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(1) resolved jets

(I) novel excitations of hot quarks
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|ets: two main features

Resummation of double logarithms + single log corrections

1 1 / dw/ 0g2 £
— = —Nozs 0
p-k  FEw(l—-cosh) . w/ Qs Qo

Color coherence = angular ordering

large-angle emissions
are restored with the
total chargel

0 <0
al %CF - (g — Q)qq No_ o 2
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= extremely important for the yield of soft particles in the conel
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QCD jet in vacuum
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Hard scale analysis

* 11 <Q.;" (Dipole regime) e 7. >Q.' (Decoh.regime)
A
ta > L tg < L
Oyq S T . Q.1
screening
Amed & % Q2ri Aeqg ~ 1 v length

1 r. = 0,;L
Apeg =~ 1 — exp[—ﬁ el - 19

Qs: characteristic momentum
scale of the medium

Mehtar-Tani, Salgado, KT 2010-2012; Casalderrey-Solana, lancu JHEP 1108, 015
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® medium resolves inner structure of the jet

Dynamical process:  ® €very resolved sub-jet = color current interacts
incoherently with the medium & radiates

®* modified (angular) ordering = enhancement of soft gluons

Casalderrey-Solana, Salgado, Mehtar-Tani, KT PLB 725 (2012) 357; Zapp, Krauss, Wiedemann JHEP 1303, 080
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'Induced radiation

1 Longitudinal coherence induces a characteristic
Azry =k, formation time larger than mean free path
®

Amfp — tbr  Landau-Pomeranchuk-Migdal effect

) LPM spectrum drmd L | GL?
(W0<w,) W o ocozstbr = Qi -
o0 dlind
Mean energy loss: AFE = / W X asCrw,
0 dw

* two scales: medium length (L) and mean free path (A,¢,)

® multiple branchings important for soft gluons — factorize when
t,, <L — probabilistic interpretation

® turbulent behavior: soft radiation at large angles
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Factorization of radiation

For inclusive spectrum:
@ * assume collimated jets and coherence —
<\ leading contribution to Inclusive spectra at

39 high energies
* separation In angles — only the total
\33»3) charge radiates — jet calculus

1
d
Dty (:Q.1) = [ 20" (4:Q) Di* sp. 1

small angle, vacuum- medium Induced,
ike evolution large angle radiation
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Nuclear modification factor

® assuming quark jets (n=5.6) = 60-100 GeV, T gn = 1.5 GeV/

, 097 =280 GeV, ! gy = 0.52.5 GeV mmmm |
® allows to fix medium scales 0.8 | CMS Prelim. @ -
(fixing L = 2.5 fm) 2;
® high-p, jets are the most 3% 5] /

iable probe of & ™ ooab
reliable probe of g /
0.3 +
0.2 |

1L Mehtar-Tani, KT 1401.8293
Qs = 3.6 GeV N S

50 100 150 200 250 300 350 400
o [GeV]

Jet deflection :: A®@ ~ Q4/E ~0.04

missing energy at <" 14 - 19 % 9-15%
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Fragmentation function

® need to correct jet calculus 5 Con
h 4+ Decoh
rule for decoherence effects! . R Ve
CMS Prelim.: medium, 0-10% e
: —. CMS Prelim.: vacuum
® vacuum baseline reproduced T
by MLLA ::valid close to the Z
humpbacked plateau
® coherent jet quenching
' ' ' Coh + Decoh
important for intermediate / 21 oS Prefngort Do
: S 15
® decoherence plays main role g
at large /(small x) ! -
. 0.5 i
t . — . . ' ' ' '
DY (z;Q, L) = Digly(2;Q, L)+ ADRR"(:Q,L) 1 2 3 4 5

Uncertainties: varying jet energy scale (~20 %),
varying non-perturbative contribution in Qmed/Qo
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Confinement at high T

® QCD at high T (g«1) is confining ( )

® 3D effective theory with mass gap ~ g2 T: magnetic confinement
® beyond hard-thermal-loop’s (HTL) scope ( )

® as a consequence, positivity violation of spectral functions at any T:
® absence of free particles at low momentum, therefore “confinement”
e well-established for pure-glue (e.g. )
e unclear for quarks
e gcauge-fixing in the IR ( )
e Gribov copies for non-Abelian theories in the IR, beyond Faddeev-Popov
® due to magnetic confinement, Gribov copies matter at finite T

o Gribov-Zwanziger action: renormalizable (improve in IR, recover FP in UV)

P”P’/) P?

D(P) = (0 - (=075 ) e = Yo o< g°T
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Hot-quark collective d.o.1.s

2.5

® quark d.ofsathigh T (g«1) | we— //./-
® gauge invariant from G-Z action = =

e mproved HTL (iHTL) analysis for QCD: ‘Sé ,,,,,,,,,,,,,,,, 7
o particle/hole excitations recovered Y T
® new massless excrtation 05 |

(speed of sound, long-range correlation) 0

® scaling (g-independent) w.rt. improved N -
thermal mass (same as normal HTL) —osezTTT Zo —

e Istevidence of positivity violation for hot  Noas| ™~ A
quarks & |st direct connection between 0 \)-.A_L
positivity violation & a collective d.o.f! . | | |

e genuine non-Abelian effect — not in QED

Massless, hydro-like behavior

of space-like mode: We = Us K

K. Tywoniuk (UB) 12



Perspectives for the future

o O T2T
® crucial significance of confinement - _

0.15+

effects to deconfined phase 01

0.05+

® massless modes: long-range
correlations, strongly coupled!

® gluons on the way o w > o
® transport coefficients (g;", 1:0 L
electrical conductivity etc.) Ny R
e HTL effective action 206 S
® instabilities & thermalization 04
® phase transition & bound states 2
0.0F.
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® jets are excellent tools to study the QGP

® |nclusive spectra, angular decorrelations

dominated by jet core Interactions
® substructure, differential measurements sensitive

to decoherence

® missing ingredient in hot QGP

® confinement effects crucial at high temperatures
® presence of massless mode paves the way for
transport properties of strongly coupled QGP
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Soft gluons In the cone

antiangular ordering!

12;_ 0<" <" nax
_.10F
O :
= 8 r
o
g 6 _ vacuum partial
© 4L decoherence
: coherence
5 2

ol [N Contribution from 2nd emission In

01 02 03 04 05

| DLA w/ running coupling,

Djrﬁted (CC’ Qa L) — Dr%oehd ({E, Qv L) + Aercileechh (CL’, Qv L)
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Decoherence redux

m:m_ — k Longitudinal coherence induces a characteristic

formation time larger than mean free path

tor = )\mfp Ncon thr = o /qA
k2, = 12 Neo k2 = @
' tbr Amfp — tbr 2 Landau-Pomeranchuk-Migdal effect
Bethe-Heitler regime Factorization regime LPM regime
! P —
lgr = "%@" "m7 | =qL? - b
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Distribution of iInduced gluons

- BH're'g'u'Ié'ri'zatiori -
- Analytic (inPnite length)

10r XBH = 0.005

pure glue
' =0.5

0.001 0.01 0.1 1
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| L quark excrtations

Charge and current densities:

Zgga(k)ro(Ea’ k)Ua(k) = 1 ’

_ . OF
Z30,(R)T(E,, KU, (k) = k —*

107

0F &
hole
aT./ . Zw k
M, = 2T/, K

, 6 My ~_ My

} -+

I] 2 ] 2
Fig. 1. Dispersion relation for particles and holes. Fig. 2. Creation probabilities Z,(k).

At low momentum: both are  Anti-plasmino = hole

' - - Particl Ch
genuine multi-particle artiee arge Momentum  Current
: : | q +1 +k/6 +k/6
excrtations! q +1 +k/6 +ki6
q -1 +2k/3 —2k/3
Total +1 +k —k/3
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Quark thermal mass
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