ) = 0.1135±(0.0002)exp±(0.0005)hadr±(0.0009)pert

Field theory understanding of hadronization is important

SCET allows us to understand these aspects of the interface between NP function and the perturbative cross
section. Consider the example of pp → H/Z + 1 jet:

dσ

dm2
J dΦ2

=
∑
κ,a,b

Hκ(Φ2)

∫
dksdkB (IκaaIκbb ⊗ fafb)(kB )× JκJ (m2

J − 2pJ
T ks ) Sκ(kS , p

cut − kB , yJ ,R)

OPE region : m2
J =

(
m2

J

)pert + 2pJ
T Ωκ(R)

Stewart, Tackmann, Waalewijn. 1405.6722
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Introduction

Reduce hadronization corrections using Soft Drop

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

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

Pythia8, partonic Pert QCD at ~ NLL

m2/pT2 m2/pT2

Soft Drop

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

Soft Drop criteria:

min[pTi , pTj ]

(pTi + pTj )
> zcut

(Rij

R0

)β
Larkoski, Marzani, Soyez, Thaler 2014
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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

two grooming parameters

Groomed jet Groomed Clustering tree

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

How well do we understand the groomed spectrum in theory?

Partonic resummation of groomed jet mass is well understood:

(a) (b)

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

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

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

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

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

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

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

bump similar to those seen in the Monte Carlos.

by Ref. [96]:

Fshape(✏) =
4✏

⌦2
e�2✏/⌦ . (6.2)

– 33 –

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

5.1 Hemisphere jet invariant mass

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

e
(2)
2 =

m2
J

E2
J

, (5.1)

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

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

µH = Q, µ2
J =

Q2

4N̄
,

µSG
= 2�/2Qzcut, µSC

=
h zcut

2�/2N̄�+1

i 1
�+2 Q

2
. (5.2)

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

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

T (⌧, zcut) =
↵s

⇡
CF (� + 2)Li2

2
41

2

 
e
(2)
2

2 zcut

! 2
�+2

3
5. (5.3)

Because the resummation of the hemisphere mass was discussed in great detail in Ref. [42], in
this section we limit ourselves to an analysis of its behaviour in the transition region in order to

– 16 –
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Figure 11. Final results for the jet mass distribution in the case of the ungroomed pt,jet selec-
tion. The perturbative calculation is performed at NLO+LL and non-perturbative corrections are
included as a multiplicative factor obtained from Monte Carlo parton showers. Perturbative un-
certainties are obtained varying renormalisation, factorisation and resummation scales as detailed
in section 3. Non-perturbative uncertainties are obtained considering the spread of five different
Monte Carlo tunes, as detailed in section 5. Perturbative and non-perturbative uncertainties are
added in quadrature.
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Figure 12. Final results at NLO+LL, with non-perturbative corrections, for the normalised jet
mass distribution, in the case of the ungroomed pt,jet selection.

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

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

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

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

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

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

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

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

perturbative corrections are sizeable (with large uncertainties) in the first few mass bins

– 24 –

Marzani et al., JHEP07(2017)132

The fixed order corrections have also been evaluated at NNLO. [Kardos et al. 1807.11472].
See also groomed D2 [Larkoski, Moult, Neill 2017], groomed jet mass for b quark jets [Lee, Shrivastava,
Vaidya 2019]. [See talks by Yannis Makris, Kyle Lee]

What about the power corrections in the groomed spectrum?

Although the hadronization effects are suppressed for groomed jet mass, in order
to achieve the required accuracy of αs we need to account for the left over soft
particles.

Soft

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 4 / 34



Introduction

Power corrections to groomed jet mass are intricate

In what way is the groomed jet mass different?

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

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

Universality: dependence on zcut? β? R? Q? . . .

Perturbative 
cross section

Nonperturbative 
Contribution

Interface using 
perturbation theory

Goal of this work is to deepen our understanding of the interface for
groomed jet mass via field theory calculations

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 5 / 34



Introduction

Power corrections for the groomed case need a closer look
Strategies for including nonperturbative corrections:

Treat the nonperturbative corrections via a normalized analytic shape function:

dσhad

de(2)
2

=

∫
dε

dσpert
(
e(2)
2 −

(
ε

zcutQ

) 1
1+β ε

Q

)
de(2)

2

Fshape(ε) , e(2)
2 =

m2
J

E2
J

[Frye, Larkoski, Schwartz, Yan 2016], used by [Larkoski, Moult, Neill 2017], [Lee, Shrivastava, Vaidya 2019], [Hoang,

Mantry, AP, Stewart 2017 (v1)]

Describe the power corrections via Monte Carlos: Use the difference between partonic and hadronic
event shape to correct for nonperturbative effects.
[Marzani et al., JHEP07(2017)132]

Above formula came out of a scaling analysis and adding a
shape function. No field theoretic treatment so far.

The most important mode is not Λ′ but Λ.

The goal of the talk is to rectify this

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 6 / 34



Kinematics

Leading Nonperturbative Mode for Groomed Jet Mass

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

Turning on soft drop removes
emissions in the shaded region.

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

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

z > zcutθ
β

pµCS ∼ m2
J

Q ζ

(
ζ,

1
ζ
, 1
)

pµC ∼
(
m2

J

Q
, Q, mJ

)

ζ ≡
(

m2
J

Q Qcut

) 1
2+β

Qcut ≡ 2βQzcut

θcs/2 ∼ ζ

p+
cs � pΛ

+

pµΛ ∼ ΛQCD

(
ζ,

1
ζ
, 1
)
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Kinematics

Soft Drop Nonperturbative and Resummation Region

Distinguish two regions of the groomed jet mass spectrum:

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

Λ :
QΛQCD

m2
J

( m2
J

QQcut

) 1
2+β � 1 ,

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

Λ : m2
J . QΛQCD

(ΛQCD

Qcut

) 1
1+β .

a) SDOE region b) SDNP region

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

The nonperturbative corrections to the jet mass spectrum are O(1) in SDNP region.

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 8 / 34
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Kinematics

We identify two types of power corrections to the groomed spectrum

Start with the measurement operator for the plain jet mass:

dσ̂κ

dm2
J

=
∑
X

HκIJ 〈0|O
κ
J δ̂|X〉〈X |O

κ
I
†|0〉 , δ̂ = δ

(
m2

J − Q p̂+)
Define for soft drop:

δ̂sd = δ
(
m2

J − Q p̂+
sd(X )

)
, p̂µsd(X ; zcut, β) ≡ Θsd

(
pµi , {p

µ
j ; j ∈ X}; zcut, β

)
pµi |i〉

p̂µsd first projects to the final kept particles and then measures the momentum

p̂µsd(X )|{i1, i2, . . . in}〉 =

( n∑
α=1

Θsd
(
pµiα , {p

µ
j ; j ∈ X}

)
pµiα

)
|{i1, i2, . . . in}〉

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 10 / 34



Kinematics

We identify two types of power corrections to the groomed spectrum

Start with the measurement operator for the plain jet mass:

dσ̂κ

dm2
J

=
∑
X

HκIJ 〈0|O
κ
J δ̂|X〉〈X |O

κ
I
†|0〉 , δ̂ = δ

(
m2

J − Q p̂+)
Define for soft drop:

δ̂sd = δ
(
m2

J − Q p̂+
sd(X )

)
, p̂µsd(X ; zcut, β) ≡ Θsd

(
pµi , {p

µ
j ; j ∈ X}; zcut, β

)
pµi |i〉

p̂µsd first projects to the final kept particles and then measures the momentum

p̂µsd(X )|{i1, i2, . . . in}〉 =

( n∑
α=1

Θsd
(
pµiα , {p

µ
j ; j ∈ X}

)
pµiα

)
|{i1, i2, . . . in}〉

Include NP emissions |XΛ〉 in the jet of perturbative emissions |X〉:

“shift” correction: Contribution of NP particles to the jet mass:

Q p̂+
sd(X ,XΛ)|XΛ〉 = Q p+

Λsd|XΛ〉

“boundary” correction: modification of the soft drop test for a perturbative subjet in presence of NP
radiation: X → X ∪ XΛ

p̂µsd(X ,XΛ) =
[
p̂µ Θsd

(
p̂µ, {pµj ; j ∈ X ∪ XΛ}

)]
Both the corrections modify the shape of the spectrum.
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Kinematics

Simplifications in the SDOE region

To capture an NP gluon one needs a perturbative emission:

In the SDOE region at LL there is always a perturbative CS emission that stops soft drop.

At LL emissions already exist but not accessible via tree level Stree
c (`+, µ) = δ(`+)

NP corrections require at least LL resummation to be even defined.
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Kinematics

Simplifications in the SDOE region

Changes in momenta of perturbative CS emissions due to NP modes in SDOE region are small:
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At NLL perturbative emissions can be angularly ordered leading to a simple description of the shift and
boundary corrections:

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

boundary correction: change in the soft
drop test for CS or S mode on including
an NP emission
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Kinematics

Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet

Q p̂+
sd(X ,XΛ) |XΛ〉 NLL∼ Q p̂+

◦◦(θcs , φcs ) |XΛ〉 = Q p+
Λsd |XΛ〉

p̂µ◦◦(θcs , φcs ) ≡
[
p̂µ Θ

◦◦
NP(p̂µΛ , θcs , φcs )

]
Θ
◦◦
NP = 1: NP particle kept in the final soft droppped subjet
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Kinematics

Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet
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sd(X ,XΛ) |XΛ〉 NLL∼ Q p̂+

◦◦(θcs , φcs ) |XΛ〉 = Q p+
Λsd |XΛ〉

p̂µ◦◦(θcs , φcs ) ≡
[
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NP(p̂µΛ , θcs , φcs )

]
Θ
◦◦
NP = 1: NP particle kept in the final soft droppped subjet
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Boundary Correction: affects only softer subjet
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Kinematics

Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet
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p̂µ◦◦(θcs , φcs ) ≡
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NP = 1: NP particle kept in the final soft droppped subjet
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Boundary Correction: affects only softer subjet
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Relevant Projection:
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We have simplified the CA clustering issue but still need to disentangle
the dependence on perturbative angles θi and θcs .
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Kinematics

Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet

Q p̂+
sd(X ,XΛ) |XΛ〉 NLL∼ Q p̂+

◦◦(θcs , φcs ) |XΛ〉 = Q p+
Λsd |XΛ〉

p̂µ◦◦(θcs , φcs ) ≡
[
p̂µ Θ

◦◦
NP(p̂µΛ , θcs , φcs )

]
Θ
◦◦
NP = 1: NP particle kept in the final soft droppped subjet
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Boundary Correction: Relevant Projection:
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Rescale NP momenta: Make the following change of variables:
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Λ =

θX

2
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X

p−X
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2
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X

k−X , pΛ,⊥ = k⊥

equivalent to a boost along the jet direction:
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Kinematics

Rescaling helps factor out the perturbative dependence of power corrections
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Θ
◦◦
NP

( k⊥

k−
, 2, ∆φ

)
≡ Θ

(
|∆φ| − π

3

)
Θ

(
1− k⊥

k−

)
+ Θ

(
π

3
− |∆φ|

)
Θ

(
2 cos(∆φ)− k⊥

k−

)
Θ

�
NP

( k⊥

k−
, 2, ∆φi

)
≡ Θ

(
π

3
− |∆φi |

)
Θ

(
k⊥

k−
− 1

2 cos(∆φi )

)
Θ

(
2 cos(∆φi )−

k⊥

k−

)

Rescale NP momenta: Make the following change of variables:

p+
Λ =

θX

2
k+
X =

√√√√ p+
X

p−X
k+
X , p−Λ =

2
θX

k−X =

√√√√ p−X
p+
X

k−X , pΛ,⊥ = k⊥

perturbative angular dependence now factors out

The circles now have radius = 1.

�i
<latexit sha1_base64="NKj4CN4L28lXfcoAjPjWQupnGTQ="></latexit><latexit sha1_base64="NKj4CN4L28lXfcoAjPjWQupnGTQ="></latexit><latexit sha1_base64="NKj4CN4L28lXfcoAjPjWQupnGTQ="></latexit><latexit sha1_base64="NKj4CN4L28lXfcoAjPjWQupnGTQ="></latexit>

1<latexit sha1_base64="god36r5Ar+IldDr2da/s0wier6Q="></latexit><latexit sha1_base64="god36r5Ar+IldDr2da/s0wier6Q="></latexit><latexit sha1_base64="god36r5Ar+IldDr2da/s0wier6Q="></latexit><latexit sha1_base64="god36r5Ar+IldDr2da/s0wier6Q="></latexit>

kx/k�
<latexit sha1_base64="qkGBLn2ZHTSeV9xijEL7G56DWFw="></latexit><latexit sha1_base64="qkGBLn2ZHTSeV9xijEL7G56DWFw="></latexit><latexit sha1_base64="qkGBLn2ZHTSeV9xijEL7G56DWFw="></latexit><latexit sha1_base64="qkGBLn2ZHTSeV9xijEL7G56DWFw="></latexit>

ky/k�
<latexit sha1_base64="dAPAPxKrnJebvYkyMcrcXoIZbaU="></latexit><latexit sha1_base64="dAPAPxKrnJebvYkyMcrcXoIZbaU="></latexit><latexit sha1_base64="dAPAPxKrnJebvYkyMcrcXoIZbaU="></latexit><latexit sha1_base64="dAPAPxKrnJebvYkyMcrcXoIZbaU="></latexit>

A. Pathak (University of Vienna) NP Corrections to the Groomed Jet Mass SCET, March. 2019 18 / 34



Dynamics

Dynamics of the NP radiation: An illustrative calculation

The partonic SCET factorization formula for groomed jet mass is given by

dσ̂

dm2
J

=
∑
κ=q,g

Dκ(ΦJ , zcut, β, µ)Q
1

1+β
cut

∫
d`+ Jκ

(
m2

J − Q`+
, µ
)
Sκc

[
`

+Q
1

1+β
cut , β, µ

]
, κ = {q, g}

[Frye, Larkoski, Schwartz, Yan 2016]
Unlike the ungroomed case we cannot simply modify the argument of the collinear-soft function Sκc to
include NP corrections given the complex nature of shift and boundary corrections. Think about it like an
OPE with two modes (following the approach of [Mateu, Stewart, Thaler 2013]):

Consider the one-loop fixed order collinear soft function.

Include an Eikonal NP emission qµ sourced externally by F̃κ(qµ).

Source is agnostic about soft drop parameters and C/A Clustering: included explicitly via the
catchment area selection operators p̂µ◦◦(θcs , φcs ) and p̂µ�(θi , φi ).

Λ

CS

NP Source: F̃(qµ)
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Dashed line represents measurement
with the soft drop cut: δ(`+ − p̂+

sd)
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Dynamics

Start with Abelian diagrams

Expand the measurement operator in the SDOE region and keep O(ΛQCD) terms:

Mp+q SDOE∼ δ(`+) + Θ
p
sd

[
δ(`+ − p+)− δ(`+)

]
− q+ Θ

◦◦
NP(θq, θp, ∆φ) Θ

p
sd

d

d`+
δ(`+ − p+)

+ q̃(β)
(

Θ
�
NP(θΛ, θp, ∆φ)− Θ�

NP(θΛ, θp, ∆φ)
)
δ
p
sd

[
δ(`+ − p+)− δ(`+)

]
Mq SDOE∼ δ(`+) (qµ alone cannot pass soft drop in SDOE region)

On adding all the Abelian graphs the NP source factorizes:

S had
c (`+

, µ) =

∫
ddq

(2π)d

[
4g2 Cκ ι

ε C̃(q)

q+ q−

]{
Spert
c (`+

, µ)+
d

d`+
∆S̃ ◦◦c (`+

, qµ, µ)+∆S̃ �
c (`+

, qµ, µ)+O(q2)

}

F̃ ab.(qµ) ≡ 4g2 Cκ ι
ε C̃(q)

q+ q−
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Dynamics

Rescaling factorizes the power corrections

Apply the rescaling to decouple the qµ dependence in the power corrections:

q+ =
θp

2
k+ =

√
p+

p−
k+
, q− =

2
θp

k− =

√
p−

p+
k− , q⊥ = k⊥

Note that the measure and the NP source are invariant under boosts

θq =
2 q⊥
q−

= θp
k⊥

k−
, F̃ ab.(qµ) =

4g2 Cκ ι
ε C̃(q)

q+ q−
= F̃ ab.(kµ) , ddq = ddk

S had
c (`+

, µ) = Spert
c (`+

, µ)− Ω ab.
1

d

d`+
∆S ◦◦c (`+

, µ) +
Υ ab.

1 (β)

Q
∆S �

c (`+
, µ)

where

Ω ab.
1 ≡

∫
ddk

(2π)d
k+ Θ

◦◦
NP

( k⊥

k−
, 2, φk

)
F̃ ab.(kµ) ,

Υ ab.
1 (β) ≡

∫
ddk

(2π)d

(
k− + β

(
k− − k⊥ cos(φk )

))(
Θ

�
NP − Θ �

NP

)
F̃ ab.(kµ) ,

∆S ◦◦c (`+
, µ) =

αsCκ

π

(µ2eγE )ε

Γ(1− ε)

∫ ∞
0

dp+ dp−

(p+ p−)1+ε

θp

2
δ(`+ − p+) Θ

(
p−

Q
− zcut

(
2
R0

√
p+

p−

)β)
,

∆S �
c (`+

, µ) =
αsCκ

π

(µ2eγE )ε

Γ(1− ε)

∫ ∞
0

dp+ dp−

(p+ p−)1+ε

2
θp
δ(`+ − p+) δ

(
p−

Q
− zcut

(
2
R0

√
p+

p−

)β)
.

The perturbative dependence of the power corrections factorizes!
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Dynamics

Non Abelian graphs are tricky

Now consider the nonabelian graphs:

Shad, n.a.
c =

αsCκ
π

(µ2eγE )ε

Γ(1− ε)

∫ ∞
0

dp+ dp−

(p+ p−)1+ε

∫
ddq

(2π)d
2 g2 CA ι

ε C̃(q)

q+ q−

×
[
Mp+q −Mq] q+p− + p+q−

p+q− + q+p− − 2
√

p+p−|~q⊥| cos(φq)
.

The matrix element for emission of qµ off the CS gluon pµ is NOT invariant under boost of qµ alone
along the jet direction. Nonetheless go ahead and make the rescaling:

q+ =
θp

2
k+ =

√
p+

p−
k+
, q− =

2
θp

k− =

√
p−

p+
k− , q⊥ = k⊥

as a result of which the nonperturbative and the perturbative factors completely decouple:

q+p− + p+q−

p+q− + q+p− − 2
√

p+p−|~q⊥| cos(φq)
=

k+ + k−

k+ + k− − 2 |~k⊥| cos(φk )
,
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Dynamics

Leading Power corrections to the groomed cross section

Thus we see how the shift and the boundary power corrections factorize:

Shad
c = Spert

c (`+
, µ)− Ω ◦◦1

d

d`+
∆S ◦◦c (`+

, µ) +
Υ �

1 (β)

Q
∆S �

c (`+
, µ)

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

dσhad
κ

dm2
J

=
dσ̂κ

dm2
J

− Q Ω◦◦1
d

dm2
J

(
C1(m2

J ,Q, zcut, β)
dσ̂κ

dm2
J

)
+

Υ�
1 (β)

Q
C2(m2

J ,Q; zcut, β)
dσ̂κ

dm2
J

Linear in β, hence two parameters:
Υ�

1 (β) = Υ�
1,0 + βΥ�

1,1

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

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

Ω◦◦1 ≡
∫

ddk

(2π)d
k+ Θ

◦◦
NP F̃ (kµ)

Υ�
1,0 ≡

∫
ddk

(2π)d
k−
(

Θ
�
NP − Θ�

NP

)
F̃ (kµ)

Υ�
1,1 ≡

∫
ddk

(2π)d

(
k− − k⊥ cos(φk )

) (
Θ

�
NP − Θ�

NP

)
F̃ (kµ)

We see that power corrections have nontrivial modifications of the entire spectrum.
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Dynamics

Use Coherent Branching Formalism to resum NP matching coefficients.

The calculation of C1(m2
J ,Q

2) and C2(m2
J ,Q

2) is easily carried out in the Coherent Branching formalism at
NLL where the resummation is implemented via sum over real emissions.
[Catani et al. Nucl.Phys. B407 (1993) 3-42]

Partonic resummation formula in coherent branching

Consider a series of angularly ordered emissions
off an energetic quark, with the first emission
being at the widest angle.

At every stage of unclustering we will recover
the emissions in the order they were emitted.

The stopping pair is found after n unclusterings
Jet

1

2

3

n

Angular Ordered Clustered Tree

Partonic cross section (Θsd = 1: pass soft drop), [Dasgupta et al. JHEP09(2013)029]

1
σ̂

dσ̂

dm2
J

= δ(m2
J ) +

∞∑
n=1

∫ 1

0
dzn

∫ R

0

dθ2
n

θ2
n

αs (znθnQ/2)CF

π
pgq(zn)

×
{

Θ
n
sd δ
(
m2

J −
1
4
znθ

2
nQ

2
)

+ Θ n
sd δ(m2

J )− δ(m2
J )
}

Θ(θn−1 − θn)

×
n−1∏
i=1

∫ 1

0
dzi

∫ R

0

dθ2
i

θ2
i

αs (ziθiQ/2)CF

π
pgq(zi )

{
Θ i

sd − 1
}

Θ(θi−1 − θi ) ,
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Dynamics

Including power correction in the partonic cross section is now easy

The analysis can be easily generalized to calculate the shift and the boundary power corrections:

Jet

1

2

3

n

Angular Ordered Clustered Tree

NP subjet

�cs
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Do the rescaling and perform the measurement on the NP subjet in the boosted frame (m2
J > 0):

1
σ̂

dσ̂shift

dm2
J

=

∫
ddk

(2π)d
F̃ (kµ)

∞∑
n=1

∫
d2
ωn Θ(θn−1 − θn)

×
{

Θ
n
sd δ

(
m2

J −
1
4
znθ

2
nQ

2 − θn

2
Θ
◦◦
NP

( k⊥

k−
, 2, ∆φ

)
Qk+

)
+ Θ n

sd δ(m2
J )− δ(m2

J )

}

×
n−1∏
i=1

∫
d2
ωi

{
Θ i

sd − 1
}

Θ(θ̃i−1 − θ̃i )

∫
d2
ωi =

∫ 1

0
dzi

∫ 1

0

d θ̃2
i

θ̃2
i

αs (ziθi REJ )CF

π
pgq(zi )
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Dynamics

Boundary term comes from both passing and failing subjets

NP subjet
NP subjet

Angular Ordered Clustered Tree
1

2

3

n

1

2

3

n

Jet Jet

�i
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Rescale relative to each of the subjets

1
σ̂

dσ̂bndry

dm2
J

= 1 +

∫
ddk

(2π)d
F̃ (kµ)

∞∑
n=1

∫
d2
ωn δ

(
m2

J −
1
4
znθ

2
nQ

2
)

Θ(θn−1 − θn)

×
[

Θ
n
sd +

2
θn

k̃(β)

Q
δ

n
sd

] n−1∏
i=1

∫
d2
ωi Θ(θ̃i−1 − θ̃i )

[
− Θ

i
sd
]

+

∫
ddk

(2π)d
F̃ (kµ)

∞∑
n=1

∫
d2
ωn δ

(
m2

J −
1
4
znθ

2
nQ

2
)

Θ(θ̃n−1 − θ̃n) Θ
n
sd

×
n−1∑
j=1

∫
d2
ωj Θ(θ̃j−1 − θ̃j )

[
− Θ

j
sd −

2
θj

k̃(β)

Q
δ

j
sd

] n−1∏
i=1
i 6=j

∫
d2
ωi Θ(θ̃i−1 − θ̃i )

[
− Θ

i
sd
]

k̃(β) =
(
k− + β

(
k− − k⊥ cos(φk )

))(
Θ

�
NP − Θ�

NP

)
, δ

i
sd = δ

(
zi − zcut

( θi
R0

)β)
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Dynamics

NLL Resummed Formulae for the Matching Coefficients

Taylor expand in the OPE region:

dσhad

dm2
J

=
dσ̂

dm2
J

− Q Ω◦◦1
d

dm2
J

[
C1(m2

J , zcut, β,Q)
dσ̂

dm2
J

]
+

Υ1(β)

Q
C2(m2

J , zcut, β,Q)
dσ̂

dm2
J

,

C1
(
m2

J , zcut, β,Q
)
≡ 1

C0

(
m2

J , zcut, β,Q
) ∫ 1

0
dz

θcs (mJ , EJ )

2
αs

(
mJ
√
z
)
CF

π
pgq(z)

× Θ

(
z −max

{
z?
(m2

J

Q

)
,

m2
J

R2E2
J

})
exp

[
−Rq

( mJ

REJ
√
z

)]
,

1
σ̂

dσ̂

dm2
J

=
1
m2

J

C0(m2
J , zcut, β,Q) ,

θcs (mJ , EJ )

2
=

mJ

Q
√
z
, z?

(m2
J

Q

)
=

Qcut

Q

(
m2

J

QQcutR2
0

) β
2+β

(A more complicated expression for C2 not shown)

To a rough approximation:

C1
(
m2

J , zcut, β,Q
)
' 0.6

(
m2

J

QQcut

) 1
2+β ' 0.6× 1

2
θ
EFT guess
cs

pµcs ∼
m2

J

Qζ0

(
ζcs ,

1
ζcs
, 1
)
, ζcs ≡

( m2
J

QQcut

) 1
2+β
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Monte Carlo Studies

Visualizing the angular distribution of NP subjets

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

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

Comparing the NLL nonperturbative Wilson coefficients with Monte Carlos

NLL calculation of C1(m2
J ) and C2(m2

J ) agrees well with Monte Carlo.
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Monte Carlo Studies

Fitting for the power corrections in Monte Carlo

Monte Carlos have very different implementations of partonic resummation and hadronization model.
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Monte Carlo Studies

Fitting for the power corrections in Monte Carlo

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

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

Fitting for the power corrections in Monte Carlo

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

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

3 universal parameters fit the whole grid well
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Monte Carlo Studies

Linear behavior of boundary correction

Fit for individual β’s using the Ω◦◦1 from the global fit. Fits agree with prediction.
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Conclusion

Conclusion

QFT based treatment of power corrections to groomed observables. 3 Universal parameters

Calculate the shape dependence of power corrections via Wilson Coefficients determined with
Coherent Branching at NLL

A unique way of characterizing the hadronization models of Monte Carlos

A nontrivial cross check on Hadronization tunes that are based on simpler ungroomed observables.

Enables precision measurements involving direct comparison of data with theory. [See Sonny Mantry’s
talk later today on top mass measurement]

Thank you.
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