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Mach Cone vs. Diffusion Wake:

Why I believe the latter
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Jet - Studies in HIC I ONIVERSITAT
Can energy lost by jets tell us something about medium properties?

* Medium behaves like a fluid => Data described by hydrodynamics
—> Idea: Propagation of fast parton generates a Mach cone pattern

—> reflect interaction of jet with medium

Mach cone angle sensitive to EoS

cos ¢, =C./V

By observation:
= Study EoS of the fluid
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—> Redistribution of energy to lower p;-

Jet - Studies in HIC II

Generation of Mach cone pattern

particles
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near-side
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Re-appearance of the away-side for
low and intermediate p;ass°c
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Modelling of Jets UNIVERSITAT
8 « Jet deposition mechanism unclear

" — GLV, BDMPS, ASW, AMY, Higher Twist

1.2 .
. . |Do-nt| < 2.14 :
1.1 <p"9<6 GeV/c ]
/ - F % :;Ef'gjoes\e/(//cf
1 — inclusive 7
Jets can be modelled using hydrodynamics: o | % ;
S 0.9¢ A 5
I o G H " :
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/ A 0.7E ) +

not the source term of the jet

I
|

0.6}

:

» residue of energy and momentum given by the jet °95
0-4_ | I | I | 1 |
. . . 0 200 400 600
e this residue is unknown AR i
ch n

STAR, Phys. Rev. Lett. 95, 152301 (2005)
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Study Jets in (3+1)d Ideal Hydro ONIVERSITAT

e Hydrodynamics represents (local) conservation of
energy-momentum ﬁﬂT”V -0 = 9 (=S
(local) charge o N =0

o If matter is in local thermodynamical equilibrium

T*=(e+p)u“u” —pg"” u'=y(L,v) y=(1-v*)""
N“=nu” g“=(+1,-1,-1,-1)

e EoS p=p(e)=e/3
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.. coerE §2
The Caveat: Freeze-out Prescription oueei

Cooper-Frye Freeze-out:

dN
p-dprdg

C |V expl-y(E-p V)/T]

L» ~J e—l—p'V

—> mainly flow driven

e Assumption of

isochronous/isothermal freeze-out

e No interaction afterwards
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Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)

a) without QGI/ \\ b) with QGP z
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Punch — Through Jet I ONIVERSTTAT
Applying a static medium and an ideal Gas EoS for massless gluons

L Maximal fluid response
Assume: Near-side jet is not modified by medium

7 1oy PY = (E,M)
5 j dP™ 5 (x - x (1)) e
dt

XH(7) =X + Uyt

Ty =200 MeV, v=0.999

Ty =200MeV, v=0999

4 4
3 240 . 240
2 CEN 2 230
= 1 220 %' = 1 290 %‘
. =3 =0 =
> 210 > 210 &
2 200 2 200
j 190 j 190
T T £ 4 3 -2 -1 0
x[frm] % [frn]
dE _, Gev dM_,Gev v=0.999 dM dE . _GeV t=4.5/v fm
dt fm dt fm dt _ dt — fm
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Punch — Through Jet II ONIVERSTTAT

Tq = 200 MeV, v=0.999 Ty = 200 MeV, v=0999
4 240) 4 240)
3 3
2 230 2 230
— 1 220 = — 1 220 =
E 0 E‘ E 0 E.
™4 210 > 210 &
-2 200 -2 2001
= 190 = 190
4 4
5 4 3 -2 -1 0 1 5 4 3 -2 -1 0 1
x [frn] x [frn]
d_E:1_5@, d_MZOGiV v=0.999 d_M_d_E_1 5GeV t=4.5/v fm
dt fm dt fm dt _ dt - fm

—» Mach cone for
sound waves

—» Diffusion wake
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Punch — Through Jet III UNIVERSITAT

arXiv:0812.4401 [nucl-th]

1.4 .
... awacemevin—— | Normalized, background-subtracted
isochronous Cooper-Frye at mid-rapidity
) AP [Fymam (U P, T) — £, ]
ppoTde¢ f Boltzmann ! ! eq
. Energy Flow Distribution
'5' 0.8 It
s osl dE Lo .
3l — = [d’% E(X) 8(p— (X))
= 04 _:,“ L d¢dy y=0
02w, / .
. m, (Xx)
O:ﬂ; 3n/2 2% @(X) — tan_l Y N
¢ [rad] mX (X)
Diffusion wake causes  Assuming: Particles in subvolume will be
peak in jet direction emitted into the same direction
arbara Betz Helmholtz R h School
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Punch — Through Jet IV

arXiv:0812.4401 [nucl-th]
14 'y=0999 ——

Does the jet-pattern reproduce
the features of a Mach cone?

CF(g)

cos ¢, =C. /v

—> Velocity dependence of the
emission angle

dE/dgdy [a.u]

Creation of Bow Shock for smaller v
strengthens peak in jet direction
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CFig)

dE/dddy [a.u]
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Punch — Through Jet V ONIVERSITAT
e Transverse momentum deposition:

(F=X)*|(dE dM_ dM,
20° dt’ dt ' dt

dM. .
cosd,—L sin@
dt

Tp = 200 MeV, v;=0.999 (a

t=4.5/v fm

arXiv:0812.4401 [nucl-th] 540

dE/dt=dM/dt ——
dM /di=0 25 dMp/dt — — -

2320

220

—» Still influence of
diffusion wake

l

1_ _ from explosion of
/ - matter

T [MeV]

Foq 210

200

190

dE _dM,
(b dt dt

240

230

0.6
220

T [MeV]

04k

b | => Vorticity conservation
0z 1 f\J_

T Teege dM_1dM,
dt 4 dt
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Stopped Jet I ONIVERSTTAT
Jet decelerating from v=0.999 according to Bethe-Bloch formalism /
Known and applied in tumor therapy

dE 1 . '
—(t) =a— a=-1.36 GeV/fm adjusts path lengt :
dx Nal(y N 95
Simplest back-reaction from the medium -
Tu = 200 Me¥, v=0 999 Tu =200 MeV, v=0.999
4 N 240
) 2
o 5 230
— 1 1 220 =
E o E o 3
1 > 4 210 =
- -2 200
- - 190
4 4
5 4 2 -2 - 0 1 5 4 -3 -2 A 0 i
x [frn]  [fm] t=4.5/v fm
dE GeV dM GeV dE dm GeV
—(0)=1.5 0)=0—— —(0)= v—(0)=1.5——
a0 w00, at O = Vg O =1
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Stopped Jet II ONIVERSTTAT

=» Bragg Peak arXiv:0812.4401 [nucl-th]
14 dM/dlt = 0.00 GeVitm ——
g e g ol dM/dt = 1A dEfdx == - - - |
- —dEf :
4t I 4
' =
| 'E' utj
- 3r 1 3 =
S I [
5 &,
5 i -
2 12 ®
LL
____________ ’ -
i \ i
[:] 1 | | | | 1 | | [:] g
0 065 1 16 2 25 3 35 4 45 =
t [frmic] s
S
dM dE
general: —(t)=—(t)
dt dx

dE dM dM dE
- — () =vt) — (1) = —(t) > — (b
dt () O dt () dt dt Dominance of diffusion wake
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Stopped Jet III

o Jet stops after t=4.5/v fm

Ty = 200 MeV, vy=0 999

4 4
2 f &
2 I 2
e = _ 1
dE 0y —1.5G8VE o 2 E,
dt "~ fm | =T
d—M(O)—OGeV -2 | -2
dt fm = -3
-4 -4
= S 4 321 0 1 2 3
% [frm]
(b

240 4
&
220 .
220 %
3 E,
210 = >
200 -2
e

190
4

5 4 -3 21 01 2 2 54 321 01 2 3
X [fm] x [frm]

teo=4.5/v fm
Diffusion wake still present =» Vorticity conservation

H-QM|

t-o=6.5/v fm
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Stopped Jet IV ONIVERSTTAT
Larger impact of thermal
smearing

N\
N

Diffusion wake causes
peak in jet direction

arXiv:0812.4401 [nucl-th]

1.4

dM/dt = 0.00 GeViAm —— '
o LB T M = v dEidx - - 1« / Ne©
| Jreagex Ny
12 b .
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= i | '-
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— :
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ol et
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= . 0.6
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The Diffusion Wake o
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G. Burau, Genua Harbour, September 2008

—» The diffusion wake exists!

21 25/02/09

Barbara Betz H QM | Helmholtz Research School
Cathie-Riken Workshop, BNL . Quark Matter Studies



GOETHE %

Jet — Energy Loss Studies UNIVERSITAT

o Jet deposits energy and momentum along a trajectory

e Applying linearized hydrodynamics

1 F < —
2 "ML 2<py <5GeVie 3 1T
5 o2 dE g : dE_,, g GeV 1<pt <2GeVic
ok s 08— dax='%° fm T
: :_ dx - ’,/
C L ’
008 - 0.6¢ 702 <py <1GeV/c
0.06 | i
004: 0'4f 2 <py <3GeVic
E dE GeV - Pl
C —_—=2— r o \'\
0.02 dx fm 0.2— 4 "~
c e e - - »" 3<py <4GeVic
L - - s
0 =T T | | L i .d".
0 0.5 1 15 2 25 3 0 : LS b
Av(rad) 0 05 1 15 2 2.5 3
J. Casalderrey-Solana et al., Nucl. Phys. A 774, 577 (2006) Ao(rad)
Siffus y —> Mach cone for
2 I ioNn W
usion wake sound waves
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Jets in AdS/CFT ONIVERSITAT

Pointing vector perturbation

S for w=0.75%
it EEEEE R
17F™ T T, oy
L] S R
= e
Nl R e I T
'H- - o
=13 k‘ F T Ir o
af = & I
zb i
ok o= .. .
-14 -1n -4 n ) 1n 15
L9
S. Gubser et al., Phys. Rev. Lett. 100, 012301 (2008) 30 4 a7y
P. Chesler and L. Yaffe, Phys. Rev. D 78, 045013 (2008)
|x|AE(x) ' '
T3vX

Diffusion Wake contribution

-15

O —>» Attention: No clear Mach cone signal

Energy density perturbation
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Considering a static medium and linearized hydrodynamics
for a punch-though jet

Neufeld et al, Phys. Rev. C 78, 041901 (2008)

- — =0.13 (b)

—> Mach cone signal & Diffusion Wake
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Jets in pQCD II UNIVERSITAT

Contour plots of magnitude of perturbed momentum density

Neufeld et al, arXiv:0807.2996v1 [hep-ph]

(z-ut) [fm]

—> Strong flow in jet-direction -> dat ~ dt

S S (]| it s s
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Summary UNIVERSITAT

Diffusion wake is universal and dominates the freezeout distribution
—> always created if dM/dx > threshold

Freeze-out procedure critically influences correlation pattern

—> Energy flow distribution: peak around Mach cone angle &
diffusion wake

No significant differences between a punch-through and stopped jet

How will expansion (radial flow) alter the correlation?

26 25/02/09 Barbara Betz H QM l Helmholtz Research School
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Energy-Momentum Relation ONIVERSITAT
szdexlﬂd_M_ﬂ[dEﬁ _dp  E=m
dt dx dt * dx M=Gym=jE
JdE(, 1 .
=3 —]1 1
x| 7’2,52J A= 7
'B 1 + 7 _1] Fax dx 7 dx
dg 1 dE1
_LdE( 1 . 9B
,de 1_1/72] dx By dxm
| dm_dE
dt dx
® /0 R i H-Q N\ | ok Resenren school



Jet - Studies in HIC

Jet moving through dense matter,
depositing its energy

—> should eventually disappear

Jet suppression: signal for creation of an

opaque matter (Quark-Gluon Plasma)
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near-side

M

away-side

_l I T T T T I T T T T T T T T T T T T T T T
- ¢ d+Au FTPC-Au 0-20%
~ 02
g k- — p+p min. bias
o
= T * Au+Au Central
= 4 < p,irigger < 6 GeV/e
ﬂé 0.1 _— T s p,ssoc > 2 GeV/c I+
= n
F = .
Of """""" Iﬁé*f s
| ] ] |

ESTKR

STAR PRL 91 (2003) 072304

—> Is Quark-Gluon Plasma an (ideal) fluid?

29
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The Caveat

=  Assumption :
Correlations from flow anisotropy
and jets are uncorrelated

ZYAM (Zero Yield At Minimum)

= Subtraction of:
Estimated elliptic flow modulated
background

= |eads to:
Double peaked structure

30 25/02/09 Barbara Betz
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N
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N
& ooocococooo
. =3

22.8
22.6
22.4 s
22.21%

22

21.8

3

% 5
Dé=¢-¢

trig

J. Ulery, PoS LHCO7, 036 (2007)

Background:

Particle correlation <—

from elliptic flow
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Jet - Studies in HIC

 High-p; correlations at SPS energies show conical structure?
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—>» Conical structure even before subtracting the effect of elliptic flow - ZYAM

~—

1.03

1.02

1.01

1

C,1a9)

0.99

Blume, Talk at
Confinement8,
Mainz, Germany,
2008

0.97
0.04
0.035C
0.03:

Correlation function:

C(Ag)= wae(ﬂ¢)

31
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NA49 preltmlnary :

Bﬂ'l"A\

{'..‘.-'.‘ }Z ! l

—_—

flow contribution F*Y . e O S N8 L NS

E NA4S preliminary. 0 @ @

NA49,,preI|m|nary

] E*H

near side

trigger

pair
mixed

Npalr

ml.xed

25/02/09

associate 1

) [w

away sid Ao

associate 2

parton 2

Barbara Betz
Cathie-Riken Workshop, BNL

Ao[rad]

Conditional yield:
1 dN™ Ci(ag) N™
NTd(ag) o, (agh(ag) N7

Flow contribution subtracted
using ZYAM method

H-QM|
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Jet — Studies: 3-Particle Correlations v

3-Particle Correlations seem to corroborate the Mach Cone picture

near-side near-side
N\ ~\
q q
q A(y q Ad, Iﬁg‘ Ez .
bl 4 —A 3 >
away-side away-side [ _E O
< ! o<
vy < - + o
o ® @ u [
00| FAMNILSY
: . . . &@T =&¢%_¢Trig
T STAR Int. J. Mod. Phys. E 16 (2007)
Deflected jet Mach Cone

- Experimental data show
2 off-diagonal peaks

32 25/02/09 Barbara Betz H QM | Helmholtz Research School
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Jets in AdS/CFT UNIVERSITAT

100 x Agfe(Ty) (v=0.9,A=5.5,N.=3)

Non-Mach correlations
—> caused by Neck region

~10 — 5 0
(z—vtrT ¢
Noronha et al, arXiv:0807.1038

dN(¢)/dd — dN(0)/do
'v=0.9 v=0.75 v =0.58

cos ¢, =C./V

O A~ O oo C

s ()]t e oo
. Quark Matter Studies




Heavy Quark Jets in pQCD vs AdS/CFT & e dd

Idea: Compare weakly and strongly coupled models

t=4.5/v fm
AT/T, v=0.90

N

Using heavy quark punch-through jet

wn

Applying ideal hydrodynamics for a static
medium and an ideal Gas EoS of massless
gluons

-+

x (1/xT,)
W

Assume that the near-side jet is not
modified by the medium

pQCD: Neufeld et al. source for a heavy S rrn s 2 = %

Jqua rk X=x-vt (1/aT)

AdS/CFT: Stress tables provided by Betz et al, arXiv: 0807.4525 [hep-ph]
S. Gubser, A. Yarom and S. Pufu  PQCD result: No pronounced

with n/s=1/(4x) Neck region

34 25/02/09 Barbara Betz QM | Helmholtz Research School
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The Neck Zone in pQCD vs AdS/CFT et

AdS/CFT pQCD

100 x Aeg/e(To) (v=0.9,1=5.5,N.=3) AT/T, v=0.90

x, (1/nT,)
w

-0.05 0.15
® 4 4 -2 =l
x=x-vt (1/=T)

Betz et al, arXiv: 0807.4525 [hep-ph]

Strong transverse flow No strong
transverse flow

T — L VTP L
. Quark Matter Studies
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Heavy Quark Jets in pQCD vs AdS/CFT i

Betz et al, arXiv: 0807.4525 [hep-ph]
12

pQChD v=0,

1 F

Normalized, background-subtracted
isochronous Cooper-Frye at mid-rapidity

0.8 r

0.6 r

CF{g)

0.4 r

fdz P [ Boltzmann (uﬂ’pﬂ’ T) B feq]

0.2 r

ppoTdydcb

AdS/CFT

Isochronous freezeout needed to
compare pQCD and AdS/CFT

CF{g)

¢ [rad]

—> No Mach-like peaks
pr = 2.5 GeV
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Heavy Quark Jets in pQCD vs AdS/CFT i

Betz et al, arXiv: 0807.4525 [hep-ph]
1.2

N

0.8 r

pQCD V=

Lo an )
0~ N
o

Momentum Flow Distribution

0.6 r

| =[x M(¥)

02_ _ dcose
B ﬁ [Dn x 8(cos 6 — M, (X) / [M(X)))

12 AdS/CFT

dSidcoss [a.u.]

Assuming: Particles in subvolume will be
emitted into the same direction

0.8

0.6

dS/decosa [a.u]

0.4 r

001 fff = —>» Mach-like peaks &
ol Strong impact of diffusion wake
Independent of
pr- cut
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An Expanding Medium

e Consequences of expansion?

Radial flow
Elliptic flow

e Predictions:

Transverse flow causes disentangling

Expansion broadens Mach cone angle

38 25/02/09 Barbara Betz
Cathie-Riken Workshop, BNL
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Satarov et al, PLB 627:64 (2005)
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Synopsis of different jet energy loss models

39 25/02/09 Barbara Betz H QM | Helmholtz Research School
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Other Jet-Medium Models 1 UNIVERSITAT

0.25 ‘ ‘ ‘
Determines angular correlation pattern *_ PHENIX dua
g 02 . ——-ideal QGPc_ | |
. =t \ —-- =05

e Fireball model 3 |
. g ]

o Lattice QCD Eo0S :
< |

e BDMPS-like energy loss

Renk and Ruppert, PRC 73:034907 (2006)

f: ,fraction ... of energy lost to the medium — sound wave
[that] excites a collective mode*

(l-f): sremaining energy fraction ... [that] in essence heats

the medium and leads to some amount of the collective —> diffusion
drift along the jet axis...”
—> Mach cones only if dM/dx << dE/dx
Helmholtz R h School
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Other Jet-Medium Models II UNIVERSITAT

Calculates the azimuthal distribution

e Expanding (2+1)d hydro
(AZHYDRO) 01 +dE;cbc(aeforg;..%1m)

e First-order phase transition

e Isothermal Freeze-out

e Source term:

i
S’ (X)=5(X)(+ 1,-1,0,0) g
Z
Qc ]et 322 g \ I
S(X)— (X) 5 (I‘ ]et (t)) % 004 - T ,i)\T >1 (i?\hc:
o m sw  mn  om
dE  s(x) dE o
= Chaudhuri and Heinz, PRL 97:062301 (2006)
dx s, dx|,
—> Quenched jet Diffusion wake
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dE/dx[o=14GeV/im ,, dE/dx|o=140GeV/fm
(ayr=4.6fm, Xat=2.4fm, (d)r=4.6fm, Xjet=2.4fm,

10

* Effect from diffusion wake

Hottest region at the head of the jet

e s 0 s e s 0 s —> No Mach cone-like correlation if
fir=1 E.Gfm,Xjet=-5.6fm,
(A)E=79. dE/dX - dM/dX

- T T T -10 T T T
10 5 0 5 10 10 5 0 5 10
X {im)
Chaudhuri and Heinz, PRL 97:062301 (2006)
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