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based on:

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918], [MR, arxiv: 2111.00323] (quark+g|uon jets; Monte-CarIo)
[Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014] (k; broadening in gluon jets)

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317] (Monte Carlo for gluon fragmentation functions)



QGP tomography via hard probes

Color degrees of freedom (quarks and gluons):
Confined within proton and neutrons

...collision experiments for heavy ions e.g. at the LHC at CERN or at RHIC at BNL



QGP tomography via hard probes

...liquid state, Quark Gluon Plasma (QGP)

...tested via hard probes:
highly energetic, strongly interacting particles



QGP tomography via hard probes




Jet Quenching

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

]
C § CMS Experiment at LHC, CERN
3| Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265
Lumi section: 14
Orbit/Crossing: 3614980 / 281

subleading jet




Processes in jets in the medium

scattering... ...splitting... ...induced radiation

7 j’mz ,/j

Bremsstrahlung as

Momentum transfer! i vacuum. Momentum distribution:
p—=>p+Q b ep
Scattering Kernel: Momentum distribution: +Momentum transfer:
op p— 2p p—zp+Q
0t92Q (QT)Qw(Q) DGLAP-Kernel: Kernel: gap_ ., K(Q, 2, ps)
2p 6t8282 o 271' 2 ? +
Average transfer: 887;5‘2“ x %Pij (2) 3~ o)

This talk: combination of scattering and induced radiation processes!



Coherent emission

...a la BDMPS-Z [Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov]
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thr ~ ty pp: ONe scattering + radiation
...Bethe-Heitler spectrum
tor 2> tmfp : coherent radiation

dI L _ b fp

- = /e
wdwwastb?”_as w \

Look at range: wpy < w < W,

\need effective kernel: IC(z, k1)

cf. [Blaizot, Dominguez, lancu, Mehtar-Tani: JHEP 1301 (2013) 143 ]
[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]



Splitting Kernels for Quarks and Gluons

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918], [Blaizot, Dominguez, lancu, Mehtar-Tani: JHEP 1301 (2013) 143 ]

2P;;(2) . (QE) ( QE)
:-K:f 3 <3 g) = ] 3
(@2 = g o k) g \
by = \/Z(l = 2)pg fij () f\qf O*Pepric (Q z )
fag(2) = (1 —2)Ca + 22Cy 8;8282Q o (271-)2 y 2y P+
fag(2) = Cp = 2(1 = 2)Ca, ataxgszpé% = 552K(Q, 2, Zpg)
fyq(f:) = (1 — E)C;‘l + z CF lfooo dQQX
foa(2) = 2Ca + (1 — 2)°Cp -
o z + X TE %\/E]C(Z)
_O> Zp()‘ 0 73S lit 1 1 Qg Cj
N\ e dz\j/zlc(z) = T
© T Vart* o<t

Generalization of BDMPS-Z approach



Scattering Kernels

Used right now:

2.2
q m”T o
Iw." {q) — . ‘ ? g = 47'-_'“:1'
' q?(q? + m3)

16m? f.r_;f Nenmed

q’

wy(q) =

Nmed - - - density of scatterers
mp ...Debye mass
T ...medium temperature

wq(q) = EEwy(q)



Sudakov factors

Probabilities of interaction:

1—e 2 2
d3q d°q
J(,L} —l’.!,,f dz -/;}” m [ﬂ:yy[{], e by LN ] | Erfﬂ(q'.'zuwiﬁ” }] f /;}rmi (zﬂ)iwy

ou(a) = [t [ @zt [ L.

IIIIII

Probability of no interaction for particle A over time (t,-t,):

.ﬁﬂ{ﬂ:‘, to — tlj = exp {—@A{I](tg — tl}] ... Sudakov factor

(a)
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Other codes implementing
BDMPS-Z spectra:

Monte-Carlo algorithms for jets

MARTINI, JEWEL, QPYTHIA, ...

70
¢(x0) Ao, 71 — 7o) Analogous for the k7t
K(2) dependent equation in
m [T dz'K(2) z, kT, and, T and
Ir1 = 2X¢ — (1 — 2 330 system of equations!
qb o) A(xo, 70 — T1)
TMDICE code: [MR, arxiv: 2111.00323]
%37 L4 Repeat for all *  Written in C++
: . steps inTandx * Source code available at
1 > until 7 > 71 https://github.com/Rohrmoser/TMDICE
TL 5 ="



Link to Evolution equations

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]

Collinear evolution: K(z), w(q) =0
(Z) D(z,7) = z%Y

T 1—e€ 1
D(xz,7) = e_qb(m)(T_TO)D(x,To) +/ d’r'/ dz/ dyd(x — zy)\/EZIC(z)e_qb(m)(T_T’)D(y,T’)
T0 € 0 L
A

Monte-Carlo algorithm that solves P 1 1 o " -
these evolution equations: —D(x,t) = == / dzK(z) [\/jD (— ) — —D(:U,t)]
0 T z

ot NE:
MINCAS \
[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) 4
no.4, 317] T = = Exist direct methods: Chebyshev method, Runge

Kutta... [Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014]
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System of Equations for quarks and gluons

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]

(z, k, ) / dz/ o )Eafq{Zﬂng (Q z, pﬁ{) D, (;qjt)+f}<:gq (Q;ETEPJ)ZD% (;q}t)

d21
- [Kyg(q,,z, M’LT) + Kqg(q, zwif-’i“ar)} Dg(:t:,k:,t)} + / (27]2 Cy(l) Dy(z, k —1,1),

T 1 T
() Dy, (z,k,t) = Adz/ o )2(15‘,{ a4q Qz pU)th. (E,q,t)—l—NF q;(QE p[])Dg(Eat_IEt)

d?1
- :k:rfff({i'r 2 J_‘,;U(—JI,_) in(:l:, k, t)} N (2 )

Cy(l) Dy, (z,k —1,1),
Ca(g)(l) = wg(gy (1) — (1) [dglf ?uq{g)(l’*)
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Fragmentation functions (1/4) «, . mi) e~ e

q*( 2+mD)

Initial gluon, t=0.1 fm Initial quark, t=0.1 fm
D(x) —— MINCAS, gluons D(x)
102 = TMDICE, gluons
S Chebyshev method, gluons
............ MINCAS, quarks
10 o TMDICE, quarks
=imim Chebyshev method, quarks

01001 607 0809 1 075 SRR T g gyl
X X
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Fragmentation functions (2/4) ... e - L

g q*(q% + mp)

Initial gluon, t=4 fm

0750102 03 04 05 06 07 08 09 1 0.76-0102 03 04 05 06 07 0.8 09 1
X X
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Fragmentation functions (3/4)

167T2OJ§NCTL
q*(q* + m3,)

}CzJ(QaZaSCpE')_) wg(q) -

Initial gluon, t=0.1 fm Initial quark, t=0.1 fm

— MINCAS, gluons
TMDICE, gluons
MINCAS, quarks

-=e TMDICE, quarks




Fragmentation functions (4/4)

167T2a2N n
_|_ C
}Cij(QaZaSEpO ) wg(q 2+mD)
Initial gluon, t=4 fm : Initial quark, t=4 fm
D(k.)
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10_2 -\
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107
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0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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Different models

» Broadening in branching: }Cij(Q A xpBL)

* No scattering
* Scattering: wq) = 167202 N.n

4

q
. 16m° a2 N,
e Scattering: wg(q)z 22% 2”
q*(g® +mp)
» No broadening in branching: Kii(2)
. w22 en .
* Scattering: w(q) = = q4N Constant medium parameters:
1672 N.n L0

. ring: w(q) =
Scattering: w(q) (@ + )

» Gaussian broadening:
x given by collinear evolution without scattering via }C,L-j (z)

L given by Gaussian distribution with variance o2 ~ L

18



Departure from Gaussian broadening

always same distribution for . w(q) = 16m°a;Nen
changes p > p+4q _ (2) @*(q° + mp)
.. > B t=1fm
—>central limit theorem 2 0.16:— o MC solution: MINCAS
o d%q —0.14
9 (e, k, 1) :/ C(q)D(z, k — q,1) =
ot (2m)? 012
L oo
+— [ dzK(z2) 5 01
t* Jo =< I
1 /z r k z 2008t
—JED(Z. 2 )0z —a) — Z=D(z, k¢ i
G20 (2 E0)06-a) - D@k|
0.04|
Splitting 3 la p — 2p Virtual emissions 0.02}
- perturbations of For example: oF =R TR PR R P I
different sizes pP— z21p — 21Pp + q1 -0 8 6 4 -2 0 2 4 6 K ?Ge\;]o
—>non Gaussian behavior >
—2z21P + q1 + q2 Figure: [Kutak, Ptaczek, Straka: Eur.Phys.J. C79 (2019)

—>22(21 +qq + QQ) — ... ho.4,317]
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k; Broadening (1/3

~

D(ZE, kT, t) = QWICTD(J?, kT, t)
Gaussian approximation K(z), w(l) =< FZI(I2+m%)
s s 1
3 — t=0fm § 1L. — t=0fm
= =en t=0.1fm S wen £=0.1fm
g wen t=1fm & kY wen t=1fm
_ig ;51':' b t=2fm e t:zfm
1077 ‘E .lim. x men t=4 fm 107" ,{LM man t=4 fm
A r % ,
S P o
R
1024 3 : % 102
107 "-E"-Q‘-E'-hljf " .ii..l-Ja-.d..i..i-.l-.ﬁ..'-1.1.%.1..&.&.1.].2.‘..'..1..L.d.. 107 2' 4|1 é é 1‘0 1'2 1‘4
k; [GeV] kr [GeV]
K(z,Q), w(l) e I%/(P+m32)
g 1 — t=0fm
= - se t=10.1fm
!% = mmn t = 1 fm
. :

a t=21fm
e e t=4 fm

102

‘ o .J:.Eii-.h.ﬂu-'.-.
8 10 12 14 0 2
k; [GeV]

14
kr [GeV]
[Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014]
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k; Broadening (1/3

Gaussian approximation

~

D(.CE, kT, t) = QWICTD(J?, kT, t)
K(z), w(l) o< PP/(P+m2)
s S |
g | — t=0fm & 1L. — t=0fm
% man t=0.1 fm ;:F Ch man ¢ =0,1 fm
N aws t=1fm N Y wen t=11fm
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S R
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14
kr [GeV]
[Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014]
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k: Broadening (2/3)

Gaussian approximation

K(2), W(l) o< [%(P+m2) K(2), w(l) o< I*

R i “ﬁc"-—"::""“ oy i " .
el BV e
i

3 — t=01fm § § -
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[Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014]
22



k; Broadening (3/3

2,12 K(z), w(l) o< I*
Gaussian Approximation K(@). w(l) o< F/(I"+mg) S i @), wil)
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[Blanco, Kutak, Ptaczek, MR, Straka, JHEP 04(2021)014]



In cone energy

Fin—conc(®) = [i dz [Z7 dp [TE5"° dkpky D(x, Kk, t)

Initial gluon, ® =0.1

E-cons(D/E

E "
B ] ‘I‘l: . i
107 =
107
Final distributions
| |we==  Gluons mm Quarks
= Sum ==  Ansatz | I I
1 L1 T 1 T | T 1 11 ] 1 [
m—aﬂ 2 4 6 8 10 12

t [fm]

B cone(D/E

107"

1072

102

0

Initial quark, © = 0.1

0 2 4 6 8 10 12

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]

t[fm]
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In cone energy

Econe(D/E

107"

102

102

Fin—conc(®) = [i dz [Z7 dp [TE5"° dkpky D(x, Kk, t)

Initial quark, © = 0.1

2 4 6 8 10 12

t [fm]

0

Initial quark, © = 1.0

w 1%.
b - Sakad . .
ur® - =
g % ECE B0y -y B
1[]_1__ -‘_‘I'I Il.l""l—...'
= \:
1072
l l 1 | 1 l 1 | 1 l 1 | 1 1 1 | 1 1 l | 1 1 l | 1 1
1075 2 4 6 8 10 12

t[fm]

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]
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Summary & Outlook

* Monte-Carlo algorithms TMDICE and MINCAS based on coherent
emission and scattering for quarks and gluons

* Transverse momentum broadening differs from Gaussian distribution
* Gaussian distribution: smallest k; broadening

 Clear ordering of broadening effects

e Quark jets keep more energy inside a jet cone.

* Covers regime of coherent emissions: requires underlying events (hard
cross section) and cascade evolution outside of medium (vacuum like
emissions)

Thank you for your attention!
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Back-up slides



16m2a?N.n

Evolution of D(x,k,t) (1/2)

’C(Z) w(Q) - qg(qg n sz)

D(xk_t=0 fm) [GeV"] D(xk_t = 2 fm) [GeV"']

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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Evolution in X

Initial gluon
107 5
H— t=01fm — t=1fm I
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[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]
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q
]

) w
2 fm) [GeV?

t

D(k

0 fm) [GeV?]

t

K

K,

D(

Evolution of D(x,k,t) (2/2)

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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Probabilities for interactions

)%ZBTQ i

Y

¥y

Aalz,tz — 1) ((gﬁ}z Kpa(Q, Ea-TFH)

Ay, tz — 1) ((gi}gwﬂq})

(Ag(x,ty — t))dalx)) ( Kpa(Q,z,zp, ])

> P‘HA{I)) pBAa(T) ) ( 1 ¥
ff} {1:) Z” {1) (I] [Eﬂ' 2
) poate)) \poatz) ) Saterta =04 (585 ) (75 @ a@)

Splitting Probability for

Scattering

probability  splitting into B 1 2 .
pBa(z) —-'-Tsf df«’] m—éﬁgfq(q, z,apy) Probability
£ q=0 {

2
Wa = [ ampat@
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BDIM Equation for Gluons Scattering:

_ _ 2 ./ /
[Blaizot, Dominguez, lancu, Mehtar-Tani: JHEP 1406 (2014) 075] C(q) = w(q) —d(q) /d quw(q)

mﬁm@g q g %
o3 xz,k,
D(z,k,t) =« gc(ant)

< B, ;

For gluon-jets: ED(Jc,kgl‘):‘)‘s

ot

Average Kernels over ()

z €T z z

Integrate over k

%D(:ﬂ, kot) = ti/gl d2K(2) [lg ‘D (f E,t)) 0(z — z) — %D(x,k;t)] +/ o C@D(.k — a,1)
l

% bty =L /Oldz,qz) [ “p (L) - %D(gg,w] D) = [ d®kD(z,k, 1)

xr Z
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Effective Splitting Kernels

Assumptions:
Transverse momentum
transfer only,

harmonic oscillator
approximation,

static medium,

static scattering centers.

T 12 4 (0)— [2 ds () (u(s),) A
AU torwy. 1) = Du etz Jty ds87(s)— [ dsn(s)aee(u(s),v
Lij(uz, t2; u1, t1) /u“]}:ul v=2zr;+(1—2)ry—r;
()'I- (;- - (:r (_;1'_ (:' - (/ - () ()' - (:'E
Tefr (U, v) = + 2"" L o(u) ks 2“? Eo(v+ (1—2)u) 4 s 2“? o(v — zu)



Turbulent behavior

EIOZ;"' [ t=01fm | § E “t=1fm |
- T — x and k evolution | | — 4, —— x and k evolution | [’
CIT 10 - —— x-only evolution I —— x-only evolution
- - F X
X f =t iy
O L i

| I

L1 1IIlil
—r
I¥

107" PJFF,HFHJ L
‘ N
U IS S / o \"*-...._,,

O 01 0203 04 05 06 0.7 08 0.9 );I O 01 02 03 04 05 06 0.7 0.8 0.9 );I

1072

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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Evolution in ks

Initial gluon

= t=01fm =— t=1fm
t=4fm
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1072 ¢

Oy m——
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=L ITTTE

Initial quark
E.a — t=01fm — t=1fm
ot t=4fm
S W — b - B

0 2 =

6 8 10 12 14
kr [GeV]

[Blanco, Kutak, Ptaczek, MR, Tywoniuk,arxiv: 2109.05918]
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Turbulent behavior (2/2)

f"'\‘lo rr.rl LA LI rryJyrrrrrrrr e rr T r LT LI —_ UL T T LI L=
£ t=2fm £ 1 =
[V x and k evolution | | <~ 1E s b
n —— x-only evolution roy N E\‘“—-‘ e :
X X 0 -
a 0 -
I f_f - t=41fm -
1 - , 1072 x and k evolution
1 : - —— x-only evolution
) o s '
Y /.r’ 1073 ;
i R B - i
10~4§ %
0 01 02 0.3 0.4 05 0.6 0.7 0.8 0.9 X1 0 01 02 03 04 05 0.6 0.7 0.8 0.9 X1

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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Diffusion approximation (1/2)

%D(x,k,t):i 0 dle(z)[ (D( )e(z—m)—TD(xkt)]

d2
(2m)? C(q) D(z,k —q,t),
d _1 ! 1v k
< Xz Z

1



Diffusion approximation (2/2)

t=0.0675

%l || — NINCAS, §=1GeV/fm

('.2, — | —=——  Diffusive approx., g=1 GeV3/fm

N ~ | —=——  Diffusive approx., g=45 GeV/fm
ffl_ ————  Diffusive approx., g= 1500 GeV*/fm
—=——  Diffusive approx., = 3500 GeV*/fm




