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+ Jet Quenching has been established as a fundamental
tool to study hot matter in HIC: already at the LHC!!!
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Introduction

+ Jet Quenching has been established as a fundamental
tool to study hot matter in HIC: already at the LHC!!!
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Introduction

4+ How does the medium modify a jet?

4+ Radiative energy loss of a high-energy parton
4 Modification of the standard QCD radiation pattern

+Energy loss dmmmd T, €, ..
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Introduction

4+ How does the medium modify a jet?

4+ Radiative energy loss of a high-energy parton
4 Modification of the standard QCD radiation pattern

+Energy loss dmmmd T, €, ..

e

4

4+ Analytic existing formalisms (BDMPS/ASW/GLV, AMY,
HT) rely on:

4+ high-energy approximation

<+ assumptions on multiple emissions
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Introduction

4+ How does the medium modify a jet?

4+ Radiative energy loss of a high-energy parton
4 Modification of the standard QCD radiation pattern

+Energy loss dmmmd T, €, ..

e

— 4

4+ Analytic existing formalisms (BDMPS/ASW/GLV, AMY,

HT) rely on:
) : . Monte Carlo
+ high-energy approximation M)  (PYQUEN, Yalem, Q-PYTHIA/
<4 assumptions on multiple emissions HERWIG, HIJING, MARTINI,...)
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Jet Formation

4+ Vacuum (PYTHIA, HERWIG, SHERPA):

+ Process of branching characterized by P_5,: splitting
functions

4 Each parton characterized by some virtuality scale, Q2
(t=m?, p,2,0: all of them equivalent at high energies)

4 Evolution downwards in Q2 (‘time’ ordering)

4+ Color coherence effects essential

4 Ordering of subsequent independent emissions in terms of
decreasing angle

d M

B >0

6
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Jet Formation

+ Medium (Q-PYTHIA):
4+ Medium-induced gluon radiation taken as the main
ingredient
4 Presence of a medium
4 Time should play a role as an ordering variable
4 Ordering variable for multiple gluon emission?

4+ Assume Q? = m? but eventually correct for the finite formation
time of the gluons

4 Independence of multiple gluon emission when re-scattering
with the medium as in vacuum
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Jet Formation

+ Medium (Q-PYTHIA):
4+ Medium-induced gluon radiation taken as the main
ingredient
4 Presence of a medium
4 Time should play a role as an ordering variable
4 Ordering variable for multiple gluon emission?

4+ Assume Q? = m? but eventually correct for the finite formation
time of the gluons

4 Independence of multiple gluon emission when re-scattering
with the medium as in vacuum

4 Does not consider:
4+ Recoil (elastic energy loss)

4 Modification of the color structure of the shower by
exchanges with the medium

4+ Back-reaction
4+ In-medium hadronization

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching



Splitting Functions

+ Total medium-induced radiation spectrum

=T+ =g+ =<

d ]tot B dJvac N d ]med
dzdp? dzdp? dzdp>
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Splitting Functions

+ Total medium-induced radiation spectrum

[l_“-‘@%_l + I_—_»"%E} . mfae

d ]tot B dJvac N d ]med
dzdp? dzdp? |dzdp>
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Splitting Functions

+ Total medium-induced radiation spectrum

[l_“-‘@%_l + I_—_’—"%E} + [DMD}

I
d ]tot B dJvac N d ]med]
dzdp?  |dzdp2| |dz dp%J

dlv?© as, 1 2CR
7. 3.9 _S_Pvac H Pv =
dzdp% 27 p% (2) we(2) 1—2z
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Splitting Functions

+ Total medium-induced radiation spectrum

=T+ I_—_»’é% + | = M =
d ]tot [ d Ivac] [ d ]med]

= +
dzdp?  |dzdp2| |dz dp%J

vac 2C
i ao(2) TP P(2) =~ —

dz dp?. de 27r pT = 7

4 Analogy with the soft limit of the vacuum part: define
medium-modified part of the splitting function as:

2t dImed
o, dzdt

APzt~
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Splitting Functions

+ Total medium-induced radiation spectrum

=T+ = |+ =<
d ]tot [ d Ivac] [ d ]med]
= +
dzdp?  |dzdp2| |dz dp%J

vac 20
dl oo(2) D P, () ~ —

dz dp?. de 27r pT 1-=2

4 Analogy with the soft limit of the vacuum part: define
medium-modified part of the splitting function as:

2t dImed
o, dzdt

4+ Extension to hard emission as in vacuum

APzt~
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Sudakov Form Factor

4+ Implementation of the t-ordered final state radiation
routine in PYTHIA:

4 Probabilistic interpretation of DGLAP evolution:

D(z,t) = A(t)D(z, to) + A(¢) [%A(ltl) /@P(Z)D (f,tl)

L ) ) e
! \ J

No splitting ] N
between t, and t Contribution when some finite

amount of radiation is present

[
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Sudakov Form Factor

4+ Implementation of the t-ordered final state radiation
routine in PYTHIA:

4 Probabilistic interpretation of DGLAP evolution:

D(z,t) = A(t)D(z, to) + A(¢) /tti—tllA(ltl) /@P(Z)D (f,tl)

( | ) 2z %
! | J

No splitting ] N
between t, and t Contribution when some finite

amount of radiation is present

4 Sudakov form factor: probability not to branch while evolving
from scale t, to t,

t1 / 2zt
A(ty) = exp [ d—t/ dzas(tl)P(z)

B o U 2m
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Sudakov Form Factor

4+ Implementation of the t-ordered final state radiation
routine in PYTHIA:

4 Probabilistic interpretation of DGLAP evolution:

D(z,t) = A(t)D(z, to) + A(¢) /tti—tllA(ltl) /@P(Z)D (f,tl)

( | ) 2z %
! | J

No splitting ] N
between t, and t Contribution when some finite

amount of radiation is present

4 Sudakov form factor: probability not to branch while evolving
from scale t, to t,

t1 / 2zt
A(ty) = exp [ d—t/ dzas(tl)P(z)

B o U 2m

Piot(2) = Peac(2) + AP(2,t,4, L, E)
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Sudakov Form Factor

4+ Medium-modified Sudakov factor
t1 /
Alts) =exp[ / = / tl) (P(2) + AP(z,t, 4, L E)]]

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Sudakov Form Factor

4+ Medium-modified Sudakov factor
t1 /
N e [—/ = / dz O‘S(tl) [P(2) + AP(z, ¥, ,L,E)]]

l )
|

4+ Medium parameters: Medium
information
4 Length (L)
4 Transport coefficient (§)
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Sudakov Form Factor

4+ Medium-modified Sudakov factor

) e |- [ [T

+ Medium parameters:
4+ Length (L)
<+ Transport coefficient (§)

Transformed l into

1
Ty —gL?

qL

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

as tl)

[P(2) + AP(2,t',4, L, E)]]

Medium
information
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Sudakov Form Factor

4+ Medium-modified Sudakov factor
b gy’ as tl) ]
A(t;) = exp [ [P(z) + AP(z, t'. 4, L, E)]
: /; / | |

+ Medium parameters: Medium
*Length (L) information
+ Transport coefficient (§) - At =E'=10 GeV'.) ‘
09 E—I ines/markers: with/without large x correct. 7
Transformed l into 0_8§_upperllower curves: quarks/gluons Fy
o7E tmin=21G=2 GeV?, L=2 fm 7
7 _ O_6§_red qL=10 GeV? |
We = _QLQ qL o5Egreen:aL=1 GeV? £
2 0_4§_black: qL=0 P ‘
03F
Suppression of the Sudakov: 02F
more radiation in medium than 0.1 = |
in vacuum o~ ” TGV pre

[Armesto, Cunqueiro, Salgado, Xiang]
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Program

4 Q-PYTHIA is the usual PYTHIA-6.1.18 with a modified
final-state radiation:

4 Only modification: t-ordered FSR routine PYSHOW

4 Additional auxiliary routines (black box) + two routines that
can be modified by the user:
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Program

4 Q-PYTHIA is the usual PYTHIA-6.1.18 with a modified
final-state radiation:

4 Only modification: t-ordered FSR routine PYSHOW

4 Additional auxiliary routines (black box) + two routines that
can be modified by the user:

+ QPYGINO(X,,Yo,Zo,t,): User specifies the position and time of the
hard scattering, to be called once per NN collision

*QPYGEO(x,y,z,t,Bx,By,BZ,QHL,OC) computes the parameters
(QHL,0C) for a parton located at (x,y,z,t) moving along the
direction defined by (B,,B,,8,); medium to be specified by the
user (some defaults available)

_7
QRYGINO(Xg,Yq,Zo,t Medium with:
(X05Y05Z05 o) QHL =G L
e 0C = we
QPYGEO(x,y,z,t,8,,8,,8,) /\>

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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4 Usage:

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

Pragram
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4 Usage:
QPYGINO

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

Program
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4 Usage:
QPYGINO

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

Program
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4 Usage:
— QPYGINO

First call of QPYGEO

Program

(evaluated at L)
Compute QHL and OC

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Program

4 Usage:
— QPYGINO

Second call of QPYGEO
(evaluated at L-l )
Compute new QHL and OC

First call of QPYGEO A5
(evaluated at L) ® . >
Compute QHL and OC
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Program

4 Usage:
Moreover:

T QPYGINO Energy degradation
considered at each
splitting (AP depends
on E)

Second call of QPYGEO
(evaluated at L-l )
Compute new QHL and OC

First call of QPYGEO A5
(evaluated at L) ® . >
Compute QHL and OC
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Results

4 Results at parton level:

20

I d Nparton

40

d Nparton
351 de

E,,=100 GeV

30

250 vacuum

G=1GeV%fm, L=2 fm

g=1GeV%fm, L=5 fm
20

G=10 GeV¥fm, L=2 fm
G=10 GeV?/im, L=5 fm

0
0 05 1 1.5 2 25 3

e=acos(pz/p)

[Armesto, Cunqueiro, Salgado]
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4 Results at parton level:

Suppresion of
low-€ particles

Enhancement of

large-¢

20

16

FdN®

arton

dg

E,,=100 GeV

d Nparton

de

(GeV™)

40

Results

35

30

25H|

201

0

vacuum

g=1GeV%im, L=2 fm
g=1GeV%fm, L=5 fm
G=10 GeV¥fm, L=2 fm
G=10 GeV?/im, L=5 fm

0

0.5

1 1.5 2 25 3

6=acos(pz/p)

[Armesto, Cunqueiro, Salgado]

enhancement of intermediate-pT

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

Supression of high-pT particles (E conservation) and

™S

Broadening of
angular
distribution
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4+ Results at hadron level:

thadron

25 T E.,=100 GeV

20

0
o 1 2 3 4 5 6 7 8 9 10 0 5 10 15

&=In(E,,/p) P,

0

(GeV)

40

Results

thadron

de

vacuum

g=1 GeV¥fm
G=10 GeV%/fm
L=2 fm

[Armesto, Cunqueiro, Salgado]

0.5 1 15 2 25 3

e=acos(pz/p)

Medium effects are diminished by hadronization: low
momentum partons do not produce hadrons

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Results

4+ Medium length and energy degradation effects on

evolution

parton

12'dN

&> E,.=100 GeV

0 1 2 3 4 5 6

E=In(E, /p)

[Armesto, Cunqueiro, Salgado]
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T

10"

0

dearton
dp

T

5 1

(GeV™)

0 15 20 25

P, (GeV)

35

30

25

20

d Nparton

vacuum

=10 GeV?/fm, L=2 fm, fixE-fixL
a:10 GeV?/fm, L=2 fm, varE-fixL
G=10 GeV’/fm, L=2 fm, varE-varL

do

1 15 2

6=acos(p,/p)

25 3

Medium effects are largest considering energy
degradation but no evolution in length

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Results

4 Some on-going studies on jets:
4 Problems/Difficulties on the theory side:

4+ Cut in p; and definition of MC truth
EntriesE" 10000 I:]—IEt distilbution Entries 1353

-0.03 Mean  79.73 004 - Mean  124.9
§ [ RMS 25.37 % F RMS 27.02
L .035 [— B
“p.o25F r ghat values <« F iy
3 S
g r |‘|, . —0 €o.03f
0.02[- | =4 E
r —64 0.025
oorsf- | Et,=25 GeV 0oeb- Et,=100 GeV
Ry : | Et,=25 GeV
| - 0.015
0otH | E
:_I | 1 0.01F
L . E
0.005 | 4 1 E
F . 0.005 -
EL! L, =
0 E Il Y L L L L = Il L Il I L L
(] 50 100 150 200 250 300 350 400 ] 50 100 150 200 250 300 350 400
El‘ t1
Et_distribution _Er Et distributionl _E2
Entries 10000 Entries 1353
0.035 - Mean  54.73 002 Mean 94.91
o F RMS 30.63 o F RMS 31.97
2 j— Dot
5 0.03 I_ s E
s L §016
: E
g F 2 F
v0.025 |- T0.014
02 :_I J . oot2f-
E ! 0.01F
015 | o
0015:—| | [ 0.008
0.01H ! 0.006 |-
3 0.004
0.005 E
o 0.002
0 - 1 1 1 1 0 E 1 1 1 1
() 50 100 150 200 250 300 350 400 (] 50 100 150 200 250 300 350 400
t
2 2
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Results

4 Some on-going studies on jets:

4 Problems/Difficulties on the theory side:
4+ Cut in p; and definition of MC truth
4 Background subtraction

[ Distribution of Jets Subtracted | JetsData = [ Distribution of the two Hardest Jets |

Entries 346
Mean x  -0.04596
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Results

4 Some on-going studies on jets:

4 Problems/Difficulties on the theory side:
4+ Cut in p; and definition of MC truth

4 Background subtraction

A
Entries 10000

A, distribution I

See also:
Cacciari, Salam, Soyez, 2011
He, Vitev, Zhang, 2011
Lokhtin, Belyaev, Snigirev, 2011

Entries 5971
= M 01366 | - M 0.1295
s E Ame  otoa1] 3 asE 1 AMS 009238
3 - —qhat=0 e 3> E e
% s — ‘ghat=4 S 4F!
z F — ghat =64 : : z*_ F i i
gt s Circle subtraction z 3.5:—l Stripe subtraction
= Et, = 25 GeV s :—J Et, = 25 GeV
F E Et, = 100 GeV
sF 25F I
F 2
i Iy 13 I
- 0.5
E I E = i
0 - L L Il L L = L L L = L L I L L
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
AJ AJ
[Angular deviation from jet2 to jet1] sraelta ohl 1 [Angular deviation from jet2 to jet1] Eraeta phi
= E Mean 2.508 = E Mean 2.725
g F RMS .asso | & RMS .4283
2 o 2
3 3
H H
R g
1
107 =—I
. 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1
102 1.6 1.8 2 22 24 26 2.8 102 1.6 1.8 2 22 24 26 2.8

High dependeﬁ?:(g)with

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

mentioned factors

3
Phi (rad)
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On-going Improvyements

4+ Medium-induced gluon radiation spectrum only for

small-x k=xzp q=(1—-2z)p
dImed o CF 1 " )
v cieie.: — T ) find = —iky x1 —% [dén(&)o(xL)
wdwkoL B oo Re{w /dy+dy+dxle e
o 0

- =07

8YJ_ 8XJ_ (y—l-,YJ_ ay+7XJ_)+

+2k—Lz dyydie ¥ O gy, y, = 0;L+>X¢)} i

k, Jy 1
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On-going Improvyements

4+ Medium-induced gluon radiation spectrum only for

small-x k=zp q=(1—2z)p
Ik _ asCr 1 _ —ik, x| —1 [deén(€)o(xy)
WM - = WQRG{; /dy+dy+dxle e
8YJ_ 8XJ_ Y+,YL =V Y+, X1
+2£ dydx e_iXL'kLifK( =0;L4,%x) =H
kJ_Q Yy+ax | 8yJ_ Y+, YL =Y L, X
+Med1um modl.ﬁed splitting functions extended by
comparison with the vacuum ones
+e.g: goq
;
1+
Pvac(Z) = 2G5 Pq(_q(z) =210 1 —Z
1—=2
Results Vacuum SF
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On-going Improvyements

4+ Medium-induced gluon radiation spectrum only for

small-x k=zp q=(1—2z)p
Ik _ asCr 1 _ —ik, x| —1 [deén(€)o(xy)
WM - = WQRG {5 /dy+dy+dxle e
8YJ_ 8XJ_ Y+,YL =V Y+, X1
+2£ dydx e_iXL'kLifK( =0;L4,%x) =H
kJ_Q Yy+ax | 8yJ_ Y+,YL =Y L, X
+Med1um modl.ﬁed splitting functions extended by
comparison with the vacuum ones
+e.g: goq
2CF Bl 2) S HC s H (1+ zZ)Pvac
o — = F
Pl ) 22 11—~ e l—-=z (1+Z2)AP
Results Vacuum SF
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum

in the opposite limit (x~1): k=xzp g=(1—2)p
G as,Crl—z { 1 / _ i —1 [+ dgn(&)o(x.)
SR — Re{ — [ dy;dyidx e "It *Le 270+ +
Mg dql|,,,  2m py py ) HHTE
0 0 _
Eaxq(y%)u = 0;J4,X1)+
q_—l- _iq_L~XJ_ a — -L g
+ & /dy+de_e —ay_Lgcq(y-l-,YJ_ 0; +7X_L)}
 —
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum

in the opposite limit (x~1): k=xzp g=(1—2)p
drmed a,Crl—z { 1 / _ Ciquxy o5 Jy den(€)o(xy)
SR — Re{ — [ dy;dyidx e "It *Le 270+ +
Mg dql|,,,  2m py py ) HHTE
o 0 _
Eaxq(y%)u = 0;74+,X1)+
aL —iqL XL 0 — 0 &
+ & /dy+de_e ay_Lgcq(y-l-,yJ_ O,L—HX_L)}
<4 Similar structure to the case x~0
- R
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum

in the opposite limit (x~1): k=xzp g=(1—2)p
drmed a,Crl—z { 1 / _ Ciquxy o5 Jy den(€)o(xy)
SR — Re{ — [ dy;dyidx e "It *Le 270+ +
Mg dql|,,,  2m py py ) HHTE
o 0 _
EE@%’YL =0;J4+,x1)+
q.L —dd ) % 0 Q,
& —2/dy+de_e s L4@}%,)1 = O;L—HX_L)}
q; Oy
<4 Similar structure to the case x~0

4+ Main differences:
4 Fundamental representation instead of adjoint: Ky — K,
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum
in the opposite limit (x~1): k=xzp g=(1—2)p

drmed asCr { 1 / - —1 [yt den(&)o(xL)
4+ = Re s — [ dyidyrdx eI Le 279+ +
Tdgyd?qL |, py ]
o 0
e =0:7
ay_l_ E@y-i-’ YL 7y+,X_L)+
: 0 _,
+ q—j / dydx e > K Yy, y, =0; L+7X_L)}
qi Oy

4+ Similar structure to the case x~0

4+ Main differences:
4 Fundamental representation instead of adjoint: Ky — K,
4 Dependence with (1-x)
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum
in the opposite limit (x~1): k=xzp g=(1—2)p

drmed asCr { 1 / - —1 [yt den(&)o(xL)
4+ = Re s — [ dyidyrdx eI Le 279+ +
Tdgyd?qL |, py ]
o 0
e =0:7
ay_l_ E@y-i-’ YL 7y+,X_L)+
: 0 _,
+ q—j / dydx e > K Yy, y, =0; L+7X_L)}
qi Oy

4+ Similar structure to the case x~0

4+ Main differences:
4 Fundamental representation instead of adjoint: Ky — K,
4 Dependence with (1-x)
<4 Kinematic limit: goes to zero when x=>1
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On-going Improvyements

4 Instead of extending, compute the radiation spectrum
in the opposite limit (x~1): k=xzp g=(1—2)p

drmed asCr { 1 / - —1 [yt den(&)o(xL)
4+ = Re s — [ dyidyrdx eI Le 279+ +
TdgpdqL |, py ]
o 0
e =0:7
6y_l_ E@y-ﬁ YL 7y+,X_L)+
: 0 _,
+ q—j / dydx e > K Yy, y, =0; L+,xl)}
qi Oy

4 Similar structure to the case x~0
+ Main differences:
4 Fundamental representation instead of adjoint: Ky — K,
4 Dependence with (1-x)
<4 Kinematic limit: goes to zero when x=>1

4 Include corrections in the Q-PYTHIA by matching the
two functions
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On-going Improvyements

4+ Read Q-PYTHIA inputs from an external file
4 Avoid compilation

<4 Options for QPYGINO (overlap)

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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On-going Improvyements

4+ Read Q-PYTHIA inputs from an external file
4+ Avoid compilation
<4 Options for QPYGINO (overlap)

<4 Implementation of several profiles of the medium
4 Cylindrical expanding medium (a la HYDJET)

4+ Hydrodynamical model (Hirano profiles for RHIC:
parevo3.0)

4+ PQM (overlap) geometry

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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On-going Improvyements

4+ Read Q-PYTHIA inputs from an external file
4+ Avoid compilation
<4 Options for QPYGINO (overlap)

<4 Implementation of several profiles of the medium
4 Cylindrical expanding medium (a la HYDJET)

4+ Hydrodynamical model (Hirano profiles for RHIC:
parevo3.0)

4+ PQM (overlap) geometry
4 Faster Running

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Future

4 Inclusion of:
4 Elastic energy loss

<4+ Modification of the color structure by medium-induced
gluon radiation

4 Energy flow from/to the medium
4+ More than one single-inclusive spectrum

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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Future

4 Inclusion of:
4 Elastic energy loss

4+ Modification of the color structure by medium-induced
gluon radiation

4 Energy flow from/to the medium

4+ More than one single-inclusive spectrum
4 Better modeling of:

4 Ordering variable in the medium case

4 Factorization

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching
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4 Q-PYTHIA download:
+ http:/ /igfae.usc.es/qatmc/

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching

END

Thanks!
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