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The origin of complex matter 

complex 

nuclear matter

elementary

constituents

small 

system

large 

system

experimental access e.g.  

• Large Hadron Collider (LHC)

• Relativistic Heavy Ion Collider (RHIC)

simplest 

complex matter
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jet quenching

jets lose energy propagating through nuclear matter

A tool to probe the QGP evolution

calorimeter tower
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Jet Interaction with a Flowing Medium

Parton–medium interactions 
are modelled as scattering off 

a stochastic medium field

A. V. Sadofyev, M. D. Sievert, I. Vitev, arXiv:2104.09513

J. Barata, A. V. Sadofyev, C. A. Salgado, arXiv:2202.08847


C. Andres, F. Dominguez, A. V. Sadofyev, C. A. Salgado, arXiv:2207.07141

J. Barata, A. V. Sadofyev, X.-N. Wang, arXiv:2210.06519


J. Barata, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2304.03712
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QGP brick

Flowing medium

Medium Model

Model dependent 
medium potential
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vi(q) =
g2

q2 → µ2
i

GW potential 

with  – Debye 

screening
μ
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tai
Colour charge of


an individual source.

Stochastic variable
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Medium Averaging

Sum over the 
colour sources

Colour averaging

Eliminating the 
uncertainties

number density

of in-medium sources


x-dependent
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GLV Formalism: Opacity Expansion Approach

Single Born Diagram Double Born Diagram

Parameter of the 
perturbative expansion:

U. A. Wiedemann, arXiv:hep-ph/0005129.

M. Gyulassy, P. Levai, I. Vitev, arXiv:nucl-th/0006010.

M. Gyulassy, P. Levai, I. Vitev, arXiv:nucl-th/0201078.


P. B. Arnold, G. D. Moore, L. G. Yaffe, arXiv:hep-ph/0204343.


<latexit sha1_base64="30Nx9P4NNFKRy6mS2Y7aW/sxa7E="></latexit>

ω → 4ε Cϑ2
s
ϖL

µ2
↑ 1
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Single Born Diagram Double Born Diagram

U. A. Wiedemann, arXiv:hep-ph/0005129.

M. Gyulassy, P. Levai, I. Vitev, arXiv:nucl-th/0006010.

M. Gyulassy, P. Levai, I. Vitev, arXiv:nucl-th/0201078.


P. B. Arnold, G. D. Moore, L. G. Yaffe, arXiv:hep-ph/0204343.
Jet Broadening in a Flowing-Anisotropic Medium

Explicit example of 
the amplitude

Encodes initial 
parton distribution

Medium field
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Jet Broadening in a Flowing-Anisotropic Medium

Simplifying
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v(q) =
g2

q2 → µ2

<latexit sha1_base64="E6prlaJgl4ZBp/lK/ZkrrPQr+rs="></latexit>

2uµpµ

(1→ u2
z) (Q

+ →Q→)
= 1→

u · (p→ q)

E(1→ uz)
+O

(
p2

E2

)

<latexit sha1_base64="GVUVR1pjxYJ5sCsX/+ocyFzZAzM="></latexit>

Q+
p→q =

2E

1 + uz

[
1→

u · q

2E
+O

(
p2

E2

)]

<latexit sha1_base64="78yne6RV2fCjtTt0XjSx/lvjMWg="></latexit>

Q→
p→q =

u · q

1→ uz
+

(p→ q)2 → p 2

2E(1→ uz)
+O

(
p2

E2

){Integration poles 

in momentum 

space

Eikonal expansion

facilities analytic 

simplification
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E

↑ 1

GW potential poles 
can be neglected

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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Jet Broadening: Final Distribution

<latexit sha1_base64="a5sT/IlofD7MijYc2nZ85p67wNM="></latexit>

E
dN

d2p dE
= E

dN (0)

d2p dE

+ C
∫ L

0
dz

∫
d2q

(2ω)2

(
1→ ĝω

uωz

1→ uz

)[
E

dN (0)

d2(p→ q) dE
→ E

dN (0)

d2p dE

]
ε(z) [v(q 2)]2.

Gradients of 
hydrodynamic variables

Encodes initial 
parton distribution

Leading

flow–gradients


corrections

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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Jet Broadening: Example Observable

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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Jet Broadening: Example Observable

Quenching parameter

Quenching is 
sensitive to


flow and gradients

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683



13

Jet Broadening: Numerical Estimate

Parameters choice:
May lead to substantial 
modifications relative to 

the static limit.

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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In-Medium Branching

+ 8 more diagrams 
To get χ(1)

Example of a Single Born Diagram

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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In-Medium Branching: Final Distribution

Leading

Flow-gradients


Correction
LPM phase factor

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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In-Medium Branching: Final Distribution

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683
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In-Medium Branching: Energy Loss

MVK, X. Mayo López, J. Reiten, A. V. Sadofyev, arXiv:2309.00683

Same type of 

flow-gradients 

corrections
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What About Pure Flow Effects?

MVK, X. Mayo López, arXiv:2406.14628

For details see 
arXiv:2406.14628 

Leading flow corrections are 
subeikonal in the absence of 
medium gradients

<latexit sha1_base64="epia2G9a/bdhlUkxiV/k+LfiyC4="></latexit>
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But they are significant 
numerically!
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BDMPS-Z Formalism: Resumming all Orders

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigné, D. Schiff, arXiv:hep-ph/9608322

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigné, D. Schiff, arXiv:hep-ph/9607355

B. G. Zakharov, arXiv:hep-ph/9607440

X.-N. Wang, X.-f. Guo, arXiv:hep-ph/0102230

P. B. Arnold, G. D. Moore, L. G. Yaffe, arXiv:hep-ph/0204343


picture from 
J. Barata, A. V. Sadofyev, C. A. 

Salgado, arXiv:2202.08847

Broadening

<latexit sha1_base64="OEUBaxFi1PbGItoLPG/1NUfwonI="></latexit>

gAaµ(q) = (2ω) v(→q2)uµ ε(q ·u)

↑
∫

dy+ d2y ϑa(y, y+) eiq
→y+

e→iq·y
Continuous version of 
external medium field

<latexit sha1_base64="nKzsHyRkwm5i1InuiSX7iSUkeZU="></latexit>

uµ =
(
u+, u→,u

)µ
=

(
1→

↑
1→ u 2

↑
2

,
1 +

↑
1→ u 2

↑
2

, u

)µ

.
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BDMPS-Z Formalism: Resumming all Orders

picture from 
J. Barata, X. Mayo López, A. V. Sadofyev, 

C. A. Salgado, arXiv:2304.03712

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigné, D. Schiff, arXiv:hep-ph/9608322

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigné, D. Schiff, arXiv:hep-ph/9607355

B. G. Zakharov, arXiv:hep-ph/9607440

X.-N. Wang, X.-f. Guo, arXiv:hep-ph/0102230

P. B. Arnold, G. D. Moore, L. G. Yaffe, arXiv:hep-ph/0204343


Branching

<latexit sha1_base64="OEUBaxFi1PbGItoLPG/1NUfwonI="></latexit>

gAaµ(q) = (2ω) v(→q2)uµ ε(q ·u)

↑
∫

dy+ d2y ϑa(y, y+) eiq
→y+

e→iq·y
Continuous version of 
external medium field

picture from 
J. Barata, X. Mayo López, A. V. Sadofyev, 

C. A. Salgado, arXiv:2304.03712
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(
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)µ
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(
1→

↑
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↑
2

,
1 +

↑
1→ u 2

↑
2

, u
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.
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Resummed Branching: Amplitude
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951

mQ – quark mass

Massive quark propagator

<latexit sha1_base64="9M6oypXIi69BzTkW1YW6A6tUtrk="></latexit>

iRNpNlNk =

Np∏

n=1

[
(→1)

∫

pn,p
+
n

tan gAan(pn+1 → pn) · (pn+1 + pn)
1

p2n →m2
Q + iω

]

↑
∫

dx+
s

d4ps
(2ε)4

(→1) gtb1
(ps + l1)µ1

p2s →m2
Q + iω

(2ε)3ϑ(3)(ps → l1 → k1) e
ix+

s (l→1 +k→
1 →p→

s ) J(p1)

↑
Nk∏

r=1

[(
→ i

g

)∫

kr

Nµrωr

kr

k2r + iω
!brbr+1cr
ωrµr+1εr

(kr,→kr+1) gA
crεr (kr+1 → kr)

]
ω
↑µNk+1

k

↑
Nl∏

m=1

[
(→1)

∫

lm

tdm gAdm(lm+1 → lm) · (lm+1 + lm)
1

l2m →m2
Q + iω

]
.

Flow-dependent

medium potential
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Resummed Branching: Amplitude
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951

<latexit sha1_base64="Siai4KEiSI+uKd/f8tq2wzTrvLQ="></latexit>

iR → i
g

ω
lim

x+
f →↑

∫

x+
s ,k1,y

J(y) e↓iy·(l+k1)

↑ e
ix+

s

(
m2

Qx2

2ω ↓
m2

Q

E2
(k→k1)·u

2u→

)

ω · k1 W
[u](y;↓, x+

s ) t
b1 W [u](y;x+

s , 0)

↑ eix
+
f

k2

2ω Gbf b1(k, x+
f ;k1, x

+
s ) .

4

iR =

J(y)

uµ uµ uµ uµ

uµ

=

J(y)

→
W [u](y) W [u](y)

V a[u]

Gab

Figure 3. Amplitude entering inclusive single gluon produc-
tion in the presence of a flowing medium with velocity uµ.
Bottom diagram depicts the decomposition of the amplitude
at the leading sub-eikonal order, where all flow e!ects can be
absorbed into the vertex and fermionic lines.

With these approximations, the quark lines can be
treated as for the case of heavy quark momentum broad-
ening, and only the gluon line requires further simplifi-
cation. Working in the axial gauge with u · A → u2 = 0,
we write the gluon propagator as

Nµω ↑ i(k2 + iω)Gµω(k) = gµω ↓
kµuω + kωuµ

(k · u)
. (7)

The polarization vector satisfies u · ω→(k) = 0, while the
residual gauge freedom is fixed by imposing k · ω→(k) = 0,
restricting to the two physical gluon polarizations:

ω→µ(k) =

(
ω ·

[
u

u↑ ↓ k
u+

u↑ε

]
,
ω · k

ε
, ω

)µ

. (8)

Since Nµω and ω→µ(k) are transverse to uµ, all the three-
gluon vertices can be significantly simplified leading to
the following form of the resummed emission amplitude

iR ↔
ig

ε
lim

x+
f ↓↔

∫

x+
s ,k1,x

J(x) e↑ix·(l+k1) e
ix+

s

(
m2

Qx2

2ω ↑
m2

Q

E2
(k→k1)·u

2u→

)

↗ ω · k1 W
[u](y;↘, x+

s ) t
b1 W [u](x;x+

s , 0) e
ix+

f
k2

2ω G
bf b1(k, x+

f ;k1, x
+
s ) , (9)

where l and k denote the final transverse momenta of the
quark and gluon, respectively. At the current working ac-
curacy, the color scattering potential va inside the Wilson
lines reduces to the massless limit form, while the associ-

ated uµ correction enters only through its argument shift.
The decomposition of the amplitude into e!ective scalar
propagators and a vertex function is shown at the bot-
tom of Fig. 3. The resummation of multiple interactions

<latexit sha1_base64="NS6hUCWhrOM3bfM/DnuRsvpbUx0="></latexit>

G(xf , x
+
f ;xi, x

+
i ) =

∫ xf

xi

Dr exp

{
i
ω

2

∫ x+
f

x+
i

dε ṙ 2

}

→ P exp

{
i

∫ x+
f

x+
i

dε T c vc
(
r(ε), ε

)
}
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W [u](y;L, 0) = P exp

{
i

∫ L

0
dω ta va

(
y → 1

2

m2
Q

E2

u

u→ ω, ω

)}

Wilson line

Single-particle 
propagator
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→
(
m2

Q

E2
uω · ↑ω x+

)n

Keeping the 
following correction

Following eikonal 
approximation
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E → |p|, µ
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Resummed Branching: Masses and Flow
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951

<latexit sha1_base64="kV+OttZWN61HYdmEvUCOYTnfMRg="></latexit>

2CA→ωa(x, x+)ωb(x̄, x̄+)↑ = ω εabε(2)(x↓ x̄)ε(x+ ↓ x̄+)
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(2ω)2ε
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dε d2k
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ϑs

Nc ε2
Re

∫ ↑

0
dx̄+

s

∫ x̄+
s

0
dx+

s

∫
d2y e

↓i
m2

Qx2

2ω

(
1↓ k·u

u→ω
↓

m2
Q

E2
u 2

4u→2

)
(x̄+

s ↓x+
s )

→ e↓i
m2

Q

E2 ω y·u
2u→ S2(k,k, x

+
f ;y, r, x̄

+
s )→y ·→x K(y, x̄+

s ;x, x
+
s )

∣∣∣
r=x=0

.

Kernels described by 
differential equations

Main mass 
contribution

Mass-flow

corrections
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Emission off Massive Quarks: Vacuum

<latexit sha1_base64="J2B9tN/JSFlGfxCzD/E72FqfqYc="></latexit>

ω
dIvac

dω dε2
=

ϑsCF

ϖ

ε2

(ε2 + ε2dc)
2
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ω2dc =
(mQ

E

)2

Dead Cone 

angle

Y. L. Dokshitzer, V. A. Khoze, S. I. Troian, DOI: 10.1088/0954-3899/17/10/023.

In vacuum, the dead cone acts 
as a regulator of the collinear 
divergence, suppressing gluon 
emission inside the dead cone.
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Emission off Massive Quarks: Static Medium
N. Armesto, C. A. Salgado, U. A. Wiedemann, hep-ph/0312106.

Fig. 6. The medium-induced gluon energy distribution as a function of the

transverse momentum κ2 =
k2
⊥

q̂L and for different values of γ = ωc/ω, calculated in
the multiple soft scattering approximation. Different curves correspond to the full
medium-induced gluon distribution for a mass to energy ratio 0.03 of the heavy
quark (solid line), the massless limit of this spectrum (dotted line), and its dead
cone approximation (4.15) (dashed line).

The transverse momentum integrated gluon energy distribution calculated
from (4.4) is shown in Fig. 7. This integral is dominated by the phase space
region κ2 > M2, and thus does not depend strongly on the finite medium-
induced radiation inside the dead cone region. Compared to the massless case,
the large-ω tail of the gluon energy distribution is depleted with increasing
m/E-ratio. The approximation of this effect by the dead cone approximation
(4.15) tends to underestimate this depletion. These findings are in qualitative
agreement with the results reported for the opacity expansion in Fig. 3 and
with the qualitative expectations based on (4.14).

We have also tested numerically the approximation of Dokshitzer and
Kharzeev [25]. These authors replaced the transverse momentum dependent
dead cone factor in (4.15) by an average expression, evaluated at the char-

acteristic angle θ2c →
√
2γ3/2

R under which medium-induced gluon radiation

18

Multiple in-medium scatterings 
partly fill the dead-cone region 
of the radiation pattern.

• Solid line – heavy quark 
• Dotted line – massless limit 
• Dashed line – DC approximation 

Purely medium-induced spectrum
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Emission off Massive Quarks: Flowing Medium
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951
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Emission off Massive Quarks: Flowing Medium
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951
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on the direction of the 
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to the flow
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BDMPS-Z Formalism and Flow

Conceptual and technical challenges 

• No generally robust gauge-invariance check is available for the 
truncated amplitude-level calculation. Explicit cross-gauge 
comparison remains the most direct test, although different 
gauges can lead to substantially different calculational 
complexity.


• In the BDMPS-Z approach, potential-pole residues are 
commonly neglected under the assumption . However, 
double-Born terms probe the  region, where this 
suppression argument does not apply. Their treatment beyond 
simplified local-medium models requires further investigation.


• Mass, subeikonal, flow, and gradient effects can enter at the 
same parametric order and generate mixed contributions. A 
tractable calculation requires an explicit hierarchy of scales and 
a controlled isolation of selected corrections.

μΔz ≫ 1
Δz = 0



Summary and outlook

• Energetic partons are sensitive to the hydrodynamic evolution of 
the medium, which leaves an imprint on their final-state 
distributions.


• Medium-induced effects are intrinsically anisotropic and may 
therefore provide valuable information for jet tomography.


• Further progress in in-medium resummation is needed to 
incorporate additional hydrodynamic effects into jet-quenching 
calculations.  

Discussion is welcome!



BACKUP
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Broadening Effect of Massive Quarks
J. Barata, MVK, X. Mayo López, A. V. Sadofyev, C. A. Salgado, arXiv:2512.11951
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Emission off Massive Quarks: Kernels
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What About Pure Flow Effects?

MVK, X. Mayo López, arXiv:2406.14628

For details see 
arXiv:2406.14628 
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Example of a Single Born amplitude 
squared and averaged

Leading flow corrections are 
subeikonal in the absence of 
medium gradients
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