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The spacetime picture of HICs

A 1fm ~ 107%% s
A brief summary of the different epochs in HICs

Early times: Out of equilibrium matter (Glasma)

Short lived and dominated by classical configurations

Followed by pre-equilibrium stage, typically described
using EK'T  [See Tuomas’ talk]
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The spacetime picture of HICs

7~ 1—10fm
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1fm ~ 107 %*s

A brief summary of the different epochs in HICs

Early times:
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The spacetime picture of HICs

A 1fm ~ 107%% s
{ A brief summary of the different epochs in HICs

Early times: Out of equilibrium matter (Glasma)

Short lived and dominated by classical configurations

Intermediate times: Quark Gluon Plasma phase

Long lived, expanding hydro system where quarks and
gluons are not confined inside hadrons

T~ 1—=10fm

pre-equilibrium 7~ 0—1fm Hadronic phase: Temperature below critical value

Gas of hadrons, which eventually free streams to the
detectors
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The spacetime picture of HICs

! ; An ideal probe: QCD jets

Nucleus B
[A. App, D. I. Muller, D. Schuh, 2009.14206]
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The Landscape

Jet evolution 1n hydrodynamical phase

Flowing matter: 2104.09513 [N=1], 2207.07141 [Resummation], 2406.14628 [Gluon radiation], 2309.00683 [Flowing anisotropic matter], ...
Matter gradients: 2104.09513 [N=1], 2202.08847 [Resummation], 2210.06519 [Kinetic Th.], 2304.03712 [Gluon Radiation], 2204.05323 [Broadening]

Jet observables/Pheno: 2110.03590 [Jet drift, see Jo’s talk], 2308.01294 [Jet substructure], DREENA [see Bithika’s and Magdalena’s talks], ...

Jet evolution 1n the early stages

Momentum broadening in early stages: See Tuomas’ talk + works by D. Muller et al + works by A. Czajka et al

Radiative spectrum 1n “glasma”: 2306.20307 [Photons], 2303.03914 [Gluon branching], 2407.04774 [Quark antenna], 2406.07615 [Spatial correlations]

A lot of recent pheno and theory activity, but why 1s this important ?
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The Landscape

Jet evolution 1n hydrodynamical phase
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The Landscape

Jet evolution 1n hydrodynamical phase

Flowing matter: 2104.09513 [N=1], 2207.07141 [Resummation], 2406.14628 [Gluon radiation], 2309.00683 [Flowing anisotropic matter], ...
Matter gradients: 2104.09513 [N=1], 2202.08847 [Resummation], 2210.06519 [Kinetic Th.], 2304.03712 [Gluon Radiation], 2204.05323 [Broadening]

Jet observables/Pheno: 2110.03590 [Jet drift, see Jo’s talk], 2308.01294 [Jet substructure], DREENA [se Bithika’s and Magdalena’s talks], ...

Jet evolution 1n the early stages

Momentum broadening in early stages: See Tuomas’ talk + works by D. Muller et al + works by A. Czajka et al

Radiative spectrum 1n “glasma”: 2306.20307 [Photons], 2303.03914 [Gluon branching], 2407.04774 [Quark antenna], 2406.07615 [Spatial correlations]
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Gradient corrections to parton evolution

Transverse plane

1

Initial jet orientation

. Medium: static slab length L



k? Brookhaven

National Labaoratory

Jets in AA

In the medium, one needs to account for interactions with the QGP:

Po p P N E n E E N

For very energetic particles there 1s a simple solution:

Lo ’ t2
W . 2 ilson line alon
g ('/EQ , t2 7 L 1 , t]. ) — / Dr eXp A dt r W’T‘ t}s]r\}vardllight—lconge [BDMPS-Z, early 2000s]
L1 t 1

Any process reduces to computing correlators of these objects

do ~ (T | [{G: Thmatter  (A7%(@)A™ () o f( —y)56(at —y)
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Momentum broadening

Simplest case: single parton evolution 1in the medium

k | [GeV]
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E.T

(G(z)G"(0)) = P(k)

Two regimes :

Diffusive broadening

_

—_— = many soft kicks
G
0,P(k) = — 293P (k)
Single hard interaction

S = one hard kick



Momentum broadening
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Simplest case: single parton evolution in the medium (G(x)G T (0)) Fg P(k)

10_4?

e

If the medium has structure (gradients) can we still write :

0P (k) = =70k P(k) 2

Is 1t enough to make the diffusion constant space dependent ?

Gradient Tomography of Jet Quenching in Heavy-Ion Collisions

Yayun He,! Long-Gang Pang,! and Xin-Nian Wang" % *

8fa E.L . afa
8?5 W (97_"_L
1[GevV]

: g~ T - T°(t,%)

o = "
— ZviJ_fa(kar_)
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Gradient corrections to broadening [JB, A. Sadofyev, X.-N. Wang, 2210.06519]

We first derive the probability for a quark to acquire transverse momentum at leading order 1in hydro gradients

dN L3 0 , 0 1 dN© 4L 0 ) 0 AN
i ~ exp{—V (x) L}{ _1 6EVV(:I:) : (V,o%—i-Vu 5_M2) V(a:) il | 2E (Vp%-l-Vu 5_/L2) V(a:)on%dE

(G()G'(0))

<7>exp (—i /O St vt (r(r), T)) P exp (z /O ) d?tgmjvb('F(?),?)>> — exp {— O/L dr [1 RGELGE (Vp% + V,ﬂé%)] Y (r(r) — F(T))}

To answer the previous question, we go and compute the evolution equation for the relevant correlator

WL(Y,p) — / e—’i(p'y—Po'iB) W()(X,po) X <g (Y + %7X + g) ng (Y _ %7 X — §)>

Easy to generalize from before

13



k? Brookhaven

National Labaoratory

Gradient corrections to broadening [JB, A. Sadofyev, X.-N. Wang, 2210.06519]

This allows to (partially) resum all gradients; this 1s only possible assuming a local and Gaussian background

(G'(k, L+ €;ko,0) G(k, L+ € ko,0)) = [ (G'(k,L+¢1,L)G(k,L+¢;1,L)) x (G'(1, L; ko, 0) G(I, L; ko, 0))
Ll

Using this property and the explicit form for the leading distribution, we find

||
.

=

=

=
|

_ k? — k _ _ _
oW (k, k) = —i | K@@ LDWED
q,q,¢,
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Gradient corrections to broadening

[JB, A. Sadofyev, X.-N. Wang, 2210.06519]

©

To understand where the evolution gets modified, we expand order by order in gradients

. (Y

i

K

82

K
i 5177:5193'

5 (q) — Vi (q)-

= 272C fq v?

W(Y,p o q)

Vii(q) = ¢ ({Zqiqj [vv"" — V'] + vv'&;j} — (2m)26®3) (q) /{2lilj [vv"" — V'] + vv’5ij})

l
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Evolution 1s now sensitive the scattering rate and corrections inherited from LPM phases; includes non-local terms

15



National Laboratory

('f‘ Brookhaven

Gradient corrections to broadening [JB, A. Sadofyev, X.-N. Wang, 2210.06519]

What do the new terms generate ? A-(zT,2)f(z)  [JB,M.Li, W. Qian, X. Du, 2208.06750
| I | I | I | I | | | I |
L[ U @eteds P
7 = — MO0 00
1.50 + —
0.1

A simple calculation gives I ]
Coef. homogenous case Q ‘ % 1.00 - _

\ <

AT 3 <
A oA v2 A qL | B B

4r = ¢ T q ~ 7]

12 - / 0500 ]

Coef. due to anisotropy effects -

— analytical (Vi=0)

0.00 | | | | | | | | | | | | |
0 5 10 15 20 25 30 35

Qs 2 (G6V2 )

with 1 = pkr/(272%4) A gg qu2v2[q2v’/v]’
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Gradient corrections to broadening

What do the new terms generate ?

A simple ca

with 7

[JB, A. Sadofyev, X.-N. Wang, 2210.06519]

AZ (zF,z) f(x) [JB, M. Li, W. Qian, X. Du, 2208.06750’

a

Numerical evaluation for 1sotropic diffusion coefficient at fixed Y

N WA

Intensity

TN
1

17

[JB, X. Du, A. Sadofyev, 24xx.xxxxx]
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Jet evolution 1n the Glasma

Nucleus A Y

Nucleus B

18
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Why are the early stages “different”

® At carly times there 1s a big pressure anisotropy

U R — _ £=10 ® This reflects in an anisotropic transport coefficient

Qg 7 [Can be washed out by hydro expansion]

~~ /

~ : , A A

~ L\ dz > Qy

§: 101‘- \\\ \

5 ® Furthermore, the observed jet quenching coefficient

< . seems to be much larger than the hydro one

o [Observables integrate over jet path]

10°- XX XX X

102 10! o100 Jearly =2 Qhydro s Thydro -2 Tearly
Occupancy: (pAf)/(p)

Nucleus A Y [A. Ipp, D. 1. Muller, D. Schuh, 2009.14206]
!” ! | ! \ [ 1 l \ ‘
30 - —q1 (Qs =2.0GeV)

. [ T — 41 (Qs =1.5GeV) | |
<

>

O

<

N~

O I N I N R . | T
Nucleus B 0 0.0 0.1 015 0.2 025 0.3

7 [fm/c]
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Why are the early stages “different”
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® At carly times there 1s a big pressure anisotropy

—t
O
DO
PR |

Anisotropy: Pr/Py
=

—t

-
o

X

Nucleus A

1) What interesting features can we see from early time anisotropies?

2) Is a independent multiple scattering picture still meaningtul ?

Nucleus B

20
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Why are the early stages “different”
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® At carly times there 1s a big pressure anisotropy

102-
Qj ]
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oy
s
31013
+— ]
3
-
<
0% X
1072 1
Occu
Nucleus A Y

1) What interesting features can we see from early time anisotropies?

2) Is a independent multiple scattering picture still meaningtul ?

Nucleus B
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Gluon radiation 1n anisotropic matter [JB, C. Salgado, I. Silva, 2407.04774] k'

Similar to hydro gradients, evolution in the present of anisotropic jet quenching coefficient leads to a
non-trivial azimuthal structure. As an example consider g to qgbar 1n the presence of such a background

(] wq
p1 . , 1 iPL L+ P2’ Lt . i )
: MM = o e e Mo (a5, a5 wg)e™ P Tae P22
2q0 )\ 11 Ly L gy LGsLgsLsy ar:&F
A+ ot . b Y, ARR ba .+ ot -+
_, A\ r Y X g (L y Ly Ly 7m’v|p2 ) (thklv (z,m,y) gA (ajv y Ly — CL’,:EQ 7mg|qO )
d0
ik T+ . .o +
My LO0000Q0" X G (LT, ®q; Ty , Ty — YlPT )
r Ly
Ahh'
E h z, V (Z,ZB y) 27y
J
o r Y 2
000000000000
Mo E P
: E ' Ly
: : : 2T th
E E E ' Tg rt A
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Gluon radiation 1n anisotropic matter

[JB, C. Salgado, J. Silva, 2407.04774]
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Gluon radiation 1n anisotropic matter

2 dN"

[JB, C. Salgado, J. Silva, 2407.04774]
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Similar observations in [S. Hauksson, E. Iancu, 2303.03914]
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® At carly times there 1s a big pressure anisotropy
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1) What interesting features can we see from early time anisotropies?

2) Is an independent multiple scattering picture still meaningtul ?

Nucleus B
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[JB, S. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

Jet evolution 1n the Glasma

Y

Nucleus A

[~ 1/Qs

Nucleus B

>

<
Synchrotron like scenario

20
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J et GVOluthIl 1n the Glasma [JB, S. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

Me - ES, 0<z</{
M - ES, (<z<2U
Mz - ES, 20 < 2 < 3

AP

coh

(x, 2) = 52:13 - E%(2) =

[~ 10, (A@)Ay)) # 8" —y*)

We consider two medium models:

O <f(ng,ng7E§w, .. )> _ /E e—E%m/ES/ 6—E§w/E3 : ..f(EiLx,ngng, .. )
1 Eo

O <f(E1337E2:B7E3:B7' )>

_ B, '
H/E 2 (5(Efnw — EO) + 5(Ena: ‘|— E())) f(Elar;7 E2:1:7 E3a37 . o )
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J et eVOIUthn 1n the Glasma [JB, S. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

With these elements, we can redo the previous calculations. First let us consider momentum broadening

é]\ — 2(27:)3_/\[ aaL / Vazc—ic (JT (C_B)WT (:E)W(m)](m)) P exp {z fOL dr t°E® - a:}

r=2a

To perform averaging it 1s convenient to further simplify expressions using

S W@W! (@) = (L) - [z W(@)W (@) ~ 2 W)W (@)

~ ~ ~ ~ ~

W(Y;2,7) =W(Y; 2, 2,) W(Y; 20, 2n1)) W(Y 5 221, 2n—2) - - WY 25401, T)

This results 1n a sitmple result for any gauge group before and after averaging

2 ® ~ 2y 2 -
1(2) = g5 [ | AT WYz 7) B BL D) Y () E 2., = cEql
Y JO
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J et eVOIUthn 1n the Glasma [JB, S. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

The one-gluon radiation cross-section 1s harder to compute; focus on radiative rate

dl'  2asC '
_ e 2FRe/ ds Vg -V, (K(m,t; y,s) — Ko(x,t; y, s)) K(z,ty,s) =

dX XW 0 w=y=0 ch

1 .
-G (x, t;y, )W (031, 5)

Explicitly, for a U(1) case with a single flux tube we find

dl’ 200, | E?s3 23
u@) _ == CFRe/ ds — (1 — (1 =2 ) e~ 7 )
dx XTT 0o S 8w

29
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J et eVOIUtlon ln the Glasma 1 ﬂuX tUbe [JB, S. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

2.5} 10F
I — constant field
' — multiple events
- 2.0t g '
= S |
> |2 >
=
[~ 1.5}
S <
3
3010 B
< é” <
= N
0.5;
OO . . . " - E 1 A | . . . 1 R |
0 1 2 3 4 S 0.05 0.10 0.50 1
t/tch w/wch
: dI’
At late times, we find that : U) — 31/6 T (2) asCr [2/3,,-1/3
dx |t—o0 3 X7

teh ™~ \/w/q\(tch)

There 1s an emergent time scale : ¢, = (24w / E 2) 1/3 " \Which can also be obtained from
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Jet evolution 1n the Glasma: several flux tubes UB.s. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

10
1.2 | tube 4 — Yt~
. 1.2} — lften, =4
~ 3 g —— l/ten =2
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i~ ]
S S s
~— ~—
30 o] & 3
%204 21< 04 . %12 2
[ 3 3
U(1) SIS ‘ tch< ;;(”> = F(t/tn, 4/1) 2
0.0 0.0 1
o 1 2 3 4 5 6 7 8 o 1 2 3 4 S5 6 7 8 0.00 0.05 0.10 0.15 0.20
t/tch t/tch w/wch
More flux tubes = longer formation time
4.0
1.6 /‘_‘\ / 1.6} — g/tch—)OO
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A~ P PR — lftay =15
S| 1.2 ” 1.2| 2 20 Uty =1
i AES 3|
= — —~
~— 0.8 =038 P
= R
S | & 3
B3 £ gIQ 10
N 0.4 SU(Z) |8 04 &
0.0 0 0.5 | | A ‘ |
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Jet evolution 1n the Glasma: several flux tubes [B.s. Hauksson, X. Lopez, A. Sadofyev, 2406.07615] National Laboratory
10 1 tub U/tch — 00
uonc — ch
1.2 A 1.2 0t — 4
~ ch = 2
E y ch = 1
%’ < 0.8
~
3o
% CS;;’ 0.4 2 5l
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2l o8 Same conclusions hold for delta function model, despite quantitative differences
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Jet evolution 1n the Glasma: several tlux tubes [/B.s. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]
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How different 1s this model from the standard multiple scattering picture ?

dl t¢ ~ time to produce gluon

o s A ~ mean free path
_ \/ o il L ~ medium size
5 W L

-Heitler : ;
: BDMPS — Z N
o
_/_L —'/'—'l'— - W W W W W f/_

LPM region
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Jet evolution 1n the Glasma: several tlux tubes [/B.s. Hauksson, X. Lopez, A. Sadofyev, 2406.07615]

How different 1s this model from the standard multiple scattering picture ?

Fixed (Q)ua) = s E5L

dl t¢ ~ time to produce gluon
Q) —— ~ Cte. f,~ A
dw —— A\ ~ mean free path g
A N 1|
w, ~ qL* L ~ medium size N 10
=
S |24
— S 10-1 |
: tr~ L = :
Heitler : ~_— 1 tube regime
: BDMPS — Z ™ 5
i 2, 1073} T ~ teh [
o |[O Ctm |
S| @ e
S0 E
g 4| 107 Ut
/ L / l / 0.06 1.01
T 113 . 1074 1072 100 102
| w/qt?

LPM region
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Summary

Hydro gradient corrections to jet evolution
Evolution 1in non-trivial backgrounds requires revisiting old calculations;

In general, 1t 1s not equivalent to using standard jet quenching results in non-trivial backgrounds

Jet evolution in the Glasma

Evolution 1in Glasma phase requires rethinking the standard approach to jets in HIC

The presence of matter anisotropy generate new effects (1.e. polarization) which have not
been fully explored 1n pheno studies

At the end of the day, these effects might be too small or wash out, but they need to be studied
from the theory side
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