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Medium profiles and calculation workflow :
�0 = 0.002

�0 = 0.02

0.00 0.05 0.10 0.15 0.20

0.00

0.05

0.10

0.15

0.20

�

<
q� >

B
J

t0  = 0.1 fm

t0  = 1.0 fm

������

���	
�
����

�
	���


��� ��� � � ��

���

���

���

���

� [fm]

q�
[G
eV

2 /
fm

]

q̂0
<latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit><latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit><latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit>

q̂BJ = q̂0
⇣ t0
t

⌘↵

<latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit><latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit><latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit>

q̂exp = q̂0e�t/L
<latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit><latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit><latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit>

t0  = 0.1 fm t0  = 1.0 fm

Early quenching Late quenching

Bjorken initial conditions

@

@⌧
Dg(x, ⌧) =

Z 1

0
dzKgg

r
z

x
Dg

⇣x
z

⌘
� zp

x
Dg(x)

�
�
Z 1

0
zKqg(z)

zp
x
Dg (x) +

Z 1

0
zKgq(z)

r
z

x
DS

⇣x
z

⌘

<latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit><latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit><latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit>

@

@⌧
DS (x, ⌧) =

Z 1

0
dz Kqq(z)

r
z

x
DS

⇣x
z

⌘
� 1p

x
DS(x)

�
+

Z 1

0
dz Kqg(z)

r
z

x
Dg

⇣x
z

⌘

<latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit><latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit><latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit>

DS = q singlet spectra

Dg = gluon spectra

K = splitting rate

τ = evolution variable 

Evolution equations =>

Quenching

parameter

S. S and Y. M-T ; JHEP 09 (2018) 144.

J-P. B., F. D., E. I, Y. M-T ; JHEP 06 (2014) 075.
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Medium profiles and calculation workflow :
�0 = 0.002

�0 = 0.02

0.00 0.05 0.10 0.15 0.20

0.00

0.05

0.10

0.15

0.20

�

<
q� >

B
J

t0  = 0.1 fm

t0  = 1.0 fm

������

���	
�
����

�
	���


��� ��� � � ��

���

���

���

���

� [fm]

q�
[G
eV

2 /
fm

]

q̂0
<latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit><latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit><latexit sha1_base64="p1eyVWzEk3qdR55q84DPIc9R2e8=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9iHtWDJppg1NMmOSEcrQr3DjQhG3fo47/8ZMW0FFD1w4nHMv994TxIIbi9CHt7S8srq2ntvIb25t7+wW9vZbJko0ZU0aiUh3AmKY4Io1LbeCdWLNiAwEawfji8xv3zNteKSu7SRmviRDxUNOiXXSTW9EbHo3vUX9QhGVEEIYY5gRXDlDjtRq1TKuQpxZDkWwQKNfeO8NIppIpiwVxJguRrH1U6Itp4JN873EsJjQMRmyrqOKSGb8dHbwFB47ZQDDSLtSFs7U7xMpkcZMZOA6JbEj89vLxL+8bmLDqp9yFSeWKTpfFCYC2ghm38MB14xaMXGEUM3drZCOiCbUuozyLoSvT+H/pFUuYVTCV6fF+vkijhw4BEfgBGBQAXVwCRqgCSiQ4AE8gWdPe4/ei/c6b13yFjMH4Ae8t08aKZCa</latexit>

q̂BJ = q̂0
⇣ t0
t

⌘↵

<latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit><latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit><latexit sha1_base64="wGAff/Ordo76Vyy6nWJnZdxfS4U="></latexit>

q̂exp = q̂0e�t/L
<latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit><latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit><latexit sha1_base64="Cjoo402H1Mbgw0POxBrj3P411SI="></latexit>

t0  = 0.1 fm t0  = 1.0 fm

Early quenching Late quenching

Bjorken initial conditions

Single parton 
emission spectra 
(D) in BDMPS-Z 

formalism for 
static, exponential 

and Bjorken 
expanding media

Splitting rates

in static, 

exponential and 
Bjorken 

expanding 
media

Kinematic rate 
equation taking 
into account all 

the possible 
splittings for 

quark & gluon 
initiated jets

Optimisation in the 
Quenching factor 

for jets with 
combined q and g 
fractions through 
modified power 

law, nPDF and VLE

Study of rapidity 
dependence and 

estimation of 
elliptic flow

@

@⌧
Dg(x, ⌧) =

Z 1

0
dzKgg

r
z

x
Dg

⇣x
z

⌘
� zp

x
Dg(x)

�
�
Z 1

0
zKqg(z)

zp
x
Dg (x) +

Z 1

0
zKgq(z)

r
z

x
DS

⇣x
z

⌘

<latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit><latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit><latexit sha1_base64="xbRYCK+fUkzRZ4W4zGSlAp89r+8="></latexit>

@

@⌧
DS (x, ⌧) =

Z 1

0
dz Kqq(z)

r
z

x
DS

⇣x
z

⌘
� 1p

x
DS(x)

�
+

Z 1

0
dz Kqg(z)

r
z

x
Dg

⇣x
z

⌘

<latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit><latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit><latexit sha1_base64="lYB8/1kYAVsa9hlFNGQwJhufuTM="></latexit>

DS = q singlet spectra

Dg = gluon spectra

K = splitting rate

τ = evolution variable 

Evolution equations =>

Quenching

parameter

S. S and Y. M-T ; JHEP 09 (2018) 144.

@D(x, t)

@⌧
=

Z
dzK(z, ⌧ |p)

r
z

x
D

⇣x
z
, ⌧
⌘
� zp

x
D(x, ⌧)

�

<latexit sha1_base64="O37DoUFn7gEZYhTTXu70t7L/ZD8="></latexit><latexit sha1_base64="O37DoUFn7gEZYhTTXu70t7L/ZD8="></latexit><latexit sha1_base64="O37DoUFn7gEZYhTTXu70t7L/ZD8="></latexit>

J-P. B., F. D., E. I, Y. M-T ; JHEP 06 (2014) 075.
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Scaling behaviour of the spectrum
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The single gluon emission  
spectra are given as :
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Can we interpret the scalings in different kinematical limits ?

P. B. Arnold., PRD 79 (2009) 065025
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q̂expoeff = 4q̂0

q̂BJ
eff = 4q̂0t0/L

<latexit sha1_base64="stNaEN0kXZB4kE+ct4o+mc2v2as="></latexit><latexit sha1_base64="stNaEN0kXZB4kE+ct4o+mc2v2as="></latexit><latexit sha1_base64="stNaEN0kXZB4kE+ct4o+mc2v2as="></latexit>

The singular 
spectra can be 

re-scaled

S. P. Adhya, C. Salgado, M. 
Spousta, K. Tywoniuk; JHEP 
07 (2020) 150.
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Medium evolved gluon spectra

•At low x, we see a 1/(√x) behaviour of all the profiles >> recovered from the similar gluon splitting at low x.

•  The kinematic evolution equation (GAIN + LOSS terms) in terms of gluon spectra :

D(x, ⌧) =
⌧p

x(1� x)3/2
e�⇡ ⌧2

1�x

<latexit sha1_base64="BD3vF5bWOXuTlXosI4DKcVFUMzw="></latexit><latexit sha1_base64="BD3vF5bWOXuTlXosI4DKcVFUMzw="></latexit><latexit sha1_base64="BD3vF5bWOXuTlXosI4DKcVFUMzw="></latexit>

Static, soft gluon spectra (analytical)

 J. P. B, E. I., Y. M-T, PRL. 111 (2013) 052001.

Fast quenching

Slow quenching
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Nice scaling with respect to static soft spectra

A. Singular spectra 
==> Nice 

scaling in 𝜏eff .


B.  Full spectra 
==> No scaling 

in 𝜏eff.

Gluon cascades

S. P. Adhya, C. Salgado, M. 
Spousta, K. Tywoniuk; JHEP 
07 (2020) 150.
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Is it possible to re-scale QAA for different media ?

210 310
 [GeV]

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

AA
 Q

"Optimal scaling"
=30 GeVcωStatic soft, analytical, 

=100 GeVcωStatic, 
=45 GeVcωExponential, 

 = 0.03τ/0τ=920 GeV, cωBjorken, 

AAATLAS R

• Soft scaling => Scaling for singular spectra in q^eff .

•The Bjorken profile depends on additional choice of  (𝜏0 /𝜏) :  No universal scaling.


• Good, but not perfect scaling is achieved by optimisation. 

• Scaling for exponential medium  ~ average scaling.

• Significant differences in 
values of q^ for different 
types of medium and 
kinematical ranges point 
to the importance of 
precise modelling of jet 
quenching phenomenon.

210 310
 [GeV]

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

AA
 Q

"Soft scaling"
=30 GeVcωStatic soft, analytical, 

=30 GeVcωStatic soft, 
=7.5 GeVcωExponential soft, 

 = 0.03τ/0τ=250 GeV, cωBjorken soft, 

AAATLAS R

S. P. Adhya, C. Salgado, M. Spousta, 

K. Tywoniuk; JHEP 07 (2020) 150.

No
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Gluonic cascades with expanding medium.


Multi- partonic cascades in expanding 
medium.


Transverse momentum broadening in 
cascades in expanding medium.

Collecting the pieces

Complexity/ Completeness 
towards understanding  
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Jet RAA for  different medium profiles

Does the media behave differently for rapidity ?
S. P. Adhya, C. Salgado, M. 
Spousta, K. Tywoniuk, 
EPJC 82 (2022) 1.

Multi- partonic cascades

Rapidity ratio with respect to |y| for different 

medium profiles 

No

�

�

�
�

�
��

�

�
�

�
��

�

�
�

�
��

�

�
�

�
��

�

�
�

�
�

� ������ (����)	 
�� = ��
� ����

� ������	 
�� = ���� ����

� ����	 
�� = ���� ����

� ��	 �� = ��
 ��	 
�� = 
�� ����

� ��	 �� = 
�� ��	 
�� = 
�� ����

������ � �� = ��	
 ���� 	-
	%�
�
� ��� < �� < ��
 ���

��� ��� ��� ��� ���
���

���

���

���

��	

���

���

���

|y|

R A
A
y
/R
A
A
y
<
0.
3

������ (����)	 
��
+���	 ��� = ���� ����

������	 
��
+���	 ��� = ��� ����

����	 
��
+���	 ��� = ���� ����

��	 
��
+���	 ��� = ��� ����

�����  ��

��� ��� ��� ��� ����
���

���

���

���

���

���

pT [GeV]

R A
A

(on VLE) : YM-T, KK, PRD 98, 051501(R).
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Does the media behave differently for v2?

Yes and no Yes
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Zijic et. al.; J. P. G 46 (2019) 085101.

• The impact of the medium expansion can be largely scaled out by a suitable 
choice of qˆ [confirming Adhya et. al., 2020].


• The jet v2 remains sensitive to choice of starting time of Bjorken quenching t0. 

S. P. Adhya, C. Salgado, 
M. Spousta, K. Tywoniuk, 
EPJC 82 (2022) 1.
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Yes and no
Yes

Elliptic flow v2 as a function

of pT for different media

Elliptic flow v2 as a function

of pT for Bjorken initial conditions
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• Agreement with findings of the sensitivity of v2 on t0 [Carlota et. al., PLB, 2020] which was done in more complex 
modelling of the collision geometry, but less complex modelling of the medium induced showering.
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S. P. Adhya, C. Salgado, 
M. Spousta, K. Tywoniuk, 
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Gluonic cascades with expanding medium.


Multi- partonic cascades with expanding 
medium.


Transverse momentum broadening in 
cascades in expanding medium.

Collecting the pieces

Complexity/ Completeness 
towards understanding  
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• Single particle momentum broadening distribution ( P ) reproduce the Gaussian behavior at small-k⊥ 
together with the power-law tail ==>  simple analytic expression in Moli`ere prescription (effective).

Comparison of momentum broadening probabilities S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)

Static 
media

Bjorken 
expanding 

media 

Moli`ere’s 
theory of 
multiple 

scattering

hard kT tail

soft kT 

(Static media) JB, YMT, ASO, KT 
PRD 104, 054047 (2021).

Single hard (SH) scattering Multiple soft (MS) scattering

��0�+�1�; Static (L = 4 fm)

��0�+�1�; Bjorken (t0 = 0.45 fm, L = 4 fm)

��0�+�1�; Bjorken (t0 = 2 fm, L = 4 fm)

0.05 0.10 0.50 1 5 10

0.001

0.010

0.100
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 ‘x’ integrated D (x, k, t) integrated spectra = P (k) —> Broadening of jet Nice scaling of the Bjorken with static !
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How does the kT dependent spectra look like ?

DGB (Gaussian broadening) DeGB (effective broadening) DnGB (non- Gaussian broadening)

STATIC medium 

￼ /1915

• We consider different schemes for the transverse momentum broadening. 

S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)

Ansatz

Numerical solution

• kT independent kernel. This is an approximation. The whole broadening 
comes from rescattering. 

• Non- Gaussianity : Sum of many Gaussians of different widths; arbitrary 
number of the collisions with the medium.

(Static media) A. v-H , K. K, W. P. , M. 
R.,  K.T., PRC 102 (2020) 044910.



How does the kT dependent spectra look like ?

DeGB (effective broadening)
DeGB (effective broadening)

DnGB (non- Gaussian broadening)
DnGB (non- Gaussian broadening)

Bjorken medium

(early quenching) 

Bjorken medium

(late quenching) 

Total evolution  = 4 fm, t0  (early) = 0.45 fm, t0  (late) = 2 fm

S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)
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How does the kT dependent spectra look like ?

• Let’s compare with the static spectra in x and kT with the Bjorken media 

Bjorken medium

(late quenching) 

Bjorken medium

(early quenching) 

Static medium 
Moliere Broadening

S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)

We can see the 
behavior at 

large angle 


once we rescale 

kT —-> xEΘ !

We expect different (and 
more) soft gluons


at large angles among 
the medium profiles.
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Angular distributions for different medium profiles

• Most of the energy is contained in a small cone.

￼ /1918

One can estimate the fraction of the parent gluon (jet) energy that is contained within a cone of size Θ.

DeGB, static (t = 4 fm)

DeGB, BJ (t0= 0.45 fm)

DeGB, BJ (t0= 2.0 fm)

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

�c [rad]

E i
n-
co
ne
(�
c) • More in cone energy, more is the parton 

collimated.


• Need more checks and analysis !

S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)

(Static media) A. v-H , K. K, W. P. , M. 
R.,  K.T., PRC 102 (2020) 044910.



Take home messages and Scopes ?

Thanks !

• For the Bjorken expansion, the medium evolved spectra as well as 
quenching factors are still sensitive to the onset of quenching through 
the ratio (t0/L), which spoils the universal scaling features.


• Rapidity dependence of the inclusive jet suppression is not very 
sensitive to the way how the medium expands.


• Jet v2 is sensitive to the medium expansion with difference in initial 
starting time of expansion.


• Exploring the  kT dependent cascades and its role on observables 
for an expanding medium.

Pi
c 

co
ur

te
sy

 : 
K.

 K
ut

ak
 

P1

P2

k1

k2

q1

q2

Complexity/ Completeness 
towards understanding  

S. P. A. , K. Kutak, W. Placek, M. 
Rohrmorser,  K. Tywoniuk (in 
preparation)
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Effects of nPDF and VLE

• Vacuum like emissions (VLE) :

• Effect of VLE : Increase of the quenching.

• Effect of nPDF : Flattening at high pT.

������� �����	 
� ��� = �

� ����

������� �����	 �� ��� = �
�� ����

������� ����� ��� = �
�� ����

������� ����+���� ��� = �
� ����

����� ���

��� ��� ��� ��� ����
���

���

���

���

���

���

pT [GeV]

R A
A

BACKUP

Comparison of “nPDF” and “nPDF+VLE” configuration implies that adding VLE to 
the calculation has an important impact on both the shape of RAA and its overall 
normalization which has an impact on the extracted values of ˆq.

S. P. Adhya, C. Salgado, 
M. Spousta, K. Tywoniuk, 
EPJC 82 (2022) 1.

Collimator function :

Phase space for VLE :

Configurations:


Vacuum 1 = Input parton 
spectra, 
PYTHIA8.185+AU2+CT10 PDF.

Vacuum 2 =  PYTHIA 8.306 
(default).

nPDF = PYTHIA 8.306 (default), 
EPS09LO nPDF.

nPDF + VLE = PYTHIA 8.306 
(default), VLE.
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