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pp ! jet +X

• Out-of-jet radiation unconstrained 
and integrated over

• Out-of-jet radiation constrained by

see e.g. talks by Yiannis Makris, Johannes Michel

pcutT , ⌘cut
Inclusive jetsExclusive jets

d!
d" dpT

pp ! di-jets

d!
d" dpT d#

Kang, FR, Vitev `16
Dai, Kim, Leibovich `16

Kaufmann, Mukherjee, Vogelsang `15
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Inclusive jet cross sections              l
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d�pp!jetX

dpT d⌘
=

!

a,b,c

fa ! fb ! Hc
ab ! Jc

µ
d

dµ
Ji =

!

j

Pji ! Jj

• RG evolution

• Hard-collinear factorization

+O(R2/R 2
0)

pp ! jet +X

resummation of ! n
s lnn R

µ = pT

µJ = pT R

Kang, FR, Vitev `16
Dai, Kim, Leibovich `16

Kaufmann, Mukherjee, Vogelsang `15

via DGLAP
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The semi-inclusive jet function
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• NLO result

Kang, FR, Vitev `16

• The siJF                   describes how a parton is transformed into a 
jet with radius    and carrying an energy fraction R z

Jc(z, pTR,µ)

pT = pcT

pcT

pT != pc
T

where z = pT /p
c
T

=
! s

2"

!
1
#

+ ln
!

µ2

p2
T R2

""
[Pqq(z) + Pgq(z)]J (1)

q (z, pT R, µ)
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Measuring the mass of a jet
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• Quark-gluon discrimination

• Tagging of boosted objects

• Jet mass                        for inclusive jet productionm2
J =

⇣X

i2J

pi

⌘2
pp ! (jetm2

J)X

• Sensitive to NP physics:  multi parton 
interactions (MPI), hadronization, pileup

ATLAS, JHEP 1205 (2012) 128

!
s = 7 TeV

pp ! jet + X

see also: Li, Li, Yuan `11,  
            Dasgupta, Khelifa-Kerfa, Marzani, Spannowsky `12,  É
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Jet mass factorization
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Kang, Lee, FR `18 

• Hard-collinear factorization R ⌧ 1

⌧ =
m2

J

p2T

• Hard-collinear-soft factorization ⌧ ⌧ R2

Gc(z, pT , R, ⌧, µ) =
X

i

Hc!i(z, pTR,µ) Ci(⌧, pT , µ) ! Si(⌧, pT , R, µ)

hard-matching

collinear soft
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Jet mass factorization
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Kang, Lee, FR `18 

• Hard-collinear factorization R ⌧ 1

⌧ =
m2

J

p2T

• Hard-collinear-soft factorization ⌧ ⌧ R2

Gc(z, pT , R, ⌧, µ) =
X

i

Hc!i(z, pTR,µ) Ci(⌧, pT , µ) ! Si(⌧, pT , R, µ)

Inclusive jet substructure: RG evolution via DGLAP
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Jet mass factorization
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• Hard matching functions

• RG Evolution: modified DGLAP

where

4 coupled equations with double logarithms. Characteristic scale

Kang, FR, Waalewijn `17

µH = pTR

L = ln
✓

µ2

p2T R2

◆

pTR

pTRpTR
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Collinear and soft functions
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• Inclusive jet function pc ⇠ pT (1, ⌧,
p
⌧)

• Collinear-soft function
Bauer, Tackmann, Walsh, Zuberi `11

Bauer, Manohar `04,  Ellis, Hornig, Lee, Vermilion, Walsh `10
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Collinear and soft functions
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• Inclusive jet function

• Collinear-soft function
Bauer, Tackmann, Walsh, Zuberi `11

pc ⇠ pT (1, ⌧,
p
⌧)

exclusive case: see Chien, Hornig, Lee `15O(⌧/R2)including power corrections

• Recover hard-collinear factorization           upon integration over         H ⌦ J ⌧

Bauer, Manohar `04,  Ellis, Hornig, Lee, Vermilion, Walsh `10

Z 1

0
d⌧ Gi(z, pTR, ⌧, µ) = Ji(z, pTR,µ)
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Shape functions
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Stewart, Tackmann, Waalewijn `15
Kang, Makris, Mehen `17 É• The soft scale                     is non-perturbative µS ⇠ pT ⌧/R ⌧ ! 0

• Choose shape function

with

• Convolution with purely perturbative result
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14 ATLAS, JHEP 05 (2012) 128

Perturbative result

• The ungroomed case
pp ! jet +X
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   NP shape function

ATLAS, JHEP 05 (2012) 128

Perturbative result

• The ungroomed case
pp ! jet +X

!
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Measuring the groomed mass of a jet
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ATLAS, arXiv: 1711:08341
soft radiation

• Quark-gluon discrimination

• Tagging of boosted objects

• Jet mass                        for inclusive jet productionm2
J =

⇣X

i2J

pi

⌘2
pp ! (jetm2

J)X

• Remove sensitivity to UE and pileup using 
soft drop Larkoski, Marzani, Soyez, Thaler `14

see also: Frye, Larkoski, Schwartz, Yan `16,
            Marzani, Schunk, Soyez `17, É
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The soft drop grooming algorithm
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Soft threshold zcut

Distance

!Angular exponent

Larkoski, Marzani, Soyez, Thaler `14

• Recursively remove soft branches from the 
obtained jet until

• Recluster jet constituents with the C/A algorithm

Rij =
!

! ! 2 + ! " 2

Soft drop in        , see Vincent Theeuwes talke+ e!

! Rij
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Groomed jet mass factorization
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• The ungroomed case
Kang, Lee, Liu, FR `18 

Gi(z, pTR, ⌧, µ) =
X

j

Hi!j(z, pTR,µ) Ci(⌧, pT , µ)⌦ Si(⌧, pT , R, µ)
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Groomed jet mass factorization
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• The ungroomed case

• The groomed case

mJ

mgr
J

Kang, Lee, Liu, FR `18 

Gi(z, pTR, ⌧, µ) =
X

j

Hi!j(z, pTR,µ) Ci(⌧, pT , µ)⌦ Si(⌧, pT , R, µ)

Ggr
i (z, pT R, ! gr , zcut , µ) =

X

j

H i!j (z, pT R, µ) S/2gr
i (zcut pT R, " , µ) Ci (! gr , pT , µ) ⌦ Sgr

i (! gr , pT , R, zcut , µ)

R ⌧ 1, ⌧gr/R
2 ⌧ zcut ⌧ 1
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Groomed jet mass factorization
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• The groomed case
Kang, Lee, Liu, FR `18 

Ggr
i (z, pT R, ! gr , zcut , µ) =

X

j

H i!j (z, pT R, µ) S/2gr
i (zcut pT R, " , µ) Ci (! gr , pT , µ) ⌦ Sgr

i (! gr , pT , R, zcut , µ)

• NLO soft functions

where

• Consistent with ungroomed case for � ! 1

passes soft drop:

fails soft drop:
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Comparison to the literature
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• Factorization of

Extracted to NLO from MCFM for pp ! jet + Z + X

Frye, Larkoski, Schwartz, Yan `16

d!
d" dpT d#gr

=
!

c

H !
c(pT , " , R, zcut , $, µ) Cc(#gr , pT , µ) ! Sgr

c (#gr , pT , zcut , $, µ)

see also e.g.: Larkoski, Moult, Neill `17
                  Makris, Neill, Vaidya `17
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Comparison to the literature
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• Factorization of Frye, Larkoski, Schwartz, Yan `16

Kang, Lee, Liu, FR `18
• Refactorization

Additional resummation of logarithms in R, zcut

Hc(pT )

d!
d" dpT d#gr

=
!

c

H !
c(pT , " , R, zcut , $, µ) Cc(#gr , pT , µ) ! Sgr

c (#gr , pT , zcut , $, µ)

d!
d" dpT d#gr

=
!

cd

Hc(" , pT /z, µ ) ! H cd(z, pT R, µ) S/! gr
d (zcut pT R, $, µ)

Cd(⌧gr, pT , µ)⌦ Sgr
d (⌧gr, pT , R, zcut,�, µ)

see also e.g.: Larkoski, Moult, Neill `17
                  Makris, Neill, Vaidya `17
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Non-global logarithms
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• The ungroomed case

NGLs directly in the jet mass variable ↵n
s lnn(⌧/R2) n � 2

Gi(z, pTR, ⌧, µ) =
X

j

Hi!j(z, pTR,µ) Ci(⌧, pT , µ)⌦ Si(⌧, pT , R, µ)

Dasgupta, Salam `01
and a lot of recent work
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Non-global logarithms
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• The groomed case

NGLs affect the normalization and 
only indirectly affect the spectrum

NGLs can be systematically included for both cases

↵n
s lnn zcut n � 2

• The ungroomed case

NGLs directly in the jet mass variable ↵n
s lnn(⌧/R2) n � 2

Gi(z, pTR, ⌧, µ) =
X

j

Hi!j(z, pTR,µ) Ci(⌧, pT , µ)⌦ Si(⌧, pT , R, µ)

Ggr
i (z, pT R, ! gr , zcut , µ) =

X

j

H i!j (z, pT R, µ) S/2gr
i (zcut pT R, " , µ) Ci (! gr , pT , µ) ⌦ Sgr

i (! gr , pT , R, zcut , µ)

Dasgupta, Salam `01
and a lot of recent work
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ATLAS, arXiv: 1711.08341
• The ATLAS data set for the groomed jet mass

see also: CMS-PAS-HIN-16-010
            CMS-PAS-HIN-16-024

Inclusive measurement but a di-jet event topology is enforced

Event selection:

• minimum 2 jets with
• require leading jet with
• require
• measure soft drop jet mass on the 2 leading jets
•  

pT 1 > 600 GeV

! ! { 0, 1, 2}

pT 1/pT 2 < 1.5

zcut = 0 .1

• distributions normalized to the  “resummation region”

|! | < 1.5

�3.7 < log10 ! gr < �1.7

where

Marzani, Schunk, Soyez `17
Frye, Larkoski, Schwartz, Yan `16•  
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27 ATLAS, arXiv: 1711.08341 Kang, Lee, Liu, FR `18 

• The groomed case
pp ! jet +X
with additional cuts
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28 ATLAS, arXiv: 1711.08341 Kang, Lee, Liu, FR `18 

• The groomed case
pp ! jet +X
with additional cuts

still need FO matching

Same NP shape function as for
the ungroomed case but        ! = 1
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Conclusions
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• Inclusive jet substructure

• One-to-one comparison between inclusive jet data and theory

• Resummation of three classes of logarithmic corrections

• Study of NP corrections

• Possible to systematically include NGLs

R, ⌧, zcut


