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e JETSCAPE framework allows :

* Multiple energy loss formalisms to be present simultaneously, each applied in its region of validity.

* Provides a set of Bayesian tools to characterize the interaction of hard probes with the QGP (see
tomorrow’s Bayesian session).
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Monte Carlo jet shower simulation in vacuum

* In p-p collisions, the initial highly virtual
qguark or gluon produces a jet shower solely

through radiation.

* In PYTHIA, a Monte Carlo event generator,
this shower is angular ordered, which
generate a jet in a narrow cone.
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Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet
after hadronization occupy a wider cone.

* This widening is given by scatterings, which
modify the radiation pattern:
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Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet

Jet partons gained after hadronization occupy a wider cone.

from QGP
QGP partons

* This widening is given by scatterings, which
modify the radiation pattern:

e * multiple scatterings in the QGP induce
l Et,, of radiated quark/gluon (i.e. parton)
= T Oty radiation angle.
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Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet
after hadronization occupy a wider cone.

* This widening is given by scatterings, which
modify the radiation pattern:
L * multiple scatterings in the QGP induce

Jet partons gained
from QGP

QGP partons

§ l Et,, of radiated quark/gluon (i.e. parton)
o = T Oty radiation angle.
' § » Scattering processes can pick-up (or deposit)
o partons into the QGP (see dashed to solid lines).
- — - = - * Medium-induced radiation/absorption also change
N 5 parton chemistry of light-flavored jets.

Jet partons
lost to QGP * Scatterings affect differently highly virtual
particles compared to near-on-shell particles



Multistage parton evolution in JETSCAPE

MATTER Simulation

stitch

low Q

low E

high E

* High—Lower Q, High E: Rapid virtuality loss
through radiation. MATTER (via Higher Twist)
generates scattering-modified radiation.



Multistage parton evolution in JETSCAPE

MATTER Simulation

stitch

low Q
low E high E

* High—Lower Q, High E: Rapid virtuality loss
through radiation. MATTER (via Higher Twist)
generates scattering-modified radiation.
MATTER is evolved until a switching virtuality

(stitch) is reached.
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Multistage parton evolution in JETSCAPE

MATTER Simulation

S "LBT Simulation

high E

* High—Lower Q, High E: Rapid virtuality loss
through radiation. MATTER (via Higher Twist)
generates scattering-modified radiation.

* Low Q, High—Lower E: Scattering is important
(Linear Boltzmann Transport)
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Multistage parton evolution in JETSCAPE

MATTER Simulation

/

low Q

low E

Pythia
Hadronization

}\I’_BT Simulation
—

high E

* High—Lower Q, High E: Rapid virtuality loss
through radiation. MATTER (via Higher Twist)
generates scattering-modified radiation.

* Low Q, High—Lower E: Scattering is important
(Linear Boltzmann Transport)

* Low Q, Low E: Hadronization physics important
(partons—Pythia for hadronization)



Multistage parton evolution in JETSCAPE

* High—Lower Q, High E: Rapid virtuality loss
through radiation. MATTER (via Higher Twist)
generates scattering-modified radiation.

MATTER Simulation

* Low Q, High—Lower E: Scattering is important
(Linear Boltzmann Transport)

* Low Q, Low E: Hadronization physics important

Qswitch (partons—Pythia for hadronization)

<, ) . The JETSCAPE framework combines these
LBT Simulation

I multiple stages for an improved description
high E of parton energy loss.

low Q
owE 'pythia
Hadronization
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) The splitting function for a quark

p
- e Splitting function for a quark in vacuum (Peskin & Schroeder):
1+ (1—y)?
Py Pyeq@) = P(y) = Cp

N2 -1

w/ the Casimir for SU(N, = 3) Cr = N
C

W



) The splitting function for a quark

> p
qt Iy - e Splitting function for a quark in vacuum (Peskin & Schroeder):
Q* 7 2
1 414+ (1 —-vy)
o PO =3 :

e A few definitions:

0%+ M2 _, q”=p5+p5
U — + 45— 7 — + 0
q* =(q",q97,q.) =q", 2qr

2 4+ M2 S
ﬂ: 1 - +’ J_ ,_l
+ _q0+qz. __9°-a Pa <( V) 2(1-y)q*t’

q_\/i,q \/7

= = + TJZ- [
:qz —M2=2q+q_—cﬁ—M2= Qz Pg=1\Yq '2yq* 1

18



The splitting function for a quark

Ly e Splitting function for a quark in vacuum (Peskin & Schroeder):
Q? 41+ (1 —y)?
P(y) = 3

 The in-medium splitting function is affected by scattering. At high Q%, only a single scattering is
allowed, thus the full splitting function s :

Vacuum

In-medium

e k.
L [, —> | R
! + [y . [,
2
Q QZ + Q2 .
N v k!

|
A

There 3 diagrams interfere in the medium! 719N,




Coherent scatterings at high virtuality

* If 12 ~ k% = medium can resolve the two daughter
partons

20



Coherent scatterings at high virtuality

g * If 12 ~ k% = medium can resolve the two daughter
partons

QZ
k| * The interference between these diagrams gives (for an
incoming light-flavor)
+ \\\\ | | | | | I | T |
i 107 —1,, =50 GeV =
[ E — 1, =5GeV E
ol =
0? < T 02k _
v ol Ll
o 50 0 50 100 150
e < k. (GeV)
Q 21



QZ
-}.
QZ
-}.
i
QZ

Coherent scatterings at high virtuality

* If 12 ~ k% = medium can resolve the two daughter
partons

* The interference between these diagrams gives (for an
incoming light-flavor)
* Inside blue dotted lines:

I k | -range of coherent
-1 L ]
10 = — 1. =50 GeV = scattering
- - —1,.=5Gev 7 Outside blue dotted lines:
g‘ - I 4 scattering and radiation
T 102 _|  become more and more
= a8 ' 3  incoherent
102 | 1T |
50 0 S0 100 150

k_(GeV)

22



Coherent scatterings at high virtuality

ot * If 12 ~ k% = medium can resolve the two daughter
0? - partons

R * Taylor-expanding in k, and integrating over k , the
medium-modified splitting function (for incoming light
+ ‘ quarks) is
E P(y) =Py +PQy)
L
| + ~
[ ’ P(y) = P(y) fOTf dt* |2 — 2 cos(t*/77)|q(Q?)
0? g y(1—y)Q?
+ + _
+ ot = 2612 _ 29 y(zl Y)
Q 2
\Té A * A part of coherent scattering effectsisin 2 — 2 COS(T/Tf)

| l
’ ,< * The other part coherence is included in Q(QZ)
Q2 23



QZ
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- T
k,:
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Q?
4
—_
QZ /<

Coherent scatterings at high virtuality

* If 12 ~ k% = medium can resolve the two daughter
partons

in-medium splitting function is:
P)=Py)+PY)

POIAG, ) [ de*[2 = 2 cos(e* /17)]a
y(1—y)Q%(1+ x)*

Ay, x) = {(1 —%) ot (1 _%)Xz}

yZMZ _ yZMZ
i yA=y)Q*—y2M?
L 2q7y(1—y)
Te =
! 2 +y2M? #

Ply)=

X:

Applying the light flavor approach on heavy flavors, the



Virtuality-dependent g
* For light quarks, we get

I L
10K

é Mh 1 =3 =
& - =
E E=50 GeV E
—1 | | ] | ] | ] | ]
1000 20 30 40 50
Q%(Gev?)

* For heavy quarks §(Q%, M) is yet to be determined
using the (SCET) formalism of PRC 94, 054902 (2016)
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Why is a virtuality-dependent g needed?

—+— PHENIX (20-30%)

—— CMS (10-30%)

kll.l.lJ._lﬁ——l—f y *

—— CMS (5-10%)

. —— PHENIX (0-10%)

EIIII_T_IIIIIil—l—t:lllllllllllllllllll—

10 15 20

P, (GeV)

20 40 60 80 100
pT (GeV)

. Q(QZ) is a key ingredient to simultaneously
describe leading hadron R, 4 at different \/syy.

26



10

Parametrizing the virtuality dependence of @

=1 =
E E=50 GeV
—1 | | I | I | | |
100~ 70 20 30 40
Q2(GeV?)

50

H(Q?) =<1+ c;In?(Q2) + c,In*(Q2)

cE
Gur, X asT? 111[ ]

. Q(Qz) is a key ingredient to simultaneously
describe leading hadron R, 4 at different \/syy.

- Explore how this §(Q?) affects heavy quarks in
a multi-scale MATTER+LBT simulation using a
parametrization:

‘/I\(QZ) — QHTLH(QZ)

as,T
( 1 Q% < Q2

Q% = Qs

1+ c,1n%(0?2) + ¢,In*(Q2)



Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?

* Virtuality-ordered shower with splittings above Q2 > Q2 ;;ch-



Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,;¢c,- This is unlike PYTHIA, since in MATTER

the daughter chz is found before 8, (or [, ) between the daughters is known
= 04, > > 04, >+ > 0y is not strictly ensured for a daughter generation i € n.



Higher Twist Energy Loss for Heavy Quarks
« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,itcn-
* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving

for # = A(Q).
d 2 . Ymax
A@maxs @ = Omin) = €7 —f LD [ 4y .07
E2 I QZ Ymin

2 =—VM
Qmax 4



Higher Twist Energy Loss for Heavy Quarks
« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,itcn-
* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving

for # = A(Q).
"d(0?) as(0®) "
A(Qmax @ = Qmin) = exp |~ f o | rPe.en
E2 | Q? Ymin
Qhax = 2 7M
* ForQ—-Q+g
Q2 2] P /1+4M2 Ymax = 1= %
min = 2 max 202
3 M?

Q2 = a cutoff (non — pert.) scale (typ.Q, = 1 GeV) Ymin = 2072 MZ + Q2



Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,itcn-

* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving
for # = A(Q).

A(Qmax» Q= Qmin) = exp

* Where different decay channels are possible, P = }.; P; where i identifies the processes. For gluons,
i labels g = gg,9 = qg,and g = QQ.



Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,itcn-

* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving

for # = A(Q).
maxd 2 . Ymax
8O0 2 Qi) = exp |~ [ RLIED [0 2
Q2 Ymin

 For g = QQ, the splitting function is phenomenologically estimated using light flavor g = g, with
appropriate kinematic cuts to account for heavy flavor mass (i. €. Vimin, Ymax: Qiain)-

P(y) f;if dzq(Q?) [2 — 2 cos [#Qz)” Qfin = Q3 + 2M?
P(y,u?) =P@y) + ! 2
y(1—y)Q? oo =1 =20
max ZQZ

e




Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > Q2 ;;ch-
* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving

for # = A(Q).
maxd 2 . Ymax
8O0 2 Qi) = exp |~ [ RLIED [0 2
Q2 Ymin

 For g = QQ, the splitting function is phenomenologically estimated using light flavor g = g, with
appropriate kinematic cuts to account for heavy flavor mass.

P(y) fTTif de[(QZ) [2 — 2 cos [ﬁ”
y(1—y)Q?

* Also, the scale M should also play are role in @(QZ, M). For now, only @(QZ) is used.

P(y,u?) =P(y) +



Higher Twist Energy Loss for Heavy Quarks

« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?
* Virtuality-ordered shower with splittings above Q2 > QZ,itcn-

* The Sudakov form factor assigns virtuality to each parton by throwing a random number # and solving
for # = A(Q).

A(Qmax» Q= Qmin) = exp

* The details about 2 — 2 scatterings is given in the next section.
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Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,01) = Cei + Gine

* The Boltzmann equation is valid in very dilute media where any n-particle correlations
Vn = 2 are neglected.
e 2 — 2 scattering is allowed in C,;. To calculate C,; one only needs 1-particle distributions.
* 1 — 2 decays G;,e; in the vacuum are allowed, only a 1-particle distribution is needed.



Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function

p1 - 0f (x,p1) = Cei + Ginel
* The Boltzmann equation is valid in very dilute media where any n-particle correlations
Vn = 2 are neglected.
e 2 — 2 scattering is allowed in C,;. To calculate C,; one only needs 1-particle distributions.

* 1 — 2 decays G;,e; in the vacuum are allowed, only a 1-particle distribution is needed.

* In-medium 1 — 2 decays would require 2-particle distributions, e.g., f, (k| p1), to capture the
correlation/interference between the scattering and the decay.

® ®
k.

o Lo I
P1 D1 P1



Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,01) = Cei + Gine

* The Boltzmann equation is valid in very dilute media where any n-particle correlations
Vn = 2 are neglected.
e 2 — 2 scattering is allowed in C,;. To calculate C,; one only needs 1-particle distributions.
* 1 — 2 decays G;,e; in the vacuum are allowed, only a 1-particle distribution is needed.

* Phenomenologically, keeping track of the n-particle distributions is numerically costly, so
an effective Boltzmann eq. is used that includes medium-induced decay §;,,.; on the r.h.s.
w/o computing the evolution of a 2-particle distribution, for example, £, (k| p1).

® ®
: k.

— +
P1 D1 + P1 :kJ_




Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,p1) = Cei + Ginel
* C,; calculates LOpQCD 1 + 2 & 3 + 4 scattering if all 4 particles are in a thermal medium

1 d*p, d*ps d°p, vAE &
Col = — 200 j 2p9(21)° J 200 (2 J 200 (21)3 f)f )| M| [1 £ fFp)][L + f(pa)]2m)*6™W (01 + P2 — P3 — Pa)

C,; gives the rate density of collisions, i.e.,
d>R d’N 2 2

— 3 — 3
Cel (277,') d3p1 (277,') d4xd3p1

= total number of collisions is:

d3p
N = fd‘*x (2n)13 (2m)3C,, (@)

QGP A ’ Vs
+ % +



Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,p1) = Cei + Ginel
* C,; calculates LOpQCD 1 + 2 & 3 + 4 scattering if all 4 particles are in a thermal medium

1 d*p, d*ps d°p, vAE &
Col = — 200 j 2p9(21)° J 200 (2 J 200 (21)3 f)f )| M| [1 £ fFp)][L + f(pa)]2m)*6™W (01 + P2 — P3 — Pa)

* A comparison with vacuum:

Inside the medium:

d3N
(2m)3 437 = f d*x C,; = total number of scatterings N = J
1 QGP

d3 d3N
p13 (27_[)3 -
(2m) d>p,

Inside vacuum N = Lo:

d*p; 1 dps || 3]} @)D (py + Py — ps — pa)
L {llz_llz [J (21)3 f(pi)‘}‘}\/(lﬁ cpy)?% — P12P§; o X 2p§)2p§ {]1:—314 [j 2}9?(271')3‘} 4\/(291 ,)? — pr%




Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,p1) = Cei + Ginel
* C,; calculates LOpQCD 1 + 2 & 3 + 4 scattering if all 4 particles are in a thermal medium

1 d*p, d*ps d°p, vAE &
Col = — 200 j 2p9(21)° J 200 (2 J 200 (21)3 f)f )| M| [1 £ fFp)][L + f(pa)]2m)*6™W (01 + P2 — P3 — Pa)

Aside: This is a loss contribution to the f(p;) evolution on the Ihs. Indeed,

heavy quarks starts in the p; state and is scattered out of p; (and into p3), i
giving a reduction in f(p;), hence the minus sign.

(b)



Linear Boltzmann Transport for Heavy Quarks

* Valid for high E, assuming particles are (near) on-shell (= Q < Q.yitch)

* Solves the effective Boltzmann eq. for the phase space distribution function
p1 - 0f (x,p1) = Cei + Ginel
* C,; calculates LOpQCD 1 + 2 & 3 + 4 scattering if all 4 particles are in a thermal medium

1 d*p, d*ps d°p, vAE &
Col = — 200 j 2p9(21)° J 200 (2 J 200 (21)3 f)f )| M| [1 £ fFp)][L + f(pa)]2m)*6™W (01 + P2 — P3 — Pa)

Aside: This is a loss contribution to the f(p;) evolution on the Ihs. Indeed,
heavy quarks starts in the p; state and is scattered out of p; (and into p3), i
giving a reduction in f(p;), hence the minus sign.

* When running a Monte Carlo (MC) simulation, f(x,p1)

is replaced by sampled particles in the jet. (@
* Averaging over many MC simulations can reconstruct i s /
f @ po). . ,



Linear Boltzmann Transport for Heavy Quarks

» To calculate the collisional rate density for a single parton in the QGP (at LO pQCD)

1 d*p, d°ps d°py 1 _ 12 1
Cor ™ = M 1+ 2V 5@ (p. 4 1o — e —
et 2p9 j 2p0(2m)3 J 2p0(21)3 J 20 (2m)° F@Df (02) | M| TLEFDDIL + f 0)]12m)*8@ (py + P2 — P3 — Pa)

p1 and p5 are not part of the thermal medium:
i.e. they are part of the jet, whose guantum
distribution is MC sampled in LBT. This unlike
the QGP which uses classical hydrodynamics.

(b)



Linear Boltzmann Transport for Heavy Quarks

» To calculate the collisional rate density for a single parton in the QGP (at LO pQCD)

S
!

1 d3p2 d3p3 d3 (4)

)
* Leading order QCD |]V[| for 2 = 2 scatterigns

2 2
] 4n2a2( 2 )" + (s = M?)" +2M?t)
S +2
64  _u’+s? ”
Jim [} = —-n2a?—;




Linear Boltzmann Transport for Heavy Quarks

» To calculate the collisional rate density for a single parton in the QGP (at LO pQCD)

S
!

1 d3p2 d3p3 d3 (4)

)
* Leading order QCD |]V[| for 2 = 2 scatterigns

2 2
] 4n2a2( 2 )" + (s = M?)" +2M?t)
S +2
64  _u’+s? ”
Jim [} = —-n2a?—;

_ 12
For |]V[|b see Nucl. Phys. B 151, 429 (1979)
where the full expression is given.




Linear Boltzmann Transport for Heavy Quarks

» To calculate the collisional rate density for a single parton in the QGP (at LO pQCD)

1

_ d3p2 d3p3 d3 (4)
Ca~ =35 | o007 | o) vt (Of @2 T £ FGIEM S r + 2 =12 —p)

, : : - : M?
* The G;,,.; calculates medium-induced stimulated 1 — 2 emission at LO in (as,§)

d(Q?) as(Q?
ginelzf (QZ) ( )fdy?(y)
4 . 2q7y(1—-y)
P(y) [(1 — %) — ¥+ (1 — %) )(2] J,/dr? Guril2 =2 cos(r+/rfr)] iy = 21+
y(1 —y)Q*(1 + x)? y2M?
X = lJZ_

Ply)=Pl)+
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* Results with heavy flavors and future developments



An experimental observable

* To study the nuclear medium’s effects on parton shower, one computes nuclear
modification factor

X
CilUAA X is the leading (highest energy) hadron in a jet
R¥, = Pr (which can be of an identified species or not)
doyy,
Nbin de

* If an A-A collisions was the same as p-p collisions, then we can rescale the p-p collision by
the Ny, binary collisions = R, — 1.

* R44 < 1 stems from two different sources:
* |nitial state effects: nuclear modifications to the parton distribution function.
* Final state effects: creation of the QGP through which partons loose energy and the jet is quenched.




About the QGP medium simulations

* Using maximum a posteriori parameters of a Bayesian analysis using soft hadronic
observables, QGP evolution profiles were generated for jet energy loss simulations.

* Event-by-event simulations consist of
 TRENTO initial conditions
e 2+1D Pre-equilibrium dynamics (free-streaming)

e 2+1D 2" order dissipative hydrodynamics of QGP
 UrQMD simulation



R, 4 sensitivity to the presence of Q‘(Qz)

1.4
MATTER + LBT, HTL, t, =4 GeV? M
oL =+ MATTER+LBT, c;=5,c;=0, t, =4 GeV? JETEEWHIFE
[ == MATTER +LBT, ¢;=10,c,=0, t, =4 GeV?
- —— MATTER + LBT, ¢ = 10,¢, = 100, t. = 4 GeV?
VO 4 ewms, Do, 0-10% VSyny = 2.76 TeV
ALICE, D, 0-10% 0 _ 10%

0.8r

[a rxiv:2208. 00983]

e e R ‘:—':-l‘.:;)—i_r__,_

50 100 200

pr [GeV]

1.2F

MATTER + LBT,
MATTER + LBT,

HTL, ts =4 GeV?

c1=5, c;=0, ts=4 GeV?

[ == MATTER +LBT, ¢1=10, ¢;=0, t;=4 GeV?

- m—— MATTER + LBT, ¢1 =10, ¢, =100, t;=4 GeV?

:' 4 CMS, h*, 0-10% | *
- /Syy = 2.76 TeV 'HI
0—10% ==

JETILCAPE

eff = 0.3
(b) = Q2 =4 GeV?
- | | [arX|v 2208.00983]
-
;%:._r-f"ﬂ‘"-'::-i"—t'::"—'ﬁ___.
= ‘10 20 850 100 200
pr [GeV]

* |n all cases,
parameters were
tuned using light
flavor jets and
charged hadron R4 4

51



R, 4 sensitivity to the presence of Q‘(Qz)

1.4

MATTER +LBT, HTL, t;=4 GeV? M B MATTER +LBT, HTL, t;=4 GeV? M

[ ==+ MATTER +LBT, c1=5,c2=0, t;=4 GeV? d/ A= [ ==+ MATTER+LBT, c1=5, ¢; =0, t;=4 GeV? \U o * The orange curve is for
" MATTER + LB, : 10 2 0 t—acey: TETILAFE o MATTER + LB, 1 10 2 0 t=dgevz TLOFE qJ |
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e Blue curve: Q2 = 9 GeV?

* The same Q(Qz) used for light and heavy flavor = similar sensitivity to the switching virtuality t, = Q2.

e Will explore how the HF mass scale M and virtuality scale Q? affects § together, i.e. Q(QZ,M).
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e D-meson Ry, is sensitive to g = Q + Q at the ~20% level for both parametrizations of § (i.e.,
Q\(Qz) and qyry,)

54



1.4

1.2

1.0

0.8

0.6

Sensitinity of Ry4to g = 0 + @

[ —— MATTER + LBT M
[ == MATTER +LBT, nog-Q+Q e
[ MATTER + LBT, HTL JETSLAFE
I MATTER + LBT, HTL, nog-Q+ Q@
[ 4 CMS,D° 0-10% VSyny = 2.76 TeV
r ALICE, D, 0-10%
- o 0—10%
- —it?
s
[ (a)
A
10 20 50 —[00 200
pr [GeV]

=

oc

1.2

1.0

0.8

0.6

0.4

0.2

* To explore further: (i) §(Q?, M) and, also,

e Key message: future simulations of charm energy loss must include g = Q + Q!

(ii) in_)QJrQ(y, QZ,M) beyond the phenomenological approach used here.
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Conclusion and outlook

A multi-scale formalism, such as that present inside the JETSCAPE framework,

allows for a simultaneous description of light flavor and heavy flavor energy loss
inside QGP.

Realistic simulations of charm energy loss must include dynamical generation of
heavy quarksvia g — Q + Q.

Future physics improvement for heavy flavors energy loss to include:
» A multiscale-dependent §(Q?, M)
* A more realistic splitting functionfor g = Q + Q

* Including additional energy loss physics, such as longitudinal energy loss (&, é,)
* Explore bottom quark energy loss

A Bayesian analysis including heavy flavors is ongoing...



Thank you



Higher Twist Energy Loss for Heavy Quarks
« MATTER (The Modular All Twist Transverse-scattering Elastic-drag and Radiation) valid
for High E, High Q?

* Virtuality-ordered shower with splittings above Q2 > QZ,;:c,- This is unlike Pythia as the daughter Q3
is found before 0 between the daughters is known = 6, > -+ > 6, _is not strictly ensured.

* Example: Q = @

_ MU U
q" =pg + 4

= pp= ((1 - ¥)q", 20— ,—TL>

T4

12 + M? + Q2

Conservation of the

»
»

o )

component of the 4-vector

2+ 02 .
= ph= (yq+, <

= 9g= arctan (

l
2yq* |
1, YN
— = arctan lz >
i yqr -1 %

2yq*

12 =y(1—y)Q*—y*M?* — (1 —y)Q2 — yQ2




Linear Boltzmann Transport for Heavy Quarks

 Valid for high E, assuming particles are on-shell

* Solves the time-ordered evolution for the phase space distribution function
p1 - 0f (x,p1) = Cei + Ginel
* The LOpQCD 1 + 2 < 3 + 4 scattering is included in C,;

[

d3P4

[

2p3(2m)3

d3P4

_I_
2p?

2p3(2m)3

FOOf @M1 + F)IL + FpD1 2 *D(p + k — 1 — q)

F)f )| M|"[1 £ FDI + F()] @M@ (p + k — 1 — q)
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