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Jets in Heavy lon collisions eatlingjet

Jets interact with medium Tjet Quenching! 0
.

probe of the medium

<
beam axis
Outline of my Talk: //

» Coherent emission in medium
» Monte-Carlo algorithm for jet evolution ~—
» Single-jet results

* k;broadening /

* Entropy subleading jet
» Hard collision

» Dijet results
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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 > tmfp : coherent radiation

dI _ b fp

dar L /We
de Nastb?” _as w \

Look at range: wpy < w < W

\need effective kernel: IC(z, k1)

cf. [Blaizot, Dominguez, lancu, Mehtar-Tani: JHEP 1301 (2013) 143 ]
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BDIM Equation

Momentum distribution:

Generalizes BDMPS-Z approach om 2P
Includes transverse momentum broadening poptk
For gluon-jets: d’q X
or gluon-jets: JC k l‘ / dz / [2'—7( Q <5 _p{)) (aqat) o Qc(qujxpg)D(x:k:t)]
<

d’1
+ / S CHDLxk—L1).

Induced Radiation:

. , , Scattering:
K(Q ) = i) "mlz%lem [2%]
(S P73 : C(q) = w(g) — 5(q) f 2q'w(q)
w=xpg, ki, = /g0, Q=k—2zq, 0y =2z(1-2)p
. . =1 =2))?
G0=3f(2); f(2) =1=2(1=2), Peg(z) = Ne— =

Rohrmoser k; broadening in dijets 4



BDIM Equation

L [Blaizot, Dominguez, lancu, Mehtar-Tani: JHEP 1406 (2014) 075]
Generalizes BDMPS-Z approach ?

k; averaged Kernel:

/OOO d*QK(z, Q,po ) = QTF\/:N K(z) —— K(2) =

Py / 2(1 = 2)]

%D(:g,k,t) = tifol dzK(2) L—t %D (i—: ;a) 0(z —x) — %D(wak;t)] /

Integrate over k

!

X

ot

X <
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Different models

. . . . p 1 d2
> Broadening in branching: = D(x k1) = / dz / (2‘)’ [zx(Q,z, D ( ,q,r)—x(q,z,xpgw(x,k,r)
. : dzl
Eoftcat'termg 167%a’ N +[(2 )? Dlxk=L1).
cattering: y(q) = o Ve
167202 N.n
* Scattering: w(q) =
l9) = q°(q? ‘|‘mD)
> No broadening in branching: 9 1 ll\/g (f k ) A ] d’q _
g g BD(m’k’t)_t*/.g dzK(z) = Q:D z’z’t 0(z — ) ﬁD(m,k,t) +f(2ﬂ)20(Q)D($vk q,t)
o 1672’ N.n
Scattering: w(q) = o
1672 N.n

* Scattering: w(q) = 2@+ m2)

» Gaussian broadening:

x given bva D(x,t) = tlf dle(z)[ gp(g,t) e(z—a:)—%D(wat)

L given by Gaussian distribution with variance o2 ~ §L
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BDIM Equation as Integral Equation

%D(:@,t) :ti* /Oldle(z)[ “D (%) —%D(m,t)]

v
1—e¢ 1

D(z,7) = e_(b(‘”)(T_TO)D(:E,TO) —|—/ dT’/ dzf dyd(x — Zy)\/EZK(Z)€_¢($)(T_T,)D(Q,T,)
TO L

0 0

Pt o) = — /01_6dzz]C(z)



Other codes implementing
BDMPS-Z:

Monte-Carlo algorithm ARTIN JEWEL, QPYTHIAL
D(z,7) = e~ @70 D(2,79) + /T d'r’/l_6 dz /1 dyo(x — zy)\/gzIC(z)e_‘f’(f“)(T‘T')D(y,T') M
|
Set/Select zg
at 7o

Repeat for next
stepinTandx

N
C
stoponce 7 > 7, A
S

Analogous for the kr
dependent equation in

z kr, and,T!
Rohrmoser k; broadening in dijets 8




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

16722 Nen

K(z) wla)= a2(q2 +m?%)

D(xk_t =0 fm) [GeV] D(k,k,t = 0 fm) [GeV™]

[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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Evolution of D(x,k,t) (2/2)

. w(q) = 16m2a2N.n
(2) a*(q® +m3
D(xkt =2 fm) [GeV"] D(k,k,t = 2 fm) [GeV™]
0.025
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;886
"'/Gel/4 2 0 g 10
7 T2, 2 % 2 oo
6 ¢ g 2 @ Kk, 1Ge

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

always same distribution for K w(g) = 167°aZ Nen
changes p — P+ q _ (2) a*(g> + m})
.. > B t=1fm
—>central limit theorem 2 0.16:— MC solution: MINCAS
) d%q —0.14
9 Dla,k,1) :/ C(q)D(x,k — q,1) =
ot (2m)? 012
1 1 [ -
+— [ dzK(z2) 5 01
t* 0 5 B
1 [z r k z 0008
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 >
—2Z1P +q1 + q2 Figure: [Kutak, Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]

—>ZQ(21—|—Q1—|—C]2) — ...
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k: Broadening

K(z,Q), w(l) = 0

D(kT,t) [1/GeV]

1072

t=0fm
t=0.1 fm
t=1fm
t=2fm
t=4fm

Rohrmoser
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k; broadening in dijets

~

D(.CE, kT, t) = QWICTD(J?, kT, t)

K(z), w(l) e I*
.
s | - t=0fm
= wen t=0.1fm
5 1™, cee t=1fm
Y t=2 fm
107! =y """"w wen t=4 fm
1072

k; [GeV]
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k: Broadening D(w, kr,t) = 2mkr D(w, k. )

K(z), w(l) =< I'* K(z), w(l) o< I?/(P+m3)

m— t=0fm

Dik_.t) [1/GeV]
T

D(k_.t) [1/GeV]

-

-3 |
0 2 4 6 8 10 12 14 107, > a 5 ) 10 12 14
k; [GeV]

k; [GeV]
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k: Broadening

Gaussian approximation

~

D(.CE, kT, t) = QWICTD(J?, ]ﬂT, t)
K(z), w(l) o< PP/(P+m2) K(z), w(l) e I*
s S |
8 — t=0fm 8 1L. — t=0fm
% man t=0.1 fm ;:F Ch man ¢ =0,1 fm
Jé_ i men t=1fm ,% 1;-._ man t=1fm
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ol AT wer t=4fm 1o :':1,% wen t=4 fm
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K(z,Q), w(l) = 0 K(z,Q), w(l) e I%/(P+m32)
=
3 - t=0fm - t=01fm
= H wer t=0.1fm wer t=0.1fm
,S’F ‘ = ]_ fm -‘\‘;r mimn t = 1 fm
=2 fm J}\ —— « t=21fm
107" =4 fm - e s, men t=4 fm
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1072 .{
% Y
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! % Y M
] 2 A
1072 ! -’ ‘ -1 N 102 I . I I . .
2 4 6 8 10 12 kT1[éeV] 0 2 4 6 8 10 12 KT1[?3 o]
[Blanco, Kutak, Ptaczek, MR, Straka, arXiv:2009.03876]
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Entropy for leading particles

DEIta'Entropy: [B. Chen, Y. Zhu, J. Hu and J. C. Principe,System Parameter Identification. InformationCriteria and
Algorithms. Elsevier, 2013, https://doi.org/10.1016/C2012-0-01233-1]

SA(t) = =Y pi(x,kr,t) Inpi(x,kr,t) + P(t) In [Ax Akr]
=1

A[E%O,AkT%O

pi(x.kr.t) = [D(x,kr.t) AxAky | . = [2ky D(x.kr,t) Ax Akr),

i

Sa(t) — —/dmdka)(x,kT,t) In (f)(g:, kT,t)) P(1) = )Ep-(x -
i—=1
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Entropy for leading particles

S,(1)-S,(0)

12

--------------------------------
-

10

K(z), Gaussian k_ broadening
K(z), w(l)< I*
K(z), w(l)= (F(P+m3) )"

° cnimiene K(z,Q), W(1)=0
- K(z,Q), w(l)<I*
4 = K(z,Q), w(ly= (F(P+m2) )’
2 -
0 _l 1 1 1 I 1 1 1 1 l 1 1 1 1 i 1 ! 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 ! 1 1 l 1 1
0 0.5 1 1.5 2 2.5 3 3.5

4
t [fm/c]
[Blanco, Kutak, Ptaczek, MR, Straka, arXiv:2009.03876]
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Entropy for leading particles

¢ =2 GeV?/fm
S,(1)-S,(0)

ol i m FA BRI R My
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8— AR — K(Z), Gaussian k_ broadening

cmmmmnans K(2), W(l<

i K(2), Wl (F(P+m2) )
creimiaie K(z,Q), w(1)=0

- =imimimin K(z,Q), Wl I

- e K(z.Q), w(lp= (F(F+m3) )"

| | | | | |
107 1
[Blanco, Kutak, Ptaczek, MR, Straka, arXiv:2009.03876]
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Entropy for leading particles

S,(1)-S,(0)
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0 0.5 1 1.5

2 2.5 3 3.5

[Blanco, Kutak, Ptaczek, MR, Straka, arXiv:2009.03876]
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Entropy for leading particles

S,(1)-S,(0)
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Jet Production(1/3)
Cross section = f
PDF1(or TMD1)*PDF2(TMD2)
*hard cross section
*fragmentation of jetl
*fragmentation of jet2

} Here via KATIE

] Here via MINCAS

Py
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Jet Production (2/3)

k; factorization:

dopp :/ d*kyr d’kor 1 ‘Moﬁf—s*hell 2
dy1dysd?qird2qar T m  16w2(z1w98)2" 99 T

><5(2) (ElT + E2T — CflT — C_TQT) fg(ajla k%Tv N%)Fg(aj?v k%Tﬂ M%)

fg (337 k%a p%) ...transverse momentum distribution (TMD)

full phase space access at LO
particularly relevant at low x
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Jet Production (3/3)

Factorization for AA collisions:

do sa ) /1 d7 R i do
— 0 “5(nt — 70V (p -1 — a\D + pp
i, fd q/dl 7 o(p™ —xq" )0 (p q)D(z,1,7(q ))dﬂq

dQ, = dq+d?q 7(qt) = Qele qq;L

d*o A 5 5 da:l n dxo N
Q Q — — —
dﬂpldﬂp2 /d q1 /d q2 /d I /d l2/ :1316]1 )/(; T 5( 582q2)

- . d?o
0 (py — 1y — q1)0P (pa — Iy — qo) D (21,11, 7(q] ) D (&2, 12, 7(q3)) =
dSd,, dS2,
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Program: KATIE+MINCAS

e Use KATIE for hard initial collisions:
= PDFs/TMDs for colliding nucleons

= Hard collision cross-section (Monte-Carlo
simulation)

= Resulting particles—initial particles of jets

* Jets: by MINCAS

= Monte-Carlo simulation of BDIM equation
= Time-evolution of jets in medium

w



Raalpr) =

Rohrmoser

Roa 1.2<|y|<2.1
- [5,n=2.76 TeV
B —— ATLAS-data, 0-10% centrality
o8- PDF: CT14NLO, T=250 MeV
i —— TMD: CT14NLO-DER, T=250 MeV
0.6/ T :
_%.ﬂ,:::—} ----- et
0.4— 1 1
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0 _l | 1 1 1 | 1 1 1 | | 1 | 1 1 | 1 | 1 1 |
50 100 150 200 [GeV] 250

[v. Hameren, Kutak, Ptaczek, MR, Tywoniuk, Phys. Rev. C 102, O4491Ig]T
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Azimuthal Decorrelations
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[v. Hameren, Kutak, Ptaczek, MR, Tywoniuk, Phys. Rev. C 102, 044910]
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Azimuthal

Decorrelations

d AG [nb]
1L /5,=2.76 TeV
= P, >50 GeV
Normalized - 1.2<y|<2.1
to maximum! |
10—1 E_ e PR
102 e
[ mme vacuum
[ medium: Gaussian k .. broadening, T=250 MeV
- —— medium: Non- Gau33|an k ; broadening, T=250 MeV
||||I|1|||||||I||||||||||||1||1|
2.5 2.6 2.7 2.8 2.9 3 ‘k
[v. Hameren, Kutak, Ptaczek, MR, Tywoniuk, Phys. Rev. C 102, 044910] A(P rad]
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Summary

* MINCAS: jet evolution based on coherent emission and scattering
* Combination with KATIE: allows for calculation of jet-observables

* Transverse momentum broadening differs from Gaussian distribution
e ...leads to broadening in angular dijet decorrelations
* Entropy of leading particle increases with k; broadening.

Outlook

* to account for quarks
* to study more forward processes



Thank you for your
attention!
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Processes In Jets

scattering... ...splitting... ...induced radiation
) /
>
>

Transverse momentum

Bremsstrahlung as

transfer! in vacuum. Momentum distribution:
p—p+kr p— zp
Scattering Kernel: C' (k) +Momentum transfer:
p—zp+kr
Average transfer: ¢ Kernel: K(z, kr)

Our results: combination of scattering and induced radiation processes!
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Turbulent behavior (1/2)

Ct=1fm

— X and k evolution

—— x-only evolution

-

-..'....

M

- Seim | f E
e — xand k evolution | | — 4,
cﬁ ! —— x-only evolution n
L 10¢ |
Zf I -
D i -

1: |

- § 1L
107" _ g _LH\
10_2_ . -ﬂew-"""'/ | 10‘1

Rohrmoser
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>y [l

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

[Kutak,Ptaczek, Straka: Eur.Phys.). C79 (2019) no.4, 317]
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Turbulent behavior (2/2)

10""""""""I""I' | AL L

£ =iy £
QV x and Kk evolution < =
n —— x-only evolution roy N T el ]
% rr|.rr % i
a 50

f,fHI t=4fm .

1 , 102 x and Kk evolution
i o —«— x-only evolution

:
L
|
- 7 107
M,

-....,....--d""'d

\
)_

1074 %
0 01 02 03 0.4 05 06 0.7 0.8 0.9 x1 0 01 02 03 0.4 05 06 0.7 0.8 0.9 x1

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

—32 [nb]
j —
102 — V'SNN=5.O2 TeV, forward: pT>30 GeV,2<y<3, central:pT>100 GeV,-1<y<1
- mmee Vacuum
— ‘\‘ --------- medium: Gaussian k; broadening, To =400 MeV

medium: non-Gaussian k; broadening, TD =400 MeV

10

o
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kr Distribution(2/3)

fz)=1-z+2% x>10*
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[Kutak,Ptaczek, Straka: Eur.Phys.J. C79 (2019) no.4, 317]
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kr Distribution(3/3)

w(q) ~ 1/[q*(q*+m3)]

~t=0fm

" .dni"‘ﬁ"lh a i

—1IIII L L 1. | T I Ay | | W S P | | T T | | W Y | | 1R gy ey | | I [
1004735 325 2 45 -1 05 0

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

Integrate over d2k
v
%D(;c,t) - ti/: dzK(2) [ “D(Z.t)b(z— ) - %D(m,t)]

v

For comparison with full equation: add k selected from Gaussian!  width: 02 ~ L
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Medium Model

Bjorken Model: fixed free resulting
1 > 2
_ to)3 cg 37 |to 06 fm/c| (¢  0.54 GeV~/fm
T(t) 1o ( t ) cn, 95.228 |t 5 fm/c (n) 0.154 GeV?
T ..temperature at time ¢ To 0.4 GeV | (mp) 0.684 GeV

Ty...temperature at time ¢

From Phenomenology (the JET-Collaboration):

N

Taylor expansion, lowest order:

A 3
q(T) = c,T
[JET Collaboration, Burke et al.: Phys. Rev.C90(2014) 014909]
From HTL:
Nc  Np
m% — ( 3 -+ G g2T2

cf. [Laine, Vuorinen: Lect. Notes Phys.925(2016)pp.1-281, 1701.01554]
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Bose-Einstein/Fermi-Dirac Distribution

n(T) =ng +ng +n, =c,T°

cf.:[K.C.Zapp, PhD-Thesis, Heidelberg U., 2008]
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Azimuthal Decorrelations (ratio)

Rohrmoser
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Rua ly[<2.8
dN a4 T
de -
Raa(pr) = o I
(Tan) L 08—
doaa —
dpr B —
do'pp 06_— +++_'-____{_‘_r """"""""""""""""""""""
dpr _-F% )
04— . _
u 0-10% centrality, ys,,=5.02 TeV
B ATLAS-data
02— e PDF: CT14NLO, T =400 MeV
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