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Motivation

I Experimental motivation
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I Theoretical motivation: challenge of IRC unsafe observable
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Colour Flow

I difference between colour singlet (signal) and colour octet (background)

qq̄ → H → bb̄ and qq̄ → g → bb̄ [Gallicchio, Schwartz, 1001.5027]

I MC shower picture:
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Definition of Pull

I Construction of the jet pull

[ATLAS, 1805.02935]

I Definition of pull:

I One dimension projections:

~t = (t, φp) = (tx , ty )

I Properties of pull: additive, IRC safe
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IRC safety vs Sudakov safety

IRC safety

The complete cancellation of infrared and collinear singularity require the IRC safe
observable as

On(p1...pi ...pn)→ On−1(p1...pi−1, pi+1...pn), if pi → 0

On(p1...pi , pj ...pn)→ On−1(p1...pi + pj ...pn), if pi ‖ pj

I IRC unsafe observables:

Ratio Observable:[A, Larkoski, J.Thaler,1307.1699]

dσ

dr
≡
∫

dαdβ
d2σ

dαdβ
δ

(
r − α

β

)

Pull angle:
dσ

dφp
=

∫
tdtdφp

d2σ

d~t
δ
(
φp − cos−1 tx

t

)

I Sudakov safety: with the help of all-order resummation, the Sudakov factor will
act as the regulator for the double differential cross section
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Sudakov safe techniques

Formalisms for the calculation:

I Approach 1: Double differential NLL resummation

7

1

σ

dσres

d~t
=

∫
d2b

(2π)2 e
i~b·~te−R(b)

I Approach 2: Joint probability

3

p (φp) ≈
∫

dt pres (t) pfo (φp|t)

=

∫
dt e−R(t) d

2σfo

dtdφp

We can avoid the puzzle from the double differential resummation, by just resum the
pull magnitude
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Review: qT Resummation formalism

For the general qT like observable V
(
~k
)

, ~k =
∑
i

~k⊥i , the all-order differential cross

section is

d2σ

dV
= V

∞∑
n=0

∫ n∏
i=1

d [ki ] |M (p1, p2, k1 · · · kn) |2 δ(V − Ṽ (k1 · · · kn))

n-particle final state real emissions can be factorized as

|M (p1, p2, k1 · · · kn) |2 = |M0 (p1, p2) |2 1

n!
|M (ki ) |2 · · · |M (kn) |2

Simplify the QCD amplitude with single gluon emission:

soft part:

|M (k1) |2 = CF
2p1p2

(k1p1)(k1p2)

collinear part:

|M (z) |2 = P(z) = CF
1+(1−z)2

z
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Review: qT Resummation formalism

I Collinear n gluon emissions, with R = 0.4:

~t =
n∑

i=1

~ti (ki )

I The all-order formalism for collinear emission becomes:

d2σ

d~t
= V

∞∑
n=0

1

n!

n∏
i=1

d [ki ]P (zi ) δ
(2)

(
~t −

∞∑
n=0

~ti (ki )

)
I Sum over all emissions can be done as

1

σ

d2σ

d~t
=

1

4π2

∫
d2~be i

~b·~texp

[
−
∫

d [k]P (z)
(

1− e−i~b·~t1
)]

≡ 1

4π2

∫
d2~be i

~b·~te−R(b)
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Resummed results (pull magnitude)

I Recall the definition of pull Eq

1− z

z

θ1

θ2

~t =
∑
i∈Jet

Ei sin
2θi

EJ
(cosφi , sinφi )

I In collinear limit, the single gluon emission pull is

~t1 = z (1− z) |1− 2z |θ2 (cosφ, sinφ)

I The radiator becomes

R (b) =

∫ R2

0

dθ2

θ2

∫ 1

0

dz
αs

2π
P (z)

(
1− J0

(
bzθ2

))
I For the pull magnitude, simply integrate over the b-space azimuthal angle and the

pull angle φp

1

σ

dσ

dt
= t

∫ ∞
0

bdbJ0 (bt) e−R(b)
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Fixed-order result
I Double differential distribution

d2σ

dt dφp
=
αs

π2

CF

t
[log

4 tan2 R
2

t
− 3

4

+ 2 cotφp tan−1

tan R
2

tan
θ12

2

sinφp

1− tan R
2

tan
θ12

2

cosφp

− log(1 +
tan2 R

2

tan2 θ12
2

− 2
tan R

2

tan θ12
2

cosφp)]

I Magnitude of pull
dσ

dt
=
αs

π

CF

t

log
1

t
− 3

4
− log

1− tan2 R
2

tan2 θ12
2

4 tan2 R
2


 .

-�� -�� -�� -� -� -� -� �
�

��

��

��

��

����

� σ

�σ

�
��
��

Hemisphere Pull Magnitude

� ��������� ���� ���

� ��������� ���������

 ������� (�)��
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Higher order comparison

For the higher order(NNLO) comparison with EVENT2:
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Σ(t) = (1 + αsC
(q)
1 )S(αsL)e−Rq(αsCF ,L) + αsC

(g)
1 e−Rg (αsCA,L)
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Perturbative joint distribution
I Relation between subjet angle and boost angle:

m2 = 2E1E2 (1− cosθ12)⇒ cosθ12 = 1− 2m2

E 2

1

1− β2cosθ

⇒ θ12min ≈ 2

γ

I The subjet angle distribution is

p(cosθ12) =
1

γ2

Θ
(

1− 2
γ2 − cosθ12

)
(1− cosθ12)3/2

√
1− 1

γ2

√
1− 2

γ2 − cosθ12

I By convolve with the result of Sudakov safe calculation, the full perturbative joint
distribution is

pperp (t, φ) =

∫ −0.18

−0.62

dcosθ12pres (t) pfo (t|φp) p (cosθ12)

+ + + + +
+ + + + + + + + + + + + + +

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

ϕ�

π

� σ

�σ �ϕ
�

Pull Angle
� ��� ���

� ����� ���� ��→ ��
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Non-perturbative correction

I In non-perturbative emission region:

t <
ΛQCD

EJ

I we choose the non-perturbative distribution as

pnp (t, φp) ∼ tanh

(
1

aφp (2π − φp)

)
δ

(
t − ΛQCD

EJ
sin2R

)
, a ∈ (0,∞)

I The angle dependent part:

��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

ϕ�

Shape of Tanh Function

� � → �

� � = � /�

� � = � /�

� � = �
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Compare with MC and data

Finally the pull angle distribution can be obtained by

p (φp) =

∫ ∞
0

dt

∫ ∞
0

dt′
∫ 2π

0

dφ′
∫ ∞

0

dt′′
∫ 2π

0

dφ′′

2π
pperp

(
t′, φ′

)
pnp
(
t′′, φ′′

)
× δ

(
φp − cos−1 t

′cosφ′ + t′′cosφ′′

t

)
δ
(
t −

√
t′2 + t′′2 + 2t′t′′cos (φ′ − φ′′)

)

× ×
×
×
×
×
×
× ×

× ×
× × × × × × × ×

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

ϕ�

π

� σ

�
σ

�
ϕ
�

Pull Angle
� ��� ���

� ����� ���� ��→ ��

× ������ ������ �����

▮ ������ ������ �����

C. Wu (UniGe) Jet Pull 12 Jun, 2019 16 / 22



Compare with MC and data

Finally the pull angle distribution can be obtained by

p (φp) =

∫ ∞
0

dt

∫ ∞
0

dt′
∫ 2π

0

dφ′
∫ ∞

0

dt′′
∫ 2π

0

dφ′′

2π
pperp

(
t′, φ′

)
pnp
(
t′′, φ′′

)
× δ

(
φp − cos−1 t

′cosφ′ + t′′cosφ′′

t

)
δ
(
t −

√
t′2 + t′′2 + 2t′t′′cos (φ′ − φ′′)

)

× ×
×
×
×
×
×
× ×

× ×
× × × × × × × ×

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

ϕ�

π

� σ

�σ �
ϕ
�

Pull Angle
� ��� ���

� ����� ���� ��→ ��

× ������ ������ �����

▮ ������ ������ �����

C. Wu (UniGe) Jet Pull 12 Jun, 2019 16 / 22



Outline

1 Introduction
definition of pull
Sudakov safe techniques

2 Theoretical predictions at small qT
standard qT resummation formalism
pull angle: comparison with MC and data

3 IRC safe observable
analog from aT distribution
resummed result

4 Summary and Outlook
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Compare aT with qT distribution

I Definition of tx and aT distribution [A. Banfi, M. Dasgupta and R. M. Duran Delgado, 0909.5327]

aT =|
∑
i

kti sinφi |

tx =|
∑
i

ticosφi |

I Fixed-order result

Σ(1) (aT ) ∼αsCF

∫ 2π

0

dφ

2π

(
log 2 M|sinφ|

aT
− 3

2
log

M|sinφ|
aT

)
=αSCF

(
log 2 M

2aT
− 3

2
log

M

2aT
+
π2

12

)
Σ(1) (tx) ∼αSCF

∫ 2π

0

dφ

2π

(
log 2 |cosφ|

tx
− 3

2
log
|cosφ|
tx

)
I Similarities between aT and tx
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Resummed result for tx

I Resummation formalism for tx

dσ

dtx
=

1

π

∫ +∞

0

dbcos (btx) e−R(|b|)

I Comparison with EVENT2:
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I Resummation formalism for tx
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All order results

Pr
eli
m
ina
ry

I (N)LO+NLL matching with EVENT2
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Hemisphere Pull tx
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�

� σ

�σ �
�

Hemisphere Pull Magnitude

I Non Sudakov suppression for tx :

dσ

dtx
=

1

π

∫ ∞
0

dbcos (btx) e−
αs CF

2π
log2b =

1

π

∫ ∞
0

dbe−
αs CF

2π
log2b

[
1 + O

(
t2
x

)]
=

√
2

αsCF
e

π
2αs CF + O

(
t2
x

)
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Outline

1 Introduction
definition of pull
Sudakov safe techniques

2 Theoretical predictions at small qT
standard qT resummation formalism
pull angle: comparison with MC and data

3 IRC safe observable
analog from aT distribution
resummed result
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Summary and Outlook

Summary:

I With the help of Sudakov safe techniques, we present the first theoretical
prediction for the pull angle.

I Our calculation sheds light on the difference between MC and data.

I Precision calculation of jet pull may also help to study Higgs and BSM physics, by
explore the pattern of colour radiation.

I New IRC safe observable, while maintain the same sensitivity of color flow. as pull
angle.

Future works:

I Need to account the W boost by match to the W boson decay matrix element.

I Monte Carlo study to check the robustness of our new observable.

I Go higher order and accuracy: full (N)NLO+NLL′ result, with NGL.

I Complete theory predictions: factorization with arbitrary color flow.

Thank you for your attention
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I New IRC safe observable, while maintain the same sensitivity of color flow. as pull
angle.

Future works:

I Need to account the W boost by match to the W boson decay matrix element.

I Monte Carlo study to check the robustness of our new observable.

I Go higher order and accuracy: full (N)NLO+NLL′ result, with NGL.

I Complete theory predictions: factorization with arbitrary color flow.
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Backup: Double differential NLL formalism

For ~t = (t, φp)

I Missing NLL term for pull angle

dσNLO

tdtdφp
=

αs

2π2

CF

t2

[
log

4tan2 R
2

t
−

3

4
+ f

(
φp , R, θ12

)
]

dσres·exp

tdtdφp
=

αs

2π2

CF

t2

[
log

4tan2 R
2

t
−

3

4
− log (1− a (R, θ12))

]

I Check pull magnitude

∫ 2π

0

dφp

2π

f
(
φp
)

+ log
(

1− a2
)

t2
≡
∫ 2π

0

dφp

2π

g
(
αs , φp

)

t2
= 0

For ~t = (tx , ty )

I tx from the joint distribution

dσ

dtx
=

∫
d2t

d2σ

tdtdφ
δ (tx − tcosφ)

I Compare with resummed result

-����� -����� ����� ����� �����
�

�

��

��

��

� σ

�σ �
��

Hemisphere Pull tx: (N)LO
 �����-�����

 ��������
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Backup: (N)LO+NLL

Pr
eli
m
ina
ry

Improvement for the fixed-order results:

1

σ

dσ(N)LO+NLL

dlogt
=

1

σ

[
dσ(N)LO

dlogt
+

dσNLL

dlogt
− dσNLL,αs

dlogt

]
Matched end-point:

log
1

t
→log

(
1

t
− 1

tmax
+

eBq

4

)
with tall = 4e−Bq, tmax ∼ 0.2

Result for (N)LO+NLL:

��-� ��-� ����� ����� ����� �
���

���

���

���

���

����

� σ

�σ

�
��
��

Hemisphere Pull Magnitude
� ��������� ������

� ��������� ������� ��

��-� ��-� ����� ����� �����
���

���

���

���

���

����

� σ

�σ

�
��
��

Hemisphere Pull Magnitude
� �������� (�)��+���

� ��������� ���-�����

� ��������� ��������

� ������� (�)��
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Backup: Sudakov factor at LL

The Sudakov factor at LL is

∆ (t) = e−
αs CF

2π
log2t

And the Sudakov safe calculation becomes

dσ

dφp
=

∫
dt∆ (t)

d2σ

dtdφp
∼ O (

√
αs)

+ + + + +
+ + + + + + + + + + + + + +

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

ϕ�

π

� σ

�σ �ϕ
�

Pull Angle
� ��� ���

� ����� ���� ��→ ��

+ ������ ������ �����

� ������ ������ �����

▮ ������ ������ ������ θ��

Sudakov safe calculation for LL Sudakov factor
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