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Based on: 

JB, Jesse Thaler and Andrew P. Turner to appear soon
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Thanks to the organizers for pushing on!

A time for global thinking, strength and unity…
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Thanks to the organizers for pushing on!

A time for global thinking, strength and unity…

Except don’t 
hold hands
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Energy 
transfer

Perfect liquid Asymptotic
freedom

∼ "

Suggestive of strong 
interactions Weak interactions

How do the degrees of freedom of the QGP depend on length scale? 
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Energy 
transfer

Perfect liquid Asymptotic
freedom

∼ "

Suggestive of strong 
interactions Weak interactions

???

How do the degrees of freedom of the QGP depend on length scale? 

Use jets as a multi-scale probe of QGP
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In pQCD picture energy loss difference given by ratio of color charges

Weak interactionsStrong interactions

Use quark and gluon jets as a (colored) probe of 
the (color) structure of the QGP
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How to study differences in quark and gluon jet modification?
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1. Jet modification in samples with different q/g fraction

2. Template fitting 
• assume template for quark and gluon jet distributions and fit fractions

3. Machine learning 
• typically relies on some Monte Carlo labelling
• difficult to parametrize model-dependence

How to study differences in quark and gluon jet modification?

(e.g. Chien, Elayavalli 1803.03589) 

(e.g. Hangal (CMS) QM 2019) 
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3. Machine learning 
• typically relies on some Monte Carlo labelling
• difficult to parametrize model-dependence

How to study differences in quark and gluon jet modification?

(e.g. Chien, Elayavalli 1803.03589) 

(e.g. Hangal (CMS) QM 2019) 
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1. Jet modification in samples with different q/g fraction
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1. Jet modification in samples with different q/g fraction
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Convolutes modification of quark/gluon jets with modification of 
quark-gluon fractions of samples

How to access fractions and distributions separately in experiment?
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Template fitting without templates
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Disentangling a mixture distribution

q

g
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Disentangling a mixture distribution

q

g 

Ideally…
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Disentangling a mixture distribution

q

g 

Ideally…

Turns out it is easy* to decompose two mixture distributions into two components
Done in p-p: Metodiev and Thaler PRL 120, 241602 (2018)
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Disentangling a mixture distribution

Sample 
independence:

Requires…
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Disentangling a mixture distribution
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Disentangling a mixture distribution

Sample 
independence:

Requires… EX.

dijets !+jet

samples are pure quark and pure gluon in some limits
Mutual 
Irreducibility:
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Mutual irreducibility: decomposing a mixture is ambiguous



Jasmine Brewer (MIT) 22

Mutual irreducibility: decomposing a mixture is ambiguous
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To resolve ambiguity, extract base distributions that are mutually irreducible

Mutual irreducibility: decomposing a mixture is ambiguous



Jasmine Brewer (MIT) 24

Mutual irreducibility: regime of complete purity

!" # , !%(#) completely separated 
from one another at 0,∞

Quantified by lim
x!1

b1(x)

b2(x)
= 0

<latexit sha1_base64="vvmO9eRX8toMFep7dmoCEEVtLyI=">AAACHnicbVDLSgMxFM3UV62vqks3wSLUTZmpim6EohuXFewDOmXIpJk2NJMZkjvaMvRL3PgrblwoIrjSvzF9LLT1QLiHc+7l5h4/FlyDbX9bmaXlldW17HpuY3Nreye/u1fXUaIoq9FIRKrpE80El6wGHARrxoqR0Bes4fevx37jninNI3kHw5i1Q9KVPOCUgJG8/JkreOilA+wq3u0BUSp6wC6XAQxH2A0UoanvOcXB8cjU8rjiS2x7+YJdsifAi8SZkQKaoerlP91ORJOQSaCCaN1y7BjaKVHAqWCjnJtoFhPaJ13WMlSSkOl2OjlvhI+M0sFBpMyTgCfq74mUhFoPQ990hgR6et4bi/95rQSCi3bKZZwAk3S6KEgEhgiPs8IdrhgFMTSEUMXNXzHtEZMJmERzJgRn/uRFUi+XnJNS+fa0ULmaxZFFB+gQFZGDzlEF3aAqqiGKHtEzekVv1pP1Yr1bH9PWjDWb2Ud/YH39AB3aocU=</latexit>

!" # = Pois /"

!% # = Pois /%

lim
x!0

b2(x)

b1(x)
= 0

<latexit sha1_base64="QfFQagBHXbsieodSwxvO4iK1A3M=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1E5Iq6EYounFZwT6gCWEynbRDJ5kwM9GW0L9w46+4caGIW935N07aLLT1wHAP59zLnXuChFGpbPvbWFpeWV1bL22UN7e2d3bNvf2W5KnApIk546ITIEkYjUlTUcVIJxEERQEj7WB4nfvteyIk5fGdGifEi1A/piHFSGnJNy2X0cjPRtAVtD9QSAj+AO0JdEOBcBb4teroZKKrk9dL2zcrtmVPAReJU5AKKNDwzS+3x3EakVhhhqTsOnaivAwJRTEjk7KbSpIgPER90tU0RhGRXja9awKPtdKDIRf6xQpO1d8TGYqkHEeB7oyQGsh5Lxf/87qpCi+8jMZJqkiMZ4vClEHFYR4S7FFBsGJjTRAWVP8V4gHSiSgdZVmH4MyfvEhaNcs5tWq3Z5X6VRFHCRyCI1AFDjgHdXADGqAJMHgEz+AVvBlPxovxbnzMWpeMYuYA/IHx+QOfh57p</latexit>
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Mutual irreducibility: regime of complete purity

!" # , !%(#) completely separated 
from one another at 0,∞

Quantified by 

!" # = Pois /"

!% # = Pois /%

Two distinct mixtures of !" # , !%(#) can be separated into fractions at 0,∞

lim
x!1

b1(x)

b2(x)
= 0
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lim
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b2(x)

b1(x)
= 0
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Mixtures of !" # , !%(#) are not
completely separated at 0,∞

Mutual irreducibility: regime of complete purity
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Mixtures of !" # , !%(#) are not
completely separated at 0,∞

Requirement of mutual irreducibility restricts space of jet observables 
that can be used to extract quark/gluon fractions

Mutual irreducibility: regime of complete purity
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Quark/gluon mutual irreducibility at high energies in QCD

• Counting observables (constituent multiplicities, !"#) are Poissonian in 
high-energy limit

• Observables with Casimir scaling in high-energy limit (mass, 
angularities)

Mutually irreducible

Not mutually irreducible
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Extracting quark/gluon contributions to constituent multiplicity

ij = inf
x

pi(x)

pj(x)
<latexit sha1_base64="oYpuPs+6WI++U4I9+VTuln5NtUI="></latexit>

12 =
1� f1
1� f2

<latexit sha1_base64="A3NnzRM9vpd9+Xb37gd65ugNr08=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxtErCQBdEBQOMRaIPqYkix3Vaq85DtoOoosws/AoLAwix8gOwMfEruGkHaDnS1T06517Z93gxo0IaxpdWWFhcWl4prpbW1jc2t/TtnZaIEo5JE0cs4h0PCcJoSJqSSkY6MSco8Bhpe8OLsd++JVzQKLyRo5g4AeqH1KcYSSW5+r49RHGM3NS0MngKbZ8jnJoV3zWzvFmZq5eNqpEDzhNzSsr1s++Pu0rtsuHqn3YvwklAQokZEqJrGrF0UsQlxYxkJTsRJEZ4iPqkq2iIAiKcND8lg4dK6UE/4qpCCXP190aKAiFGgacmAyQHYtYbi/953UT6NSelYZxIEuLJQ37CoIzgOBfYo5xgyUaKIMyp+ivEA6TSkCq9kgrBnD15nrSsqnlcta5VGudggiLYAwfgCJjgBNTBFWiAJsDgHjyCZ/CiPWhP2qv2NhktaNOdXfAH2vsPdAiceQ==</latexit>

21 =
f2
f1

<latexit sha1_base64="DQdyYmHadycJbGevKoOM11BfeCk=">AAACBnicbVC7TsMwFHV4lvIKMCIkiwqJhSoJA10QFQwwFok+pCaKHNdprTpOZDuIKsrEwq+wMIAQK78AGxO/gvsYoOVI9+ronHtl3xMkjEplWV/G3PzC4tJyYaW4ura+sWlubTdknApM6jhmsWgFSBJGOakrqhhpJYKgKGCkGfQvhn7zlghJY36jBgnxItTlNKQYKS355p7bR0mC/Myxc3gK3VAgnIW+k+tm575ZssrWCHCW2BNSqp59f9wdVS5rvvnpdmKcRoQrzJCUbdtKlJchoShmJC+6qSQJwn3UJW1NOYqI9LLRGTk80EoHhrHQxRUcqb83MhRJOYgCPRkh1ZPT3lD8z2unKqx4GeVJqgjH44fClEEVw2EmsEMFwYoNNEFYUP1XiHtIJ6F0ckUdgj198ixpOGX7uOxc6zTOwRgFsAv2wSGwwQmogitQA3WAwT14BM/gxXgwnoxX4208OmdMdnbAHxjvP5v8m5U=</latexit>

p-p

gives fractions ,

b1(x) =
p1(x)� 12p2(x)

1� 12
<latexit sha1_base64="0OnuPhUc+hhPy0yMIO6d0QkJ6Kg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vfs8vMZvIFuIBBO+exage4QcY681HYyyD1Hwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWXQqHX</latexit>

b2(x) =
p2(x)� 21p1(x)

1� 21
<latexit sha1_base64="OnasJXfEAKinnWUjr9KWyTTcSmg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vec8vMZvIFuIBBO+exage4QcY681LEzyD1bwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWZFKHY</latexit>
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Extracting quark/gluon contributions to constituent multiplicity

ij = inf
x

pi(x)

pj(x)
<latexit sha1_base64="oYpuPs+6WI++U4I9+VTuln5NtUI="></latexit>

12 =
1� f1
1� f2
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Extracting quark/gluon contributions to constituent multiplicity

ij = inf
x

pi(x)

pj(x)
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21 =
f2
f1

<latexit sha1_base64="DQdyYmHadycJbGevKoOM11BfeCk=">AAACBnicbVC7TsMwFHV4lvIKMCIkiwqJhSoJA10QFQwwFok+pCaKHNdprTpOZDuIKsrEwq+wMIAQK78AGxO/gvsYoOVI9+ronHtl3xMkjEplWV/G3PzC4tJyYaW4ura+sWlubTdknApM6jhmsWgFSBJGOakrqhhpJYKgKGCkGfQvhn7zlghJY36jBgnxItTlNKQYKS355p7bR0mC/Myxc3gK3VAgnIW+k+tm575ZssrWCHCW2BNSqp59f9wdVS5rvvnpdmKcRoQrzJCUbdtKlJchoShmJC+6qSQJwn3UJW1NOYqI9LLRGTk80EoHhrHQxRUcqb83MhRJOYgCPRkh1ZPT3lD8z2unKqx4GeVJqgjH44fClEEVw2EmsEMFwYoNNEFYUP1XiHtIJ6F0ckUdgj198ixpOGX7uOxc6zTOwRgFsAv2wSGwwQmogitQA3WAwT14BM/gxXgwnoxX4208OmdMdnbAHxjvP5v8m5U=</latexit>

A-A

gives fractions ,
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b1(x) =
p1(x)� 12p2(x)

1� 12
<latexit sha1_base64="0OnuPhUc+hhPy0yMIO6d0QkJ6Kg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vfs8vMZvIFuIBBO+exage4QcY681HYyyD1Hwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWXQqHX</latexit>

b2(x) =
p2(x)� 21p1(x)

1� 21
<latexit sha1_base64="OnasJXfEAKinnWUjr9KWyTTcSmg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vec8vMZvIFuIBBO+exage4QcY681LEzyD1bwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWZFKHY</latexit>
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Extracting quark/gluon contributions to constituent multiplicity
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ij = inf
x

pi(x)

pj(x)
<latexit sha1_base64="oYpuPs+6WI++U4I9+VTuln5NtUI="></latexit>

gives fractions , 12 =
1� f1
1� f2

<latexit sha1_base64="A3NnzRM9vpd9+Xb37gd65ugNr08=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxtErCQBdEBQOMRaIPqYkix3Vaq85DtoOoosws/AoLAwix8gOwMfEruGkHaDnS1T06517Z93gxo0IaxpdWWFhcWl4prpbW1jc2t/TtnZaIEo5JE0cs4h0PCcJoSJqSSkY6MSco8Bhpe8OLsd++JVzQKLyRo5g4AeqH1KcYSSW5+r49RHGM3NS0MngKbZ8jnJoV3zWzvFmZq5eNqpEDzhNzSsr1s++Pu0rtsuHqn3YvwklAQokZEqJrGrF0UsQlxYxkJTsRJEZ4iPqkq2iIAiKcND8lg4dK6UE/4qpCCXP190aKAiFGgacmAyQHYtYbi/953UT6NSelYZxIEuLJQ37CoIzgOBfYo5xgyUaKIMyp+ivEA6TSkCq9kgrBnD15nrSsqnlcta5VGudggiLYAwfgCJjgBNTBFWiAJsDgHjyCZ/CiPWhP2qv2NhktaNOdXfAH2vsPdAiceQ==</latexit>

21 =
f2
f1

<latexit sha1_base64="DQdyYmHadycJbGevKoOM11BfeCk=">AAACBnicbVC7TsMwFHV4lvIKMCIkiwqJhSoJA10QFQwwFok+pCaKHNdprTpOZDuIKsrEwq+wMIAQK78AGxO/gvsYoOVI9+ronHtl3xMkjEplWV/G3PzC4tJyYaW4ura+sWlubTdknApM6jhmsWgFSBJGOakrqhhpJYKgKGCkGfQvhn7zlghJY36jBgnxItTlNKQYKS355p7bR0mC/Myxc3gK3VAgnIW+k+tm575ZssrWCHCW2BNSqp59f9wdVS5rvvnpdmKcRoQrzJCUbdtKlJchoShmJC+6qSQJwn3UJW1NOYqI9LLRGTk80EoHhrHQxRUcqb83MhRJOYgCPRkh1ZPT3lD8z2unKqx4GeVJqgjH44fClEEVw2EmsEMFwYoNNEFYUP1XiHtIJ6F0ckUdgj198ixpOGX7uOxc6zTOwRgFsAv2wSGwwQmogitQA3WAwT14BM/gxXgwnoxX4208OmdMdnbAHxjvP5v8m5U=</latexit>

b1(x) =
p1(x)� 12p2(x)

1� 12
<latexit sha1_base64="0OnuPhUc+hhPy0yMIO6d0QkJ6Kg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vfs8vMZvIFuIBBO+exage4QcY681HYyyD1Hwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWXQqHX</latexit>

b2(x) =
p2(x)� 21p1(x)

1� 21
<latexit sha1_base64="OnasJXfEAKinnWUjr9KWyTTcSmg=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhzCPGy0VVAEYejF4wT3AusoaZZuYWkbklQcpd/Fi1/FiwdlePHgdzHbepibfwj883ueh+T5+5xRqSzr21hZXVvf2CxsFbd3dvf2zYPDpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT84d2k3noiQtI4elQjTroh6kc0oBgpjTzz2vec8vMZvIFuIBBO+exage4QcY681LEzyD1bwyy1K3M088ySVbWmgsvGzk0J5Kp75tjtxTgJSaQwQ1J2bIurboqEopiRrOgmknCEh6hPOtpGKCSym053zOCpJj0YxEKfSMEpnZ9IUSjlKPR1Z4jUQC7WJvC/WidRwVU3pRFPFInw7KEgYVDFcBIY7FFBsGIjbRAWVP8V4gHSWSkda1GHYC+uvGyaTtU+rzoPF6XabR5HARyDE1AGNrgENXAP6qABMHgBb+ADfBqvxrsxNr5mrStGPnME/sj4+QWZFKHY</latexit>
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Extracting quark/gluon contributions to constituent multiplicity

10 20 30 40
Soft-dropped Constituent Multiplicity

0.000

0.025

0.050

0.075

P
ro

ba
bi

lit
y

D
en

si
ty Topic 1

Topic 2

Dijets

�+jet

�+Quark

�+Gluon

20 40
Soft-dropped Constituent Multiplicity

0.00

0.05

0.10

P
ro

ba
bi

lit
y

D
en

si
ty Topic 1

Topic 2

Dijets

�+jet

�+Quark

�+Gluon

p-p A-A

Primary difficulty: extraction sensitive to tails of the distribution
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Going forward

• Quark and gluon fractions as a function of !" allow for separate 
measurements of quark and gluon spectra, #$$, %$$

• Separate distribution-level modification of quark and gluon jets from 
modification of their relative fractions (e.g. in dijet, photon+jet)


