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Heavy-ion collisions

® 20 years of HICs at RHIC and 10 years of HICs at the LHC

® Why? To study the QGP!

® How? Using probes sensitive to the QCD matter

® Under experimental control
® Theoretically modeled
® Connect theory and experiments

Such as jets/high-pt particles
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Jet quenching

® Jet quenching: high energy partons interact with the QGP losing energy
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Jet quenching

® Jet quenching: high energy partons interact with the QGP losing energy
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The master formula

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

dl

Ydod2k

® Broadening

P(t" k;t', q) = /d2z e H(k—q) = exp{
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Re/ dt/ dt/ p-q K(t',q;t,p)P(co, k;t', q)
(27)2w? pq

Baier, Dokshitzer, Mueller, Peigné, Schiff (96) BDMPS-Z
Zaharov (97)

/t,t” dsn(s) a(z)}

® Emission Kernel

Kt zty) = / e T==PY)IC (', g;t,p)
pPq
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The master formula

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

dl 200,C'R
dt’ [ dt kst
Yok~ (2n)R Re/ / /pqp q K(t',q;t,p)P (0. ks t', q)

Baier, Dokshitzer, Mueller, Peigné, Schiff (96) BDMPS-Z
® Broadening Zaharov (97)
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P(t" k;t', q) = /d2z e Uk—q)= exp{—§ / ds n(s)a(z)}
t/

® Emission Kernel

K, zty) E/ e\ @2=PY) (¢ q:t,p) edium information
pPq
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=/ Dr exp / ds (
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Difficult to solve numerically for realistic o(r)

Carlota Andrés 4 GDR2022



Analytic approximations

® Approximation 1: Harmonic oscillator Perturbative tails neglected

n(s)o(r) ~ %Q(S)rz + O(r*Inr?) /

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

® Approximation 2: Opacity expansion

87 u?

o(r) is taken as the full Yukawa cross-section o(r) E[ Vig)(1-e) Vig) = >
q (qz + /42)

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

N =1 : First opacity or GLV approximation
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Analytic approximations

Wiedemann, Salgado (2003)

Caucal, lancu, Soyez (2018) Wiedemann (01)

Gyul , Levai, Vit
JetMed <€— B?)SMV:L/S Zapp, Krauss, Stachel, Wiedemann (11,12) yulassy, Loval, ¥t
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dense/infinite Mult. Scatt. | |
medium dilute medium
fmfp <L Arnold,Moore, Yaffe (2001)/ fmfp > L
Baier, Dokshitzer, Mueller, . .
W< o PEigné Schiff (96) > o Hligher Twist
¢ Zakharov (97) ¢ -
/ Large kt MATTEF
Guo, Wang (00)
MARTINI 2>l e 08 Co-LBT
Schenke, Gale, Jeon (09), Park, Jeon, Gale (17,18) Majumder (13)

Wang, Zhu(13), Luo, et al.(15,18) Cao, et al.(16,17), He, et al.(18)
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Full solution

® Solve the differential equation satisfied by the Kernel

~~ ~~

ip? ~ 1
0K (s,q;t,p) = Q%IC(S,q;t,p) + Sn(t) / (K —p)K(s,q;t. k)

K (s,q;s,p) = 2n)*6“(q — p)
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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/abs/2002.01517

Full solution

® Solve the differential equation satisfied by the Kernel
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How do we move to
a realistic medium?
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Beyond the brick

*with multiple scatterings

® The goal is to compute the energy lost by a hard parton along its

trajectory within an evolving media

® One should read the medium properties (for instance, the temperature T) from the

hydro at each point of the path

450

— 350}

é) 3005
entering the spectrum: -

(1), p(T(). ..

150

® Then, obtain the medium parameters

Trajectories x<1,y<1

- PbPb 2.76 TeV b=2.0 fm

400}~

ammme (Clauber

e fKLN

® And feed them to the code and compute the spectrum along the trajectory

The spectrum depends on the full trajectory, there is no “per-point spectrum”
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Beyond the brick Il

*with multiple scatterings

® \We can compute the spectrum with time-dependent variables along

a path o noL =5
Trajectories x <1,y <1
450 - 6-\\ Full s fKINz <1y <1
“PbPb 2.76 TeV b=2.0 fm 2
so0oF- A ——- QGlauber z < 1y < 1
u e  Glauber \‘\
- \ PbPb 2.76 TeV b=2.0 fm
— 350(— CE—— fKLN 5\
S 4 N,
O N,
300(— N,
S N\
~ ¢ \\
250+
- E .
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200— \.\
L ..
- 3 e
s 01 Mhydro = KT°(2) ~——
TR | - — — — - )
o 1073 1072 107! 100 10! 5 =ML
_ ‘ 2
w /W,

® But this is computationally demanding. Currently, it seems too costly to do it for
every trajectory on the fly

® Pre-tabulate it? How do we know a priori how the medium parameters will behave
along all possible paths?
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Average values?

® Using average values \ nol = 5
Use a static spectrum whose parameters are :\\\ Full — a=1
given by their average along the path J\N static
3 | to=0.1
® |et’s say that along the path: ~
/ S 27
n(t) = "0 ,5\4 j U constant
(t + to)a = 1
3
® Obtain the full dynamic solution for n(t) | ~~_
O_ —
10~ 107! 10" 10!
® Compare to the static case where nol is 1.6 =
given by the average of n(t) along the path: .S 1.4- -
— ! —
L < e
1.2
noL = ‘ dt n(?) ~ T
: 8 T (]
Using average values does not work well!* W/ We L
@, = ——
* And this is something we know since 2003 c2
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Scaling laws w.r.t. a power-law case? -

® The idea is to find an equivalent scenario given by a power-law

Goal: find matching relations between the spectrum in the real world (along
a path throughout a hydro) and a pre-tabulated power-law spectrum

® [or instance:
Compute the spectrum along a path throughout a hydro:

Myaro(8) = K T(2) Hinvaro®) = ko T*(2)

Compare to a power-law spectrum for a profile given by:

n/ 2

0 U
) = 2 =
() (1 + 1) HAo (t + 1)@

with a scaling law given by

Ll L2 Ll L2
J dt n(f) =[ dt My, q,0(0) J dt t n(t) M2(t)=J dt 1 1y 4,(1) /,t,fydm(t)
0 0

Carlota Andrés 11 GDR2022



Scaling laws w.r.t. a power-law case "

ol =95

—— PbPb2.76TeV b = 21m
AN static (a =0)
.......... a=0.51t=0.1

® Select a trajectory in central PbPb 2.76 TeV
collisions

K20 |
® Compute the full spectrum along this path |

® Compare to a power-law spectrum given by

n’ 2

= 0 2 = H
) (t + 1)* HAo (t + 15)%®

a=0.5

Errors below the 10%

Hydro: Luzum and Romatschke, 0901.4588
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https://arxiv.org/abs/0901.4588

Scaling laws w.r.t. a power-law case

® PbPb 2.76 TeV 0-5% ® PbPb 2.76 TeV 30-40%
N —— PbPb 2.76 TeV b= 2.0fm 6 = 225| N—— PbPb 2.76TeV b= 8.5fm 6 =45 |
41°X--- static T HXo-- static '

SN\ =05ty = 0.1 NN a =051 =0.1

0.9 P po] T
0.8 08— T
1072 1071 10" 10! 1072 1071 10" 10
LU/CDC w/(,(_jc o MZL
Hydro: Luzum and Romatschke, 0901.4588 We ="~
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https://arxiv.org/abs/0901.4588

Conclusions

® New numerical methods allow the computation of the full medium-induced
radiation spectrum (in the brick)

® These numerical approaches allow to compute the spectrum along a path in
realistic media (given by a hydro)

® But it is computationally demanding

® So we want to use pre-compute the spectra for a set of given profiles
approximating realistic conditions (scaling laws)

® Using power-law profiles reduces the errors substantially

® We can think of other approaches

For instance, MC approach to mimic the Caron-Huot rates
Park et al. HP2016 proceedings 1612.06754

Whatever the approach/approximation used, we can quantify the errors!
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https://arxiv.org/abs/1612.06754

Merci!
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Scaling laws?

® The idea is to find an equivalent static scenario

Find the values of the parameters that best
approximate the dynamic spectrum along the path

® Compute the full solution along a path % 3
thorough a hydro =
= 5]
nhydro(t) — le(t) Iu}%ydm(t) — k2T2(t) %
3

® Find the values of the parameters
of the static scenario we want to compare to:

L/

nOL = dt nhydm(t)
J0
272 L’
oL
7 — drt nhydro(t) luf%ydro(t)
J0

® |t works better than using average
values, but the errors go up to ~20%
Hydro: Luzum and Romatschke, 0901.4588

(RO.L)SJS. =9
— PbPb2.76 TeV b = 21fm
----- static |
w0 |
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