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• Reminder of Fully Coherent Energy Loss (FCEL)
(see talk at Excited QCD 2022)at leading-log

G. Jackson,  S.P.,  K. Watanabe  2312.11650 [hep-ph]

beyond leading-log
• Coherent radiation spectrum for
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2 ! 2 processes

• an unusual effect:  fully coherent energy gain

Talk based on : 

• structure of the spectrum 

• matching with processes
<latexit sha1_base64="HDKQEAOh2O3jlWTxVUvYrGFGRqc="></latexit>

2 ! 1



(nucleus rest frame)
ℓ1⊥ ℓn⊥

p⊥
E

ℓ2⊥ q⊥

k⊥ <latexit sha1_base64="nPUPILT3uvY5UAivPU8pegB4cJs="></latexit>

K?
x = ω/E

FCEL at leading-log

FCEL = induced radiative energy loss in parton small angle scattering

• single hard exchange
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• recoil parton is assumed to be soft
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Arleo, S.P., Sami  PRD 83 (2011)

Munier, S.P., Petreska PRD 95 (2017)
S.P.,  Arleo, Kolevatov PRD 93 (2016)
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to leading-log:  radiated gluon does not probe the dijet

global dijet color charge (Casimir) in state R
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S.P., Kolevatov JHEP 01 (2015)
Liu, Mueller PRD 89 (2014)
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⇠ ⇠ 1/2 (symmetric dijet)
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LHC 

Aaij et al [LHCb], 
JHEP11, 181 (2021)          
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FCEL in quarkonium production
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(2 ! 2 and ⇠ = 1/2)FCEL in heavy flavour production

JHEP 01 (2022) 164Arleo, Jackson, S.P. 
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hadron suppression in pA collisions



• FCEL contributes to substantial hadron suppression in pA
at least as much as nuclear PDF effects 

• FCEL is a (finite) pQCD prediction, with small uncertainty

implement FCEL in pQCD hadron cross sections
before extracting nPDF sets

needs coherent radiation spectrum in full 
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Coherent radiation spectrum beyond leading-log
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• structure of the spectrum 
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(color only)

color decomposition of hard amplitude: 
color indices only

kinematics, spin, flavour 
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•  soft gluon can change parton pair irrep: « color transitions »  
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final parton pair is pointlike soft radiation conserves pair irrep
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and beyond leading-log
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•  soft gluon can probe color structure of parton pair
without probing its spatial size (non-abelian feature)



<latexit sha1_base64="C7Z/c9lxz04HoD3wHVBsA9jeJi8="></latexit>

2T1T3 = T 2
1 + T 2

3 � (T1 � T3)
2 = C1 + C3 � T 2

t

color exchange in t-channel

choose t-basis where S(x) is diagonal:

independent of color-basis
<latexit sha1_base64="TzLuN00VEIAEBkxmHs5rEguLsyk="></latexit>

M =
X

↵

⌫↵ h↵| =
X

↵t

⌫↵t h↵t|
<latexit sha1_base64="XdLSkgf1er/TLVLuVWcejhBwVMw="></latexit>

dI

dx
= Tr {� · S(x)} = �↵� S(x)↵� = �t

↵t�t S(x)t↵t�t

<latexit sha1_base64="jdxucAQjRD/7yb42wZUxmNguSMw="></latexit>)

<latexit sha1_base64="QeYa2V1NIrzFMjU0Rorvg+0KsXk="></latexit>

S(x)↵� ⌘ ↵s

⇡ x
2p

K↵K�

0

B@L⇠ ↵ � + L⇠̄ ↵ �

1

CA

<latexit sha1_base64="+nonJ7A6OlPPqo6KG8uqFZE0/A8="></latexit>

dI

dx

����
⇠!0

=
X

↵t

⇢t↵t (C1 + C3 � C↵t)
↵s

⇡ x
L1

proba for t-channel pair to be in irrep
<latexit sha1_base64="h/N7iFDUzbohc3jOGVunDfYh5r0="></latexit>

↵t

<latexit sha1_base64="+wYTwBq9UvIlwIsuMqBv97ROQpo="></latexit>| {z }

(with purely octet t-channel exchange)
matches with for

<latexit sha1_base64="TvkzIYWl7A9K0OmJwdXP/Hk2gx8="></latexit>

C1 + C3 �N processes studied previously <latexit sha1_base64="1/kQ6uFLjFvVJs/ueJKQp0nRWWo="></latexit>

2 ! 1

matching with processes 
<latexit sha1_base64="HDKQEAOh2O3jlWTxVUvYrGFGRqc="></latexit>

2 ! 1•  limit
<latexit sha1_base64="eE366Jp5xkCfo4MJwYHs5Ur8QEU="></latexit>

⇠ ! 0 :



illustration:
<latexit sha1_base64="c2EqX7qtKdtMAmSNlBjJpncYKeo="></latexit>

qq0 ! qq0 and <latexit sha1_base64="/h0n4MVaPafWzcsIT2kMaULNHo4="></latexit>qq ! qq processes

dI

dx

∣∣∣∣
ξ= 1

2

=
αs

π x
L1/2

[
ρ3̄C3̄ + ρ6C6

]

dI

dx

∣∣∣∣
ξ→0

=
αs

π x
L1

[
ρt1(2CF ) + ρt8(2CF −N)

]

dI

dx

∣∣∣∣
ξ→1

=
αs

π x
L1

[
ρu1(2CF ) + ρu8(2CF −N)

]

probas depend on specific process: 

Mqq→qq ∝ Bt + BuMqq′→qq′ ∝

<latexit sha1_base64="llgrCgyLKPWUAk6Uen5fjOtLijE="></latexit>

|{z}

M
<latexit sha1_base64="vlj2RUrT3dC6UbWq5FexuYbAzws="></latexit>

⇠̄

<latexit sha1_base64="Uq8R8cLceQcdzE5vDmDBu1m6sS0="></latexit>

⇠



G. Jackson,  S.P.,  K. Watanabe  2312.11650 [hep-ph]

• an unusual effect:  fully coherent energy gain (FCEG)
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FCEG contributions appear in other channels: 
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Summary

• FCEL beyond LL depends on color transitions 

Outlook

• challenge: derive the quenching weight (valid for any 
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• coherent radiation spectrum beyond leading-log
and for any    now available for any 
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• implement FCEL in hadron pA cross sections
to extract « better » and more precise nPDFs

• some contributions to spectrum can be negative 
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