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Energy loss in AA
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Energy loss S

® How does a parton lose energy in a QCD medium?
® Collisions - Important for heavy particles

® Radiation - Extra gluon radiation induced by multiple scatterings with the medium
Dominant for light quarks and gluons

Wiedemann, Salgado (2003)

Caucal, lancu, Soyez (2018 Wiedemanr
JetMed €— BA[\)Sl\AV\gS Zapp, Krauss, Stachel, Wiedemann (11,12) ) GLV s bk
Single Scatt.
JEWEL
Mult. Scatt. BDMPS-Z
Master dilute medium
Arnold,Moore, Yaffe (2001) f rm I b
/m{p <L rnold,M / ormuia /mlp > L
AMY Baier, Dokshitzer, Mue tr\ Ul
(HTL) w < w, Peigne, Sehiff (96) ¢ > @, igher Iwist
/ Zakharov (97) \
Large kt o MATTER
MARTINI B>l yaumeer 08 Co-LBT
Schenke, Gale, Jeon (09), Park, Jeon, Gale (17,18 Majumder (13)

from Yacine Mehtar-Tani’s talk at the HTE seminar series
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Recent developments

® The in-medium spectrum is given by (v < E):

med

o dl QOzsCR
dod’k (27)%w?

Re/ dt/ dt/ p-q K(t' q;t,p)P(c0, k;t', q)
pa BDMPS-Z

® Several new approaches that evaluate the master formula beyond the usual
approximations

Finite length rates: Caron-Huot and Gale, 1006.2379

Mehtar-Tani, Barata, Soto-Ontoso,

|OE (expansion around the HO): .
O (e pans O) Tywonluk, 1903.00506, 2106.07402

Fully resummed spectrum: CA, Apolinario, Dominguez, Martinez 2002.01517, 2011.06522

Finite length rates + non-perturbative potential: Schlichting, Soudi, 2111.13731

IOE & Resummed opacity expansion (ROE) Isaksen, Takacs and Tywoniuk arXiv:2206.0281
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https://arxiv.org/abs/2002.01517
https://arxiv.org/abs/2011.06522
https://arxiv.org/abs/1006.2379
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The spectrum
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CA, M. G. Martinez, F. Dominguez, 2011.06522
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https://arxiv.org/abs/2011.06522
https://arxiv.org/pdf/2206.02811.pdf

RAA

® Single-inclusive cross section:

dogAA—h+X dxi dxo dz , L A6 med)

— . ' ] D 9

dprdy / T1 To 2 ;xlfzyQ )22 fj/a(22, Q%) 7 k—h (2, W)
nPDFs

® Fragmentation functions:

1 .
1 - L ocal medium

Dl(czeg)(% 1) = /dEPE(E) 7 Dlg’f;;) (1——e’ N%‘> energy density

— €

A

ENERGY LOSS: Quenching Weights (QWs) g(&) = K- 2e(é)

Probability distribution of a fractional energy loss € = AFE'/E of the hard parton in the
medium
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1 6 2|7| ‘II- l[ZI)b (5. 02 TeV DD) 3.42 le (5 44 TeV XeXe) B | I | | | | | | T | T ]

r E CM§ 5.44 TeV XeXe 16 — JETSCAPE Matter M. Xie et. al, 2206.01340 —

_CMS — LBT _ |

14 “Preliminary Djordjevic B JETSCAPE LBT LIDO, 2010.13680 ]

B BEmm CUJETS.1/CIBJET 14 - A JET Collaboration ~ [1 C.Andres et. al, KLN LHC, 1606.04837 _|

101 Andrés et al. i ]

e SCET, 12 - Q) C.Andres et. al, KLN RHIC, 1606.04837 -

1] Normalization uncertainty - C. Andres et. al, Hirano LHC, 1606.04837

B C. Andres et. al, Hirano RHIC, 1606.04837

101 : .

) B + M. Xie et. al, 2003.02441 i

(tc- 8 _— + X. Feal et. al, Quark Jet, 1911.01309 __

] B + ]

] 6 III ~

2 - 4 III t ~

Y ] § [JE I t |

- B I I l l I l I I l I I I l I I } I I I I I I_I — + —
> ]

g 1— . 0 B | I | | I I | L | I | | | I | |
L L1 | L

J& 0 i T 0.2 0.4 0.6 0.8
P, (GeV) T (GeV)

Austin Baty, QM2018 Apolinario, Lee, Winn, arXiv: 2203.16352
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https://arxiv.org/pdf/2203.16352.pdf

Small systems
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Small systems

Jet quenching is the only QGP signature not observed in small systems

Observable or effect | Pb-Pb p—Pb (high mult.) | pp (high mult.) | Refs.

Low pr spectra (“radial flow”) yes yes yes [47,71,317,318, 654, 657, 663, 664, 667,
668]

Intermediate p (“recombination”) yes yes yes [317,657-663]

Particle ratios GC level GC level except (2 GC level except €2 [318,638,664,665]

Statistical model ~8C =1, 10-30% ~8C ~ 1, 20-40% MB: ¢ < 1,2040% | [318,638,669]

HBT radii (R(kT)a R( v Nch)) Rout/Rside ~ 1 Rout/Rside S, 1 Rout/Rside ,-<V 1 [670-677]

Azimuthal anisotropy (v,,) V1 —Vy v1—Us N [48,312-314,632,633,652,678—688]

(from two particle correlations)

Characteristic mass dependence Vo—Us Vg, U3 Vg [48,315,326,683,686,689-691]

Directed flow (from spectators) yes no no [692]

Charge-dependent correlations yes yes yes [249,253,254,693-696]

Higher-order cumulants “4~6~8~LYZ” “4~6~8~LYZ" “4 ~ 67 [316,683,688,697-708]

(mainly vy {n}, n > 4) +higher harmonics +higher harmonics

Symmetric cumulants up to SC(5, 3) only SC(4,2),SC(3,2) | only SC(4,2),SC(3,2) | [227,687,709-712]

Non-linear flow modes up to vg not measured not measured [713]

Weak 1 dependence yes yes not measured [685,707,714-719]

Factorization breaking yes (n = 2,3) yes (n = 2,3) not measured [682,684,720-722]

Event-by-event v,, distributions n=24 not measured not measured [723-725]

Direct photons at low es not measured not observed 544.726

Jet quenching through dijet asymmetry | yes not observed not observed [348,360,374,727-729]

Jet quenching through R s yes not observed not observed [323,344,346,347,352,730-737]

Jet quenching through correlations
Heavy flavor anisotropy

yes (Z—jet, y—jet, h—jet)
yes

not observed (h—jet)
yes

not measured
not measured

[354,357,375,376,380,388,733,738-740]
[262,326,460-464,497,741-745]

Quarkonia production

suppressedlr

suppgessed

not measured

[262,454,456,459,478,479,491,492,494,

495,497,579,746-755]

T Iy 1, Y(]) w.r.t. RHIC energies.
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No signal of jet quenching!

arXiv:1812.06772
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https://arxiv.org/abs/1812.06772

Energy loss in small systems

[ ® proposed [1812.06772] Xexegpngp'bpb 30-509%
“XeXe 30-50%
® Expected to be small @ ahean
= F AMCK XeXe 50-70%  gomom
® Difficult to select pPb collisions with small b = 1 00 & Bipo 70007 __
g pPb &  XeXe 70-80% ]
:pOoAr o7
® Why don’t we go for peripheral PbPb instead? L
® Event selection and geometry biases (Npar)

Morsch and Loizides, arxiv: 1705.08856

® Oxygen-Oxygen?

Huss, Kurkela, Mazeliauskas, Paatelainen, Van der Schee, From Petja Paakkinen’s talk at the
Wiedemann arxiv:2007.13754, arxiv:2007.13754 Opportunities of OO and pO collisions at the LHC
00 5 yy=7 TeV Lyy=0.5 nb! lyal<1.0 WOFkShOp
1.18 |- T e W n EPPS16 + LHC pPb dijets, D-mesons & 8.16 TeV Ws + JLab CLAS NC DIS
1,05 el i e T .
T PR T e w 3800 [~ Dopis DY/W/Z U0 hadr. Counting ratios A; /A5 only for the heavier nucleus .
1.00 === "é’
. 0.9 % 600 |- i
&= 9.90 7 E-loss models _§ 400 |- Nothing here! h
s 5x R rwt.EPP?16(9@§6CL) S 900 l
.60 = BKK LO (scale) B -
0.80 b BKK NLO (scale) _ F ol = I] o |:| o O - _ _ |:| =L D
_____ KKP-NLO T 1 T T T T T
e.’r- =~ stat. projection He Li Be C O Al Ca Fe Cu Ag Sn W Pt Au Pb
20 25 30 40 50 70 100 150 200 .
pr (6el) Gluons poorly constrained for light nuclei
: 1 do™? /dprdy
Rh,_] . . , — AA . o (o ° ° .
AR, min bias(PTY) = o500 hg o Significant parametrization biases
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https://arxiv.org/abs/1705.08856
https://arxiv.org/pdf/2007.13754.pdf
https://arxiv.org/abs/2007.13754
https://indico.cern.ch/event/975877/contributions/4172198/attachments/2186023/3693616/nPDF_OppOrtunities_Paakkinen.pdf
https://indico.cern.ch/event/975877/

Hard particle

Jets pheno

® Hard probes/jets are produced in the initial
hard scattering

Hadrons in eq.

Quarks & gluons out of eq.

Jets witness the space-time system evolution
(including the initial stages) \ W=t rong fields

® The quenching set to start at the initialization time of - hydro

No energy loss before thermalization? (usually ~0.6-1 fm)

® How sensitive are jet observables in AA to the initial stages?

Crucial to understand the apparent lack of energy loss in small systems

® The initial stages represent a larger fraction of the system’s evolution in small

systems QGP?
L. Initial stages = = = = = = =P Free streaming
PA & pp g 1B |
‘s, I | >

- rCO11<<1fm N1—3fm

Ttreeze—out
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Energy loss & initial stages in AA
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QWs in the Harmonic oscillator
AAat 2 o 7 6 Tev 2+1 viscous hydro
g(&) = K-2e%(¢)

1.0f| ¢ PbPb2.76 TeV 0-5% ALICE| - 1.0f| ¢ PbPb2.76 TeV 5-10% ALICE| - 1.0/l ¢ PbPb2.76 TeV 10-20%

ALICE| ]

107! PbPb 2.76 TeV 20-30% ALICE ] 1071 | ¢ PbPb 2.76 TeV 30-40% ALICE ] 107!t ¢ PbPb 2.76 TeV 40-50% ALICE ]
OIIII1IOII”2I0””3IO””4IO””50 OIIII1IOIIIIZIOHHE’»IO””4IO””50 OIIIIllOlIIIZIO””3IO””4IO””50
pr (GeV) pr (GeV) pr (GeV)
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Formalism

® Energy density taken from the hydro

Viscous 2+1 hydrodynamics

B Xiv:0804.4015
nls =0.16 .
Luzum and Romatschke arXiv:0901.4588

Thydro — 1 fm

fKLN model for the initial condition

e Before 7y 4y, ?

® §(7) = G(Thydro)/ ' for 7 < Thydro
® é(*[) = Q(Thydro) fOI‘ T < ThydI'O

o (g(7) = 0 for 7 < 4 4 —> Energy loss delayed 1 fm
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https://arxiv.org/abs/0901.4588v2
https://arxiv.org/abs/0804.4015

Jet quenching parameter

54 PbPb 2.76 TeV

oo | |
- +
&
<TS_' b)) =gl = 1fm)/7'3/4 7 < 1fm Factor 4
e - t  q(r)=qg(r = 1fm) for 7 < 1fm

2- t  g(r)=0for 7 < 1fm

1‘: ' 4

_ 2 4 — 8 ——

b (fm)

QCD challenges
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RAA and high—pT Vo2 dS d

probe of IS

| EKRT + QWs

0.20

0.161

-4

'

CMS 2.76 TeV 20 — 30% ‘
ATLAS 2.76 TeV 20 — 30%

—— Tq=0fm

20 30 40 50
pr (GeV)

Very sensitive to the initial stages!

CA, Armesto, Niemi, Paatelainen, Salgado, arXiv:1902.03231

Confirmed later by: Stojku et al.
arXiv:2008.08987
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Raa and high—pT Vo as a | '_

probe of IS
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0.161
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Very sensitive to the initial stages!

CA, Armesto, Niemi, Paatelainen, Salgado, arXiv:1902.03231

Confirmed later by: Stojku et al.
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https://arxiv.org/abs/1902.03231
https://arxiv.org/abs/2008.08987

Radiation in the IS

® Up to here: parton set to be produced inside
the QGP

® We were ignoring (medium-induced)
radiation emitted before the formation of the = 50
p m

QGP D

® How to isolate the effects due to this 7,>7,=0

initial radiation? -

0 L

e Emitter produced at 7, ~ () Extra medium-induced

radiation included
e Propagates in vacuum from 7, 10 Ty, = Thydro

CA, Apolinario, Dominguez,

® In-medium propagation from 7,, to L M. G. Martinez, Salgado,
arXiv: 2112.04593
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https://arxiv.org/abs/2211.10161

Radiation in the IS

C) 7,> rp:O !

® HO spectrum

0, = In {cos [QL[1—-—— — QL sin | QL 1——
dw T L L L
w
: : QL=(-i)/—
Extra medlum-lnduced/ 1 20
radiation w, = EQLZ
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Out of plane

RAA and hlgh-pT Vz

- In plane
® Compute the HO spectrum for a power-law expanding medium
o\ Parameters fixed to
A . 3 _
q(7) = K\T°(7) 1@ =1 <T +TO> Luzum and Romatschke’s hydro

® Compute the QWs (using the spectrum)

() n (med)( ., n
P(AE) = 2% [dewidl da)(wl)] o (AE — Z a)i) exp

n=0 i=1 i=1

® Compute the hadron suppression factor

de"*(py)!dp p "
Or(pr) = o~ [dAEP(AE)( f )
do¥*“(pr)/dpr pr+AE

® Compute the high-p; v,

1 9ep) = 0™ ()
272 Qin(py) + 0P(py)

Carlota Andres 19
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A) 7,= 7. =0

R, » and high-pr v, ...

C r,> rp:O <

L
1.0mmm———m—4m—————7—————7———— HO
— =T =0 [ 012
0.8— - Tp — Tm —_— ]. fm . i
0.10
—- T, =0and 7, =1fm" .
< 0] 1 008
<< 3 _
&
0.06
0.04
00|1|| 002_|||_
Y70 20 30 0 50 10 20 30 40 50
pr (GeV) pr (GeV)
Case K, Including the initial radiation makes the
A)Tp = Tm = U1m Lo high-p; v, decrease
B)Tp = Tm = 1{m 16

™w=0and 7, =1fm &
C)7p m CA, Apolinario, Dominguez, M. G. Martinez, Salgado

q(t) = K\T°(1) arXiv: 2211.10161
Carlota Andres 20 QCD challenges



https://arxiv.org/pdf/2211.10161

RAA and hlgh-pT Vz

A 7,=17,=0

B) 7,=17,>0

C 7,> rp=0 <

Full
11— N —
0.08F
0.8f ~== Tp =Ty =11m - .
—_— szoa:nd Tm:]-fm \\\\\\
<
<
&

S0 9020 30 40 50 10 20
pr (GeV)
Case C; - —
A) Tp = Tm = 0fm 2.2

B) Tp = Tm = 1fm 4.5
C)m,=0and 7, =1fm 2.5
n(t) = C\T(t) pu*(t) = 6na,T*(t)le

5

DU
pr (GeV)

Using the Full formalism yields to more robust results

CA, Apolinario, Dominguez, M. G. Martinez, Salgado
arXiv: 2211.10161
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https://arxiv.org/pdf/2211.10161

Jet broadening in the glasma

® Hard partons deflected by the chromomagnetic and chromoelectric forces

in the Glasma phase

Ipp, Miiller, Schuh
arXiv:2001.10001
arXiv:2009.14206

§ [GeV?/fm]

1

30| & (@s = 20GeV) |
S —q, (Qs = 1.5GeV)
*:'. I.’.\"."' ....... m/(gzl-‘l’) — 0.20 |
20 1,0 I8 -=-m/(g?p) =0.10 ||
+ === m/(g*p) = 0.05

[ | I L : .1
0 0.05 01 0.15 0.2 0.25 0.3

q [%%Vz/fm] e 70

Carrington, Czajka,

Mrowczynski 13|

arXiv:2112.06812
arXiv:2202.00357

Q, =2GeV

-
-
-
-
-
-
=
-
-
-
-
-
-
P’
-
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Nucleus A

Nucleus B
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https://arxiv.org/abs/2001.10001
https://arxiv.org/abs/2009.14206
https://arxiv.org/abs/2112.06812
https://arxiv.org/abs/2202.00357

Conclusions

® Many recent theoretical developments in the calculation of the in-medium
spectrum

® Energy loss has not been observed in small systems
® |n small systems the initial stages are specially important

® Jet quenching studies in AA usually neglect energy loss in the initial
stages

® Extraction of g in A-A sensitive to the IS

® Simultaneous description of R, 4 and high-p; v, in A-A sensitive to the IS

Understanding jet quenching in the initial stages is crucial to
understand the apparent lack of energy loss in small systems
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Thanks
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
dl QOzSCR .
R dt’ dt .q K(t',q;t,p)P(c0, k; t',
Y IBR  2n)Pw? e/ / / p-q K(t',g;t,p)P(c0 q)
BDMPS-Z
—————— - G ..
q A e
:p ... yoo e e v
X £ (l _______ > ST APT L ?T
X < ' U b\
. : . A .
11 11 Broadening
e ™~ N P~ Tr(EEY
Kernel Broadening 2-point function

-
-
-
-
-
-
=
=

For the spectrum beyond the soft approximation see Dominguez’s talk. Today 11:00
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
dl 200, CR
k;t'
Y dod?k (27)%w? (00, kit', q)

BDMPS-Z

il
-="
-
-

-
-="
-
-
. -
- -
- -
- -
-y -

- Broadening
\ P ~Tr{Se")
Kernel Broadening 2-point function

-
-
-
-
-
-
=
=

For the spectrum beyond the soft approximation see Dominguez’s talk. Today 11:00
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
= "R dt' [ dt - qf BP (o0, k;t', q)
Y dwd?k (27)2w? e/o /o /pq p o
st BDMPS-Z

G o>
——————————————————— v
X ..=:::::::::-- ————————— ?T
X < UA \
S, Sl S : . 5 Broadening
/ " N P~ Tr{€€")
Kernel Broadening 2-point function
W,

-
-
-
-
-
-
=
=
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (w K E) Zaharov (97)
dl 200, CR = /
R dt' [ dt . t', q;t kit
wdwd2k 27'(' 2&)2 e/ / / p-q ( , 4 7p)7D(OO7 q)

BDMPS-Z

| 1 t,/
Pt" k;t',q) = /d2z e ik=q)z exp{—§ / ds n(s)a(z)}
t/

Medium information

K(t.zty) = [ @= PV git.p)
Pq
r(t')=z t’ : 1 |
:/ Dr exp / ds <E1‘2 — —n(s)a(r*)
r(t)=y t 2 2 _

> Difficult to solve numerically for realistic o(r)

-
-
-
-
-
-
=
=
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Analytic approximations: GLV

Opacity expansion

87

o(r) is taken as the full Yukawa cross-section o@r) = [ Vig(1—e)  Vig) = }
‘1 (47 +17)

The integrand in the Kernel is expanded in powers of (n(s)a(r))N

N =1 : First opacity or GLV approximation (single hard scattering)

di

The N=1 energy spectrum (no cut-off o— = ro

d
® )
dardk

Gyulassy, Levai, Vitev (99)
Wiedemann (2001)
DGLV: Djordjevic, Gyulassy (2003)

GLV 0 .
dl ~ 4a,Cy |4 p? —sinp?
w— = n p 3 >
dw T 0 p xp~+ 1
® u’L
X=— wW,=—]"
@ 2

Further orders in opacity: Gyulassy, Levai, Vitev, 0006010

Carlota Andrés 26



Analytic approximations: HO

Harmonic, g or Gaussian approximation

® Small r approximation of the dipole cross section Perturbative tails neglected

/'

n(s)o(r) ~ %@(s)rz + O Inr?

The Kernel can be computed analytically (for a static medium)

Multiple soft scatterings

Note: ¢ = 4iV"(0)

Stolen from Peter Arnold slides

® The energy spectrum (no cut-off o - [:w o)

dw dwd?k

dii°®  2a.C W

® =% In|cos| (1 =i)y /==

dw T 20

) Baier, Dokshitzer, Mueller, Peigné, Schiff (96)
A gl Zakh 97
Parameters: ¢, L w, =1 - pakharov 7
2 Wiedemann, Salgado (2003)
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Spectrum

FU.H, @QL =9

o R=5000

I 1.0 1 1

: : | 0.6

: 0.8 7 _

1 0.6F 1 0.4

1 0.4f 1
Ol 1 0.2F ]
O°O- Lol Lol Lol Lol L ..I...- O‘O- Lol Lol Lol Lol L ..I...- 0’0- Lol Lol Lol Lol A RRET
1072 1072 107! 1 10 50 1073 1072 1071 1 10 50 1073 1072 1071 1 10 50

w /@, nyny w /@,
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