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Outline

• Leading Power:
• Organizing SCET Calculations with Helicity

• Next-to-Leading Power:
• SCET at Subleading Power
• Symmetry Constraints from Helicity Conservation
• Subleading Power Calculations
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Leading Power

[Moult, Stewart, Tackmann, Waalewijn] 1508.02397
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SCET

• SCET describes soft and collinear radiation in the presence of a hard
scattering.

p

p

b

W

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• Allows for a factorized description: Hard, Jet, Beam, Soft functions

[Bauer, Fleming, Pirjol, Stewart]
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SCET

• Hard scattering is described by operators in EFT

p

p

b

W

Hard scattering operators

• Building blocks: collinear quark             gluon  
 

• Textbook approach to spin unnecessarily complicated

Oi

=
X

i

Ci⇥

�n,! Bn?,!

[Marcantonini, Stewart]

n = direction,       = energy (x2)!

QCD SCET

O1 = �̄n3,!3
n/2 �n4,!4

Bn1?,!1
· Bn2?,!2

H

O2 = �̄n3,!3
B/n1?,!1

�n4,!4
n4 · Bn2?,!2

H

O3 = �̄n3,!3
n/1n/2 B/n1?,!1

�n4,!4
n4 · Bn2?,!2

H

· · ·

X

diagrams

4
χn,ω(x) =

[
δ(ω − Pn)W †

n (x) ξn(x)
]

Bµn,ω⊥(x) = 1
g

[
δ(ω + Pn)W †

n (x) iDµ
n⊥Wn(x)

]

• At leading power, operator contains one quark or gluon jet field for
each well separated jet direction.
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SCET

• Many applications involve higher multiplicity:

• Becomes tedious to make bases in terms of standard Lorentz/ Dirac
structures:

Oabc↵̄� = Bµa
n1?B⌫b

n2?B�c
n3?�̄

↵̄
n4
�µ⌫��

�
n5
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Helicity Amplitudes

• Well known simplicity in on-shell helicity amplitudes
• Compact expressions.
• Manifest symmetry properties.
• · · ·

• e.g. 4g scattering:

A(1�2�3+4+) = g2
X

�2Sn/Zn

Tr(T a�(1) . . . T a�(4))A(�(1�), . . . , �(4+)) = + +
�

+�

+

� +

+ �

� +

+

A(1�, 2�, 3+, 4+) =
h12i4

h12ih23ih34ih41i

• Can we use similar tricks at the operator level?
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Helicity Operators in SCET

n1

n2

n3

• SCET formulated as expansion about lightlike directions ni :
Bni⊥, χni ,ω

• Define natural directions to define helicities w.r.t.

• Can define jet fields of definite helicity:

Gluons: Bai± = −ε∓µ(ni , n̄i )Baµni ,ωi⊥i

Quark Bilinear : J ᾱβij+ =

√
2 εµ−(ni , nj)√

ωi ωj

χ̄ᾱi+ γµχ
β
j+

〈ninj〉
,

J ᾱβij− = −
√

2 εµ+(ni , nj)√
ωi ωj

χ̄ᾱi− γµχ
β
j−

[ninj ]
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An Example
n1

n2

n3

n4

n5

Oabc↵̄� = Bµa
n1?B⌫b

n2?B�c
n3?�̄

↵̄
n4
�µ⌫��

�
n5

Oabc↵̄�
+++(±) =

1

3!
Ba

1+Ba
2+Ba

3+J ↵̄�
45± , Oabc↵̄�

++�(±) =
1

2
Ba

1+Ba
2+Ba

3�J ↵̄�
45±

Oabc↵̄�
��+(±) =

1

2
Ba

1�Ba
2�Ba

3+J ↵̄�
45± , Oabc↵̄�

���(±) =
1

3!
Ba

1�Ba
2�Ba

3�J ↵̄�
45±

• Example: pp− > 3 jets, qq̄ggg channel.

• With standard operators, minimal basis
hard to find, hard to match to:

• Helicity operators trivialize constructing
a basis:

• Wilson coefficients, C a1···ᾱβ
+····− found by matching.
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Matching, RG and Symmetries

• Basis has many nice features:
• Wilson coefficients in EFT are given by finite part of color stripped

helicity amplitudes
=⇒ Trivial to interface with on-shell helicity amplitudes.

• Leading power SCET interactions preserve helicity of each sector
=⇒ RG evolution diagonal in helicity space (and no evanescent

operators)

• Many symmetries manifest: C/P, angular momentum conservation,
crossing symmetry.

C a1···ᾱβ
+····− = −iAfin+····−

ai

~T ··bi··bj··

ifaicbi

ifajcbj aj

T c
αiβ̄i

αi

ᾱj−T c
βjᾱj

~T ··βi··β̄j··

ai

αjT c
αjβ̄j

~T ··bi··βj··

ifaicbi
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ApplicationsResummed Predictions for Signal-Background Interference
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• Consider e↵ect on two di↵erent Higgs masses.

• Normalize the NLL distributions to the jet veto suppression at mH .
Shows the suppression of the interference relative to the on-shell
contribution, due to the jet veto: strong ŝ dependence.

• Jet veto can enhance or suppress relative size of interference.

Ian Moult (MIT) Jet Vetoes Interfering with H! WW March 26, SCET 2014 18 / 22

O↵-Shell E↵ects in Vector Boson Final States

• Can be removed by cuts in Higgs searches so that �nwa is accurate.

• I will focus on these contributions for gg ! H ! WW . Two
topologies contribute at LO:

• �SM
H ' 4MeV , but for decays to massive

vector bosons there are non-negligible
contributions from m4l � mH .

ŝ

9
=
;m2

4l
H

� ⇠
����� H

e+

⌫

⌫̄

µ�

W+

W�
+

W+
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2

• Two contributions depend on the Higgs properties:

�I ⇠ 2Re

✓
H

e+

⌫
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µ�

W+

W�

W+

W�

e+

⌫
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†◆
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����
2

| {z }
Higgs Mediated

• Remaining term contributes to background.
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• Large kinematic logarithms of ratios of dijet invariant masses 

• E.g. two nearby jets are resolved in a second matching step 
 
 
 
where Wilson lines X and V describes collinear-soft radiation 

• SCET+ used for multidifferential measurements [Procura, WW, Zeune] 

nonglobal logs [Larkoski et al, Becher et al], jet radius logs [Chien et al], …

�̄↵̄
t+ =

X

�g

Z
d!1 d!2 Ca ��̄

+�g
(Xn1

B1�g
X†

n1
)a(�̄2+X†

n2
)�̄V �↵̄

nt

Application to jets with kinematic hierarchies

10

[Bauer, Tackmann, Walsh, Zuberi; Pietrulewicz, Tackmann, WW]
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Figure 1. Di↵erent hierarchies for three-jet events in e+e� collisions.

in case (b), where two jets (labelled 1 and 2) are close to each other. It is characterized

by the hierarchy s12 ⌧ s13 ⇠ s23 ⇠ Q2. The soft regime is shown in case (c), where

one jet (labelled 1) is less energetic than the others. It is characterized by the hierarchy

s12 ⇠ s13 ⌧ s23 ⇠ Q2. Finally, in the soft/collinear overlap regime, shown in case (d), one

jet is softer than the others and at the same time closer to one of the hard jets, leading to

the hierarchy s12 ⌧ s13 ⌧ s23 ⇠ Q2.

In general, SCET+ can have multiple soft and collinear regimes (along with the cor-

responding overlap regimes), which is necessary to describe multiple hierarchies between

several jets. We discuss in detail the application of the SCET+ formalism for a generic

N -jet process at hadron colliders and for a number of di↵erent hierarchies. The cases we

explicitly consider include

• One soft jet.

• Two jets collinear to each other, with or without a hierarchy in their energies.

• Two jets collinear to each other plus an additional soft jet.

• Two soft jets with or without a hierarchy in their energies.

• Two soft jets collinear to each other.

• Three jets collinear to each other with or without a hierarchy in the angles between

them.

These cases contain the nontrivial features and essential building blocks that are needed

to describe arbitrary hierarchies.

Each regime requires a di↵erent mode setup in SCET+, so technically corresponds to

a di↵erent e↵ective field theory. We explain how they are appropriately combined and
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SCET SCET+

Matching For Jet SubstructureOff-shell Higgs Production
with a Jet Veto

[Moult,Stewart] [Pietrulewicz, Tackmann, Waalewijn], [Larkoski, Moult, Neill]
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Next-to-Leading Power

[Kolodrubetz, Moult, Stewart] 1601.02607

[Feige, Kolodrubetz, Moult, Stewart] Forthcoming

[Moult, Rothen, Stewart, Tackmann, Zhu] Forthcoming
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Introduction

• A large class of observables τ (pT , threshold, event shapes, etc. )
exhibit singularities in perturbation theory:

dσ

dτ
=
∞∑

n=0

(αs

π

)n 2n−1∑

m=0

c
(0)
nm

(
logm τ

τ

)

+

+
∞∑

n=1

(αs

π

)n 2n−1∑

m=0

c
(2)
nm logm τ

+
∞∑

n=1

(αs

π

)n 2n−1∑

m=0

c
(4)
nm τ logm τ

+ · · ·
• Expansion about singular (soft/collinear) limits

• Simplifies structure/ calculation
• Often gives phenomenologically large contributions
• Reveals universal structures in gauge theories
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Leading Power

• Observables can be organized in an expansion in τ .

dσ

dτ
=

dσ(0)

dτ
+

dσ(2)

dτ
+

dσ(4)

dτ
+ · · ·

• Leading power well understood for a wide variety of observables.

dσ(0)

dτ
=
∞∑

n=0

(αs

π

)n 2n−1∑

m=0

c
(0)
nm

(
logm τ

τ

)

+

= H(0)J(0)
τ ⊗ J(0)

τ ⊗ S (0)
τ + O

(ΛQCD

Qτ

)
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].

Total scale uncertainties
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[Stewart, et al.] [HuaXing Zhu’s Talk]
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Subleading Power

• Subleading powers much less well understood.

• Are there factorization theorems at each power?

dσ(n)

dτ
=
∑

j

H
(nHj )
j ⊗ J

(nJj )
j ⊗ S

(nSj )
j

• What is the degree of universality?

• Start by looking at Next-to-Leading Power (NLP):

dσ(2)

dτ
=
∞∑

n=1

(αs

π

)n 2n−1∑

m=0

c
(2)
nm logm τ
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Soft Collinear Effective Theory

• SCET has proven to be a powerful framework for studying
factorization.

• Allows a systematic expansion about soft ps ∼ (λ2, λ2, λ2) and
collinear pc ∼ (1, λ, λ2) limits in a power counting parameter λ ∼ √τ .

• In Collider context has been applied primarily at leading power.

• Fields/Lagrangians have a definite power counting in λ.

Operator Bµni⊥ χni Pµ⊥ qus Dµ
us

Power Counting λ λ λ λ3 λ2

LSCET = Lhard + Ldyn =
∑

i≥0

L(i)
hard +

∑

i≥0

L(i)

[Bauer, Fleming, Pirjol, Stewart]
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Leading Power SCET

• Leading Power SCET:
• Leading Power Hard Scattering Operators: χ̄nΓχn̄

• Leading power Feynman rules (eikonal/ collinear)
• Measurement function/ kinematics expanded to leading power

Advances in QCD October 28, 2016 17 / 41



Subleading Power SCET

• Subleading Power in SCET:
• Subleading Lagrangian Insertions

• Subleading Hard Scattering Operators
• Subleading Measurement function

• Corrects dynamics of propagating soft/collinear particles.

• Local Corrections to scattering vertex. Multiple fields per collinear
sector.

• Corrects definition of measurement: τ = τ (0) + τ (1) + τ (2)
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Subleading Lagrangian

• Subleading Lagrangians are universal, and known.

• Correct the dynamics of soft and collinear particles. e.g.
• Correction to eikonal emission:

• Emission of soft quarks:

L(1)
χnqus = χ̄n

1

P̄ g /Bn⊥qus + h.c.

L(2)
χn

= χ̄n

(
i /Dus⊥

1

P i /Dus⊥ − i /Dn⊥
i n̄ · Dus

(P)2
i /Dn⊥

)
/̄n

2
χn
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Subleading Hard Scattering Operators

• Hard Scattering Operators describe process dependence.

• Obtained by matching calculation.

• Need a complete basis of operators consistent with symmetries.

• Consider e+e− → dijets:
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Subleading Hard Scattering Operators

• Want basis to all orders in αs . Finite by power counting.

• Multiple collinear fields per sector.

O(λ0):

O(λ1):

O(λ2):
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Organize Using Helicities

• Operators, and interferences easily organized in terms of helicities.

• In SCET, all fields expanded about a common axis.

• Interesting constraints at subleading powers.

• Multiple collinear fields per sector:

• Wilson coefficient vanishes by basic QM.

• Spinor helicity encodes spin projections (Wigner-D functions).

• Also strong constraints for gg → H

+1
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+1
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Relevant Hard Scattering Operators

• For leading log (singularity), αn
s log2n−1(τ), two relevant hard

scattering operators:

qg In Same Sector qq̄ In Same Sector

• qq̄ in same sector has no LP analog.

Jnn̄λ1Pλ2
⊥ Bnλ3 Jn̄λ1Bnλ2
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Matching

• Wilson coefficients, C (ω1, ω2) can be obtained by matching.

• C (ω1, ω2) depends on large momentum fraction, i.e. z , 1− z .




+




∣∣∣∣∣∣∣∣∣∣
O(λ)

= C (ω1, ω2)
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Fixed Order Thrust at NLP

• Begin by studying structure in fixed order pert theory.

• Most interested in the leading log: αs log(τ), α2
s log3(τ), · · ·

• Simple playground is Thrust in e+e−

τ = 1−maxt̂

∑
i |t̂ · ~pi |∑
i |~pi |

• Exact NLO result known.

zs ⇠ ⌧

)
✓cc ⇠ p

⌧
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NLO Thrust at NLP

• Calculate one-loop graphs with NLP operators/ Lagrangians.

Collinear Gluon Soft Gluon

1

σ0

dσ
(2)
1

dτ
=8CF

[
1

ε
+ log

(
µ2

Q2τ

)]
− 8CF

[
1

ε
+ log

(
µ2

Q2τ2

)]

=8CF log(τ)
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NLO Thrust at NLP

• Calculate one-loop graphs with NLP operators/ Lagrangians.

Collinear Quarks Soft Quark

1

σ0

dσ
(2)
1

dτ
=− 4CF

[
1

ε
+ log

(
µ2

Q2τ

)]
+ 4CF

[
1

ε
+ log

(
µ2

Q2τ2

)]

=− 4CF log(τ)
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NLO Thrust at NLP

• Sum four graphs, reproduces the NLP piece of well known NLO
thrust result:


 + + +




1

σ0

dσ
(2)
1

dτ
= 4CF log(τ)

Total

• Result gives directly (no expansions) the NLP contribution.
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NNLO Thrust at NLP

• Proceed to NNLO.

• Dress NLP emission with leading power emission (collinear, soft,
hard).


 +




 +




Quark Channel Gluon Channel

1

σ0

dσ
(2)
2

dτ
= c1C

2
F log3(τ)

1

σ0

dσ
(2)
2

dτ
= c2(c3C

2
F + CFCA) log3(τ)

Total

1

σ0

dσ
(2)
2

dτ
= d1(CFCA + d2C

2
F ) log3(τ)
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NNLO Thrust at NLP

• Interesting color structures for leading log (divergence).

• At LP, leading logarithmic divergence ∼ Cn
F .

• More interesting structure at NLP.

Total

1

σ0

dσ
(2)
2

dτ
= d1(CFCA + d2C

2
F ) log3(τ)
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Applications

• Goal: Understand all orders structure of NLP logs. Derive RG, etc.

• Fixed order is first step in understanding this.

• Already at fixed order NLP logs have interesting applications.

Advances in QCD October 28, 2016 31 / 41



Application to N-jettiness Subtractions

• NNLO calculations require cancellation of real/virtual poles.

• Use a physical resolution variable to slice phase space.

• Recently a general method allowing for jets in final state, based on
N-jettiness (see also Xiaohui Liu’s talk)

σ(X ) =

∫

0

dTN
dσ(X )

dTN
=

T cut
N∫

0

dTN
dσ(X )

dTN
+

∫

T cut
N

dTN
dσ(X )

dTN

[Gaunt, Stahlhofen,Tackmann, Walsh]

[Boughezal, Focke, Petriello, Liu]
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N-Jettiness
2

Jet 2

Soft

Soft Jet 1

e+ e−

1

2

(a) e+e− → 2 jets.

ℓ−

Soft
ℓ+

p p

Jet b
Jet a

b aY

Soft

(b) Isolated Drell-Yan.

Jet 2

Jet b Jet a

Soft

Jet 3

Jet 1b

a

1

32

p p

ℓ−

ℓ+

(c) pp → leptons plus jets.

FIG. 1: Different situations for the application of N-jettiness.

As we discuss below, this definition of τN yields a fac-
torization formula with inclusive jet and beam functions
and allows the summation of logarithms to next-to-next-
to-leading logarithmic (NNLL) order. The sum over k
in Eq. (1) runs over the momenta pk of all measured
(pseudo-)particles in the final state excluding the signal
leptons or photons in L. (Any other leptons or photons,
e.g. from hadronic decays, are included in the sum.) For
simplicity we take all pk to be massless. The qa, qb, and
q1, ..., qN are a fixed set of massless reference momenta
for the two beams and the N signal jets,

qµ
a,b =

1

2
xa,bEcm nµ

a,b , nµ
a = (1, ẑ) , nµ

b = (1, −ẑ) ,

qµ
J = EJ (1, n̂J) , J = {1, . . . , N} . (2)

The EJ and n̂J correspond to the energies and directions
of the N signal jets (for both massive and massless jets).
Their choice is discussed below. The beam reference mo-
menta qa and qb are the large momentum components of
the colliding partons along the beam axis (taken to be
the z axis). They are defined by

xaEcm = nb · (q1 + · · · + qN + q) , (3)

and analogously for xb with a ↔ b. Here, q is the to-
tal momentum of the non-hadronic signal L. In Eq. (1),
Q2 = xaxbE

2
cm is the hard interaction scale, and the dis-

tance of a particle with momentum pk from the jets or
beams is measured by qm · pk. If L contains missing en-
ergy, so q and xa,b are not known, one can use a modified
distance measure as we discuss below Eq. (11).

The minimum for each k in Eq. (1) associates the par-
ticle with the closest beam or jet, appropriately dividing
the hadronic initial-state radiation (ISR) and final-state
radiation (FSR). Soft particles and energetic particles
near any jet or beam only give small contributions to the
sum. For 2 → N scattering of massless partons, τN = 0.
Energetic particles far away from all jets and beams give
large contributions. Hence, for τN ≪ 1 the final state has
N jets, two forward beam jets, and only soft radiation
between them. In this limit xa,b are the momentum frac-
tions of the annihilated partons, and Y = ln(xa/xb)/2 is
the boost of the partonic center-of-mass frame.

N = 2 for e+e− → jets. In e+e− collisions there is no
hadronic ISR, so we drop the qa,b · pk entries in Eq. (1).
Now Q2 is the total invariant mass of the leptons and Y =
0. In the two-jet limit, the jet directions are close to the
thrust axis t̂, defined by the thrust T = maxt̂

∑
i |t̂·p⃗i|/Q.

Hence we can choose

qµ
1 =

1

2
Q (1, t̂ ) , qµ

2 =
1

2
Q (1, −t̂ ) (4)

as reference momenta, and Eq. (1) becomes

τee
2 =

1

Q

∑

k

Ek min
{
1 − cos θk, 1 + cos θk

}
, (5)

where θk is the angle between p⃗k and t̂. The minimum
divides all particles into the two hemispheres perpendic-
ular to t̂ as shown in Fig. 1(a). For τee

2 ≪ 1, the total
invariant mass in each hemisphere is much smaller than
Q, so the final state contains two narrow jets. In this
limit, τee

2 = 1 − T , and a factorization theorem exists for
dσ/dτee

2 , which can be used to sum logarithms of τee
2 [4].

For a given jet algorithm with resolution parameter y,
the value y23 marks the transition between 2 and 3 jets.
Thus requiring y23 ≪ 1 also vetoes events with > 2 jets.

N = 0 for Drell-Yan. Next, consider the isolated
Drell-Yan process, pp → Xℓ+ℓ− with no hard central
jets, shown in Fig. 1(b). We now have ISR from the in-
coming partons, but no FSR from jets. From Eq. (3) we
have

xaEcm = e+Y
√

q2 + q⃗ 2
T , xbEcm = e−Y

√
q2 + q⃗ 2

T , (6)

where q2 and q⃗T are the dilepton invariant mass and
transverse momentum, and Y equals the dilepton rapid-
ity. Now, Q2 = q2 + q⃗ 2

T and Eq. (1) becomes

τ0 =
1

Q

∑

k

|p⃗kT | min
{
eY −ηk , e−Y +ηk

}
. (7)

where |p⃗kT | and ηk are the transverse momentum and
rapidity of pk. The qa and qb dependence in Eq. (1) ex-
plicitly accounts for the boost of the partonic center-of-
mass frame. For Y = 0, the minimum in Eq. (7) divides

• N-jettiness: Inclusive event shape to identify N − 2 jets.

τN =
2

Q2

∑

k

min {qa · pk , qb · pk , q1 · pk , · · · , qN · pk}

dσ

dτN
= HBa ⊗ Bb ⊗ S ⊗ J1 ⊗ · · · ⊗ JN−1 +O(τN)

[Stewart, Tackmann, Waalewijn]

• τN � 1 =⇒ N − 2 isolated jets.

• All orders factorization theorem:
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N-jettiness Subtractions

σ(X ) =

∫

0

dTN
dσ(X )

dTN
=

T cut
N∫

0

dTN
dσ(X )

dTN
+

∫

T cut
N

dTN
dσ(X )

dTN

∫

T cut
N

dTN
dσ(X )

dTN
T cut
N∫

0

dTN
dσ(X )

dTN

Compute using factorization
in soft/collinear limits:

dσ

dτN
= HBa ⊗ Bb ⊗ S ⊗ J1 ⊗ · · · ⊗ JN−1

Additional jet resolved.
Use NLO subtractions.
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New NNLO Results with N-jettiness

• Impressive new results with jets in the final state: W /Z/H+jet at
NNLO

• Implemented in MCFM for color singlet production at NNLO.

• Conceptually simple, extendable to higher orders.

5

Figure 3: The transverse momentum spectrum of the W -
boson at LO, NLO and NNLO in perturbation theory. The
bands indicate the estimated theoretical error. The lower in-
set shows the ratios of the NLO over the LO cross section,
and the NNLO over the NLO cross section. The red vertical
error bars in the lower inset indicate the scale-variation error.
The blue and black lines in the lower inset respectively show
the distribution for T cut

N = 0.05 GeV and T cut
N = 0.06 GeV,

for the scale choice µ = MW .
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4

Figure 3: The transverse momentum of the leading jet at LO,
NLO, and NNLO in the strong coupling constant. The lower
inset shows the ratios of NLO over LO cross sections, and
NNLO over NLO cross sections. Both shaded regions in the
upper panel and the lower inset indicate the scale-variation
errors.

Figure 4: The transverse momentum of the Higgs boson at
LO, NLO, and NNLO in the strong coupling constant. The
lower inset shows the ratios of NLO over LO cross sections,
and NNLO over NLO cross sections. Both shaded regions
in the upper panel and the lower inset indicate the scale-
variation errors.

CONCLUSIONS

We have presented in this manuscript a complete cal-
culation of Higgs production in association with a jet
through NNLO in perturbative QCD. Our computation
uses the recently proposed method of jettiness subtrac-
tion, a general technique for obtaining higher-order cor-
rections to processes containing final-state jets. We con-
firm and extend a recent calculation of the dominant

gg and qg partonic channels through NNLO [11], and
present additional phenomenological results for 8 TeV
LHC collisions. We also present several distributions for
the Higgs and the leading jet that can be measured with
LHC data. Our results indicate that the perturbative se-
ries is under good control after the inclusion of the NNLO
corrections. We look forward to the comparison of our
theoretical prediction with the upcoming data from Run
II of the LHC.

ACKNOWLEDGEMENTS

R. B. is supported by the DOE contract DE-AC02-
06CH11357. C. F. is supported by the DOE grant DE-
FG02-91ER40684. W. G. is supported by the DOE con-
tract DE-AC02-07CH11359. X. L. is supported by the
DOE. F. P. is supported by the DOE grants DE-FG02-
91ER40684 and DE-AC02-06CH11357. This research
used resources of the National Energy Research Scien-
tific Computing Center, a DOE O�ce of Science User
Facility supported by the O�ce of Science of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231.

⇤ Electronic address:rboughezal@anl.gov
† Electronic address:christfried.focke@northwestern.edu
‡ Electronic address:giele@fnal.gov
§ Electronic address:xhliu@umd.edu
¶ Electronic address:f-petriello@northwestern.edu

[1] For recent studies of the Higgs couplings to various
states, see ATLAS-CONF-2015-007; V. Khachatryan et
al. [CMS Collaboration], arXiv:1412.8662 [hep-ex].

[2] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88,
201801 (2002) [hep-ph/0201206].

[3] C. Anastasiou and K. Melnikov, Nucl. Phys. B 646, 220
(2002) [hep-ph/0207004].

[4] V. Ravindran, J. Smith and W. L. van Neerven, Nucl.
Phys. B 665, 325 (2003) [hep-ph/0302135].

[5] S. Catani, D. de Florian, M. Grazzini and P. Nason,
JHEP 0307, 028 (2003) [hep-ph/0306211].

[6] S. Moch and A. Vogt, Phys. Lett. B 631, 48 (2005) [hep-
ph/0508265].

[7] V. Ahrens, T. Becher, M. Neubert and L. L. Yang, Eur.
Phys. J. C 62, 333 (2009) [arXiv:0809.4283 [hep-ph]].

[8] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and
B. Mistlberger, arXiv:1503.06056 [hep-ph].

[9] M. Bonvini, R. D. Ball, S. Forte, S. Marzani and G. Ri-
dolfi, J. Phys. G 41, 095002 (2014) [arXiv:1404.3204
[hep-ph]].

[10] R. Boughezal, X. Liu, F. Petriello, F. J. Tackmann and
J. R. Walsh, Phys. Rev. D 89, no. 7, 074044 (2014)
[arXiv:1312.4535 [hep-ph]].

[11] R. Boughezal, F. Caola, K. Melnikov, F. Petriello and
M. Schulze, JHEP 1306, 072 (2013) [arXiv:1302.6216
[hep-ph]].

pT Spectrum in Z+ Jet pT Spectrum in H+ Jet

[Boughezal, Focke, Giele, Petriello, Liu]

Advances in QCD October 28, 2016 35 / 41



Power Corrections

• Current subtractions use leading power result in singular region.

• Power corrections are dropped =⇒ small values of T cut
N necessary.
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nm logm τ
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n=∞∑
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(
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c(2)
nm τ logm τ

+ · · ·

• Use of a physical resolution variable =⇒ power corrections
analytically tractable.

Estimated Missing Correction
Solid=LP

Dashed=remove LL NLP

[Gaunt, Stahlhofen,Tackmann, Walsh], see also Xiaohui’s Talk
[Boughezal, Petriello, Liu, et al.]
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NLO Beam Thrust at NLP

• Start with simplest case: 0-jettiness (beam thrust)

• All hard work in setup done for thrust: operators, Lagrangian,
identical.

• Simply cross results, and take into account pdfs, measurement...

↔

↔

↔

↔

qq̄ channel qg channel
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NLO Beam Thrust at NLP

• Comparison to fixed order (MCFM):

qq̄ channel qg channel

DifferentialDifferential

IntegratedIntegrated

T cut
N∫

0

dTN
dσ(X )

dTN
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NNLO 0-Jettiness at NLP

• NNLO result for both qq̄ and qg also obtained by crossing, taking
into account pdf, and measurement.

• Find good agreement with NNLO fixed order (MCFM):

qg channel

Sequestered
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Conclusions

• Helicity can be used to organize operators in SCET at both LP and
NLP.

• LP: Facilitates matching to fixed order calculations.
=⇒ Applications to processes with more legs.

• NLP: Simplifies organization of operator bases.
=⇒ Fixed order power corrections for

NNLO subtractions.

Resummed Predictions for Signal-Background Interference
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• Consider e↵ect on two di↵erent Higgs masses.

• Normalize the NLL distributions to the jet veto suppression at mH .
Shows the suppression of the interference relative to the on-shell
contribution, due to the jet veto: strong ŝ dependence.

• Jet veto can enhance or suppress relative size of interference.
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Thanks!
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