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Figure 9.2: Summary of determinations of –s(M2

Z) from the seven sub-fields discussed in the
text. The yellow (light shaded) bands and dotted lines indicate the pre-average values of each
sub-field. The dashed line and blue (dark shaded) band represent the final world average value of
–s(M2

Z). The “*” symbol within the “hadron colliders” sub-field indicates a determination including
a simultaneous fit of PDFs.
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Understanding NP corrections is crucial for precision physics 
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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-

0.00 0.02 0.04 0.06 0.08 0.10
0

5

10

15

20

τ

σ

dσ

dτ

1

DELPHI
ALEPH
OPAL
L3
SLD

no 

c i≥1full without fitting

!

no ! , BS profile
( =.1172) 

( =.1135) 

( =.1135, ! =.324 GeV) 

N LL3 ’ results

Q=mZ

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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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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Abbate et al. 2010
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 world average: αs αs(mZ) = 0.1179 ± 0.0010

Nonperturbative corrections are clearly important, but does a simple 
shape function in the dijet region suffices?



“Pronginess” matters for hadronization 
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NP corrections in the  region:mJ → 0

For larger jet masses we need to account for multi pronged 
nature of the radiation pattern of the jet:

Parton level Hadron level

NP corrections in multi pronged jets cannot be simply 
captured by a single  constant 𝒪(ΛQCD)



Boundary correction whenever there is a veto
Another type of hadronization effect 
whenever there is a veto of some sort:

1. Leads to migration of events to lower  bin


2. Events at the edges of the bin are impacted


3. Impacts the normalisation: not a shift in the jet mass

pT
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⌥1 ⇠ ⇤QCD < 0
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1. NP corrections in soft drop jet mass


2. Calibrating MC Hadronization models


3. Application for  measurementαs

Outline
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Why soft drop jet mass?
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- Measurable and calculabe  observable for hadron colliders


- Reduces sensitivity to underlying event & hadronization effects

Apply soft drop

[Les Houches 2017] [Larkoski, Marzani, Soyez, Thaler 2014]



Perturbative region is two-pronged
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Non-perturbative region


(no theoretical control)

Soft drop resummation region


(perturbatively calculable)

Hoang, Mantry, AP, Stewart, 2019The region where soft drop is active and perturbatively 
calculable has an interesting two pronged geometry



Collinear soft

Collinear

Shift and boundary corrections in SD jet mass
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Shift correction in the groomed jet mass involves R → Rg

Note that jet mass alone cannot describe the NP 
corrections: 


- Need an auxiliary measurement of  for the two 
pronged jet

Rg

Final correction obtained by marginalizing over  Rg
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Hoang, Mantry, AP, Stewart, 2019



Shift and boundary corrections in SD jet mass
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Despite the fact that SD is NOT a veto on jets, 2-pronged jets can turn into 1-pronged jets if they fail SD

Analogous to the effect on :pT,jet

Here we need both  and  auxiliary measurements at the boundary of the soft dropRg zg

Hoang, Mantry, AP, Stewart, 2019



Jet mass dependence of NP corrections
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Studying soft drop jet mass 
makes it clear that multi-pronged 
jets cannot be described by 
constant NP parameters alone:


- Need non-trivial jet mass 
dependent weighted cross 
sections

Hoang, Mantry, AP, Stewart, 2019

These weights are perturbatively calculable

[AP, Stewart, Vaidya, Zoppi 2020] [AP, to appear]



MC agrees well with parton level weights
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Hoang, Mantry, AP, Stewart, 2019

Compare the weighted cross sections with parton 
showers by normalizing with jet mass cross 
section:

Good agreement of NLL  calculation within 
perturbative uncertainty

′￼



Calibrating the MC Hadronization models using soft 
drop jet mass
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Ferdinand, Lee, AP (to appear)



Test predictions against MC
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The NP parameters are found through least squares fitting from parton to the hadron 
level using theory calculations of  and C1 C2

From theory we expect:


1. The parameters to be (1 GeV)


2. Universal for quark jets


3. Universal for soft drop parameters

𝒪



Testing quark jet universality
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Let us test universality by testing if fit parameters for  and  Jet agreee+e− → qq̄ pp → Z + q



Testing quark jet universality
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Now add the include variation due to perturbative uncertainty in C1



Testing quark jet universality
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Include perturbative uncertainty in  as well:C2



Testing quark jet universality
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Quark jets in the two process display compatible behaviour for the two processes in 
Pythia8



Testing soft drop parameters (in)dependence
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We predicted that the boundary correction is linear in :β



Testing soft drop parameters (in)dependence

19

Verify other universality cases: good agreement within perturbative uncertainty



Prospects for SD jet mass for  measurement αs
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Hannesdottir, AP, Schwartz, Stewart (to appear)



Perturbative uncertainty and NP corrections
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Compute LO matched, NNLL resummed cross section for inclusive jets:
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[Kang, Lee, Liu, Ringer 2018] [Hannesdottir, Pathak, Schwartz, Stewart (to appear soon)]



Perturbative uncertainty and NP corrections
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Ideally, fit for 7 parameters to stay model independent — a bit challenging?





Instead treat as nuisance parameters


Take uncertainty as difference between parton level and hadron level:

(αs, Ωq
1, Ωg

1, Υq
1,0, Υg

1,0, Υq
1,1, Υg

1,1)
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(Values obtained from fit to Pythia8)
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Perturbative uncertainty and NP corrections
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Knowing the perturbative weights associated with NP parameters enables us to 
accurately capture the jet mass and grooming parameters dependence



Variation in αs
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Variations in  (10% below) modify both shape and normalization:αs



Projections for  measurementsαs
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1. NNLL perturbative 
uncertainty dominates


2. Not constraining NP 
parameters leads to an 
irreducible  
uncertainty on  
measurement


3. Quark and gluon jets have 
comparable sensitivity

𝒪(1%)
αs

[Hannesdottir, Pathak, Schwartz, Stewart]



Conclusions

• New insights into hadronization corrections in multi pronged jets using soft 
drop jet mass


• NP corrections in 2-pronged jets require non-trivial auxiliary measurements


• Calibrate MC hadronization models in this framework — uncertainty set by 
perturbative uncertainty on  and 


• Use this formalism to determine ultimate prospects for  measurements 
using soft drop jet mass

C1(m2
J,gr) C2(m2

J,gr)

αs
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Thank you


