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Leading jet

205.1 GeV/c

Subleading jet
70.0 GeV/c
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Pb-Pb 0-10% R = 0.4 ALICE
1.4 = W ALICE Vs = 5.02 TeV [this publication]
E- (GeV) ® ATLAS Vs, =5.02 TeV [PLB 790 (2019) 108-128]
1.2 - O ATLAS Vs =2.76 TeV [PRL 114 (2015) 072302]
100 ED A CMS Vs = 2.76 TeV [PRC 96 (2017) 015202]
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e We can use the jet to > I
access the microscopic e
structure of the
strongly coupled QGP. 0~ e —
102 103
e How does the jet evolve Pr,jet [GEV/C]
in the medium??



precision?

 Perturbative QCD is insufficient !

Jet * Non-perturbative

tools :Holography — qualitative
results only.

e (Classical Numerical simulations:
Too complex and incomplete.

Borrow theoretical techniques from ep , pp where high precision
predictions are common



precision?

 Separate the perturbative physics from the
Jet non-perturbative by scale — factorization

« Parameterize the non-perturbative physics in

terms of Gauge invariant operators — e.g the
PDF, TMDPDEF in DIS, Drell Yan etc.

* Prove (disprove) universality of non-

perturbative physics across jet observables —
Universality gives predictive power !



An Open
Quantum system
EFT

Jet




Anatomy of
jet evolution

Jet




Medium partons

/\‘ E ~ T ~ my ~ 100(s) MeV

X 2 2
Hard Process pr/_\ P~ Pr Hard Scale

~ 100(s) GeV

f(x,Q%




The vacuum parton shower

« Parton splittings preferentially happen at small angles —" collinear”

- Selecting events with a jet of radius R << 1 sets the angular scale for collinear splittings.

E~p, O ~R
llinear

Parton Shower p2 ~ (pTR)2 Jet Scale 10(s) GeV

f(x,Q%




o QOver multiple interactions radiation acquires a
total transverse momentum Qmeq => mp ~ 1

(s) GeV — Broadening.

O Medium induced Collinear soft radiation
E ~ Qmeg/R ~ 10(s) GeV, 0 ~ R




Color Decoherence

collinear soft @ ~ R, E ~ Omed/R p*~ Q?ned

o Each hard collinear parton separated by

0. ~ 1/(QmegL) acts as a source for
collinear soft (c-s) radiation.

(0000,9

| |



The hierarchy of scales

pr~mp~Aqcp  100(s) MeV

p*~ Q° 1(s) GeV

p2 ~ p% 100(s) GeV
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The factorized picture* ...,

” dGAA_)JetX B % H(z ) Hard process — el
} dprdn B Z P Wilson coeff at p;

= = Omed
| < 2
P X J' da)}J'deé(a)} — w;— €) Z Lo (@hp1,0) By Sm(€, 1) O+ 0

J m=1

Medium induced
energy loss function

Physics < Omed

Create m prongs —
Wilson coeff at prR

* V. Vaidya et. al. , arXiV: 2409.05957
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Sm{n}, ) = Tr[Um(nm)...Ul(nl)Uo(ﬁ)pMUg (m)U! (nl)...U:n(nm)M]

(1 —2) w;

Correlator of m Wilson lines
sourced by m subjet prongs.

i o -
U(n) =P exp z'g/ dsn - Acs(sn)
. Jo d

The medium scale Jmeg is hidden and can only be seen through an explicit
calculation — An emergent scale



S = TrlU(n) UGR) AU () U*(n)]

Broadening for vacuum induced and medium induced
radiation in Markovian approximation

057(11) — [dzpF(P, Ra mD)P(p9R9 mD)

Probability distribution
Probability of gluon of broadening
production

An emergent perturbative scale that
(lpl) ~ Qmed > My, depends on medium density and
interaction strength

A further factorization for complete separation of
non-perturbative physics
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A first application*: Going beyond g

: - : _ | 21 ipb_—|b|°Lg
The current picture of gluon broadening P(p,L) = | d“be e

The EFT framework is telling us that this is not the full picture

* Gluon broadening encoded through two non -perturbative operator matrix elements that depend

on the jet radius R
2%, ip-b  —|b|*Ld( R) —L[%C(b,R,Ep)Y(Emp) ml%
P(p,L) = | d’bePePILOUmR) 5 o ~LIZCOREWYEm) 4 g
Encodes multiple Encodes multiple hard med
forward (small x ) (large x ) scattering
scattering Obeys DGLAP
Obeys BFKL evolution evolution

* V. Vaidya et. al. , arXiV: 2412.18967
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Summary and Outlook

- Quantitative precision in a non-perturbative QGP medium requires us to adopt an effective
field theory framework.

» A factorization formula for jet quenching that explicitly isolates physics at widely separated
scales.

- A new parameterization of gluon broadening in the medium — A significant step beyond 4.
Still to be done ...

- Factorization for gluon production mechanism — Will lead to a complete parameterization
of non-perturbative physics.
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