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Synopsis
= Our goal: to improve the theoretical description
of parton cascades within a QCD medium

= Fundamental to achieve a higher-precision
description of jet observables

= For this, we revisit the in-medium soft gluon emission off a
singlet quark-antiquark antenna
= The methodology: relaxing/avoiding some of the standard

approximations
* |[nstantaneous antenna formation

» Very soft (i.e. external) gluon emission
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The qq antenna as a QCD laboratory
® How do you make a jet?

Even in the vacuum, the intra-jet dynamics are very complex
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The qq antenna as a QCD laboratory
® How do you make a jet?

Even in the vacuum, the intra-jet dynamics are very complex
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We focus on simple fundamental processes that can be used to model/simulate the whole
cascade:

= The 1->2 process (inclusive single gluon radiation off a fast quark or
gluon) does not address coherence effects between multiple emitters
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The qq antenna as a QCD laboratory
® How do you make a jet?

Even in the vacuum, the intra-jet dynamics are very complex

We focus on simple fundamental processes that can be used to model/simulate the whole
cascade:

= The 1->2 process (inclusive single gluon radiation off a fast quark or
gluon) does not address coherence effects between multiple emitters

interference phenomena and captures the main features of the cascade

= The 2->3 process (singlet quark-antiquark antenna) does give rise to W*é

® \|What can you learn from a QCD antenna?
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Vacuum radiation, angular ordering o s gy eSO

w

® What can you learn from a QCD antenna?

= [nterference between the prongs of the antenna gives rise to a suppression of soft emissions at angles
larger than the opening of the antenna:

----------------------------------

E dN = dEy sin0yd0, aSCF@(é’qq —6,) E Angular ordering!

E;, 1—cosf, 2w

01 > 05 > 03 > ...

m» An essential property for event generators!
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Y. L. Dokshitzer, V. A. Khoze, A. H. Mueller, S. I. Troian;

Vacuum radiation, angular ordering Basics of perturbative QCD, 1991

® What can you learn from a QCD antenna?

w

= [nterference between the prongs of the antenna gives rise to a suppression of soft emissions at angles

larger than the opening of the antenna:

----------------------------------

db, sinf,do, as;Cr

E;, 1—cosf, 2w

E dN = OO, —b0,) E Angular ordering!

01 > 05 > 03 > ...
m» An essential property for event generators!

® How is the picture of color coherence modified in the presence of a soft medium?
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R. Baier, Yu.L. Dokshitzer, A.H. Mueller, S. Peigné, D. Schiff; Nucl. Phys. B 483

In'medium prOpagatiOn (1997) 291-320
=) For the antenna legs we apply the eikonal approximation ( £/ > k, | ), where the only effect of each

interaction with the medium is a color rotation:
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- = R. Baier, Yu.L. Dokshitzer, A.H. Mueller, S. Peigné, D. Schiff; Nucl. Phys. B 483
In-medium propagation ../ 21520

w

=) For the antenna legs we apply the eikonal approximation ( £/ > k, | ), where the only effect of each
interaction with the medium is a color rotation:

to .
We have [out) = Slin) with: Si; = Pexp [z'g / th%tm(t))t?j] = Vij(x) € SU(IN,) "o

tq Line
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=) For the antenna legs we apply the eikonal approximation ( £/ > k, | ), where the only effect of each
interaction with the medium is a color rotation:

NEEEEREIENL

] A% (2, %)t >

to .
We have [out) = Slin) with: Si; = Pexp [z'g / th%m(t))t%] = Vij(x) € SU(IN,) "o

tq Line

= [or the emitted gluons we allow small, random changes in the transverse position (Brownian motion)
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- = R. Baier, Yu.L. Dokshitzer, A.H. Mueller, S. Peigné, D. Schiff; Nucl. Phys. B 483
In-medium propagation ../ 21520

w

=) For the antenna legs we apply the eikonal approximation ( £/ > k, | ), where the only effect of each
interaction with the medium is a color rotation:

to .
We have [out) = Slin) with: Si; = Pexp [z'g / th%m(t))t%] = Vij(x) € SU(IN,) "o

tq Line

= For the emitted gluons we allow small, random changes in the transverse position (Brownian motion),
which makes them pick an additional (kinematic) phase: E

T Toas
< A9 (2, %)t >

E [ “Dressed”
We have G;; = /DX exp {E / dt x* (t)} Vii(x) oo5E
t1

propagator
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Medium averages: Gaussian white noise

= The in-medium propagators V;;, G;; are defined for a given configuration of the medium field A

m A is generated by a random ensemble of color sources:

m» (Observables must be averaged over all possible source configurations
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Medium averages: Gaussian white noise

w

= The in-medium propagators V;;, G;; are defined for a given configuration of the medium field A

m A is generated by a random ensemble of color sources:

m» (Observables must be averaged over all possible source configurations

m» \\e assume that the field follows Gaussian statistics:

(A%(t,x)A"(E, %)) = §9°6(t — (X — X)n(t)

Sy Alaas Density of
wm scattering
~ Scattering rate centers

Realistic parton-medium interactions:
talk by André Cordeiro (Thursday 26)
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Medium averages: Gaussian white noise
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= The in-medium propagators V;;, G;; are defined for a given configuration of the medium field A
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Medium averages: Gaussian white noise

= The in-medium propagators V;;, G;; are defined for a given configuration of the medium field A

m A is generated by a random ensemble of color sources:

m» (Observables must be averaged over all possible source configurations

m» \\e assume that the field follows Gaussian statistics:

]

(v

= \Vithin this picture, the system is in a singlet state at all times, e.g. <[V(t’,t)VT(t’,t)Lj> =
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In-medium radiation, decoherence

@® How is the picture of color coherence modified in the presence of a medium?

Jet-medium interactions in HICs (C3NT) March 23rd 2026

w

6/16



In-medium radiation, decoherence

@® How is the picture of color coherence modified in the presence of a medium?

= |nitial approach: we consider a very soft gluon (emitted outside of the medium)
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In-medium radiation, decoherence

@® How is the picture of color coherence modified in the presence of a medium? —

= |nitial approach: we consider a very soft gluon (emitted outside of the medium) <

= Also: we assume a very virtual photon (antenna is formed instantaneously)

Jet-medium interactions in HICs (C3NT)
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Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
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In-medium radiation, decoherence

@® How is the picture of color coherence modified in the presence of a medium? —

= |nitial approach: we consider a very soft gluon (emitted outside of the medium) <

/g\w

= Also: we assume a very virtual photon (antenna is formed instantaneously)

Under these approximations, the in-medium soft gluon spectrum is not so different to the vacuum:

dE, dS) a,C F

o m m momom g
A R R R R R RS

Here, Amed = 1 — <Tr{Uq(L, O)Ug(o, L)}> ,with U = Tr{t*VTt*V} (WL in adjoint representation)

e Dilute medium: (A — 0)
dN ~R,+ Rz —2J (Angular ordering)

e Opaque medium: (Acq — 1)
dN ~ R, +Rgz (Independent emitters)

m» |ntuitive picture: as the color of each parton rotates
independently, the initial correlation is broken

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Lett. B 707 (2012) 156-159
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Towards more realistic antennas

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Lett. B 707 (2012) 156-159

Let’s take inventory of some of the assumptions/approximations adopted so far:

= Very soft gluons: they are emitted outside of the medium
=) |nstantaneous antenna formation M mw:<
M ~<
: N

\ /

= Eikonal approximation: antenna legs are perfectly straight lines
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w

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Lett. B 707 (2012) 156-159

Let’s take inventory of some of the assumptions/approximations adopted so far:

= Very soft gluons: they are emitted outside of the medium ,\M<

= |nstantaneous antenna formation M mw:<

/

\

= Eikonal approximation: antenna legs are perfectly straight lines

A sE
PE ”
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Towards more realistic antennas

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Lett. B 707 (2012) 156-159

Let’s take inventory of some of the assumptions/approximations adopted so far:

= Very soft gluons: they are emitted outside of the medium ~

A

This assumption is abandoned in: ~_
J. Casalderrey-Solana and E. lancu; JHEP 08 (2011) 015
Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197
Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

=) [nstantaneous antenna formation M A
This approximation is dropped in:
F. Dominguez, J.G. Milhano, C.A. Salgado, K. Tywoniuk, V. Vila; Eur.Phys.J.C 80 (2020) 1, 11

(for v — qq splitting)
S. Abreu, X. Mayo Lépez, G. Milhano and A. Soto-Ontoso; JHEP 03 (2025) 216

(for v — qqg splitting)

/

\

= Eikonal approximation: antenna legs are perfectly straight lines

This approximation is relaxed in:

J-P. Blaizot, F. Dominguez , E. lancu, Y. Mehtar-Tani; JHEP 01 (2013) 143
L. Apolinario, N. Armesto, J.G. Milhano, C.A. Salgado; JHEP 02 (2015) 119

Egﬁ ¥ }“1"’ @% IMATIO NS
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Let’s take inventory of some of the assumptions/approximations adopted so far
i 3 '~'(: il ~. ’ 'z,\ - )'” ” e ,\/V\’{%

This assumption is abandoned in:
J. Casalderrey-Solana and E. lancu; JHEP 08 (2011) 015
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This approximation is dropped in:
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(for v — qq splitting)
S. Abreu, X. Mayo Lépez, G. Milhano and A. Soto-Ontoso; JHEP 03 (2025) 216

(for ¥ — qqg splitting)
= Eikonal approximation: antenna legs are perfectly straight lines

This approximation is relaxed in:
J-P. Blaizot, F. Dominguez , E. lancu, Y. Mehtar-Tani; JHEP 01 (2013) 143
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e @m@é’ METIONS
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Step I: In-medium gluon emission

0<z,<Ty<L

[ 1 1 1 1

Jet-medium interactions in HICs (C3NT)

Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197
Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031
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Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

w

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

‘Mq|2 OC/ QabT(Eg,L)QbC(L,xQ)Tr{VlT(O,:ﬁg)t“Vf(jg,L)Vl(L,ajg)tcvl(xg,O)V;(O,L)VQ(L,O)}

O<z,<Zy<L Quarks Antiquarks
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Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

w

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

(M) 5 [ (G (@00 1)G (Lo i { VY (0,2t V (s LIVA(L. )tV (s OV (0. L)Va(L.0)}

0<z,<Ty<L

= \\Ve assume the medium average to be local in time and color:
(A () A°(B)) ~ 6°%3(t — 1)

And thus, the correlator can be decomposed into color-singlet
regions:

(M%) / (Tt {G (2. 2)U (Zg, 24)}) (Tr {G(L. )G (L, Ty)})

Jet-medium interactions in HICs (C3NT) March 23rd 2026 8/16



Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

w

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

(Mol 5 [ (G (@00 1)G (Lo i {VY (0,217 (30 LIVA(L. )tV (0, OV (0. L)Va(L.0) } )

0<z,<Ty<L

= \\Ve assume the medium average to be local in time and color:
(A () A°(B)) ~ 6°%3(t — 1)

And thus, the correlator can be decomposed into color-singlet
regions:

(M%) / (Tt {G (2. 2)U (Zg, 24)}) (Tr {G(L. )G (L, Ty)})

e REGION I: Trivial (color rotations in M and M7 cancel)
V3 (0,24)Va(4,0) =T | Vi(zg,0)V7 (0,24) =1
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Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

(Mol 5 [ (G (@00 1)G (Lo i {VY (0,217 (30 LIVA(L. )tV (0, OV (0. L)Va(L.0) } )

0<z,<Ty<L

Jet-medium interactions in HICs (C3NT)

= \\Ve assume the medium average to be local in time and color:
(A () A°(B)) ~ 6°%3(t — 1)

And thus, the correlator can be decomposed into color-singlet
regions:

(M) [ [E(GEne)T@na) (T (9(L.7,)9(L.2,)})
e REGION I: Trivial (color rotations in M and M7 cancel)
V5 (0,2)Va(g,0) =T, Vi(zg,0)V7 (0,2) =1

® REGION II: Gluon decoherence, encoded in:

K(x,Zg5y,%g) = (Tr {G(Zg,24)U(Tyg,24)})

r(Ty)=x Zg p—l—
:/ Dr exp z/ ds [— s in(s)a(r)]
r(zq)=y : 2

g

where o(r) = 2¢*(7(0) — v(r)) is the dipole cross section

March 23rd 2026 8/16



Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

(M) 5 [ (G (@0, )G (L) T { V(0. 20)t Vi g, LIVA (L )V s OV (0 LWL 0)} )

0<z,<Ty<L

= \\Ve assume the medium average to be local in time and color:

(A%(1) AP(D) ~ 6906(t — )
100000000 ¢

And thus, the correlator can be decomposed into color-singlet

(ouuou G

regions:

(M%) / (Tr {G(Ey, 2)U(Zg, 24)}) (Tr {G(L, 5)G(L, Ty)})

e REGION I: Trivial (color rotations in M and M7 cancel)
Vy (0,24)Va(z4,0) =1 | Vi(zg,0)V{ (0,24) =1
® REGION II: Gluon decoherence, encoded in:
KX, Zg; ¥, 2g) = (Tr {G(Zy, 24)U(Zg, 74)})

1 ()= Byt
0 T T, L :/ Dr exp z/ ds [—r + in(s )a(r)]
r(zxg)=y T g 2

where o(r) = 2¢*(7(0) — v(r)) is the dipole cross section
e REGION IlI: Gluon momentum broadening

(Tr{G(L,%,4)G(L,Z,)}) /drei(pq)'rexp{;/ dsn(s)a(r)}

g
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Y. Mehtar-Tani and K. Tywoniuk; JHEP 10 (2012) 197

Step I: In-medium gluon emission Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031

m» As we introduce the gluon inside of the medium, new elements appear in the calculation

(M) 5 [ (G (@0, )G (L) T { V(0. 20)t Vi g, LIVA (L )V s OV (0 LWL 0)} )

0<z,<Ty<L

= \\Ve assume the medium average to be local in time and color:
AN A D) ~ 5%°6(t — 1)

osed into color-singlet

The antiquark plays no role!

This contribution thus reduces to BDMPS-Z spectrum:

Tr{G(L,z4)G(L,Z4)})

and M cancel)

L0V, (0,2) =1

ded in:

Y. Mehtar-Tani and K. Tywoniuk; JHEP 01 (2013) 031
J. Casalderrey-Solana and E. lancu; JHEP 08 (2011) 015

: : : ' +
0 T Ty, L = Drexp (1t ds [p—i'Q + in(s)a(r)] }

r(zrgy)=y Lg

where o(r) = 2¢*(7(0) — v(r)) is the dipole cross section
e REGION IlI: Gluon momentum broadening

(Tr{G(L,%,4)G(L,Z,)}) /drei(pq)'rexp{;/ dsn(s)a(r)}

g
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Step IlI: Finite antenna formation time §£

= As we allow a finite formation time for the antenna, the Wilson lines in M and M' become mis-aligned:

Vi |r(s) = E%(S . xA)] il [r(s) - E%(S _ :zA)] A1, V) [r(s) - %(s - :EA)] 7 [r(s) - E(j(s - zA)] £

Wilson line cancellations are spoiled!

%

|
>
=~
a>
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Step IlI: Finite antenna formation time §£

= As we allow a finite formation time for the antenna, the Wilson lines in M and M' become mis-aligned:

Vi |r(s) = E%(S - xA)] il [r(s) - P ;y;A)] A1, V) [r(s) _ P :EA)] 7 [r(s) - E(j(s - zA)] £

by

q

Wilson line cancellations are spoiled!

® REGION I: Antenna formation region: only 1 singlet

<Tr {Vl(:?:A,scA)VJ(wAafA)}> = ::C:D
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Step IlI: Finite antenna formation time §£

m» As we allow a finite formation time for the antenna, the Wilson lines in M and MT become mis-aligned:

Vilr(s) = E%(S - xA)] v [r(s) — E%(S - xA)] A1 v [r(s) — E%(S - xA)] Vs [r(s) = Eq_(s - :zA)] £ T

Wilson line cancellations are spoiled!

® REGION I: Antenna formation region: only 1 singlet

<Tr {V1 (Ta,2a)Vy (za, 5514)}> = 2 C:D

® REGION II: Two possibilities for combinations into singlets:

<Tr{V1 V(v v§}> "

T3
™

(e frmvn)) -

L)

A5
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Step lI: Finite antenna formation time

= As we allow a finite formation time for the antenna, the Wilson lines in M and M' become mis-aligned:

Vi [I’(S) = qu(s — xA)] v/ [T(S) = qu(s — ZTJA)] #I vy [I‘(S) = %(8 - fliA)] V3 [I‘(S) = EBQ(S = :EA)] £ 1

Wilson line cancellations are spoiled!

® REGION I: Antenna formation region: only 1 singlet

<Tr {Vl (Ta,24)Vy (2, 5A>}> = 7: @

e REGION II: Two possibilities for combinations into singlets:

(T {VYTe{V{va}) =

T3
™

<Tr {legvaé}> .

T3

A5

.;BA ;EA Zég «Ii.g ll-/
e REGION II: 4 (fundamental) + 1 (adjoint) open color indices

Projection into a
==3  dimension-6
singlet basis
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Step lI: Finite antenna formation time

= As we allow a finite formation time for the antenna, the Wilson lines in M and M' become mis-aligned:

Vi [P(S) = qu(s — xA)] v/ [P(S) = qu(s — ZTJA)] #I vy [I‘(S) = %(8 - SEA)] V3 [I'(S) = EEQ(S = :EA)] £ 1

Wilson line cancellations are spoiled!
) G

® REGION I: Antenna formation region: only 1 singlet

<Tr {Vl (Ta,24)Vy (2, ZEA)}> = 7: @

e REGION II: Two possibilities for combinations into singlets:

L~ r
e (VT va)) = ©:

_ <Tr {legvai}>

T3

T A T Xy Tg L

Projection into a b 0000000000000
~%  dimension-6 e~ 4 " TE
singlet basis '
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Medium average: result

1 ] ] 1
TA TA Ty Tg L

mp After extensive algebra, one finally arrives at:

<‘MC]|2> X / <TI' {V1V2T}>(5JA,CEA) <A>(379ai’A) 82 <gabBba>(xg>xg) &4 <g6dCdegTec>(L’£9)

with:

Te{t"V, VoV oV} Te{ Vvt y Te{ V3V } Tr{t*ViV; td}Tr{VTVQ}
AT Tr{VlvT}Tr{VQVT} (Bab)T Tr{VltaVT}Tr{VTth} Tr{t“VTthQVTVﬁ Cde _ Tr{teV V1V2 Vstd}
To{ViVy VaVi} | Te{V, thta}Tr{VQV [ VS A TAR T AT R S - Tr{tevTvltdvTV}
Te{tVa Vi Vita vy} Tr{Vlt“VT}Tr{VQ tPV3} Te{ VitV y Te{V5t?V, )
(N2-2) —N. —N. 2
4 (N, -1 | =N, (V29 2 —N,
ana. g2 = ~1 N.). 84 = —N, 2 (Nc2 —2) — N,
9 — N, —N, (Nc2 - 2)
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Medium average: result

1 ] ] 1
TA TA Ty Tg L

mp After extensive algebra, one finally arrives at:

<‘MC]|2> X / <Tr {V1V2T}>(5JA,CEA) <A>(379ai’A) 82 <gabBba>(xg>xg) &4 <g6dCdegTec>(L’£9)

with:

Te{t"V, VoV oV} Te{ Vvt y Te{ V3V } Tr{t*ViV; td}Tr{VTVQ}
AT Tr{VlvT}Tr{VQVT} (Bab)T Tr{Vlt“VT}Tr{VTth} Tr{t“VTthQVTVﬁ Cde _ Tr{teV V1V2 Vstd}
To{ViVy VaVi} | Te{V, thta}Tr{VQV [ VS A TAR T AT R S - Tr{tevTvltdvTV}
Te{tVa Vi Vita vy} Tr{VltaVT}Tr{VQ tPV3} Te{ VitV y Te{V5t?V, )
(N2-2) —N. —N. 2
4 (N, -1 | =N, (V29 2 —N,
ana. g2 = ~1 N.). 84 = —N, 2 (Nc2 —2) — N,
9 — N, —N, (Nc2 - 2)

® What is the leading-Nc contribution?
Jet-medium interactions in HICs (C3NT) March 23rd 2026 10/16



Computing the large-Nc limit

= In the large-Nc limit, (Tr {VIV..VIV}. . Tr, {(VIV.VIV}) — (Tr {VIV.VIVH. (T, {VIV..
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Computing the large-Nc limit
= |n the large-Nc limit, (Tr {VIV.VIV}. . Tr {VIV.VIV}) — (Tr {VIV.VIVD. (Tr, {VIV..VTV}) « N"
= |n the fundamental representation:

<|Mq\2> x /Drg Drs <TI‘{V1V2T}>

<A>(£Cg,il_1A).g2 <gabB >(a:g Zg) 186 <ngCdegTec>(L Tg)

(Ta,za)
with:

Te{ViVy }Te{VaV V3V } Tr{V1V3J'}Tr{Vg,ViT}Tr{VQVJ}\ (Tr{vTvgvTvl}Tr{VTVQ}Tr{VTvg}\

Tr{Vg,VJV1V3TV§VIT} Te{ V3V, }Tr{V1V V2V } Te{V, VsV ViV Vo } Te{ VI V3
BT_ Tr{V, V3V Vi) Te{V4 Vi }Te{VaVy } C._ Te{V, Vo Te{V{ V1 }
d Tr{vlv’f}Tr{V3 ]Jf}Tr{VQVT} Tr{VlVT}Tr{Vg),VTVQVT} 7 Tr{VTV3VTV1}Tr{VTV2v Vs

Tr{VsV, }Tr{V1V VQV } Te{V3 Vi V1V V2V } Tr{vTvgvTvlvagvTVQ}

Te{VyV, }Te{V3V '} Te{V V5V 11} ) \ T{VIVLV, V)

Nc-scaling = power of explicit Nc factor + number of Wilson line traces
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'I’L

Computing the large-Nc limit
= |n the large-Nc limit, (Tr {VIV.VIV}. . Tr, {VIV.VIV})) — (Tr {VIV.VIVD. (Tr, {VIV.VTV}) x

=) |n the fundamental representation:
{ >(:cg za) 82° <gabB >(a:g Tg) 186 <ngCdegTec>(L Tg)

<|Mq\2>o</1>r31)r3 <Tr{vlvj}>(m (A
Tr{VTV?,VTvl}Tr{vTVQ}Tr{vTvg}\

with:
Te{V, Vi Y Te{ V3V, V3 V') Tr{vlvg}Tr{m/{}Tr{VQVT}
Tr{Vg,VJV1V3TV§VIT} Te{ V3V, }Tr{V1V V2V } Te{V, VsV ViV Vo } Te{ VI V3
BT_ Te{V, VoV Vi) Te{Vi Vi I Te{V3V, } C._ Te{V, Vo } Te{ ViV }
d Tr{VlvT}Tr{Vg ]Jf}Tr{VQVT} Tr{VlVT}Tr{Vg),VTVQVT} 7 Tr{VTV3VTV1}Tr{VTV2V Vs
Tr{VsV, }Tr{V1V V2v } Te{V3 Vi V1V V2V } Tr{vTvgvTvlvagvTVQ}
Te{VyV, }Te{V3V '} Te{V V5V 11} ) \ T{VIVLV, V)

Nc-scaling = power of explicit Nc factor + number of Wilson line traces

m» After some transformations, the leading Nc contribution can be reduced to 4 terms

() /Dr3 Dr3 (S12)(z4,24) [(Su 522>( <513531 522>(x xg)<522533 Q311 3> Zg)
ﬁc <512 521>(:1: Za) <Sl3 S32 S§i>(a_: xg)<’:[‘r{‘/§ta‘/21‘}Tr{V3ta‘/;} Qgi 1 3>(L,.’ig)

2
+ (512 951) (4, z.) <Tr{V3taVT}TT{V2taVT} 513>($ i )<52§S3§ Q3113)(L,3,)

<'I&*{V1taVIT}Tr{V§t“V2T}>( ) (513531 S§2>(@g,mg)<522533 Q31 13>(L,:zg)]
Tg,TA

1 1

Where we defined: Si; = N
March 23rd 2026
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Large Nc limit (l)

® How can we interpret this result?
m» | et us consider the first of these terms:

(S12) (24,04) (S11522) (4, 24) (5185931 S22) (5, 1, (52253

Jet-medium interactions in HICs (C3NT) March 23rd 2026

3

Q

3113

>(L,97;g)

w

12/16



w

Large Nc limit (l)

® How can we interpret this result?

m» | et us consider the first of these terms:
(512) (3.4,2.4)|(511 592) (5, 7.4) (513531 S32) (5, 2 (522533 Q3113) (13,

ry

March 23rd 2026 12 /16

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (l)

® How can we interpret this result?

m» | et us consider the first of these terms:
(512) (3.4,2.4) [(511 592) (2, 7.4) (513531 S32) (5, 2 1(O22533 Q3113) (13,

March 23rd 2026 12 /16

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (l)

® How can we interpret this result?

m» | et us consider the first of these terms:
(512) (3.4,2.4) (511 592) (2, 7.4) (518531 532) (7, 2.1(522533 Q3113) (1 3,

March 23rd 2026 12 /16

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (l)

® How can we interpret this result?
m» | et us consider the first of these terms:

(512) (3.4,2.4)/(511 S§2>(a;g,a_;A) (513551 S§2>(@g,x9)<522533 @311 3>(L,a—;g)

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)

Jet-medium interactions in HICs (C3NT) March 23rd 2026 12 /16



w

Large Nc limit (l)

® How can we interpret this result?
m» | et us consider the first of these terms:
(S1 L 552) 2

(512) (2 4,24)

XA XA
= |n this contribution, the spectator particle (the antiquark in this case) rotates color independently

from the rest of the antenna

March 23rd 2026 12 /16

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (l)

® How can we interpret this result?
m» | et us consider the first of these terms:

<S12>(5EA,SEA)

.CUIA .CEIA :CIg Zl_;g L
= |n this contribution, the spectator particle (the antiquark in this case) rotates color independently
from the rest of the antenna

= This term might be read as: (512) (3 4.24) X (BDMPS-Z) 1 o .y X (523) (L, 2.,
—_—— ——
(Antenna decoherence) (Spectator decoherence)

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (ll)

w

® How can we interpret this result?

= The remaining three terms contain one effective gluon exchange between the spectator and the rest of
the antenna:

(Tr{Vat Vi } e (Vat* Vi } Qa5 ) (Tr{Vat Vi e (Va1V} Sis ) (Tr{vat v} Te{vat* v} )

(L7jg) Tg,Tg (xgaa_:A)

X\
rs
; | oro ;
: : o
i ; }
Z \/ : | = e
C i r2
i 13
\ k! / ( <
T A TA Zg Iy L TA TaA Xy Ty L TA TaA Zg Zg L

(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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Large Nc limit (ll)

w

® How can we interpret this result?

= The remaining three terms contain one effective gluon exchange between the spectator and the rest of
the antenna:

(Tr{Vat Vi } e (Vat* Vi } Qa5 ) (Tr{Vat Vi e (Va1V} Sis ) (Tr{vat v} Te{vat* v} )

A\

(L,Zg)

Tg,Zg (mgafA)

51‘2

e | H —
e} : }
i e [ ——

/
A l’:g :

XA T

}

Regions where the spectator particle exchanges color with other particles in the antenna

m» These exchanges violate the conventional BDMPS-like picture obtained in the case of the
instantaneously-formed antenna

= Even at large Nc, this is a very substantial departure from the case where the antenna is formed
instantaneously!

® Why?
(Note that the quark/antiquark positions are mirrored with respect to separation between M and MT)
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zg — 1 limit: ‘hard’ spectator

}w

= Ve look at the limit where the spectator leg of the antenna carries most of the energy of the photon

Jet-medium interactions in HICs (C3NT) March 23rd 2026 14 /16



zg — 1 limit: ‘hard’ spectator

= Ve |look at the limit where the spectator leg of the

m» The Wilson lines corresponding to the spectator leg
are approximately flat: they cancel each other

Jet-medium interactions in HICs (C3NT)

(S—.CTZA)—>O =

w

antenna carries most of the energy of the photon

I

March 23rd 2026 14 /16



zg — 1 limit: ‘hard’ spectator

W

=) \\Ve |look at the limit where the spectator leg of the antenna carries most of the energy of the photon

m» The Wilson lines corresponding to the spectator leg
are approximately flat: they cancel each other

VQT [r(s) = £(s —xa) = O] Vs [r(s) = £(3 —Ta)— 0] — 1
E; E,
= [n this limit, the only surviving term is a a'UA :J'EA x'g .;Eg L

straightforward generalization of BDMPS-Z:

<!Mq!2>0</ (T {vivi}) <Tr {V1V§}> <g“bTr {V{tavltb}> <9’°‘dTr {trvivie | gT€C>

Diagram previously studied in B. Wu; JHEP 1110:029, 2011
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zq — 1 limit: ‘hard’ emitter

}w

= \\Ve now focus on the opposite situation, where the emitter leg of the antenna carries most of the
energy.
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zq — 1 limit: ‘hard’ emitter
= \\Ve now focus on the opposite situation, where the emitter leg of the antenna carries most of the

energy:

mp» Although this limit brings some cancellations, the final result remains highly complicated:

M) o / (T {V1V2T}>(£A,x,4) (Bod, 2) &2 (OB z, ) &1 (GHCHGD 1 o
59T {V, V5}/2

with:
([ UPTe{eviVatty U Te{VaV /2 )
AT:(Tr{vle}Tr%vJ}) oy — | TV VYT (VIV} (Vi e JUTe | e | Te(tV, Vo)
0 Te{Vy V5} y 0 Te{V, et Vit Te{ V5V, Te{e® VaVy b ue'e |5 0 Tr{t?V, Vste}
Te{V, t*Vist®} 0 ] 0

March 23rd 2026 15/16
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zq — 1 limit: ‘hard’ emitter

= \\Ve now focus on the opposite situation, where the emitter leg of the antenna carries most of the
energy:

m» Although this limit brings some cancellations, the final result remains highly complicated. In the large-V..:

(0 o /Dr3 Dr3 (512)(za,4) | (522) (2, 5.4) (518531 S22) (5, 2, (522533 533) (1. 3, )
n—0

2

+ N, (S12 S§1>(xg,:zA) (S13 S32 S§1>(5;g,wg)<Tr{Vg} Sg3>(L@g)

2

+ (512 991) (5. 5.y ( Tr{Vat"V{ }Tr{V5t*V; } Si3 (522533 533) (1,7, |-
( g ) e ( ’ 9)

Lg,Lg

N,

Jet-medium interactions in HICs (C3NT) March 23rd 2026 15/16



Conclusions, future prospects

w

= The naive picture of decoherence inside a QCD medium breaks down upon departure from the
instantaneous antenna formation limit

e Multiple new contributions emerge

® Some of these terms are relevant even at leading-/NV. order

= This is primarily caused by previously absent color exchanges with the spectator leg of the antenna

(M and M7 overlayed in this cartoon)
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Conclusions, future prospects
= The naive picture of decoherence inside a QCD medium breaks down upon departure from the

instantaneous antenna formation limit

e Multiple new contributions emerge

® Some of these terms are relevant even at leading-/NV. order
= This is primarily caused by previously absent color exchanges with the spectator leg of the antenna

= FURTHER RESEARCH.:
® |[nvestigate similar effects on interference terms

® Quantify the impact of these correlations on the gluon spectrum

® Relax eikonal approximation
(M and M7 overlayed in this cartoon)
16 /16
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(Il

E =

m Our starting point is: <[g’f(:zg,L)Q(L,xg)]”'bTr{V{(:zA,:T:g)tb’vf(:f:g,L)m(L, :L’g)thl(xg,xA)VzT(xA,L)VQ(L,iA)}>

BACK-UP: Color Algebra (details)

1

= \We split this object into regions: <gTb’a(:z-g, L)G*(L,Z,)G%(z,, xg)tn{v{f (Ta,29) V] (24, Z)t" Vi (24, L)

Vi(L,Z4)V1(Zg, mg)tbvl (Zg, Za)V1(Z 4, tTA)Vz]L (z 4, fA)VQJr (Z 4, fcg)VQJr (g, Zg)
Vi (@, L)Va(L, 39)Va(dg, 29)Va(wg, 74) } )

m» \\e separate the dressed propagators from gab( )

- r(t)=y ipT dr _
t,t) = D d U (t,1;
their Wilson lines: /r(t):x () eXP{ 2 / S(ds) (8,8 [r()])

m» and then transform then to fundamental representation by applying: U “bti-’j = [VTt“V]

4]

= This results in: Ugbla(fg,L)tﬁ?;- = Ul = [Vg(fi'g, L)t*V3(L, fg)]ij

USH(L, zo)thy = |Vt V| = |V (24, 30) V4 (2, L)EVo(L, 29)Va (g, 3,) |

kl kl

= By substituting and applying the Fierz identity, t;;tx;, = %(5iz5jk — Ni5z'j5kz>, we obtain:

el ), (], [o),) (], R0,
(i), [, [44],,.) )
am(e ), (], (41],) (im0,

(], 9%],,),..., )
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BACK-UP: Color Algebra (color singlet bases)

w

g 1

J _ 5%’3’

= The singlet ‘basis’ for a correlator with 2 open (fundamental) color indices is: sy = N

g 1 .
= |n the case of a correlator with 4 open color indices: s7* = ﬁcS”cS“
(&

K. Fukushima, Y. Hidaka; JHEP 06 (2007) 040 1

K. Fukushima, Y. Hidaka; JHEP 11 (2017) 114 ngkl _
NC

m» And finally, for one with 6 open color indices:

giikimn _ 1 5id gkl gmn
VNG
;jklmn _ 1 <5z’l5jk . ié’ijdkl> ymn
VN(NZ - 1) Ne
ijklmn _ 1 5z’n5jm . idzjdmn) 5kl
] V/Ne(N2 —1) ( N,
.. 1 1 ..
tjklmn __ kn slm mn Skl ?
S = 0F"" — — ™™™ | 0%
4 VN(N2-1) ( N, )
g 1 . . . .
szyklmn: 5zl5kn5mj . 5zn5ml53k
’ \/2NC(NC2 o 1) ( )
zgklmn: c il skm gmyj insml cjk
sk \/2(N3—4)(N3—1)(M 5™ 4 5§
_2
Ne

T. Lappi, H. Mantysaari, A. Ramnath; Phys. Rev. D 102 (2020) 074027
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BACK-UP: Squared Amplitude (full expression)

TA TA Lg Zg L

m) The full expression for the specific contribution considered in this work reads:

29 d"L'A dSUA Z(mA za) z—n2 To—7T —ik-(z—2Z
(|Mq|2) =ng( ) / / dxg/ dzge (zg 9)/ k-(z—2)
T A

(10a—Egn)-(—i0g— Egn) Ni< [gT(fgv B;L,2)G(L,2; 24, )] "

Tr{VIT(a_CA, Zg)t" ViT (Zg, L)Vi(L, zg)t" Vi (g, wA)VJ(wAa L)V5(L, % 4) }>

|a:nxg
B=nZ,

et
E—Apfy—)q(j(zq) , with Py—45 the Altarelli-Parisi splitting function.
Y

C M2 —
where: Mg =

Jet-medium interactions in HICs (C3NT) March 23rd 2026
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BACK-UP: Vacuum radiation, angular ordering (more)

w

® |WVhat are coherence effects? Y. L. Dokshitzer, V. A. Khoze, A. H. Mueller, S. I. Troian; Basics of perturbative QCD, 1991
m) |[ntuitive picture: 5 /I< AN
, ~, L <y 7g
.-" ’\'\/’{l - ¢
T~ 1/(k.6) ~
) When 0 < 0,4, When 0 > 0,5 ,

The emitted gluon has a the radiation is sensitive to the it is sensitive to the charge of
transverse resolution, A | color charge of the parent the antenna (0 in singlet case)

m) Squared amplitude for ¥ — qqg splitting:

’ch}g|2 — + —

db, sin6,df, a;Cr

Soft gluon spectrum: JN =
FEy 1 —cosf, 2m angular ordering

@(qu _ gg) Interference effects give rise to
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BACK-UP: In-medium radiation, decoherence (more)

@® How is the picture of color coherence modified in the presence of a medium? —
= |nitial approach: we consider a very soft gluon (emitted outside of the medium) <
= Also: we assume a very virtual photon (antenna is formed instantaneously) T~

m» Squared amplitude for in-medium 7 — qqg splitting:

<|ch}g|2> — <

Soft gluon spectrum: N — dbg df asCr Ry +Rg— (1 — Aped)2J]
E, 2 2w

Where Apea =1 — (Tr{U,(L, 0O)UI(0,L)}) , with U = Tr{t*VTt®V'} (WL in adjoint representation)
q
e Dilute medium: (A — 0)
dN ~R,+ Rz —2J (Angular ordering)

e Opaque medium: (A,cq — 1)
dN ~ R, +Rgz (Independent emitters)

m» |ntuitive picture: as the color of each parton rotates
independently, the initial correlation is broken

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Rev. Lett. 106 (2011) 122002
(M and M overlayed in this cartoon) Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk; Phys. Lett. B 707 (2012) 156-159
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