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Some Motivations

 3

✦Quarkonium production in 
jets provides us new way of 
studying these issues 
(cleaner)

X
J/ψ,Υ, · · ·

✦Much of quarkonium 
production pheno. 
based on NRQCD 
factorization formalism

[Butenschon, Kniehl, 1105.0820]

✦In NRQCD, LDMEs 
supposed to be universal 
(however…) 

[LHCb, 1307.6379]
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Estimate v : mv2 ⇠ ↵s/r ⇠ ↵smv ) v ⇠ ↵s

Power count fields:

hH|
Z

d
3
x 

†
 |Hi ⇠ 1

Z
d
3
x ⇠ 1/(mv)3

 ⇠ (mv)3/2

[Bodwin, Braaten, Lepage, hep-ph/9407339]

Construct NRQCD Lagrangian
(and other composite operators) 
order by order:



NRQCD Factorization
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n : 1S[8]
0 , 3S[1,8]

1 , 3P [8]
J , · · ·

Cross section:

LDMEs (nonperturbative, scale<mH)

SDCs (perturbative, scale>=mH)

�(H) =
X

n

dn h0|OH

n
|0i

h0|OH

3S
[8]
1

|0i =
X

X

h0|�†
�
i
T

a
 |HXihHX| 

†
�
i
T

a
�|0ie.g.

[Bodwin, Braaten, Lepage, hep-ph/9407339]
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LDMEs (nonperturbative) 
The same as those in X-section

SDCs (perturbative)

DH

q/g
=
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n
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NRQCD Factorization
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LDMEs (nonperturbative) 
The same as those in X-section

SDCs (perturbative)

DH

q/g
=

X

n

dq/g,n h0|OH

n
|0i

Factorized form of FF:

The channels we need:
(power counting up to v4)

1S[8]
0 , 3S[1,8]

1 , 3P [8]
J

e.g.

[Bodwin, Braaten, Lepage, hep-ph/9407339]
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NLO Global Fit:
26 sets, 196 data points 
�2
d.o.f. = 4.42

pT , p2T , w, z · · ·

[Butenschon, Kniehl, 1105.0820]
Includes low pT region
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[Bodwin et al., 1403.3612][Chao et al., 1201.2675]
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B & K 
Global

Chao et al. 
High pT

[LHCb, 1307.6379]
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Jet scale Hadron scale

GH

i
(s, z, µ) =

X

j

Z 1

z

dz0

z0
Jij(s, z

0, µ)DH

j
(z/z0,mH , µ)

[M. Procura, I. Stewart, PRD, 81, 074009 (2010)] 

[M. Baumgart, A. Leibovich, T. Mehen, I. Rothstein, 
JHEP, 11, 003 (2014)]
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Jet scale Hadron scale

GH
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H

i

Physical meaning:

log(
mH

s
)Practical: resum

Frag. at jet scale: 

D
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σ(H) =
∑

i
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B meson, or J/ψ FF.

GH

i
(s, z, µ) =

X

j

Z 1

z

dz0

z0
Jij(s, z

0, µ)DH

j
(z/z0,mH , µ)

Factorize Everything
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σ(H) =
∑

i

H⊗ S ⊗ GH
i ⊗ J1 ⊗ J2 ⊗ · · ·
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e+e� ! bb̄
B



B Fragmentation Function
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Power Model FF

∫ 1

0
dzzD(z) = 1

2 parameters, 
N fixed by:

DB
b (z) = Nzα(1− z)β

Fit at mB scale

α = 16.87,β = 2.02

[Kniehl and Kramer, 0705.4392] 
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Hard 
Scale

Analytic & Monte Carlo (B in jet)

Jet
Scale

MJ

Hadron 
Scale

MH

MadGraph
Shower
(Pythia8, 
Herwig)

Hadronization: 
B in b-jet (Pythia8, Herwig)Monte Carlo



Pythia8 & Analytic: Power Model  
Herwig: Cluster hadronization

FF:

z ≡ EB

EJ

τ0 ∝ mJ

[R. Bain, L. Dai, A. Hornig, A. Leibovich, Y. Makris, T. Mehen, JHEP, 06, 121 (2016)]
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e+e� ! bb̄g
J/ 



J/psi Fragmentation Functions 
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Dn(z) = dn(z)⟨On⟩NRQCD FF:

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

z

Unlike B FFs, 
Not built in Pythia

1S[8]
0 , 3S[1,8]

1 , 3P [8]
Jn:

e.g.
[Bodwin, Braaten, Lepage, hep-ph/9407339]



J/ψ Production with Pythia
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QQ̄(3S[8]
1 , · · · )

Pythia default: 

Produced in  
hard process

J/ψ

Pythia Shower with 2Pqq



J/ψ Production with Pythia
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QQ̄(3S[8]
1 , · · · )

Pythia default: 

Produced in  
hard process

J/ψ

Gluon Fragmentation 
Improved Pythia (GFIP):

J/ψ

Initiating gluon produced in 
hard process
Pythia Shower  
(to 2mc, Hadronization off) 

Manual convolve with FFs

Pythia Shower with 2Pqq
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[R. Bain, L. Dai, A. Hornig, A. Leibovich, Y. Makris, T. Mehen, JHEP, 06, 121 (2016)]



Analytic is Eqiv. to GFIP
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GFIP:
(Gluon FF Improve Pythis) 

J/ψ

Pythia Shower  
(to 2mc, Hadronization off) 
Manual convolve with FFs

FJF:
(Fragmenting Jet Function)

GJ/ψ
g =

∑

i

Jgi ⊗DJ/ψ
i

dJ (µ,mJ )

d logµ
= γJ ⊗ J (µ,mJ )

dDi(µ,mJ/ψ)

d logµ
= Pij ⊗Dj(µ,mJ/ψ)



Analytic is Eqiv. to GFIP
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GFIP:
(Gluon FF Improve Pythis) 

J/ψ

Pythia Shower  
(to 2mc, Hadronization off) 
Manual convolve with FFs

FJF:
(Fragmenting Jet Function)

GJ/ψ
g =

∑

i

Jgi ⊗DJ/ψ
i

dJ (µ,mJ )

d logµ
= γJ ⊗ J (µ,mJ )

dDi(µ,mJ/ψ)

d logµ
= Pij ⊗Dj(µ,mJ/ψ)

RG Running  = SHOWER
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pp ! jet +X
J/ 



J/𝜓 in jets @ LHCb
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[LHCb, Phys. Rev. Lett. 118, 192001 (2017)]

Cuts:

Similar to e-e+  ➔  J/𝜓:
J/𝜓 too hard in jets

pT (jet) > 20 GeV

2 > ⌘(jet) > 2.5

pT (µ) > 0.5 GeV

p(µ) > 5 GeV

4.5 > ⌘(µ) > 2



Analytic & GFIP (J/psi in jets @ LHCb)

FJFMadGraphAnalytic

dσ

dz
= GJ/ψ

i (µJ ,mJ/ψ, z)
dσ

dEi ×
{MadGraph Pythia8

Hadronization: 
J/psi in jets (Manual) GFIP

dσ

dz
=

dσ

dzi
DJ/ψ

i (mJ/ψ, z)⊗
 23

NRQCD FF



Comparison with LHCb Data
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- Error band only from LDMEs (B&K narrower, used more data) 

- Both FJF & GFIP work better than default Pythia; 

- High pT LDMEs give better description of data 
than the global fit ones
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CMS-PAS-HIN-18-012

25GeV < pT,jet < 35GeV
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3GeV < pT,J/ < 35GeV
<latexit sha1_base64="4F+iID5nwlZFD1weHRrmhV4v4wg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQkJpYRRcuii4UVxX6giaEyXTaDp1JwsxEKKHf4MZfceNCEbeu3Pk3TtqA2nrgwplz7mXuPX7EqFSW9WXk5uYXFpfyy4WV1bX1DXNzqyHDWGBSxyELRctHkjAakLqiipFWJAjiPiNNf3CV+s17IiQNg5oaRsTlqBfQLsVIackzD8owcQSH16Qxghcw8pLa4e2RE0maPsunP65nFq2SNQacJXZGiiBD1TM/nU6IY04ChRmSsm1bkXITJBTFjIwKTixJhPAA9Uhb0wBxIt1kfNII7mmlA7uh0BUoOFZ/TySISznkvu7kSPXltJeK/3ntWHXP3YQGUaxIgCcfdWMGVQjTfGCHCoIVG2qCsKB6V4j7SCCsdIoFHYI9ffIsaRyXbKtk350UK5dZHHmwA3bBPrDBGaiAG1AFdYDBA3gCL+DVeDSejTfjfdKaM7KZbfAHxsc3AFmbKg==</latexit><latexit sha1_base64="4F+iID5nwlZFD1weHRrmhV4v4wg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQkJpYRRcuii4UVxX6giaEyXTaDp1JwsxEKKHf4MZfceNCEbeu3Pk3TtqA2nrgwplz7mXuPX7EqFSW9WXk5uYXFpfyy4WV1bX1DXNzqyHDWGBSxyELRctHkjAakLqiipFWJAjiPiNNf3CV+s17IiQNg5oaRsTlqBfQLsVIackzD8owcQSH16Qxghcw8pLa4e2RE0maPsunP65nFq2SNQacJXZGiiBD1TM/nU6IY04ChRmSsm1bkXITJBTFjIwKTixJhPAA9Uhb0wBxIt1kfNII7mmlA7uh0BUoOFZ/TySISznkvu7kSPXltJeK/3ntWHXP3YQGUaxIgCcfdWMGVQjTfGCHCoIVG2qCsKB6V4j7SCCsdIoFHYI9ffIsaRyXbKtk350UK5dZHHmwA3bBPrDBGaiAG1AFdYDBA3gCL+DVeDSejTfjfdKaM7KZbfAHxsc3AFmbKg==</latexit><latexit sha1_base64="4F+iID5nwlZFD1weHRrmhV4v4wg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQkJpYRRcuii4UVxX6giaEyXTaDp1JwsxEKKHf4MZfceNCEbeu3Pk3TtqA2nrgwplz7mXuPX7EqFSW9WXk5uYXFpfyy4WV1bX1DXNzqyHDWGBSxyELRctHkjAakLqiipFWJAjiPiNNf3CV+s17IiQNg5oaRsTlqBfQLsVIackzD8owcQSH16Qxghcw8pLa4e2RE0maPsunP65nFq2SNQacJXZGiiBD1TM/nU6IY04ChRmSsm1bkXITJBTFjIwKTixJhPAA9Uhb0wBxIt1kfNII7mmlA7uh0BUoOFZ/TySISznkvu7kSPXltJeK/3ntWHXP3YQGUaxIgCcfdWMGVQjTfGCHCoIVG2qCsKB6V4j7SCCsdIoFHYI9ffIsaRyXbKtk350UK5dZHHmwA3bBPrDBGaiAG1AFdYDBA3gCL+DVeDSejTfjfdKaM7KZbfAHxsc3AFmbKg==</latexit><latexit sha1_base64="4F+iID5nwlZFD1weHRrmhV4v4wg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQkJpYRRcuii4UVxX6giaEyXTaDp1JwsxEKKHf4MZfceNCEbeu3Pk3TtqA2nrgwplz7mXuPX7EqFSW9WXk5uYXFpfyy4WV1bX1DXNzqyHDWGBSxyELRctHkjAakLqiipFWJAjiPiNNf3CV+s17IiQNg5oaRsTlqBfQLsVIackzD8owcQSH16Qxghcw8pLa4e2RE0maPsunP65nFq2SNQacJXZGiiBD1TM/nU6IY04ChRmSsm1bkXITJBTFjIwKTixJhPAA9Uhb0wBxIt1kfNII7mmlA7uh0BUoOFZ/TySISznkvu7kSPXltJeK/3ntWHXP3YQGUaxIgCcfdWMGVQjTfGCHCoIVG2qCsKB6V4j7SCCsdIoFHYI9ffIsaRyXbKtk350UK5dZHHmwA3bBPrDBGaiAG1AFdYDBA3gCL+DVeDSejTfjfdKaM7KZbfAHxsc3AFmbKg==</latexit>

[L. Dai, A. Leibovich, Y. Makris, T. Mehen, work in progress]
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CMS-PAS-HIN-18-012

6.5GeV < pT,J/ < 35GeV
<latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9Liw UXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="M1GKoJoPYBfTr+SU80NTyI0XjDQ=">AAACCXicbZDLSgMxGIX/qbdaq45u3QSLICjjjOJl4UJwobiq0Bt0hiGTpm1o5kKSEcrQh3Djq7hxoYgv4M63MdN2UVsPBE7OSUj+L0g4k8q2f4zC0vLK6lpxvbRR3tzaNnfKDRmngtA6iXksWgGWlLOI1hVTnLYSQXEYcNoMBrd533yiQrI4qqlhQr0Q9yLWZQQrHfnm0YV1jjJXhOiONkboGiV+Vjt+OHETyfLt2UzrmxXbss dCi8aZmgpMVfXNb7cTkzSkkSIcS9l27ER5GRaKEU5HJTeVNMFkgHu0rW2EQyq9bDzUCB3opIO6sdArUmiczt7IcCjlMAz0yRCrvpzv8vC/rp2q7pWXsShJFY3I5KFuypGKUU4IdZigRPGhNpgIpv+KSB8LTJTmWNIQnPmRF03j1HJsy3m0oQh7sA+H4MAl3MA9VKEOBJ7hFd7hw3gx3ozPCa6CMeW2C39kfP0CSC2aJQ==</latexit><latexit sha1_base64="M1GKoJoPYBfTr+SU80NTyI0XjDQ=">AAACCXicbZDLSgMxGIX/qbdaq45u3QSLICjjjOJl4UJwobiq0Bt0hiGTpm1o5kKSEcrQh3Djq7hxoYgv4M63MdN2UVsPBE7OSUj+L0g4k8q2f4zC0vLK6lpxvbRR3tzaNnfKDRmngtA6iXksWgGWlLOI1hVTnLYSQXEYcNoMBrd533yiQrI4qqlhQr0Q9yLWZQQrHfnm0YV1jjJXhOiONkboGiV+Vjt+OHETyfLt2UzrmxXbss dCi8aZmgpMVfXNb7cTkzSkkSIcS9l27ER5GRaKEU5HJTeVNMFkgHu0rW2EQyq9bDzUCB3opIO6sdArUmiczt7IcCjlMAz0yRCrvpzv8vC/rp2q7pWXsShJFY3I5KFuypGKUU4IdZigRPGhNpgIpv+KSB8LTJTmWNIQnPmRF03j1HJsy3m0oQh7sA+H4MAl3MA9VKEOBJ7hFd7hw3gx3ozPCa6CMeW2C39kfP0CSC2aJQ==</latexit><latexit sha1_base64="KJiaev8fwJKRu8hlo42YcagRN7M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJgoPhYuii4UVxX6giaEyXTaDp0kw8xEKKEf4cZfceNCEbcu3Pk3TtosavXAhTPn3MvcewLOqFS2/W0U5uYXFpeKy6WV1bX1DXNzqyHjRGBSxzGLRStAkjAakbqiipEWFwSFASPNYHCd+c0HIiSNo5oacuKFqBfRLsVIack3D86sU5i6IoQ3pDGCl5D7ae3w7sjlkmbPkynXN8u2ZY 8B/xInJ2WQo+qbX24nxklIIoUZkrLt2Fx5KRKKYkZGJTeRhCM8QD3S1jRCIZFeOj5qBPe00oHdWOiKFByr0xMpCqUchoHuDJHqy1kvE//z2onqXngpjXiiSIQnH3UTBlUMs4RghwqCFRtqgrCgeleI+0ggrHSOJR2CM3vyX9I4thzbcu7tcuUqj6MIdsAu2AcOOAcVcAuqoA4weATP4BW8GU/Gi/FufExaC0Y+sw1+wfj8AfTjm6A=</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9Liw UXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="M1GKoJoPYBfTr+SU80NTyI0XjDQ=">AAACCXicbZDLSgMxGIX/qbdaq45u3QSLICjjjOJl4UJwobiq0Bt0hiGTpm1o5kKSEcrQh3Djq7hxoYgv4M63MdN2UVsPBE7OSUj+L0g4k8q2f4zC0vLK6lpxvbRR3tzaNnfKDRmngtA6iXksWgGWlLOI1hVTnLYSQXEYcNoMBrd533yiQrI4qqlhQr0Q9yLWZQQrHfnm0YV1jjJXhOiONkboGiV+Vjt+OHETyfLt2UzrmxXbss dCi8aZmgpMVfXNb7cTkzSkkSIcS9l27ER5GRaKEU5HJTeVNMFkgHu0rW2EQyq9bDzUCB3opIO6sdArUmiczt7IcCjlMAz0yRCrvpzv8vC/rp2q7pWXsShJFY3I5KFuypGKUU4IdZigRPGhNpgIpv+KSB8LTJTmWNIQnPmRF03j1HJsy3m0oQh7sA+H4MAl3MA9VKEOBJ7hFd7hw3gx3ozPCa6CMeW2C39kfP0CSC2aJQ==</latexit><latexit sha1_base64="M1GKoJoPYBfTr+SU80NTyI0XjDQ=">AAACCXicbZDLSgMxGIX/qbdaq45u3QSLICjjjOJl4UJwobiq0Bt0hiGTpm1o5kKSEcrQh3Djq7hxoYgv4M63MdN2UVsPBE7OSUj+L0g4k8q2f4zC0vLK6lpxvbRR3tzaNnfKDRmngtA6iXksWgGWlLOI1hVTnLYSQXEYcNoMBrd533yiQrI4qqlhQr0Q9yLWZQQrHfnm0YV1jjJXhOiONkboGiV+Vjt+OHETyfLt2UzrmxXbss dCi8aZmgpMVfXNb7cTkzSkkSIcS9l27ER5GRaKEU5HJTeVNMFkgHu0rW2EQyq9bDzUCB3opIO6sdArUmiczt7IcCjlMAz0yRCrvpzv8vC/rp2q7pWXsShJFY3I5KFuypGKUU4IdZigRPGhNpgIpv+KSB8LTJTmWNIQnPmRF03j1HJsy3m0oQh7sA+H4MAl3MA9VKEOBJ7hFd7hw3gx3ozPCa6CMeW2C39kfP0CSC2aJQ==</latexit><latexit sha1_base64="KJiaev8fwJKRu8hlo42YcagRN7M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJgoPhYuii4UVxX6giaEyXTaDp0kw8xEKKEf4cZfceNCEbcu3Pk3TtosavXAhTPn3MvcewLOqFS2/W0U5uYXFpeKy6WV1bX1DXNzqyHjRGBSxzGLRStAkjAakbqiipEWFwSFASPNYHCd+c0HIiSNo5oacuKFqBfRLsVIack3D86sU5i6IoQ3pDGCl5D7ae3w7sjlkmbPkynXN8u2ZY 8B/xInJ2WQo+qbX24nxklIIoUZkrLt2Fx5KRKKYkZGJTeRhCM8QD3S1jRCIZFeOj5qBPe00oHdWOiKFByr0xMpCqUchoHuDJHqy1kvE//z2onqXngpjXiiSIQnH3UTBlUMs4RghwqCFRtqgrCgeleI+0ggrHSOJR2CM3vyX9I4thzbcu7tcuUqj6MIdsAu2AcOOAcVcAuqoA4weATP4BW8GU/Gi/FufExaC0Y+sw1+wfj8AfTjm6A=</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit><latexit sha1_base64="GVXPYtfXNjQJh9hDOlUpXoqsGZk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJj4XrgoulBcVegLmhAm00k7dPJgZiKU0I9w46+4caGIWxfu/BsnbRa19cCFM+fcy9x7vJhRIU3zRyvMzS8sLhWXSyura+sb+uZWQ0QJx6SOIxbxlocEYTQkdUklI62YExR4jDS9/k3mNx8JFzQKa3IQEydA3ZD6FCOpJFc/ODfOYGrzAN6SxhBewdhNa4f3R3YsaPY8mXBdvWwa5g hwllg5KYMcVVf/tjsRTgISSsyQEG3LjKWTIi4pZmRYshNBYoT7qEvaioYoIMJJR0cN4Z5SOtCPuKpQwpE6OZGiQIhB4KnOAMmemPYy8T+vnUj/0klpGCeShHj8kZ8wKCOYJQQ7lBMs2UARhDlVu0LcQxxhqXIsqRCs6ZNnSePYsEzDejgtV67zOIpgB+yCfWCBC1ABd6AK6gCDJ/AC3sC79qy9ah/a57i1oOUz2+APtK9f9iObpA==</latexit>

25GeV < pT,jet < 35GeV
<latexit sha1_base64="KYvbGuaMClEZHGKJDfZAcWJBwIU=">AAACFnicbVC7SgNBFJ31GeNr1dJmMAgWGnajooVF0ELLCHlBsoTZyU0yZvbBzKwQlv0KG3/FxkIRW7Hzb5zdpIiJBwYO55zLnXvckDOpLOvHWFhcWl5Zza3l1zc2t7bNnd26DCJBoUYDHoimSyRw5kNNMcWhGQognsuh4Q5vUr/xCEKywK+qUQiOR/o+6zFKlJY65knpHMdt4eFbqCf4CoeduHqcCQ+gklQ5nQp0zIJVtDLgeWJPSAFNUOmY3+1uQCMPfEU5kbJlW6FyYiIUoxySfDuSEBI6JH1oaeoTD6QTZ2cl+FArXdwLhH6+wpk6PRETT8qR5+qkR9RAznqp+J/XilTv0omZH0YKfDpe1Is4VgFOO8JdJoAqPtKEUMH0XzEdEEGo0k3mdQn27MnzpF4q2lbRvj8rlK8ndeTQPjpAR8hGF6iM7lAF1RBFT+gFvaF349l4NT6Mz3F0wZjM7KE/ML5+AVWanPs=</latexit><latexit sha1_base64="KYvbGuaMClEZHGKJDfZAcWJBwIU=">AAACFnicbVC7SgNBFJ31GeNr1dJmMAgWGnajooVF0ELLCHlBsoTZyU0yZvbBzKwQlv0KG3/FxkIRW7Hzb5zdpIiJBwYO55zLnXvckDOpLOvHWFhcWl5Zza3l1zc2t7bNnd26DCJBoUYDHoimSyRw5kNNMcWhGQognsuh4Q5vUr/xCEKywK+qUQiOR/o+6zFKlJY65knpHMdt4eFbqCf4CoeduHqcCQ+gklQ5nQp0zIJVtDLgeWJPSAFNUOmY3+1uQCMPfEU5kbJlW6FyYiIUoxySfDuSEBI6JH1oaeoTD6QTZ2cl+FArXdwLhH6+wpk6PRETT8qR5+qkR9RAznqp+J/XilTv0omZH0YKfDpe1Is4VgFOO8JdJoAqPtKEUMH0XzEdEEGo0k3mdQn27MnzpF4q2lbRvj8rlK8ndeTQPjpAR8hGF6iM7lAF1RBFT+gFvaF349l4NT6Mz3F0wZjM7KE/ML5+AVWanPs=</latexit><latexit sha1_base64="KYvbGuaMClEZHGKJDfZAcWJBwIU=">AAACFnicbVC7SgNBFJ31GeNr1dJmMAgWGnajooVF0ELLCHlBsoTZyU0yZvbBzKwQlv0KG3/FxkIRW7Hzb5zdpIiJBwYO55zLnXvckDOpLOvHWFhcWl5Zza3l1zc2t7bNnd26DCJBoUYDHoimSyRw5kNNMcWhGQognsuh4Q5vUr/xCEKywK+qUQiOR/o+6zFKlJY65knpHMdt4eFbqCf4CoeduHqcCQ+gklQ5nQp0zIJVtDLgeWJPSAFNUOmY3+1uQCMPfEU5kbJlW6FyYiIUoxySfDuSEBI6JH1oaeoTD6QTZ2cl+FArXdwLhH6+wpk6PRETT8qR5+qkR9RAznqp+J/XilTv0omZH0YKfDpe1Is4VgFOO8JdJoAqPtKEUMH0XzEdEEGo0k3mdQn27MnzpF4q2lbRvj8rlK8ndeTQPjpAR8hGF6iM7lAF1RBFT+gFvaF349l4NT6Mz3F0wZjM7KE/ML5+AVWanPs=</latexit><latexit sha1_base64="KYvbGuaMClEZHGKJDfZAcWJBwIU=">AAACFnicbVC7SgNBFJ31GeNr1dJmMAgWGnajooVF0ELLCHlBsoTZyU0yZvbBzKwQlv0KG3/FxkIRW7Hzb5zdpIiJBwYO55zLnXvckDOpLOvHWFhcWl5Zza3l1zc2t7bNnd26DCJBoUYDHoimSyRw5kNNMcWhGQognsuh4Q5vUr/xCEKywK+qUQiOR/o+6zFKlJY65knpHMdt4eFbqCf4CoeduHqcCQ+gklQ5nQp0zIJVtDLgeWJPSAFNUOmY3+1uQCMPfEU5kbJlW6FyYiIUoxySfDuSEBI6JH1oaeoTD6QTZ2cl+FArXdwLhH6+wpk6PRETT8qR5+qkR9RAznqp+J/XilTv0omZH0YKfDpe1Is4VgFOO8JdJoAqPtKEUMH0XzEdEEGo0k3mdQn27MnzpF4q2lbRvj8rlK8ndeTQPjpAR8hGF6iM7lAF1RBFT+gFvaF349l4NT6Mz3F0wZjM7KE/ML5+AVWanPs=</latexit>

[L. Dai, A. Leibovich, Y. Makris, T. Mehen, work in progress]
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d�̂i

dEdz
⌘ d�i

dEdz

,
d�J

dE

✦Normalized cross sections for the LHC (i denotes 
production channels): 

✦ Normalized by 
inclusive 1-jet cross 
section (σJ)

J/ 

d�i

dEdz
=

X

a,b,l,m

Hab!lm ⌦ fa/p ⌦ fb/p ⌦ Jm ⌦ S ⌦ G (i)l (E,R, z, µ),
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[L. Dai, P. Shrivastava, PRD 96, 036020 (2017)]
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[L. Dai, P. Shrivastava, PRD 96, 036020 (2017)]

LDME
Independent

!!!
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Decreasing at z > 0.5 (high pT), consistent with 
the dominance of 1S0[8] at high pT
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