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Energy loss with deconfined QCD matter,
degrade energy down to medium scale.

Blaizot et al. - 1209.4585, 1301.6102, 1311.5823 

<latexit sha1_base64="MNyz6xtMEC9jDc30SU2OAxkdyaw=">AAACBXicbVC7TsNAEDyHVwgvB0qaExESVWQjXmUEQqIMUl5SYqLzZROOnB+6W4MiKzVfQQsVHaLlOyj4F2zjAhKmGs3samfHDaXQaFmfRmFhcWl5pbhaWlvf2Nwyy9stHUSKQ5MHMlAdl2mQwocmCpTQCRUwz5XQdscXqd++B6VF4DdwEoLjsZEvhoIzTKS+Wb68iXvKo3eAU9objWijb1asqpWBzhM7JxWSo943v3qDgEce+Mgl07prWyE6MVMouIRpqRdpCBkfsxF0E+ozD7QTZ9GndD/SDAMagqJC0kyE3xsx87SeeG4y6TG81bNeKv7ndSMcnjmx8MMIwefpIRQSskOaK5F0AnQgFCCyNDlQ4VPOFEMEJSjjPBGjpKRS0oc9+/08aR1W7ZPq8fVRpXaeN1Mku2SPHBCbnJIauSJ10iScPJAn8kxejEfj1Xgz3n9GC0a+s0P+wPj4BhZEl9s=</latexit>

Ejet � T

Energetic parton emits quanta, 
which in turn emit more quanta.

pQCD:

Turbulent cascade with sink at E ~ T.

Mehtar-Tani et al. - 2209.10569 

https://arxiv.org/abs/1209.4585
https://arxiv.org/abs/1301.6102
https://arxiv.org/abs/1311.5823
https://arxiv.org/abs/2209.10569
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Energy loss with deconfined QCD matter,
degrade energy down to medium scale.
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Ejet � T

Energetic parton dual to string
falling into a black hole.

npSYM:

Excites hydro modes at distances ~ 1/T.

Chesler & Rajagopal - 1402.6756, 1511.07567 

https://arxiv.org/abs/1402.6756
https://arxiv.org/abs/1511.07567
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Energy loss with deconfined QCD matter,
degrade energy down to medium scale.
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Ejet � T

Experimental evidence:

Inclusive yields reduction. Excess of soft particles around the jet.

ATLAS - 1504.04337  CMS - 2101.04720

https://arxiv.org/abs/1504.04337
https://arxiv.org/abs/2101.04720


Outline

5Daniel Pablos INFN Torino

Energy loss with deconfined QCD matter,
degrade energy down to medium scale.
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Ejet � T

Experimental evidence:

Lost energy is recovered in the form
of soft particles at large angles.

Inclusive yields reduction. Excess of soft particles around the jet.

CMS - 1509.09029

https://arxiv.org/abs/1509.09029
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If the medium experiences an hydrodynamic evolution:

Can completely hydrodynamize (all jet becomes part of the medium).

Excitation of recoils, hydro modes correlated with jet direction (wake in the fluid).

Jet modification knows about local properties of the fluid (broadening, radiation). 

Challenge to use hydrodynamics in small systems (are opacities large enough?).
However, flow-like signatures are there.

Jets are crucial, complementary evidence tool 
to assess the dynamics of a liquid QGP.

If it was not hydro in small systems, was it hydro in large systems only?

Can we find evidence of jet modifications due to a flowing medium?

See S. Schlichting’s talk
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Jets can trigger high-momentum exchanges   :

Medium behaves like a fluid at scales ~ 1/T, but:

Can we find evidence that the QGP is not best described as a liquid at all length scales?

Can we use this to understand how a strongly coupled liquid emerges as one zooms out?

Asymptotic freedom Quark and gluon d.o.f. when 
probed at small enough lengths.  

 Can be perturbative.

Can resolve short-length structure of QGP.

<latexit sha1_base64="iiskn2xzj9oBeEWeK5NL78dooKI=">AAACDHicbVC7TsNAEDzzDOEVoEGiOREhUUU24lVQRCAkyiDlJcUhOl824cj57NytkSIrfAJfQQsVHaLlHyj4F5zgAhKmGs3sanfGC6UwaNuf1szs3PzCYmYpu7yyurae29ismiDSHCo8kIGue8yAFAoqKFBCPdTAfE9CzetdjPzaPWgjAlXGQQhNn3WV6AjOMJFaue0+PaOu6WuML29iV/v0DnBIy8NWLm8X7DHoNHFSkicpSq3cl9sOeOSDQi6ZMQ3HDrEZM42CSxhm3chAyHiPdaGRUMV8MM14nGBI9yLDMKAhaCokHYvweyNmvjED30smfYa3ZtIbif95jQg7p81YqDBCUHx0CIWE8SHDtUiqAdoWGhDZ6HOgQlHONEMELSjjPBGjpKts0oczmX6aVA8KznHh6PowXzxPm8mQHbJL9olDTkiRXJESqRBOHsgTeSYv1qP1ar1Z7z+jM1a6s0X+wPr4BpTkmuI=</latexit>

q <
p
EjetT

<latexit sha1_base64="A7G3KvXyzCIVvPqHaG4CGEWn2Os=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUCYSeUiJFZ0vm3DK+Wzu9pAiK19ACxUdouWDKPgXbOMCEqYazexqZyeIpTDoup/O0vLK6tp6aaO8ubW9s1vZ22+byGoOLR7JSHcDZkAKBS0UKKEba2BhIKETTG4yv/MI2ohI3eE0Bj9kYyVGgjNMpebDoFJ1a24Ouki8glRJgcag8tUfRtyGoJBLZkzPc2P0E6ZRcAmzct8aiBmfsDH0UqpYCMZP8qAzemwNw4jGoKmQNBfh90bCQmOmYZBOhgzvzbyXif95PYujKz8RKrYIimeHUEjIDxmuRdoA0KHQgMiy5ECFopxphghaUMZ5Ktq0knLahzf//SJpn9a8i9p586xavy6aKZFDckROiEcuSZ3ckgZpEU6APJFn8uJY59V5c95/RpecYueA/IHz8Q1+4JGE</latexit>q
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Momentum fraction distribution of produced partons will depend on the scale it is probed at.

Multiple parton emission suppressed by      , 
but enhanced by large logarithms due to large scale separation.

Evolution with scale determined by DGLAP equations, 
conveniently rewritten in terms of Sudakov form factor (no-splitting probability) for MC.

Jets typically present a multi-parton structure, triggered by production scale Q,
as they interact with the medium.

Challenge! 
& Opportunity

<latexit sha1_base64="7ARx9OaeLfpNxSe/XYtZ7XkwznU=">AAACG3icbVC5TsNAFFyHK4QrQEmzIkJQRTbiKhGHREFBJAKR4hA9bx5hYde2dp+RIiufwCfwFbRQ0SFaCgr+Bcek4JpqNPPOCWIlLbnuu1MYGR0bnyhOlqamZ2bnyvMLZzZKjMC6iFRkGgFYVDLEOklS2IgNgg4Ungc3+wP//BaNlVF4Sr0YWxq6obyUAiiT2uXVw4vUN5pfI/V9KzWvcb/b5f5xNqID7dyr7R/02+WKW3Vz8L/EG5IKG+KkXf7wO5FINIYkFFjb9NyYWikYkkJhv+QnFmMQN9DFZkZD0Ghbaf5Qn68kFijiMRouFc9F/N6Rgra2p4OsUgNd2d/eQPzPayZ0udNKZRgnhKEYLCKpMF9khZFZUsg70iARDC5HLkMuwAARGslBiExMsuhKWR7e7+//krP1qrdV3axtVHb3hskU2RJbZmvMY9tslx2xE1Zngt2xB/bInpx759l5cV6/SgvOsGeR/YDz9gl4yqCg</latexit>

Ejet ⇠ Q � ⇤QCD
<latexit sha1_base64="oxM0LXyNzzNMA/J1OLi7sDv/6NE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTXLK+aG7NVJk8hO0UNEhWn6Ggn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o4HBpUMsEmSFHYijeB7Ctve5Cbz2w+ojQyDe5pG6PowCuRQCqBU6vRARWPom36latfsHHyROAWpsgKNfuWrNwhF7GNAQoExXceOyE1AkxQKZ+VebDACMYERdlMagI/GTfK8M34cG6CQR6i5VDwX8fdGAr4xU99LJ32gsZn3MvE/rxvT8MpNZBDFhIHIDpFUmB8yQsu0COQDqZEIsuTIZcAFaCBCLTkIkYpx2kw57cOZ/36RtE5rzkXt/O6sWr8umimxQ3bETpjDLlmd3bIGazLBFHtiz+zFerRerTfr/Wd0ySp2DtgfWB/f2sqUjQ==</latexit>↵s

Need to understand this interplay before more subtle effects can be assessed.
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High pT production at very early times described with pQCD.

High-pT jet suppression 
sensitive to initial-state effects.

Initial-state effects leave an imprint on jet observables,
specially at large x (valence quarks), for any Q2.
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Low x described by shadowing/saturation physics.
Nuclear wave function is modified with increasing atomic number.

https://arxiv.org/abs/1907.12301
https://arxiv.org/abs/2012.01457
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High pT production at very early times described with pQCD.

Initial-state effects leave an imprint on jet observables,
specially at large x (valence quarks), for any Q2.

Adhya et al. - 2106.02592

Rapidity dependence 
of jet suppression
sensitive to initial-state effects.

DP & A. Soto-Ontoso - 2210.07901

Low x described by shadowing/saturation physics.
Nuclear wave function is modified with increasing atomic number.

https://arxiv.org/abs/2106.02592
https://arxiv.org/abs/2210.07901
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High pT production at very early times described with pQCD.

Initial-state effects leave an imprint on jet observables,
specially at large x (valence quarks), for any Q2.

Jet v2 in nucleon-nucleus 
(without quenching)

if intrinsic kT large enough.

Soudi & Majumder - 2308.14702

See I. Soudi’s talk

Low x described by shadowing/saturation physics.
Nuclear wave function is modified with increasing atomic number.
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High pT production at very early times described with pQCD.

Initial-state effects leave an imprint on jet observables,
specially at large x (valence quarks), for any Q2.

Low x described by shadowing/saturation physics.
Nuclear wave function is modified with increasing atomic number.

Initial-state effects on jet quenching observables need to be  
included and quantified for a correct interpretation of results.
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Jets experience part of their evolution as if they were in vacuum, formation times arguments.
Formation time         : when wavelength of emitted gluon resolves transverse separation.

A given dipole is resolved (both legs lose energy) if:

All VLE are angular ordered, since 

VLEs included in MC, either full factorization, or allowing corrections from rare kicks (JEWEL, MATTER).

<latexit sha1_base64="gt+v/gXfN8riqoNzc8URvcYgg14=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5IGSKDpfNuGUs326WyNFlr+CFio6RMvHUPAvnI0LSJhqNLOr2R1fSWHQdT+d0tLyyupaeb2ysbm1vVPd3WubKNYcWjySke76zIAUIbRQoISu0sACX0LHn15nfucRtBFReIczBYOATUIxFpyhle6nw6SvQKt0WK25dTcHXSReQWqkQHNY/eqPIh4HECKXzJie5yocJEyj4BLSSj82oBifsgn0LA1ZAGaQ5Aen9Cg2DCNqk6mQNBfh90bCAmNmgW8nA4YPZt7LxP+8Xozjy0EiQhUjhDwLQiEhDzJcC9sE0JHQgMiyy4GKkHKmGSJoQRnnVoxtNRXbhzf//SJpn9S98/rZ7WmtcVU0UyYH5JAcE49ckAa5IU3SIpwE5Ik8kxcndV6dN+f9Z7TkFDv75A+cj2/+qJU4</latexit>

k?Implies separation 
of momenta.

From multiple soft scatterings. (       )     
<latexit sha1_base64="KVqWDgrUHqiNHSt1SZ4gUTdUKlA=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPCTHitaXTXLK+cHdGhRZEV9BCxUdouVbKPgX7JACEqYazexqZ8ePlTRk25/WwuLS8spqYa24vrG5tV3a2W2YKNEC6yJSkW75YFDJEOskSWEr1giBr7DpD69yv3mP2sgovKVRjF4A/VD2pADKJLf9ILs4AErvxp1S2a7YE/B54kxJmU1R65S+2t1IJAGGJBQY4zp2TF4KmqRQOC62E4MxiCH00c1oCAEaL51EHvPDxABFPEbNpeITEX9vpBAYMwr8bDIAGphZLxf/89yEehdeKsM4IQxFfoikwskhI7TMukDelRqJIE+OXIZcgAYi1JKDEJmYZOUUsz6c2e/nSeO44pxVTm9OytXLaTMFts8O2BFz2DmrsmtWY3UmWMSe2DN7sR6tV+vNev8ZXbCmO3vsD6yPb53mliI=</latexit>

bq

From DGLAP evolution.

med

vac

A given emission is vacuum-like (VLE) if:

<latexit sha1_base64="LeQhzoj5mjqn5wixPg0t2CL2Oxk=">AAACBnicbVC7TsNAEDyHVwivEEqaExESVWQjXgVFBA0FRZDIQ0qiaH3ZJKecH7pbIyIrPV9BCxUdouU3KPgXHOMCAlONZna1s+OGShqy7Q8rt7C4tLySXy2srW9sbhW3Sw0TRFpgXQQq0C0XDCrpY50kKWyFGsFzFTbd8eXMb96hNjLwb2kSYteDoS8HUgAlUq9Y6hBEvbijPS6C0ZSf8+tesWxX7BT8L3EyUmYZar3iZ6cfiMhDn4QCY9qOHVI3Bk1SKJwWOpHBEMQYhthOqA8emm6cZp/y/cgABTxEzaXiqYg/N2LwjJl4bjLpAY3MvDcT//PaEQ3OurH0w4jQF7NDJBWmh4zQMikFeV9qJIJZcuTS5wI0EKGWHIRIxChpqZD04cx//5c0DivOSeX45qhcvciaybNdtscOmMNOWZVdsRqrM8Hu2SN7Ys/Wg/VivVpv36M5K9vZYb9gvX8B35mYSA==</latexit>

⌧coh < L
Time it takes a dipole to decohere 

via multiple color rotations.
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✓ > ✓c ⇠ 1/
p

bqL3
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⌧v < ⌧coh .

<latexit sha1_base64="uW2CpXHYif0+W61b6xnOGzo6K0c=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTThyfuhujRSs/AMtVHSIlr+h4F+wjQtImGo0s6udHS9S0pBtf1oLi0vLK6ultfL6xubWdmVnt2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgliYRuj6MAjmUAiiVWj2CuD/sV6p2zc7B54lTkCor0OhXvnqDUMQ+BiQUGNN17IjcBDRJoXBa7sUGIxBjGGE3pQH4aNwkTzvlh7EBCnmEmkvFcxF/byTgGzPxvXTSB7ozs14m/ud1YxpeuIkMopgwENkhkgrzQ0ZomdaAfCA1EkGWHLkMuAANRKglByFSMU57Kad9OLPfz5PWcc05q53enFTrl0UzJbbPDtgRc9g5q7Nr1mBNJtg9e2LP7MV6tF6tN+v9Z3TBKnb22B9YH99SiZOw</latexit>⌧f
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⌧f ⌧ ⌧med

Caucal et al. - 1801.09703

https://arxiv.org/abs/1801.09703
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Exploit jet clustering techniques to scan energy scales of parton splittings.

Models indeed show dominance
of vacuum physics at large kT.

Accessing energetic resolved prongs,
formed within QGP, possible with high pT jets.

See also zg measurement by ALICE.

What would we see in data? At which scale does the medium actually contribute?

2107.12984

See A. Takacs’ talk

<latexit sha1_base64="Pfp9YeOE6Zd1scRgEJxyceSBpbk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTXLK+aG7NVJk8hO0UNEhWn6Ggn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o4HBpUMsEmSFHYijeB7Ctve5Cbz2w+ojQyDe5pG6PowCuRQCqBU6vRojAT9Ub9StWt2Dr5InIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqFs3IvNhiBmMAIuykNwEfjJnneGT+ODVDII9RcKp6L+HsjAd+Yqe+lkz7Q2Mx7mfif141peOUmMohiwkBkh0gqzA8ZoWVaBPKB1EgEWXLkMuACNBChlhyESMU4baac9uHMf79IWqc156J2fndWrV8XzZTYITtiJ8xhl6zOblmDNZlgij2xZ/ZiPVqv1pv1/jO6ZBU7B+wPrI9v4VyUkQ==</latexit>

✓g

https://arxiv.org/abs/2107.12984


Wide vs Narrow, Gluon vs Quark

15Daniel Pablos INFN Torino

The presence of the initial partonic distribution coming from vacuum physics,
heavily affects total energy loss of jet.

Medium sensitive to vacuum-set scales, and so to jet substructure fluctuations.

Depends on whether vacuum-like sources are resolved, i.e. if

Selection bias towards jet who experienced a narrower fragmentation (if steeply falling spectrum).

<latexit sha1_base64="fTovCOF4y56bHwbW1CrEDHVruyk=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEysyK7xVRmijSUm8khgQ+4OF5gw+8jMXQ0h1H6FrVZ2xtbvsPBf3IUtFD3VyTn35p57vEhJQ7b9aeWWlldW1/LrhY3Nre2dYmm3YcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje6Tv3mPWojw+COxhG6PgwC2ZcCKJG6xVKHhkjAL/mcdEW3WLYr9gz8L3EyUmYZat3iV6cXitjHgIQCY9qOHZE7AU1SKJwWOrHBCMQIBthOaAA+Gncyiz7lh7EBCnmEmkvFZyL+3JiAb8zY95JJH2hoFr1U/M9rx9S/cCcyiGLCQKSHSCqcHTJCy6QT5D2pkQjS5MhlwAVoIEItOQiRiHFSUiHpw1n8/i9pHFecs8rp7Um5epU1k2f77IAdMYedsyq7YTVWZ4I9sCf2zF6sR+vVerPe56M5K9vZY79gfXwDW3SYCA==</latexit>

✓ > ✓c .

However, a gluon-initiated jet:

Species dependence can lead to jet narrowing without having to resolve jet substructure.

Wider fragmentation in vacuum,
<latexit sha1_base64="tXaLx5r+WqKkzr+zVb7wZcForMI=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKQhjJI5CE5VnS+bMIpZ/t0t0aKrIivoIWKDtHyLRT8C7ZxAQlTjWZ2NbvjKykM2vanVVpaXlldK69XNja3tnequ3sdE8WaQ5tHMtI9nxmQIoQ2CpTQUxpY4Evo+pNm5ncfQBsRhXc4VeAFbByKkeAMU8ntKx0pjGhzcDWo1uy6nYMuEqcgNVKgNah+9YcRjwMIkUtmjOvYCr2EaRRcwqzSjw0oxidsDG5KQxaA8ZL85Bk9ig1LcxVoKiTNRfi9kbDAmGngp5MBw3sz72Xif54b4+jSS0SoYoSQZ0EoJORBhmuRdgF0KDQgsuxyoCKknGmGCFpQxnkqxmk5lbQPZ/77RdI5qTvn9bPb01rjumimTA7IITkmDrkgDXJDWqRNOInIE3kmL9aj9Wq9We8/oyWr2Nknf2B9fAOXjZV6</latexit>

/ CA

Interact more strongly with the medium, also 
<latexit sha1_base64="tXaLx5r+WqKkzr+zVb7wZcForMI=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKQhjJI5CE5VnS+bMIpZ/t0t0aKrIivoIWKDtHyLRT8C7ZxAQlTjWZ2NbvjKykM2vanVVpaXlldK69XNja3tnequ3sdE8WaQ5tHMtI9nxmQIoQ2CpTQUxpY4Evo+pNm5ncfQBsRhXc4VeAFbByKkeAMU8ntKx0pjGhzcDWo1uy6nYMuEqcgNVKgNah+9YcRjwMIkUtmjOvYCr2EaRRcwqzSjw0oxidsDG5KQxaA8ZL85Bk9ig1LcxVoKiTNRfi9kbDAmGngp5MBw3sz72Xif54b4+jSS0SoYoSQZ0EoJORBhmuRdgF0KDQgsuxyoCKknGmGCFpQxnkqxmk5lbQPZ/77RdI5qTvn9bPb01rjumimTA7IITkmDrkgDXJDWqRNOInIE3kmL9aj9Wq9We8/oyWr2Nknf2B9fAOXjZV6</latexit>

/ CA

Confounding factors.

(this we would like to measure)

(this we know)



Enriched Samples

16Daniel Pablos INFN Torino

Get access to quark-enriched samples.

Boson-jet samples

See C. Sirimanna’s talk

See C. McGinn’s talk

More direct access to the physics of the interplay between medium and vacuum scales, coherence.

Via, e.g.:

Heavy flavour-tagged jets Rapidity scans

ATLAS - 2303.10090

See A. Sickles talk
See M. Park’s talk

DP & A. Soto-Ontoso - 2210.07901

ATLAS - 2308.16652 

CMS - PAS-HIN-23-001

https://arxiv.org/abs/2303.10090
https://arxiv.org/abs/2210.07901
https://arxiv.org/abs/2308.16652
https://cds.cern.ch/record/2867449
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<latexit sha1_base64="eTkxcWz6u7lt3uLs4HIWf+XWkDU=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwYpgoYySOQhJVZ0vmzCKXdnc7dGiqwUfAUtVHSIlk+h4F+wTQpImGo0s6udnSCSwqLrfjqFhcWl5ZXiamltfWNzq7y907RhbDg0eChD0w6YBSk0NFCghHZkgKlAQisYXWV+6wGMFaG+xXEEvmJDLQaCM0wlX/eSrlHUxsHkwuuVK27VzUHniTclFTJFvVf+6vZDHivQyCWztuO5EfoJMyi4hEmpG1uIGB+xIXRSqpkC6yd56Ak9iC3DkEZgqJA0F+H3RsKUtWMVpJOK4Z2d9TLxP68T4+DcT4SOYgTNs0MoJOSHLDcibQNoXxhAZFlyoEJTzgxDBCMo4zwV47SeUtqHN/v9PGkeVb3T6snNcaV2OW2mSPbIPjkkHjkjNXJN6qRBOLknT+SZvDiPzqvz5rz/jBac6c4u+QPn4xs2qpZj</latexit>

nsub = 1
<latexit sha1_base64="IpXm7NF2Nppi7MZJWo2aAwXbacA=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIjXg1SBA1lkMhDSqzofNmEU85nc7eHFFkp+ApaqOgQLZ9Cwb/gGBcQmGo0s6udnSCWwqDrfjiFhcWl5ZXiamltfWNzq7y90zKR1RyaPJKR7gTMgBQKmihQQifWwMJAQjsYX8789j1oIyJ1g5MY/JCNlBgKzjCVfNVPejqkxgbT81q/XHGrbgb6l3g5qZAcjX75szeIuA1BIZfMmK7nxugnTKPgEqalnjUQMz5mI+imVLEQjJ9koaf0wBqGEY1BUyFpJsLPjYSFxkzCIJ0MGd6aeW8m/ud1LQ7P/ESo2CIoPjuEQkJ2yHAt0jaADoQGRDZLDlQoyplmiKAFZZynok3rKaV9ePPf/yWtWtU7qR5fH1XqF3kzRbJH9skh8cgpqZMr0iBNwskdeSRP5Nl5cF6cV+fte7Tg5Du75Bec9y84OZZk</latexit>

nsub = 2

<latexit sha1_base64="E4WgdqGoONHRRcr0/6Ravs41nXA=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKBhjIg8hCJFZ0vm3DK+WzdrZEiK3wFLVR0iJZ/oeBfsI0LSJhqNLOrnR0vlMKgbX9ahYXFpeWV4mppbX1jc6u8vdMyQaQ5NHkgA93xmAEpFDRRoIROqIH5noS2N75M/fYDaCMCdYuTEFyfjZQYCs4wke5u+nFP+7Ren/bLFbtqZ6DzxMlJheRo9MtfvUHAIx8UcsmM6Tp2iG7MNAouYVrqRQZCxsdsBN2EKuaDceMs8ZQeRIZhQEPQVEiaifB7I2a+MRPfSyZ9hvdm1kvF/7xuhMNzNxYqjBAUTw+hkJAdMlyLpAqgA6EBkaXJgQpFOdMMEbSgjPNEjJJuSkkfzuz386R1VHVOqyfXx5XaRd5MkeyRfXJIHHJGauSKNEiTcKLIE3kmL9aj9Wq9We8/owUr39klf2B9fAOqFJTz</latexit>

RAA

<latexit sha1_base64="vilDTdMRTJcZDbqbkhMpovAqugQ=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrIRBMoIGsogyENKrOh82YRTzmfrbg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR0/ksKg43xapaXlldW18nplY3Nre6e6u9c2Yaw5tHgoQ931mQEpFLRQoIRupIEFvoSOP7nK/M4DaCNCdYfTCLyAjZUYCc4wlW4duz6o1hzbyUEXiVuQGinQHFS/+sOQxwEo5JIZ03OdCL2EaRRcwqzSjw1EjE/YGHopVSwA4yV51Bk9ig3DkEagqZA0F+H3RsICY6aBn04GDO/NvJeJ/3m9GEcXXiJUFCMonh1CISE/ZLgWaQdAh0IDIsuSAxWKcqYZImhBGeepGKelVNI+3PnvF0n7xHbr9tnNaa1xWTRTJgfkkBwTl5yTBrkmTdIinIzJE3kmL9aj9Wq9We8/oyWr2Nknf2B9fAP/25G7</latexit>

0.6

<latexit sha1_base64="IXdoOQN1Ko2MlinBdrywzGYtPpY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJ5lxE0lEGQh5RY0fmyCaecz9bdGhRZ+QRaqOgQLd9Dwb9gGxeQMNVoZlc7O34khUHH+bRKC4tLyyvl1cra+sbmVnV7p2XCWHNo8lCGuuMzA1IoaKJACZ1IAwt8CW1/fJX57QfQRoTqDicReAEbKTEUnGEq3Tr2cb9ac2wnB50nbkFqpECjX/3qDUIeB6CQS2ZM13Ui9BKmUXAJ00ovNhAxPmYj6KZUsQCMl+RRp/QgNgxDGoGmQtJchN8bCQuMmQR+OhkwvDezXib+53VjHF54iVBRjKB4dgiFhPyQ4VqkHQAdCA2ILEsOVCjKmWaIoAVlnKdinJZSSftwZ7+fJ60j2z2zT29OavXLopky2SP75JC45JzUyTVpkCbhZESeyDN5sR6tV+vNev8ZLVnFzi75A+vjG/sukbg=</latexit>

0.3

Reconstruct R=1 jets from R=0.2 jets:
If 2 or more subjets, more suppressed than single subjet.

<latexit sha1_base64="eTkxcWz6u7lt3uLs4HIWf+XWkDU=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwYpgoYySOQhJVZ0vmzCKXdnc7dGiqwUfAUtVHSIlk+h4F+wTQpImGo0s6udnSCSwqLrfjqFhcWl5ZXiamltfWNzq7y907RhbDg0eChD0w6YBSk0NFCghHZkgKlAQisYXWV+6wGMFaG+xXEEvmJDLQaCM0wlX/eSrlHUxsHkwuuVK27VzUHniTclFTJFvVf+6vZDHivQyCWztuO5EfoJMyi4hEmpG1uIGB+xIXRSqpkC6yd56Ak9iC3DkEZgqJA0F+H3RsKUtWMVpJOK4Z2d9TLxP68T4+DcT4SOYgTNs0MoJOSHLDcibQNoXxhAZFlyoEJTzgxDBCMo4zwV47SeUtqHN/v9PGkeVb3T6snNcaV2OW2mSPbIPjkkHjkjNXJN6qRBOLknT+SZvDiPzqvz5rz/jBac6c4u+QPn4xs2qpZj</latexit>

nsub = 1
<latexit sha1_base64="IpXm7NF2Nppi7MZJWo2aAwXbacA=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIjXg1SBA1lkMhDSqzofNmEU85nc7eHFFkp+ApaqOgQLZ9Cwb/gGBcQmGo0s6udnSCWwqDrfjiFhcWl5ZXiamltfWNzq7y90zKR1RyaPJKR7gTMgBQKmihQQifWwMJAQjsYX8789j1oIyJ1g5MY/JCNlBgKzjCVfNVPejqkxgbT81q/XHGrbgb6l3g5qZAcjX75szeIuA1BIZfMmK7nxugnTKPgEqalnjUQMz5mI+imVLEQjJ9koaf0wBqGEY1BUyFpJsLPjYSFxkzCIJ0MGd6aeW8m/ud1LQ7P/ESo2CIoPjuEQkJ2yHAt0jaADoQGRDZLDlQoyplmiKAFZZynok3rKaV9ePPf/yWtWtU7qR5fH1XqF3kzRbJH9skh8cgpqZMr0iBNwskdeSRP5Nl5cF6cV+fte7Tg5Du75Bec9y84OZZk</latexit>

nsub = 2

<latexit sha1_base64="zbjvfGA093n2IBBfmQwDjRl61Go=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjII8pASK1pfNuGU84O7NSiy8gm0UNEhWr6Hgn/BNikgYarRzK52drxISUO2/WkVFhaXlleKq6W19Y3NrfL2TtOEsRbYEKEKddsDg0oG2CBJCtuRRvA9hS1vdJn5rQfURobBLY0jdH0YBnIgBVAq3Qx6971yxa7aOfg8caakwqao98pf3X4oYh8DEgqM6Th2RG4CmqRQOCl1Y4MRiBEMsZPSAHw0bpJHnfCD2ACFPELNpeK5iL83EvCNGfteOukD3ZlZLxP/8zoxDc7dRAZRTBiI7BBJhfkhI7RMO0DelxqJIEuOXAZcgAYi1JKDEKkYp6WU0j6c2e/nSfOo6pxWT66PK7WLaTNFtsf22SFz2BmrsStWZw0m2JA9sWf2Yj1ar9ab9f4zWrCmO7vsD6yPb/0Fkl0=</latexit>

fq

If 2 or more subjets, quark-fraction decreases.

If single resolved subjet:

If two resolved subjets:

<latexit sha1_base64="B5yhy3hSUE5pnbdDE0A2YsRTkEg="></latexit>

fqQq + (1� fq)Qg = RAA

<latexit sha1_base64="VBige7kAgeTWO50dwAvmF0cG9gk="></latexit>

fqQqQg + (1� fq)Q
2
g = RAA

Physical solution only when assuming 
two resolved subjets, with 

<latexit sha1_base64="4xdjh/FF9BVNGZbEWyw6EVYX+vk=">AAACIXicbVDJSgNBEO1xjXGLevTSGAQvxhlxO6oB8ZiAMUImDDWdSmzsWeyuEWTIV/gJfoVXPXkTbyL+izNJBLd3qcd7VVTV82MlDdn2mzU2PjE5NV2YKc7OzS8slpaWz02UaIENEalIX/hgUMkQGyRJ4UWsEQJfYdO/quZ+8wa1kVF4RrcxtgPohbIrBVAmeaVNt6tBpK6Kerzu9fpf7LrPXSMDvj0sVe9oq+qdeKWyXbEH4H+JMyJlNkLNK324nUgkAYYkFBjTcuyY2ilokkJhv+gmBmMQV9DDVkZDCNC008Fbfb6eGKCIx6i5VHwg4veJFAJjbgM/6wyALs1vLxf/81oJdQ/aqQzjhDAU+SKSCgeLjNAyywt5R2okgvxy5DLkAjQQoZYchMjEJAuwmOXh/P7+Lznfrjh7ld36TvnweJRMga2yNbbBHLbPDtkpq7EGE+yOPbBH9mTdW8/Wi/U6bB2zRjMr7Aes909gFKKO</latexit>

logQg

logQq
⇠ 2 ⇠ CA/CF

Illustration (with many caveats) that structures form within, and interact with, the medium independently.

<latexit sha1_base64="IXdoOQN1Ko2MlinBdrywzGYtPpY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJ5lxE0lEGQh5RY0fmyCaecz9bdGhRZ+QRaqOgQLd9Dwb9gGxeQMNVoZlc7O34khUHH+bRKC4tLyyvl1cra+sbmVnV7p2XCWHNo8lCGuuMzA1IoaKJACZ1IAwt8CW1/fJX57QfQRoTqDicReAEbKTEUnGEq3Tr2cb9ac2wnB50nbkFqpECjX/3qDUIeB6CQS2ZM13Ui9BKmUXAJ00ovNhAxPmYj6KZUsQCMl+RRp/QgNgxDGoGmQtJchN8bCQuMmQR+OhkwvDezXib+53VjHF54iVBRjKB4dgiFhPyQ4VqkHQAdCA2ILEsOVCjKmWaIoAVlnKdinJZSSftwZ7+fJ60j2z2zT29OavXLopky2SP75JC45JzUyTVpkCbhZESeyDN5sR6tV+vNev8ZLVnFzi75A+vjG/sukbg=</latexit>

0.3

(with LO matching criterion)

See D. Hangal’s talk ATLAS - 2301.05606

<latexit sha1_base64="d3Pbge9qv2nWKAR/PuXd+rL6Uic=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrIRAcoIGsogyENKrOh82YRTzmfrbg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR0/ksKg43xapaXlldW18nplY3Nre6e6u9c2Yaw5tHgoQ931mQEpFLRQoIRupIEFvoSOP7nK/M4DaCNCdYfTCLyAjZUYCc4wlW4duz6o1hzbyUEXiVuQGinQHFS/+sOQxwEo5JIZ03OdCL2EaRRcwqzSjw1EjE/YGHopVSwA4yV51Bk9ig3DkEagqZA0F+H3RsICY6aBn04GDO/NvJeJ/3m9GEcXXiJUFCMonh1CISE/ZLgWaQdAh0IDIsuSAxWKcqYZImhBGeepGKelVNI+3PnvF0n7xHbP7PrNaa1xWTRTJgfkkBwTl5yTBrkmTdIinIzJE3kmL9aj9Wq9We8/oyWr2Nknf2B9fAP+TJG6</latexit>

0.5

https://arxiv.org/abs/2301.05606
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EECs display different quark vs gluon 
slope due to anomalous dimension: 

0.01

0.1

1

10

100

0.01 0.1 1

Hadronic, pT > 350 GeV, |⌘| < 2

PYTHIA8, MPI=o↵, ISR=on, anti-kT , R = 0.8
1
/⌃

d⌃
/d

✓

✓

Total

Quark

Gluon

<latexit sha1_base64="4UI6sG4wTNeBCDbyoHmsec3+M+E=">AAACE3icbZC7TsNAEEXXvAmvACUFKyIkaCKbd4UiaCiDRAApiaLxZjCr7NrO7hgJWSn5BL6CFio6RMsHUPAv2CFIEJjq6twZzcz1YyUtue67MzI6Nj4xOTVdmJmdm18oLi6d2ygxAmsiUpG59MGikiHWSJLCy9ggaF/hhd85zv2LGzRWRuEZ3cbY1BCE8koKoAy1iquNALSGVhoEvY3tTX7Iv0G3m4NWseSW3X7xv8IbiBIbVLVV/Gi0I5FoDEkosLbuuTE1UzAkhcJeoZFYjEF0IMB6JkPQaJtp/5EeX08sUMRjNFwq3of4cyIFbe2t9rNODXRth70c/ufVE7o6aKYyjBPCUOSLSCrsL7LCyCwh5G1pkAjyy5HLkAswQIRGchAig0kWWSHLwxv+/q843yp7e+Xd051S5WiQzBRbYWtsg3lsn1XYCauyGhPsjj2wR/bk3DvPzovz+tU64gxmltmvct4+AdncnRI=</latexit>

�gg(3) > �qq(3)

Quark jets present less structure at wider angles.

(with LO matching criterion)

LATE TIMES

EARLY TIMES

<latexit sha1_base64="jPNUqhrIIoz8ABL+aqYPB/qBI54=">AAACEHicbVC7TsNAEDzzDOEVoITiRIREFdkRrzKChjJI5CHFIVpfNskp54fu1kiRlYZP4CtooaJDtPwBBf+CY1JAwlSjmV3tzniRkoZs+9NaWFxaXlnNreXXNza3tgs7u3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84dXEb9yjNjIMbmkUYduHfiB7UgClUqdw4BLE3DXS525Pg0icceLSAAnuyuNOoWiX7Ax8njhTUmRTVDuFL7cbitjHgIQCY1qOHVE7AU1SKBzn3dhgBGIIfWylNAAfTTvJUoz5UWyAQh6h5lLxTMTfGwn4xox8L530gQZm1puI/3mtmHoX7UQGUUwYiMkhkgqzQ0ZomdaDvCs1EsHkc+Qy4AI0EKGWHIRIxTjtK5/24cymnyf1csk5K53enBQrl9NmcmyfHbJj5rBzVmHXrMpqTLAH9sSe2Yv1aL1ab9b7z+iCNd3ZY39gfXwDWN6c+A==</latexit>

⌧ ⇠ 1

✓2

Less perturbative,
sensitive to cutoff

Perturbative

Hofman & Maldacena - 0803.1467

https://arxiv.org/abs/0803.1467
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EEC in the medium expected
to have little sensitivity to initiator species.

See C. Andrés’ talk

Onset of medium-induced radiation
at        (                 condition).

<latexit sha1_base64="8L6XVMGNaWT04o+ACuTSjZSJTYI=">AAACDnicbVDLSgNBEJz1GeMr6k0vg0HwFHfF1zEogoccIphEyC6hd9KJg7MPZ3oFWQJ+gl/hVU/exKu/4MF/cRP3oNE6FVXddFf5sZKGbPvDmpicmp6ZLcwV5xcWl5ZLK6tNEyVaYENEKtKXPhhUMsQGSVJ4GWuEwFfY8q9Phn7rFrWRUXhBdzF6AfRD2ZMCKJM6pXWXrpCgU+OukQF3dlxzoyk95bVBp1S2K/YI/C9xclJmOeqd0qfbjUQSYEhCgTFtx47JS0GTFAoHRTcxGIO4hj62MxpCgMZLRxkGfCsxQBGPUXOp+EjEnxspBMbcBX42GQBdmXFvKP7ntRPqHXmpDOOEMBTDQyQVjg4ZoWVWDvKu1EgEw8+Ry5AL0ECEWnIQIhOTrK1i1ocznv4vae5WnIPK/vleuXqcN1NgG2yTbTOHHbIqO2N11mCC3bNH9sSerQfrxXq13r5HJ6x8Z439gvX+BbASm28=</latexit>

✓L ⇠ 1/
p
EL

<latexit sha1_base64="S6a833LbutB/dbThvg3Qbef28xk=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOSBkihaXzbJKeeH7tZIkZWvoIWKDtHyMRT8C7ZxAQlTjWZ2tbPjhkoasu1Pq7C0vLK6VlwvbWxube+Ud/eaJoi0wIYIVKDbLhhU0scGSVLYDjWC5ypsuZPr1G89ojYy8O9pGmLPg5Evh1IAJdJDl8ZI0L/l/XLFrtoZ+CJxclJhOer98ld3EIjIQ5+EAmM6jh1SLwZNUiiclbqRwRDEBEbYSagPHppenAWe8aPIAAU8RM2l4pmIvzdi8IyZem4y6QGNzbyXiv95nYiGl71Y+mFE6Iv0EEmF2SEjtEyaQD6QGokgTY5c+lyABiLUkoMQiRgl1ZSSPpz57xdJ86TqnFfP7k4rtau8mSI7YIfsmDnsgtXYDauzBhPMY0/smb1YM+vVerPef0YLVr6zz/7A+vgGEVCUoA==</latexit>

✓L
<latexit sha1_base64="P/2nLHmTA09sxzjQtWNW1R20iwQ=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVVBE0FBQBIk8RBJF68smnHI+W3drpCgKX0ELFR2i5V8o+Bcc4wISphrN7Gpnx4+UtOS6n87c/MLi0nJuJb+6tr6xWdjartkwNgKrIlShafhgUUmNVZKksBEZhMBXWPcHlxO//oDGylDf0jDCdgB9LXtSACXSXYsg7vT4Ob/uFIpuyU3BZ4mXkSLLUOkUvlrdUMQBahIKrG16bkTtERiSQuE434otRiAG0MdmQjUEaNujNPGY78cWKOQRGi4VT0X8vTGCwNph4CeTAdC9nfYm4n9eM6beWXskdRQTajE5RFJhesgKI5MqkHelQSKYJEcuNRdggAiN5CBEIsZJN/mkD2/6+1lSOyx5J6Xjm6Ni+SJrJsd22R47YB47ZWV2xSqsygTT7Ik9sxfn0Xl13pz3n9E5J9vZYX/gfHwDKPOUoA==</latexit>

⌧f < L

<latexit sha1_base64="KHeD4ZeyPaFLLZq55o163/qlaLc=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimzEq4ygoQwSeUhJFK0vm+SU80N3a1BkpeYraKGiQ7R8BwX/gm1cQMJUo5ldze64oZKGbPvTWlpeWV1bL2wUN7e2d3ZL5b2mCSItsCECFei2CwaV9LFBkhS2Q43guQpb7uQ69Vv3qI0M/DuahtjzYOTLoRRAidQvlbs0RoJ+3NUeDxEms36pYlftDHyRODmpsBz1fumrOwhE5KFPQoExHccOqReDJikUzordyGAIYgIj7CTUBw9NL85On/GjyAAFSbLmUvFMxN8bMXjGTD03mfSAxmbeS8X/vE5Ew8teLP0wIvRFGkRSYRZkhJZJJ8gHUiMRpJcjlz4XoIEIteQgRCJGSUnFpA9n/vtF0jypOufVs9vTSu0qb6bADtghO2YOu2A1dsPqrMEEe2BP7Jm9WI/Wq/Vmvf+MLln5zj77A+vjG1wAmKk=</latexit>

✓peak

Peak position of EEC more sensitive
to coherence, distinguish between:

<latexit sha1_base64="Dih6GWGnvfX7uaevapER9BHTOdc=">AAACCXicbVC5TsNAEF1zhnAFEBXNigiJKrIRVxlBQ0ERJHJIcRSNN5NklfWh3TFSZOUL+ApaqOgQLV9Bwb/gGBeQ8Ko3781oZp4XKWnItj+thcWl5ZXVwlpxfWNza7u0s9swYawF1kWoQt3ywKCSAdZJksJWpBF8T2HTG11P/eYDaiPD4J7GEXZ8GASyLwVQKnVL+y4NkaB7y93BgOeF6JbKdsXOwOeJk5Myy1Hrlr7cXihiHwMSCoxpO3ZEnQQ0SaFwUnRjgxGIEQywndIAfDSdJDt/wo9iAxTyCDWXimci/p5IwDdm7Htppw80NLPeVPzPa8fUv+wkMohiwkBMF5FUmC0yQss0F+Q9qZEIppcjlwEXoIEIteQgRCrGaVDFNA9n9vt50jipOOeVs7vTcvUqT6bADtghO2YOu2BVdsNqrM4ES9gTe2Yv1qP1ar1Z7z+tC1Y+s8f+wPr4Boc/mcc=</latexit>

✓L � ✓c Decoherent, all emissions resolved.
<latexit sha1_base64="3G8oiaAl+OBQ5wpGEckU/elDFl0=">AAACCXicbVC5TsNAEF1zhnAFEBXNigiJKrIRVxlBQ0ERJHJIcRSNN5NklfWh3TFSZOUL+ApaqOgQLV9Bwb/gGBeQ8Ko3781oZp4XKWnItj+thcWl5ZXVwlpxfWNza7u0s9swYawF1kWoQt3ywKCSAdZJksJWpBF8T2HTG11P/eYDaiPD4J7GEXZ8GASyLwVQKnVL+y4NkaAruKsUz4vbbqlsV+wMfJ44OSmzHLVu6cvthSL2MSChwJi2Y0fUSUCTFAonRTc2GIEYwQDbKQ3AR9NJsvMn/Cg2QCGPUHOpeCbi74kEfGPGvpd2+kBDM+tNxf+8dkz9y04igygmDMR0EUmF2SIjtExzQd6TGolgejlyGXABGohQSw5CpGKcBlVM83Bmv58njZOKc145uzstV6/yZArsgB2yY+awC1ZlN6zG6kywhD2xZ/ZiPVqv1pv1/tO6YOUze+wPrI9vmF+Z0Q==</latexit>

✓c ⌧ ✓L Partially coherent, some emissions resolved.

C. Andrés et al. - 2209.11236, 2303.03413

https://arxiv.org/abs/2209.11236
https://arxiv.org/abs/2303.03413


Can use centrality classes to target different values of L, different values of               .   

Jet v2 & Coherence
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Jet suppression depends on the size
of the resolved phase-space.

<latexit sha1_base64="EoNcyfKb5TLwHcwpiFAqzy8FbsE=">AAACIXicbVC7TsNAEDzzJrwClDQnIiQaIhsioIygoaAIEkmQ4hCtL5vklPMjd2sQsvwVfAJfQQsVHaJDiH/BCSmAMNVoZle7M16kpCHbfrempmdm5+YXFnNLyyura/n1jZoJYy2wKkIV6isPDCoZYJUkKbyKNILvKax7/dOhX79BbWQYXNJdhE0fuoHsSAGUSa38nks9JGgJ7hrpc7ejQSROmrhmoClxb2Ube0DJID2/PkjTVr5gF+0R+CRxxqTAxqi08p9uOxSxjwEJBcY0HDuiZgKapFCY5tzYYASiD11sZDQAH00zGcVK+U5sgEIeoeZS8ZGIPzcS8I25871s0gfqmb/eUPzPa8TUOW4mMohiwkAMD5FUODpkhJZZX8jbUiMRDD9HLgMuQAMRaslBiEyMswJzWR/O3/STpLZfdA6LpYtSoXwybmaBbbFttsscdsTK7IxVWJUJds8e2RN7th6sF+vVevsenbLGO5vsF6yPL/1SpNM=</latexit>

✓c ⇠
1p
bqL3

RHIC

<latexit sha1_base64="2Rw3MnR48Uz1E1JsxBgXINrufUU=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTXLK+aG7NVJk8hO0UNEhWn6Ggn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o4HBpUMsEmSFHYijeB7Ctve5Cbz2w+ojQyDe5pG6PowCuRQCqBU6vRojAR90a9U7Zqdgy8SpyBVVqDRr3z1BqGIfQxIKDCm69gRuQlokkLhrNyLDUYgJjDCbkoD8NG4SZ53xo9jAxTyCDWXiuci/t5IwDdm6nvppA80NvNeJv7ndWMaXrmJDKKYMBDZIZIK80NGaJkWgXwgNRJBlhy5DLgADUSoJQchUjFOmymnfTjz3y+S1mnNuaid351V69dFMyV2yI7YCXPYJauzW9ZgTSaYYk/smb1Yj9ar9Wa9/4wuWcXOAfsD6+Mb2yCUjQ==</latexit>

✓c

Counts

See Y. Mehtar-Tani’s talk

<latexit sha1_base64="0W5XheJCqocKbiyGBh3zaKwhkng=">AAACBnicbVC7TgJBFJ3FF+JrxdJmIjHBhuwaXyXRxsYEE3kkQMjd4QITZh+ZuWskG3q/wlYrO2Prb1j4Ly5IoeCpTs65N/fc40VKGnKcTyuztLyyupZdz21sbm3v2Lv5mgljLbAqQhXqhgcGlQywSpIUNiKN4HsK697wauLX71EbGQZ3NIqw7UM/kD0pgFKpY+db2k9usDsutmiABB1x1LELTsmZgi8Sd0YKbIZKx/5qdUMR+xiQUGBM03UiaiegSQqF41wrNhiBGEIfmykNwEfTTqbZx/wwNkAhj1BzqfhUxN8bCfjGjHwvnfSBBmbem4j/ec2YehftRAZRTBiIySGSCqeHjNAyLQV5V2okgkly5DLgAjQQoZYchEjFOG0pl/bhzn+/SGrHJfesdHp7UihfzprJsn12wIrMZeeszK5ZhVWZYA/siT2zF+vRerXerPef0Yw129ljf2B9fAOVCZi8</latexit>

Med(✓c)

Shorter L, smaller resolved phase-space.

Longer L, larger resolved phase-space.

Important contribution to jet v2, unless
<latexit sha1_base64="bzT/FUi6FoncOu6PDsVELBMFMhk=">AAACFnicbVC7SgNBFJ31GeMramkzJAgKEnbFV2ERtLGwiGKikITl7uSaDJl9MHNXCEt6P8GvsNXKTmxtLfwXN3ELTTzV4Zx7ufccL1LSkG1/WlPTM7Nz87mF/OLS8spqYW29bsJYC6yJUIX61gODSgZYI0kKbyON4HsKb7ze2dC/uUdtZBhcUz/Clg+dQN5JAZRKbqF4ddKkLhK4YvvCTZra5zIY7GY0jGmw4xZKdtkegU8SJyMllqHqFr6a7VDEPgYkFBjTcOyIWglokkLhIN+MDUYgetDBRkoD8NG0klGWAd+KDVDII9RcKj4S8fdGAr4xfd9LJ32grhn3huJ/XiOmu+NWIoMoJgzE8BBJhaNDRmiZloS8LTUSwfBzTHvgAjQQoZYchEjFOG0tn/bhjKefJPW9snNYPrjcL1VOs2ZybJMV2TZz2BGrsHNWZTUm2AN7Ys/sxXq0Xq036/1ndMrKdjbYH1gf3zcknvg=</latexit>

R < ✓c(Lin, Lout)

Study evolution of               vs centrality to explore the effect.
<latexit sha1_base64="lTEKwQkC3oJvLTFN9SiL/wGoLfA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQgpNJEd8SojaCgDIg8piaLzZROOnM/W3TpSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudnbcQAqDtv1p5ZaWV1bX8uuFjc2t7Z3i7l7T+KHm0OC+9HXbZQakUNBAgRLagQbmuRJa7vgq8VsT0Eb46g6nAfQ8NlJiKDjDWGpO+tXy7XG/WLIrdgq6SJyMlEiGer/41R34PPRAIZfMmI5jB9iLmEbBJcwK3dBAwPiYjaATU8U8ML0oTTujR6Fh6NMANBWSpiL83oiYZ8zUc+NJj+G9mfcS8T+vE+LwohcJFYQIiieHUEhIDxmuRVwD0IHQgMiS5ECFopxphghaUMZ5LIZxL4W4D2f++0XSrFacs8rpzUmpdpk1kycH5JCUiUPOSY1ckzppEE4eyBN5Ji/Wo/VqvVnvP6M5K9vZJ39gfXwDJKWS7w==</latexit>

v2(R)



Cascading down to T
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Soft induced radiation experience successive independent democratic branchings.

Main thermalization mechanism in pQCD.

Very recently it has been shown that hard induced emissions can also be
assumed to happen independently.

While semi-hard VLE do not in general emit soft gluons independently (coherence), 

One-gluon distribution admits description in terms of rate equation, 
turbulent cascade result within multiple soft scattering approx. 

P. Arnold et al. - 2212.08086, many more

https://arxiv.org/abs/2212.08086


Role of Single Scatterings
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Recent developments highlight the role of single scatterings
(BH at small energy, GLV at high energy).

Isaksen et al. - 2206.02811

Analytical results for all the different regimes, including Bethe-Heitler.

Can account for their relative contribution, at each emitted energy,  
at each time step in the evolution.

Important to understand jet thermalization in pQCD when 
path-lengths are not too large (realistic geometries, smaller systems).

Cascade picture is modified by single scatterings:

Rare hard scatterings (GLV) modify distribution of initiator (extra source).

Common soft scatterings (BH) modify soft tail, break turbulent flow.

https://arxiv.org/abs/2206.02811


EKT Jet Thermalization
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However, where Bethe-Heitler becomes important, also 2     2 scatterings are important

Recoils needs to be taken into account.

In-medium fragmentation of hard parton in QGP 
through effective kinetic theory (EKT):

Includes 1     2 and 2     2 processes.

Detailed analysis of dynamics,  
can account for medium response.

Features cascade, modified chemistry around the jet.

Thermal masses.

Mehtar-Tani et al. - 2209.10569 

https://arxiv.org/abs/2209.10569
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Recoils needs to be taken into account.

In-medium fragmentation of hard parton in QGP 
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Flow and Gradient Effects
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Up to very recently, most first-principle calculations assumed static QGP brick.

Accessing imprints of spacetime evolution of fluid QGP have required new theoretical results.

New calculations of single and multiple scatterings regimes using scattering potential with:
Gradients in temperature, density (not uniform): broadening & radiation.

Flowing matter (not static): broadening.

Broadening

Radiation

Primarily affects soft radiation.

See also S. Hauksson et al. - PRC ‘21, ‘22

A. Sadofyev et al. - 2021-2023



Anisotropic Jet Shapes & EEC
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Barata et al. - 2308.01294

No gradient
Along gradient

Against  gradient

<latexit sha1_base64="hioNo/KTUAt/AGP2natjNEeCvm4=">AAACEXicbVC5TsNAEF2HK4QrQImQVkRIFCiyEVeDFEEBZZBySYmx1ptJWLI+tDtGiqxUfAJfQQsVHaLlCyj4F+zgAhJe9ea9Gc3Mc0MpNJrmp5GbmZ2bX8gvFpaWV1bXiusbDR1EikOdBzJQLZdpkMKHOgqU0AoVMM+V0HQHF6nfvAelReDXcBiC7bG+L3qCM0wkp7gdOrWbuKM8egc4OrNMk3b2aVLHl9AYOcWSWTbHoNPEykiJZKg6xa9ON+CRBz5yybRuW2aIdswUCi5hVOhEGkLGB6wP7YT6zANtx+M3RnQ30gwDGoKiQtKxCL8nYuZpPfTcpNNjeKsnvVT8z2tH2Du1Y+GHEYLP00UoJIwXaa5Ekg/QrlCAyNLLgQqfcqYYIihBGeeJGCWBFZI8rMnvp0njoGwdl4+uD0uV8yyZPNkiO2SPWOSEVMgVqZI64eSBPJFn8mI8Gq/Gm/H+05ozsplN8gfGxzdMJpw+</latexit>

pjetT = 100GeV

<latexit sha1_base64="cfcokENGT84IFn/KzakDMLK97DM=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAYpLymxovVlE065s627NVJk8hO0UNEhWn6Ggn/BCS4gYarRzK52doJYSUuu++ksLa+srq0XNoqbW9s7u6W9/aaNEiOwISIVmXYAFpUMsUGSFLZjg6ADha1gdDP1Ww9orIzCOo1j9DUMQzmQAiiT2t0haA29eq9UdivuDHyReDkpsxy1Xumr249EojEkocDajufG5KdgSAqFk2I3sRiDGMEQOxkNQaP101neCT9OLFDEYzRcKj4T8fdGCtrasQ6ySQ10b+e9qfif10locOWnMowTwlBMD5FUODtkhZFZEcj70iARTJMjlyEXYIAIjeQgRCYmWTPFrA9v/vtF0jyteBeV87uzcvU6b6bADtkRO2Eeu2RVdstqrMEEU+yJPbMX59F5dd6c95/RJSffOWB/4Hx8A6W8lGs=</latexit>�T is gradient strength

Transverse energy profile (jet shape) shows that gluons slightly 
pushed along gradients direction.

EEC’s sensibility to gradient effects relatively robust under VLEs
over a larger phase-space.

https://arxiv.org/abs/2308.01294


Anisotropic Jet Shapes & EEC
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Barata et al - 2308.01294

No gradient
Along gradient

Against  gradient

<latexit sha1_base64="hioNo/KTUAt/AGP2natjNEeCvm4=">AAACEXicbVC5TsNAEF2HK4QrQImQVkRIFCiyEVeDFEEBZZBySYmx1ptJWLI+tDtGiqxUfAJfQQsVHaLlCyj4F+zgAhJe9ea9Gc3Mc0MpNJrmp5GbmZ2bX8gvFpaWV1bXiusbDR1EikOdBzJQLZdpkMKHOgqU0AoVMM+V0HQHF6nfvAelReDXcBiC7bG+L3qCM0wkp7gdOrWbuKM8egc4OrNMk3b2aVLHl9AYOcWSWTbHoNPEykiJZKg6xa9ON+CRBz5yybRuW2aIdswUCi5hVOhEGkLGB6wP7YT6zANtx+M3RnQ30gwDGoKiQtKxCL8nYuZpPfTcpNNjeKsnvVT8z2tH2Du1Y+GHEYLP00UoJIwXaa5Ekg/QrlCAyNLLgQqfcqYYIihBGeeJGCWBFZI8rMnvp0njoGwdl4+uD0uV8yyZPNkiO2SPWOSEVMgVqZI64eSBPJFn8mI8Gq/Gm/H+05ozsplN8gfGxzdMJpw+</latexit>

pjetT = 100GeV

<latexit sha1_base64="cfcokENGT84IFn/KzakDMLK97DM=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAYpLymxovVlE065s627NVJk8hO0UNEhWn6Ggn/BCS4gYarRzK52doJYSUuu++ksLa+srq0XNoqbW9s7u6W9/aaNEiOwISIVmXYAFpUMsUGSFLZjg6ADha1gdDP1Ww9orIzCOo1j9DUMQzmQAiiT2t0haA29eq9UdivuDHyReDkpsxy1Xumr249EojEkocDajufG5KdgSAqFk2I3sRiDGMEQOxkNQaP101neCT9OLFDEYzRcKj4T8fdGCtrasQ6ySQ10b+e9qfif10locOWnMowTwlBMD5FUODtkhZFZEcj70iARTJMjlyEXYIAIjeQgRCYmWTPFrA9v/vtF0jyteBeV87uzcvU6b6bADtkRO2Eeu2RVdstqrMEEU+yJPbMX59F5dd6c95/RJSffOWB/4Hx8A6W8lGs=</latexit>�T is gradient strength

Transverse energy profile (jet shape) shows that gluons slightly 
pushed along gradients direction.

EEC’s sensibility to gradient effects relatively robust under VLEs
over a larger phase-space.

Effects also present in MC models like LBT 
which have been used for tomography.

See Y. He’s talk

He et al. - 2001.08273

https://arxiv.org/abs/2001.08273


Sourcing Hydro with Jets

30Daniel Pablos INFN Torino

Adding gradient and flow effects in broadening and radiation provides key information about fluid QGP. 

Treat them as source of energy and momentum into the hydro e.o.m.
But when quanta reach thermal scale (?), they become part of the medium.

Common approach: Gaussian functional form for the source term.
However, need better motivated form.

Detailed studies of equilibration using EKT can provide answers.

See S. Ochsenfeld’s talk

<latexit sha1_base64="74NXZlopSNEnt9AIphk8qsepN2s=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKCBlEFiTykxIrOl0045Xy27vaQIisfQQsVHaLlayj4F2zjAhKmGs3samcniKUw6LqfTmlpeWV1rbxe2djc2t6p7u61TWQ1hxaPZKS7ATMghYIWCpTQjTWwMJDQCSbXmd95BG1EpO5xGoMfsrESI8EZplLndpD0lZ0NqjW37uagi8QrSI0UaA6qX/1hxG0ICrlkxvQ8N0Y/YRoFlzCr9K2BmPEJG0MvpYqFYPwkjzujR9YwjGgMmgpJcxF+byQsNGYaBulkyPDBzHuZ+J/Xszi69BOhYougeHYIhYT8kOFapD0AHQoNiCxLDlQoyplmiKAFZZynok2LqaR9ePPfL5L2Sd07r5/dndYaV0UzZXJADskx8cgFaZAb0iQtwsmEPJFn8uIkzqvz5rz/jJacYmef/IHz8Q0vzJQv</latexit>

J⌫?

Causal diffusion eq. used in Y. Tachibana et al. - 2001.08321

Mini-jet in an expanding background:

Hydrodynamizes slower than bkgd.

Hydro. times scales with           . 

See A. Mazeliauskas’ talk

<latexit sha1_base64="eWTmNPzAlx5vtNIK/8LhYI+QTO4=">AAAB+nicbVC7TsNAEFyHVwivACXNiQiJKrIRrzICIVEGiTykxIrOl0045fzgbo0UmfwELVR0iJafoeBfsE0KSJhqNLOrnR0vUtKQbX9ahYXFpeWV4mppbX1jc6u8vdM0YawFNkSoQt32uEElA2yQJIXtSCP3PYUtb3SZ+a0H1EaGwS2NI3R9PgzkQApOqdTumntNydWkV67YVTsHmyfOlFRginqv/NXthyL2MSChuDEdx47ITbgmKRROSt3YYMTFiA+xk9KA+2jcJM87YQex4RSyCDWTiuUi/t5IuG/M2PfSSZ/TnZn1MvE/rxPT4NxNZBDFhIHIDpFUmB8yQsu0CGR9qZGIZ8mRyYAJrjkRasm4EKkYp82U0j6c2e/nSfOo6pxWT26OK7WLaTNF2IN9OAQHzqAG11CHBghQ8ATP8GI9Wq/Wm/X+M1qwpju78AfWxzck5ZS8</latexit>p
E

.

Green’s functions à la KøMPøST?

https://arxiv.org/abs/2001.08321


The Jet Wake

31Daniel Pablos INFN Torino

Jet-induced perturbation excites 
sound and diffusive modes.

Sound modes spread energy in rapidity;
break long. boost invariance.

Mach cone Diffusion wake

Sensitive to fluid viscosity.

Final hadron distribution result of interplay 
of evolution time and flow at freezeout.
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See X. Yao’s poster

No flow
Lin. Hydro
3+1D Hydro

Lin. hydro speeds up by factor ~ 10.000. 

Diff. wake
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See Y. Go’s talk for more

Λ hyperons polarize due to 
jet-induced vortex ring:

Diffusion wake causes 
depletion of soft particles:

Opposite to the jet in φ.

Close to jet in η.

Depletion on top  
of multi-parton interactions 
(double peak in rapidity).

Yang et al. - 2203.03683Boson-Jet Λ

Decouple from system 
expansion vortices.

Ribeiro et al. - 2305.02428

Promising tomographic tool.

See W. Serenone’s talk

Inclusive Jets

Baryon to meson enhancement 
around the jet axis.

Medium recoils coalesce
at intermediate pT.

See G. Qin’s talk

Luo et al. - 2109.14314

See Z. Yang’s talk

https://www.greeksymbols.net/eta-symbol
https://arxiv.org/abs/2203.03683
https://arxiv.org/abs/2305.02428
https://arxiv.org/abs/2109.14314
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Study of very low pT semi-inclusive jets:
Overcomes survival bias.

Completely thermalized jets?

Look at the angular distribution of low pT jets:
Huge effect! Challenge for models.

ALICE - 2308.16131, 2308.16128 See talk by J. Norman

https://arxiv.org/abs/2308.16131
https://arxiv.org/abs/2308.16128
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Acoplanarity not present in R=0.2 jets:

Disfavours explanation based on Molière scatterings.

Substructure of these jets?

ALICE - 2308.16131, 2308.16128 See talk by J. Norman

Could point to strong broadening / diffusion
causing uncertainty on reconstruction of jet direction.

https://arxiv.org/abs/2308.16131
https://arxiv.org/abs/2308.16128
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Hadrons from the wake have
sizeable effect at large angles

Soft, but numerous

Interesting to study 
3-point correlator (shape of the wake?).

Can mitigate with n=2.

Different angular structure 
than medium induced emissions. 

Large angle, but non-perturbative!
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Hadrons from the wake have
sizeable effect at large angles

Soft, but numerous

Interesting to study 
3-point correlator (shape of the wake?).

Can mitigate with n=2.

Different angular structure 
than medium induced emissions. 

<latexit sha1_base64="KHeD4ZeyPaFLLZq55o163/qlaLc=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimzEq4ygoQwSeUhJFK0vm+SU80N3a1BkpeYraKGiQ7R8BwX/gm1cQMJUo5ldze64oZKGbPvTWlpeWV1bL2wUN7e2d3ZL5b2mCSItsCECFei2CwaV9LFBkhS2Q43guQpb7uQ69Vv3qI0M/DuahtjzYOTLoRRAidQvlbs0RoJ+3NUeDxEms36pYlftDHyRODmpsBz1fumrOwhE5KFPQoExHccOqReDJikUzordyGAIYgIj7CTUBw9NL85On/GjyAAFSbLmUvFMxN8bMXjGTD03mfSAxmbeS8X/vE5Ew8teLP0wIvRFGkRSYRZkhJZJJ8gHUiMRpJcjlz4XoIEIteQgRCJGSUnFpA9n/vtF0jypOufVs9vTSu0qb6bADtghO2YOu2A1dsPqrMEEe2BP7Jm9WI/Wq/Vmvf+MLln5zj77A+vjG1wAmKk=</latexit>

✓peak

Large angle, but non-perturbative!
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Jets no longer a perturbation when represent a sizeable part of multiplicity (mini-jets).

Quenching in non-eq. phase.

Desirable to include in global Bayesian fits  
of Heavy-Ion Standard Model parameters.

Modified hydro evolution can affect 
electromagnetic probes, jet quenching.

Deposit energy and momentum in random orientations (mini-wakes).

Stopping time ~ 2-3 fm > hydro. time: concurrent evolution.

New source of fluctuations that affect extraction of
<latexit sha1_base64="/qAqgdEVa8ZBNtrDAXU24FQKneI=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKtiIVxlBQxkk8pASK1pfNuHI+aG7NVKw8g+0UNEhWv6Ggn/BNikgYarRzK52drxISUO2/WkVFhaXlleKq6W19Y3NrfL2TtOEsRbYEKEKddsDg0oG2CBJCtuRRvA9hS1vdJX5rQfURobBLY0jdH0YBnIgBVAqNbtIcGR65YpdtXPweeJMSYVNUe+Vv7r9UMQ+BiQUGNNx7IjcBDRJoXBS6sYGIxAjGGInpQH4aNwkTzvhB7EBCnmEmkvFcxF/byTgGzP2vXTSB7ozs14m/ud1YhpcuIkMopgwENkhkgrzQ0ZomdaAvC81EkGWHLkMuAANRKglByFSMU57KaV9OLPfz5PmcdU5q57enFRql9NmimyP7bND5rBzVmPXrM4aTLB79sSe2Yv1aL1ab9b7z2jBmu7ssj+wPr4BArGTfQ==</latexit>

⌘/s
See C. Shen’s talk

See F. Lindenbauer’s poster

See M. Singh’s talk

EKT:
Glasma: M. Carrington et al. - 2112.06812

See A. Mankolli’s talk

See J. Peuron’s talk

See also M. Kuha’s poster

See U. Heinz’s talk

.

D. Avramescu et al. - 2303.05599

However, hard+soft studies do suffer important theoretical uncertainties.
Separation scale w.r.t saturation physics.

https://arxiv.org/abs/2112.06812
https://arxiv.org/abs/2303.05599


Looking for Point-Like Scatterers
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Transverse momentum broadening dist. dominated by soft scatterings, 
leading to Gaussian broadening, diffusion.

However, there is also broadening in strongly coupled plasma:

Computation of Wilson loops in AdS-Schwarzschild background, 
yield Gaussian broadening with jet quenching parameter

See J. Grefa’s talk

(not proportional to number density of scatterers)

Therefore, Gaussian broadening is not evidence for probing individual quark and gluon d.o.f.

Liu et al. - hep-ph/0605178

Look for scatterings with large momentum transfers. 

As it also arises in a fluid with no quasiparticles.

https://arxiv.org/abs/hep-ph/0605178
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Perturbative DGLAP (vacuum-like splittings)

Hybrid Strong/Weak Coupling Model:

(Naturally present in other MC, where 
elastic scatterings down to arbitrarily low momentum exchange)

Elastic scatterings:
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bq ⌘ KT 3

Power-law

Gaussian
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t, u > am2
D

Non-perturbative energy loss (feeding the wake).

Gaussian broadening.

Perturbative elastic scatterings.

Produce semi-hard recoils boosted along jet direction (in contrast to large angle soft wake).

 Increase number of subjets inside the jet (competes with selection bias).

Enhance probability of finding large angle / kT prong inside jet (competes with selection bias).

See K. Rajagopal’s talk

Looking for Point-Like Scatterers

See also Barata et al. - 2009.13667, 2106.07402

https://arxiv.org/abs/2009.13667
https://arxiv.org/abs/2106.07402


Non-Linear Radiative    Corrections
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Radiative corrections due to soft emissions contribute to broadening as recoils.
Suppressed by     , but enhanced by double medium length logs (non-local). 

New analytic solution for the fully non-linear tower of fluctuations for     .

Non-local jet-medium interactions.
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bq

Liou et al. - 1304.7677

Typical transverse momentum transferred (vs             )  
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⇠ L1/2 (super-diffusive)

Harder large 
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kT tail
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⇠ L1/2+
p
↵̄s

(vs Rutherford-type              )  
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⇠ 1/k4T (heavy-tailed dist.)

Self-similar gluon fluctuations.

Lévy flights:

Caucal & Mehtar-Tani - 2109.12041, 2203.09407

Harder tail increases probability to observe large momentum exchanges.

Wikipedia

https://arxiv.org/abs/1304.7677
https://arxiv.org/abs/2109.12041
https://arxiv.org/abs/2203.09407


Singling Out Medium-Induced Radiation (MIR)
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Soft cloud of particles around the jet cannot be unambiguously attributed to MIR (wake?)

Dead cone region of charm & beauty. Enhanced            radiation.

Exploit special setups.

Want to gain detailed access to the physics of pQCD energy loss.
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g ! cc̄

See I. Moult’s talk See W. van der Schee’s talk
also L. Cunqueiro et al. - 2211.11789

https://arxiv.org/abs/2211.11789
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Many pieces falling into place to develop more accurate jet quenching models. Main obstacles:

Interplay between vacuum-like evolution and medium-induced radiation.

Functional forms for sources of energy and momentum from jets into hydro.

If the medium possesses an hydrodynamic spacetime evolution, jets will see it:
Preferred orientations of broadening and radiation depending on thermodynamic gradients and flow.
Ripples on the fluid due to hydrodynamized energy and momentum.

Crucial piece of evidence in the fluid QGP paradigm.

Quasi-particle nature of the QGP at short length scales can be revealed with jets:

Look for large momentum transfers from the scattering of a parton within the jet, that modifies the jet substructure.

Remarkable new advances in theory need to be put together to honour the upcoming data from RHIC and LHC.

Quenching in the initial stages.

Begun to identify specific observables, selection criteria, and kinematic regimes where hard scattering off medium partons 
are important. More and better ways to see this physics still to be found.



Thank You!
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QUENCHING HAZARD. Hot QGP.
Not for jets under 10 GeV.


