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https://u.osu.edu/vishnu/category/visualization/

Motivation

QGP Probes:
hard probes: large momentum or short distance.
high-pr hadrons, heavy quark,...

jet guenching:
et energy loss when a jet
propagates in the medium
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Motivation

R AA

| [=]0-10%, s =2.76 TeV [PRL 114 (2015) 072302]
=]0-10%, |s=502Tev.
| [+180 - 40%, sy =5.02 TeV
MEER (7,,) and luminosity uncer.
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arXiv:1411.2357, arXiv:1805.05635

et

1 daiA
et

<Ncoll> da-zjjp

Raa =

Raa =1 No suppression;

Raa < 1suppression arises;
The smallerR a4,

the stronger suppression.

Jet R44are almost the same and go flat for 2.76 TeV and
5.02 TeV. Why ?
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https://arxiv.org/abs/1411.2357
https://arxiv.org/abs/1805.05635

The LBT moadel

3.
po-0te= [0 T1 55 oo Ueba = Fuf) Mascsc

bed 1=b,c,d

X %Sg (3,%,4)(27)*0* (pa+ Py —pe —pa) + inelastic
3

Sa(8,t,4) = 0(8 > 2up)0(—8 + up <t < —pp), rp=59T

U
pel =21 ob ()T b ed LO perturbative QCD

bed J. Auvinen et al, Phys.Rev. C 82(2010) 024906

drinel 6cs P, (2)k% p- — T .
T = C¥2 (22) §4p = qa(x) sin® T — NLO twist-4
dzdki  m(k7 + 2?2m?)* po 2Tf  Guo and Wang, PRL 85 (2000) 3591

Zhang, Wang and Wang, PRL 93 (2004) 072301

shower partons ﬂ%%
| + re-scattering
back reaction

recoiled parton + back reaction

__+ Linear approximation, and valid for 4f << f
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The inclusive jet shower partons from PYTHIA 8

Initial condition from AMPT

¥

evolution with a hydro background:

OLLI'-@C-C one

free streaming in hadron phase jet energy [oss

v =
Final inclusive jet g

e-by.e 3+1D CLVisc: Pang, Wang & Wang, Phys. Rev. C86 (2012) 024911
Pang, Hatta, Wang & Xiao, Phys. Rev. D91 (2015) 074027
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https://arxiv.org/abs/1205.5019
https://arxiv.org/abs/1205.5019

The inclusive jet in pp collisions

d20/dedy (nb/GeV)

pr distribution of pp collision within PYTHIA 8
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The spectrum at 5.02 TeV is higher and much flatter than
at 2.76 TeV, which originates from PDFs.
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Y. He et al, arXiv:1809.02525
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Fix strong coupling constant
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o (Theo. — Exp.)?

X (0 Exp.)?

neg.: “negative particles”, back reaction.

UES: underlying event subtraction.

Inclusion of neg. or UES decreases jet energy

Effective ag: collisional, radiation,
Debye screening mass,

2T3

TS,

Ly ~ Y Ty ~4204¢(3)=

b=g,qi,qi

a, = 0.19



Inclusive jet suppression
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Raa slightly increases with jet pr for 2.76 TeV and 5.02 TeV.
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Understanding jet Raa
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Jet energy loss at 5.02 TeV is indeed larger than at 2.76 TeV.
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Understanding jet Raa
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Jet energy loss at 5.02 TeV is indeed larger than at 2.76 TeV.

But jet Raa at 5.02 TeV is higher than at 2.76 TeV at large pt range

Raa =

et
1 doyy,

<Ncoll> dO’%Zt
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https://arxiv.org/abs/0902.4154

Understanding jet Raa
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Because pt spectrum at 5.02 TeV is much flatter than at 2.76 TeV.
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https://arxiv.org/abs/0902.4154

Understanding jet Raa

If (Apr)/pris small,

Raa(pr) =

dO_J et

p+p (pT + <APT)>

jet
d0p+p
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Jet energy loss distribution

do 4t do?,
J€E L (&
(pr, R) = | dAprWaa(Apr,pr + Apr, R) (pr + Apr, R)
dprdy dprdy
10! .
= P =100 GeV
10° o P =200 GeV
; 10~ pls' = 300 GeV
PbPb /s = 2.76 TeV
107% 0-10 %
_5|(@)
10~3
= 0-10 %
- 10 - 20 % _ ApT
(107 — 20-30 % L= <A >
g PbPb /s = 2.76 TeV pPT
107 plt — 300 GeV
(b)
—3
10 = /s = 2.76 TeV
) 101 Vs = 5.02 TeV
g PbPb 0 - 10 %
107 plt — 300 GeV
(c)
-3 .
10775 1 2 3 4 5

x = Apr/ < Apt >
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Bayesian extraction from experimental data

d O.pp

Jety (pr, R) = /dApTWAA(ApTapT + APT,R)d ;; (pT + Apr, R)

]et pT
L BT model: :>U]et (pT)
Waa(pr, Apr)

Jet pT

Bayesian analysis: }:>WAA(1?T, Apr)
jet pT

Data-driven, model independent

: = A
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Bayesian extraction from experimental data

Bayesian analysis:

\ P

2 4 600 02 0.4
B [GeV/c] %

8,000,000 samplings

pP
jet pT

}:>WAA(Z9T7 Apr)

]et pT

(Apr) = Bp log(pr)

O number of
out-of-cone scatterings
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Bayesian extraction from experimental data
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Bayesian extraction from experimental data
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Bayesian extraction from experimental data

single inclusive jet in Pb+Pb
2.76 TeV [(20-30%)2.76 TeV |(0-10%)5.02 TeV

(1.45 £ 0.01) (1.33 £ 0.02) (1.58 £ 0.02)
(1.39 £ 0.06) (1.08 4+ 0.07) (1.56 £ 0.06)
v | 0.21 £ 0.09 0.15 4 0.07 0.26 £ 0.06
(0.21 £ 0.01) (0.20 +0.01) (0.23 + 0.01)
'y-triggered jet in Pb+Pb
. ENVAY: X

37o:i:281

B ATERW 0.55 =+ 0.44 150 £ 0.85
(0.72 + 0.06) (0.53 + 0.04) (0.50 4 0.04)
~10.16 £0.14 0.13 + 0.18 0.21 £ 0.12
(0.44 + 0.02) (0.30 + 0.02) (0.56 + 0.02)

TABLE 1. Parameters [a, 3,7| of the jet energy loss distri-

bution from Bayesian fits to single inclusive and ~-triggered

jet spectra in Pb+Pb collisions at /s = 2.76 and 5.02 TeV. Y
Numbers in parentheses are from fits to LBT results. rr/'>|
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Summary

e Theinclusive jet suppression is determined by the initial pp
spectrum and jet energy loss distribution.
o Jet energy loss distribution has a scaling behavior
e Bayesian analysis can extract jet energy loss distribution and
averaged jet energy loss directly from experimental data.
e Jet energy loss is mainly caused by a few out-of cone scatterings
in the hot and dense medium.
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Thanks!
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Cone size dependence of Raa

08
- anti-k, Vs=5.02TeV
070 LBTPb+Pb0-10 % -
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<« i 1
<
m B ol
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—R =02 '
03—
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larger R: flatter initial spectrum + smaller energy loss
->|ess suppression

quantitatively relates to medium response
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<A P> (GeV)

Effects of medium response and radial expansion

40
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sob R =04 Iyl <2.1 1R=04

— —W.rec. w. neg.

- hydro 1 static 4,’__'_'_,'_'_,:';'7

R=0.5 (s= 276TeV_5R

: h)jl,‘i'_,_,_,_,—'f stat:'_,_'_,_,f

] —
__— —w.rec. w/o neg.
ol e e Ty L v b by
100 200 300 100 200 300
p, (GeV) p, (GeV)
2.76 TeV

medium recoil effect up to 15%
back reaction not negligible

larger cone size and radial expansion
enlarges the effects above.

.
, A
24

BERKELEY LAB



Raa at RHIC energy

10° g AR RN RN R R 11— [T [T B
7? p+p Vs =200 GeV [ antl-k R = 04 LBT Ol —015
10°F anti-k, R=04 0o 5=200GeV 02<hi<08
= 10° 02< n<03 E i |
5104? e < i JW
o - ] m<ﬂ B i
T 107 07+ -
5 i = — Au+Au 20-30% :
B 10° £ - |
S g
T 10k 0.6
1 _
g i — Au+Au 0-10% -
10-1_.... O’5||||||||
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Slightly decreases with jet energy because of steeper initial spectrum,
although the energy loss is smaller that at LHC energy.
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Underlying Event Subtraction (UES)

UE: collisions of beam remnant, fluctuation of the background,
non-perturbative eftects. Subtraction is needed to exclude the
soft particles.

- Seed jet: Er > 3GeV for at least
| ‘ one parton,and

maa ave
E7* B3 > 4
ATLAS Collaboration, Phys. Lett. B 719, 220 (2013).

quES _ E;eedjet - Aseedjetp(l 205 COS[2(¢jet L \Ijz)])

We only subtract the energy of seed jets,
and count all the final jets!

20



v9 of soft particles from hydro profiles
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jet-medium transport coefficient

— McGill-AMY"
GLV-CUJET

§/T’

T Tess
’0’0:::0:0:0:0:0’0‘00‘

Au+Au at RHIC,
Pb+Pb at LHC, -
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T (GeV)
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Azimuthal Anisotropy vo

dN O(1 4+ 25 [ 7)) elliptic flow: n=2
% = O nUn COS{7U$ — Tn) )?}2 =< cos|2(¢p — Wy)| >

Coordinate space: B

initial asymmetry

Momentum space:

final asymmetry

Nucleus of P
a gold atom P z
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Initial Geometry gt 2.76 TeV

10 — 20% 20 — 30%
‘ :,...._.A,__.:f--.._:’"‘“-» ‘vy
/M $ ‘ “\\\ Y 7 / 'l’:&“' i
,,'"'/‘%o‘o il i Al ‘L«»‘\iﬁk
o) ]‘) «‘ ‘E‘!“» \ = % "‘“ R

averaged over 200 3+ 1D event-by-event hydro profiles
Pang, Wang & Wang, arXiv:1205.5019
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https://arxiv.org/abs/1205.5019

Results: Inclusive jet suppression
fixed ag = 0.15

W neg & w. UES
jr anti-k, R=04

w/o neg & w.UES, 1 wio neg & w/o UES

0.7

: T ——1

206 rﬁ T

0.5H1 gn +

‘]Lr++ —LBT ]L ++ yl<2.1
04" +ATLAS 1 Pb+Pb 0-10%

7100 200 300 100 200 300

P, (GeV) P, (GeV)
32

Suppression!!!
w. neg (Whote pr range);

w. UES(low pr range)
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Jet reconstruction including medium recoils

and back reaction

- ? A anti-kc algorithm in FASTJET package is
used to reconstruct jets

? Vin—n1)?+(p—¢s)? <R

M. Cacciari, G. P. Salam and G. Soyez, Eur. Phys. J. C 72,
1896 (2012).

consider all the jets

modified FASTJET,
subtract the “negative” particles

medium recoil re-scattering,
back reaction (“negative particles”)

: = A
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Inclusive jet anisotropy

v, = (cos(2[¢/* — P,]))

Pb-Pb @ 2.76TeV  20-30%
anti— k¢, R=0.4
— |S Hadron

- == ]S Parton
= Pure LBT (E-by-e)

ETSCAPE
reliminary

50 100 150 200 250
pr (GeV)

Multistage evolution, see: Chanwook Park, HP 2018

N
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v_{2}r{jet} = \frac{\langle \langle v_{2}A{soft} \cos(Z2[\phiA{jet} - \Psi_{2}]) \rangle \rangle}{\sqrt{\langle (v_{2}A{soft})A2 \rangle}}

\frac{d \sigmar{AA}_{jet}}{dp_T dy} (p_T, R)= \int d\Delta p_T W_{AA} (\Delta p_T, p_T + \Delta p_T, R) \frac{d\sigmar{pp}_{jet}}{dp_T dy}
(p_T + \Delta p_T, R)

x = \frac{\Delta p_T}{\langle \Delta p_T \rangle}
W_{AA} (x) = \frac{\alphar{\alpha}}{\Gamma(\alpha)} xA{\alpha - 1} eA{-\alpha x}

\equiv \int \prod_{i=1}A{a} dx_1i eA{-\sum_{i}~r{a} x_i} \delta(x - \sum_{i=13}A{a} x_1i)
\sigmar{pp}_{jet} (p_T) + W_{AA}(p_T, \Delta p_T) \rightarrow \sigmar{AA}_{jet} (p_T)

\langle \Delta p_{T} \rangle = \beta p_{T}A{\gamma} \log (p_{T})

: A
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