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L. Apolinário Portuguese Discussion on the ESPP

Heavy-Ion Collisions
● Ultra-relativistic heavy-ion collision 

● Quark-Gluon Plasma (QGP): new state 
of QCD matter made of quarks and 
gluons
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Jets will propagate and interact 
with the produced QGP resulting 

into jet energy loss and changes on 
jet substructure

Jet Quenching



L. Apolinário Portuguese Discussion on the ESPP

● In heavy-ion collisions, formation time allows to select jets strongly modified by the QGP

Jet 𝛕 Reclustering
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xj,Z =
pT,jet

pT,Z

Time Propagation through QGP
LA, Guerrero-Rodriguez, Zapp, EPJC 2024

LA, Cordeiro, Zapp, EPJC 2021

Z-boson + jet:



L. Apolinário Portuguese Discussion on the ESPP

● In heavy-ion collisions, formation time allows to select jets strongly modified by the QGP

Jet 𝛕 Reclustering

3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.60
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

x_T440_R05_z01_p05

tau<1.678758

tau>1.678758
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive

<latexit sha1_base64="BhqEA5yaHMlvl68GDWquV2mkYBc=">AAACFnicbZDNLwNBGMZnfVtfxdFloiEOUrtKOYlw4Eiireg2zex4247OfmTmXdFs+n/wz3ASJA6u/hvT2gPlPT3z/p5J3ufxYyk0Os6nNTI6Nj4xOTVtz8zOzS/kFpcqOkoUhzKPZKQufaZBihDKKFDCZayABb6Eqt857vPqLSgtovACuzHUA9YKRVNwhmbVyBXjRnqxedNbPyg6HsIdpvQEKlu853n2AF0ZVPqNGrm8U3AGQ/8KNxN5ks1ZI/fuXUc8CSBELpnWNdeJsZ4yhYJL6NleoiFmvMNaUDMyZAHoejoI16NrzUhRbAMdvH96UxZo3Q184wkYtvUw6y//Y7UEm/v1VIRxghByYzGsmUiKEe13RK+FAo6yawTjSpgrKW8zxTiaJm0T3x0O+1dUtgtuqbB7vpM/PMqKmCIrZJVsEJfskUNySs5ImXDyQJ7IK3mz7q1H69l6+baOWNmfZfJrrI8vUXCdhw==</latexit>

pT,j > 30 GeV/c

pT,Z > 60 GeV/c

<latexit sha1_base64="ydFZFNrdnqQhRXsBAXtZ9nrxmqs=">AAAB/3icbVDLSgNBEJz1GeMr6lEPg0GICGFXfB2jEojiYQVjIkkIs2MnGTL7YKZXDEsO+jN6EvXmP/gD/o2TmIOvOlV3VUNXeZEUGm37wxobn5icmk7NpGfn5hcWM0vLlzqMFYcyD2Woqh7TIEUAZRQooRopYL4noeJ1jwd65QaUFmFwgb0IGj5rB6IlOEOzambW6gi3mLie69Gce3VROjmkW/S0WCmebfabmaydt4egf4kzIlkygtvMvNevQx77ECCXTOuaY0fYSJhCwSX00/VYQ8R4l7WhZmjAfNCNZJiiTzdaoaLYATqcv3sT5mvd8z3j8Rl29G9tsPxPq8XYOmgkIohihIAbi9FasaQY0kEZ9Foo4Ch7hjCuhPmS8g5TjKOpLG3iO7/D/iWX23lnL797vpMtHI2KSJFVsk5yxCH7pEBKxCVlwsk9eSQv5NW6sx6sJ+v5yzpmjW5WyA9Yb5/n25QB</latexit>

PbPb (PYTHIA + JEWEL)

<latexit sha1_base64="eKN9XcyHKs4YHfT6bQXeSMIAyzI=">AAAB9XicbZDLTsJAFIZPvSLeKi7dNBITFwRa421JdOOKYCKXCE0znU5hYHrJzFQhDY+iK6PufBFfwLdxwC4U/FffnP+f5JzfjRkV0jS/tKXlldW19dxGfnNre2dX3ys0RZRwTBo4YhFvu0gQRkPSkFQy0o45QYHLSMsdXk/91gPhgkbhnRzHxA5QL6Q+xUiqkaMXrErNGXRLXq3ijZx0ULqfOHrRLJszGYtgZVCETHVH/+x6EU4CEkrMkBAdy4ylnSIuKWZkku8mgsQID1GPdBSGKCDCTme7T4wjP+KG7BNj9v6dTVEgxDhwVSZAsi/mvenwP6+TSP/STmkYJ5KEWEWU5yfMkJExrcDwKCdYsrEChDlVWxq4jzjCUhWVV+db88cuQvOkbJ2Xz25Pi9WrrIgcHMAhHIMFF1CFG6hDAzCM4Bne4F171J60F+31J7qkZX/24Y+0j28+qZEB</latexit> 1/
N

j
dN

/d
x
j,
Z

<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

xj,Z =
pT,jet

pT,Z

Time Propagation through QGP

Z-boson + “early”-jet:

“Early” = More Energy Loss

⇒

More jet energy loss

Small Jet formation time, τf

LA, Guerrero-Rodriguez, Zapp, EPJC 2024
LA, Cordeiro, Zapp, EPJC 2021
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<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive

<latexit sha1_base64="BhqEA5yaHMlvl68GDWquV2mkYBc=">AAACFnicbZDNLwNBGMZnfVtfxdFloiEOUrtKOYlw4Eiireg2zex4247OfmTmXdFs+n/wz3ASJA6u/hvT2gPlPT3z/p5J3ufxYyk0Os6nNTI6Nj4xOTVtz8zOzS/kFpcqOkoUhzKPZKQufaZBihDKKFDCZayABb6Eqt857vPqLSgtovACuzHUA9YKRVNwhmbVyBXjRnqxedNbPyg6HsIdpvQEKlu853n2AF0ZVPqNGrm8U3AGQ/8KNxN5ks1ZI/fuXUc8CSBELpnWNdeJsZ4yhYJL6NleoiFmvMNaUDMyZAHoejoI16NrzUhRbAMdvH96UxZo3Q184wkYtvUw6y//Y7UEm/v1VIRxghByYzGsmUiKEe13RK+FAo6yawTjSpgrKW8zxTiaJm0T3x0O+1dUtgtuqbB7vpM/PMqKmCIrZJVsEJfskUNySs5ImXDyQJ7IK3mz7q1H69l6+baOWNmfZfJrrI8vUXCdhw==</latexit>

pT,j > 30 GeV/c

pT,Z > 60 GeV/c

<latexit sha1_base64="ydFZFNrdnqQhRXsBAXtZ9nrxmqs=">AAAB/3icbVDLSgNBEJz1GeMr6lEPg0GICGFXfB2jEojiYQVjIkkIs2MnGTL7YKZXDEsO+jN6EvXmP/gD/o2TmIOvOlV3VUNXeZEUGm37wxobn5icmk7NpGfn5hcWM0vLlzqMFYcyD2Woqh7TIEUAZRQooRopYL4noeJ1jwd65QaUFmFwgb0IGj5rB6IlOEOzambW6gi3mLie69Gce3VROjmkW/S0WCmebfabmaydt4egf4kzIlkygtvMvNevQx77ECCXTOuaY0fYSJhCwSX00/VYQ8R4l7WhZmjAfNCNZJiiTzdaoaLYATqcv3sT5mvd8z3j8Rl29G9tsPxPq8XYOmgkIohihIAbi9FasaQY0kEZ9Foo4Ch7hjCuhPmS8g5TjKOpLG3iO7/D/iWX23lnL797vpMtHI2KSJFVsk5yxCH7pEBKxCVlwsk9eSQv5NW6sx6sJ+v5yzpmjW5WyA9Yb5/n25QB</latexit>

PbPb (PYTHIA + JEWEL)

<latexit sha1_base64="eKN9XcyHKs4YHfT6bQXeSMIAyzI=">AAAB9XicbZDLTsJAFIZPvSLeKi7dNBITFwRa421JdOOKYCKXCE0znU5hYHrJzFQhDY+iK6PufBFfwLdxwC4U/FffnP+f5JzfjRkV0jS/tKXlldW19dxGfnNre2dX3ys0RZRwTBo4YhFvu0gQRkPSkFQy0o45QYHLSMsdXk/91gPhgkbhnRzHxA5QL6Q+xUiqkaMXrErNGXRLXq3ijZx0ULqfOHrRLJszGYtgZVCETHVH/+x6EU4CEkrMkBAdy4ylnSIuKWZkku8mgsQID1GPdBSGKCDCTme7T4wjP+KG7BNj9v6dTVEgxDhwVSZAsi/mvenwP6+TSP/STmkYJ5KEWEWU5yfMkJExrcDwKCdYsrEChDlVWxq4jzjCUhWVV+db88cuQvOkbJ2Xz25Pi9WrrIgcHMAhHIMFF1CFG6hDAzCM4Bne4F171J60F+31J7qkZX/24Y+0j28+qZEB</latexit> 1/
N

j
dN

/d
x
j,
Z

<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

xj,Z =
pT,jet

pT,Z

Time Propagation through QGP

Z-boson + “early”-jet:

“Early” = More Energy Loss

⇒

More jet energy loss

Small Jet formation time, τf

“Late” = Less Energy Loss

Z-boson + “late”-jet:

Less Energy loss

⇒
Large Jet formation time, τf

LA, Guerrero-Rodriguez, Zapp, EPJC 2024
LA, Cordeiro, Zapp, EPJC 2021
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● Time at which hadronic particles start to “see” QGP will depend on the boost of the top quark
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LA, Milhano, Salgado, Salam, PRL 2019
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⇒

Smaller W-boson mass

(More energy loss)

Low pt,topreco

LA, Milhano, Salgado, Salam, PRL 2019
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⇒

Smaller W-boson mass

(More energy loss)

Low pt,topreco

t

W

b

q

q-
High pt,topreco Larger W-boson mass

⇒

(Less energy loss)

LA, Milhano, Salgado, Salam, PRL 2019
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Reveal the critical conditions for QGP formation
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Citron, LA, Milhano et al., CERN Yellow Rep.Monogr. 7 (2019) 

PbPb goal: ℒint ∼ 13 nb−1 ?? ??

LHC PbPb goal
1 month run 
(estimate)
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FCC

6

Reference for QGP studies

 [55 − 60] %

Ridge: 
Collectivity effects
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FCC

6

Uncover hadronization mechanisms and QCD confinement
Reference for QGP studies

 [55 − 60] %

EIC

LA, Elayavalli, Olavo, submitted to PRD
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Jet axis

Leading charged 
particles
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particles

Ridge: 
Collectivity effects

pp  s = 7 TeV

Ridge: 
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Jet 𝛕-algorithm
● Jet algorithms are a set of rules in which clustering steps follow a given metric order:

8

From: K. Zapp (21)

Iterative distance between 2 pseudo-jets: 

(Generalized-kT family) 

dij = min(p2p
T,1, p2p

t,j )
ΔR2

ij

R2

p = 0: Cambridge/Aachen (C/A) 
dij ∝ θ2

ij

C/A 
(Order by angle)

Dokshitzer, Leder, et al, 
JHEP 1997
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Jet 𝛕-algorithm
● Jet algorithms are a set of rules in which clustering steps follow a given metric order:

8

From: K. Zapp (21)

Iterative distance between 2 pseudo-jets: 

(Generalized-kT family) 

dij = min(p2p
T,1, p2p

t,j )
ΔR2

ij

R2

p = 0: Cambridge/Aachen (C/A) 
dij ∝ θ2

ij

p = 1/2: Inverse formation time (𝛕) 

dij ∝ τ−1
form ≃ pT,i θ2

ij

𝛕  
(Order by formation time)

QGP is an extended medium

C/A 
(Order by angle)

LA, Cordeiro, Zapp, 
EPJC 2021

Dokshitzer, Leder, et al, 
JHEP 1997



L. Apolinário Portuguese Discussion on the ESPP

Jet Energy Loss
● In-medium interactions will induce additional QCD radiation:

9

“Vacuum” jets “In-medium” jets

Hard scattering Hard scattering

QGP

…

… …
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Color (De)Coherence
● In-medium interactions can break expected angular ordering pattern 

● Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

10

Medium saturation 
scale:  

Transport 
coefficient:  

Medium length: 

Q2
s = ̂qL

̂q
L

 
Medium “sees” quark and anti-quark as 

a single emitter 
Coherent loss of energy

Qs ≥ θqq̄
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Color (De)Coherence
● In-medium interactions can break expected angular ordering pattern 

● Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

10

Medium saturation 
scale:  

Transport 
coefficient:  

Medium length: 

Q2
s = ̂qL

̂q
L

 
Medium “sees” quark and anti-quark as 

a single emitter 
Coherent loss of energy

Qs ≥ θqq̄  
Medium “sees” quark and anti-quark 

independently 
Incoherent loss of energy 

Qs ≥ θqq̄
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(Anti-)Angular Ordering
● In-medium interactions can break expected angular ordering pattern 

● Magnitude of the effect will depend on interplay between medium resolution and QCD-antenna opening angle

11

In the presence of a QGP, emissions do not need to follow angular ordering…

Mehtar-Tani, Salgado, Tywoniuk, PLB 2012
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● QCD Parton Formation time understood as the time it takes for a quark/gluon to radiate 

● When applied to a jet clustering tree yields τf,1 < τf,2 < τf,3

12

QCD Parton Formation time
τf,1

θ1, k⊥,1
E p

(Estimated from Heisenberg uncertainty principle)τform ∼
E

Mvirt

1
Mvirt

τf,1 τf,2 τf,3

τf,1

τf,2
τf,3

First unclustering step 
is the one with the 

shortest formation 
time


