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1. Introduction
A recent string theory computation of drag force on a heavy quark moving through
a thermal plasma ofN = 4 super-Yang-Mills theory gives

F ≡ dp

dt
= −

π
√

g2
Y MN

2
T 2 p

m
. (1)

My aims are

• To summarize relevant aspects of string theory (i.e. AdS/CFT).

• To caution you that string theorists have not yet solved QCD!

• To explain where (1) comes from.

• To describe further calculations that give evidence for a “wake” of gluons and
their superpartners.

• To speculate about the possible relevance to jet-quenching at RHIC.
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2. String theory and N = 4 super-Yang-Mills
Strings can’t exist without higher-dimensional objects: D-branes.

D-branes can be defined as locations where strings can end.

• One one hand, strings ending on D3-branes act as gluons for interesting four-
dimensional gauge theories.

t

x,y,z

D3

D3

D3

ARB
µ

fake
separation
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Merging interactions of strings mimics standard 3-vertex of gauge theory:

ARB
µ

AGB
µ

gs

ARG
µ

←→

AGB
µ

ARG
µ

gY M

ARB
µ

•On the other hand, many coincident D3-branes back-react on spacetime to produce
a black hole horizon.

D3

Black hole horizon

S = A/4GN

1

The temperature, entropy, shear viscosity, etc. of this horizon are supposed to match
those ofN = 4 super-Yang-Mills.
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Free energy (as calculated in hep-th/9602135):

−F/V3T
4 =

π2

6
N 2f (g2

Y MN) (2)
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The punch-line:

Fstrong coupling =
3

4
Fweak coupling .

This seems roughly in line with lattice
simulations of QCD, for example in
Karsch’s hep-lat/0106019:

Lattice QCD at High Temperature and Density 13
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Fig. 5. The pressure in QCD with different number of degrees of freedom as a func-
tion of temperature. The curve labeled (2+1)-flavour corresponds to a calculation
with two light and a four times heavier strange quark mass [21].

This change of active degrees of freedom is clearly visible in calculations of
e.g. the pressure in the pure gauge sector and for QCD with different numbers of
flavours. As can bee seen in Fig. 5 the pressure strongly reacts to changes in the
number of degrees of freedom. It is this drastic change in the behaviour of the
pressure or the energy density which indicates that the QCD (phase) transition to
the plasma phase indeed is deconfining. However, it also is worthwhile to note that
the transition does, in fact, take place at rather small values of the pressure (and
energy density). Only for temperatures T>∼2Tc does the pressure come close to the
ideal gas limit so that one can, with some justification, identify the corresponding
light degrees of freedom. This is the case for QCD with light quarks as well as in
the quenched limit. At least for temperatures up to a few times Tc the dynamical
degrees of freedom are certainly not just weakly interacting partons.

4.2 Chiral symmetry restoration

As chiral symmetry restoration does not lead to a significant change of light degrees
of freedom, it also is not expected to have an appreciable effect on bulk thermo-
dynamic observables – apart from controlling details of the transition very close to
Tc. In particular, we expect that in the case of a continuous transition for nf = 2,
the chiral order parameter and its derivative, the chiral susceptibility, show critical
behaviour which is characteristic for O(4) spin models in three dimensions [12]. The
expected critical behaviour follows from standard scaling arguments derived from
the singular part of the free energy density,

fs(t, h) ≡ −T
V

ln Zs = b−dfs(b
ytt, byhh) , (23)
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A computation of Policastro, Son, and Starinets (hep-th/0104066) shows that
η

s
=

1

4π
(3)

for near-extremal D3-branes. The smallness of this ratio seems to fit to elliptic flow
measurements at RHIC better than other first-principles calculations.

AdS/CFT subsumes these calculations and provides a complete map (in principle)
between string theory in AdS5× S5 (AdS) andN = 4 super-Yang-Mills theory on
R3,1 (CFT).

The basic statement:

Istring theory ≡
1

2κ2
5

∫
AdS5

d5x
√
−G

[
R +

12

L2
− 1

2
(∂φ)2 + . . .

]
− 1

2πα′

∫
Σ
d2σ
√
−g eφ/2

WN=4 ≡
〈∫

R3,1

d4x
[
φ
∣∣
bdy tr F 2 + hmn

∣∣
bdyT

mn
]〉

connected

(4)

∣∣∣∣∣WN=4

[
φ
∣∣
bdy , hmn

∣∣
bdy

]
= −Istring theory [on shell]

∣∣∣∣∣ (5)
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• You prescribe boundary values for string theory fields like the dilaton φ.

• Then you solve classical equations of string theory subject to these boundary
conditions.

• Then evaluate Istring theory on shell. (Pay due heed to total derivative terms).

• The result is a connected correlator of the gauge theory!

• Corrections arise in inverse powers of g2
Y MN = L4/α′2 and N = 2πL3/2/κ5

due to α′ corrections and quantum effects in string theory.

• Here’s how to calculate 〈Tmn(x1) tr F 2(x2) tr F 2(x3)〉:

mn

Am

Am

AdS5−Schwarzschild

φ tr F2hmnT
mn

Am

φ tr F2

R3,1

h φφ

horizon

vertex
string interaction
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3. String theorists have not yet solved QCD!
N = 4 super-Yang-Mills misses several essential features of QCD:

• No confinement. A CFT’s coupling doesn’t run. But you can dial g2
Y MN and

N .

• No chiral condensate. No chiral fermions! Instead, there’s a large global sym-
metry, SO(6).

• All fundamental matter fields are in adjoint representation: Aµ, four Majorana
fermions λi, six real scalars XI . NO FUNDAMENTAL QUARKS!

• External quarks can be added: strings ending on R3,1.

Variants on the D3-brane construction exist which exhibit confinement, but usually
there are two funny things about them:

1. There’s lots of extra matter near the confinement scale, often with an unbroken
global symmetry. It’s a bit like having a bunch of copies of the s quark.



AdS/CFT, Gubser, RBRC Symposium, 6-21-06 11

2. The QCD string tension is much bigger than the mass gap.

τQCD string/m
2
gap ∼

√
g2

Y MN (6)

Roughly, this arises because m2
gap ∼ G∗tt/L

2, but τQCD ∼ G∗tt/2πα′, and
L2/α′ =

√
g2

Y MN .

3,1

t, x

y

strong coupling singularity
R

AdS

q

q

fundamental string

G*tt5

“In most circumstances, replacing QCD by N = 4 super-Yang-Mills can be chari-
tably described as an uncontrolled approximation.” (hep-th/0605182)

But maybe when confinement and chiral condensate go away (e.g. at T ∼ 300 GeV)
the “approximation” is better.
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4. A drag force computation
Gtt → 0 at the horizon of AdS-Schwarzschild, so the static force between quarks
goes to zero as separation increases. But drag force on a moving quark is finite.

drag

3,1

AdS5−Schwarzschild

qq r

horizon

R3,1

AdS5−Schwarzschild

ξ(y)

x

y

q
v

horizon
fundamental

string momentum flow

static

R

We need to know the shape of the trailing string and the momentum flow down it.
We assume a “co-moving” ansatz:

x1(t, y) = vt + ξ(y) (7)

The AdS5-Schwarzschild background is

ds2 =
L2

z2
Hy2

(
−hdt2 + d~x2 + z2

H

dy2

h

) ∣∣∣h ≡ 1− y4
∣∣∣ zH =

1

πT
(8)
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Classical string EOM’s are precisely the conservation of worldsheet current of space-
time energy-momentum.

S = − 1

2πα′

∫
d2σ eφ/2

√
− det gαβ gαβ ≡ Gµν∂αX

µ∂βX
ν

∇αP
α

µ = 0 P α
µ ≡ −

1

2πα′
Gµν∂

αXν

(9)

Differential equation for ξ follows from a “reduced” lagrangian:

L = − 1

y2

√
1− v2

h
+

h

z2
H

ξ′2

d

dy

∂L
∂ξ′

= 0 =⇒ ξ = −zHv

4i

(
log

1− iy

1 + iy
+ i log

1 + y

1− y

) (10)

Momentum “drains down the string:”

∆P1 = −
∫
I
dt
√
−gP y

x1 =
dp1

dt
∆t .

dp1/dt is precisely the drag force!
flow across

3,1

ξ(y)

R
q

v

horizon momentum flow
I

momentummeasure



AdS/CFT, Gubser, RBRC Symposium, 6-21-06 14

F =
dp

dt
= −

π
√

g2
Y MN

2

v√
1− v2

= − p

t0
t0 =

2

π
√

g2
Y MN

m

T 2
(11)

• The
√

g2
Y MN scaling comes from F ∝ L2/α′ =

√
g2

Y MN .

• The quark is fundamentally charged, but non-dynamical, i.e. infinitely massive.
So (11) is slightly formal: p and m are infinite but p/m is finite.

• Comparisons with RHIC physics should work best when the quark mass is well
above the QCD scale. For example,

bottom: t0 ≈ 2 fm/c
m/mb√

g2
Y MN/10 (T/300 MeV)2

charm: t0 ≈ 0.6 fm/c
m/mc√

g2
Y MN/10 (T/300 MeV)2

(12)

• ε/T 4 for N = 4 SU(3) super-Yang-Mills is about twice that of QCD with 3
flavors. Should we multiply t0 by a “fudge factor” of 2 to correct for this? At
any rate, t0 for charm is pretty small.
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5. Wake generated by the moving quark
The string “casts a shadow” on the boundary, and that shadow is the wake of the
moving quark.

2

AdS  −Schwarzschild5

fundamental string

3,1

tr F
v

q

φ
R

horizon

We can learn about color singlet VEV’s by further string theory computations.

• Easiest is the dilaton, which relates to
〈

tr F 2+(superpartners)
〉

on the boundary.
Worked out in hep-th/0605292.

• Graviton is harder but tells us about
〈
Tmn

〉
, in particular the Poynting vector.

Work in progress.
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The dilaton equation of motion is

�φ = J ≡ κ2
5

2πα′

∫
Σ
d2σ

√
−g√
−G

δ5(xµ −Xµ(σ)) (13)

We assume a co-moving ansatz and pass to Fourier space:

φ = φ(x1 − vt, x2, x3, y)

=
√

1− v2
κ2

5

2πα′L

∫
d3K

(2π)3
ei[K1(x1−vt)+K2x

2+K3x
3]/zHφK(y)

(14)

where I use dimensionless wave-numbers ~K in place of ordinary ones ~k:

~K = zH
~k = ~k/πT K⊥ ≡

√
K2

2 + K2
3 (15)

(13) and (14) lead to[
y3∂y

h

y3
∂y −

(
1− v2

h

)
K2

1 −K2
⊥

]
φK = y

(
1− iy

1 + iy

)vK1/4 (
1 + y

1− y

)ivK1/4

(16)
A series solution near the boundary gives

φK = −y3

3

[
1 + O(y2)

]
+ AK

[
1 + O(y2)

]
+ BKy4

[
1 + O(y2)

]
(17)
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The W = −I recipe of AdS/CFT, suitably elaborated, tells us that AK = 0 and that
BK is proportional to the K-th Fourier mode of 〈tr F 2〉.
BK is “the answer,” but to get at it unambiguously we have to set one more boundary
condition: the dilaton field is purely in-falling at the horizon.

φK = C+
K(1−

out-falling

y)ivK1/4 + C−K(1−

in-falling

y)−ivK1/4 + subleading
(18)

So C+
K = 0.
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Figure 2: The absolute value of B(K1, K⊥) with and without the phase space factor K⊥.
The near field contribution (26) has been subtracted. The green dot is the recoil energy of a
thermal gluon: see (30). The dashed red lines indicate the direction in which K⊥|B(K1, K⊥)|
is largest: see the discussion around (31). In each plot, the white region is closest to zero,
and the black region is the most positive.

9

Same quantity in both plots, but phase space factor of K⊥ enters Fourier transform
to x-space, so right hand plot is more meaningful.
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9

The striking directionality supports the idea of a wake of gluons (and superpartners).
But let’s think about energy scales. Say

T =
1

π
GeV = 318 MeV . (19)

Then the K1 and K⊥ axes are in GeV. The green dot is at

1 + v2

1− v2
T = 6.2 GeV for v = 0.95, (20)

which is a typical recoil energy of a free massless gluon from a heavy quark.

There is a striking amount of structure at large momentum! And all this is after
we subtracted away a near-field contribution to BK corresponding to the Coulombic
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field of the quark: in the quark’s rest frame,〈
tr F 2 + . . .

〉
near field =

1

16π2

√
g2

Y MN

|~x|4
=⇒ Bnear field

K =
π

16
| ~K| (21)

6. What does it all mean?
• A full description of the wake in AdS/CFT involves high-momentum modes.

Directionality is far more pronounced for large ~K than for small ~K .

• So maybe strongly coupled plasmas enhance fragmentation into a few energetic
decay products.

• The stress tensor would give a more complete picture:〈
Tmn

〉
=

∫
d3K

(2π)3
ei[K1(x1−vt)+K2x

2+K3x
3]/zHTK

mn Fdrag ∝ v lim
~K→0

K1T
01
K (22)

Structure of TK
mn away from IR limit may help confirm wake picture and/or

significance of high-energy modes.

• Energy scales of 10-30 GeV are quite high for parton decay products. E.g. Di-
hadron correlators probe few-GeV particles.
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FIG. 2: Jet-pair distributions dNAB

(Di−)Jet/d(∆φ) for differ-
ent centralities, normalized per trigger particle. The shaded
bands indicate the systematic error associated with the de-
termination of ∆φMin. The dashed (solid) curves are the
distributions that would result from increasing (decreasing)
〈vA

2 vB
2 〉 by one unit of the systematic error; the dotted curve

would result from decreasing by two units.

The existence of these local minima per se is not signif-
icant once we take the systematic errors on 〈vA

2 vB
2 〉 into

account (see below), but it is clear that the away-side
peaks in all the more central samples have a very differ-
ent shape than in the most peripheral sample.

Given the dramatic results for the away-side peaks seen
in Fig. 2, it is important to establish that they are not
simply artifacts created by our method for background
pair subtraction. If we relax the ZYAM assumption and
lower b0 slightly, the effect on any (di-)jet pair distribu-
tion would essentially be to raise it by a constant, which
would not change the presence of the local minima at
∆φ = π.

Changes to our estimate for 〈vA
2 vB

2 〉 can alter the shape
of the (di-)jet distribution for some centrality samples,
but the result of away-side broadening with centrality
remains robust. The curves in Fig. 2 show the distribu-
tions that would result if the 〈vA

2 vB
2 〉 products were arbi-

trarily lowered by one and two units of their systematic
error. With a two-unit shift the shape in the mid-central
would no longer show significant local minima at ∆φ = π.
However, the widths of the away-side peaks are clearly
still much greater than in the peripheral sample and the
distributions in the two most central samples are hardly
changed at all in shape. Even lower values of 〈vA

2 vB
2 〉

could be contemplated, but they would still not change
the qualitative result of away-side broadening. And, such

low 〈vA
2 vB

2 〉 values would also require a severe breakdown
of the assumption 〈vA

2 vB
2 〉 = 〈vA

2 〉〈vB
2 〉, indicating that

these background pairs have a large, hitherto-unknown
source of azimuthal anti-correlation.

Convoluting the jet fragments’ angles with respect to
their parent partons and the acoplanarity between the
two partons [23] would yield a Gaussian-like shape in
∆φ, possibly broadened through jet quenching[13, 25].
The observed shapes in the away-side peaks cannot result
from such a convolution.

We define the part of the ∆φ distribution in
|∆φ| < ∆φMin as the “near-side” peak and |∆φ| > ∆φMin

as the “away-side” peak. Each peak is characterized by
its yield of associated partners per trigger, and by its
RMS width. We measure these for the full peak in the
distribution over all values of ∆φ; the folded distributions
over 0 < ∆φ < π shown here contain only half of each
full peak’s shape. These yields and widths are plotted in
Fig. 3 for the different Au+Au centrality samples, along
with the same quantities for 0–20% central d+Au colli-
sions at

√
s

NN
=200 GeV [23]. The yields and widths for

the near- and away-side peaks in peripheral Au+Au col-
lisions are consistent with those in d+Au collisions. The
yields of both the near- and away-side peaks increase
from peripheral to mid-central collisions, and then de-
crease for the most central collisions. The near-side width
is unchanged with centrality, while the away-side width
increases substantially from the 60–90% sample to the
40–60% sample and then remains constant with central-
ity.
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FIG. 3: (a) Associated yields for near- and away-side peaks in
the jet pair distribution, and (b) widths (RMS) of the peaks in
the full 0–2π distributions; plotted versus the mean number of
participating nucleons for each event sample. Triangles show
results from 0–20% central d+Au collisions at the same

√
s

NN

[23]. Bars show statistical errors, shaded bands systematic.

In summary, we have presented correlations of high
momentum charged hadron pairs as a function of col-
lision centrality in Au+Au collisions. Utilizing a novel
technique we extract the jet-induced hadron pair dis-
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FIG. 2: Jet-pair distributions dNAB

(Di−)Jet/d(∆φ) for differ-
ent centralities, normalized per trigger particle. The shaded
bands indicate the systematic error associated with the de-
termination of ∆φMin. The dashed (solid) curves are the
distributions that would result from increasing (decreasing)
〈vA

2 vB
2 〉 by one unit of the systematic error; the dotted curve

would result from decreasing by two units.

The existence of these local minima per se is not signif-
icant once we take the systematic errors on 〈vA

2 vB
2 〉 into

account (see below), but it is clear that the away-side
peaks in all the more central samples have a very differ-
ent shape than in the most peripheral sample.

Given the dramatic results for the away-side peaks seen
in Fig. 2, it is important to establish that they are not
simply artifacts created by our method for background
pair subtraction. If we relax the ZYAM assumption and
lower b0 slightly, the effect on any (di-)jet pair distribu-
tion would essentially be to raise it by a constant, which
would not change the presence of the local minima at
∆φ = π.

Changes to our estimate for 〈vA
2 vB

2 〉 can alter the shape
of the (di-)jet distribution for some centrality samples,
but the result of away-side broadening with centrality
remains robust. The curves in Fig. 2 show the distribu-
tions that would result if the 〈vA

2 vB
2 〉 products were arbi-

trarily lowered by one and two units of their systematic
error. With a two-unit shift the shape in the mid-central
would no longer show significant local minima at ∆φ = π.
However, the widths of the away-side peaks are clearly
still much greater than in the peripheral sample and the
distributions in the two most central samples are hardly
changed at all in shape. Even lower values of 〈vA

2 vB
2 〉

could be contemplated, but they would still not change
the qualitative result of away-side broadening. And, such

low 〈vA
2 vB

2 〉 values would also require a severe breakdown
of the assumption 〈vA

2 vB
2 〉 = 〈vA

2 〉〈vB
2 〉, indicating that

these background pairs have a large, hitherto-unknown
source of azimuthal anti-correlation.

Convoluting the jet fragments’ angles with respect to
their parent partons and the acoplanarity between the
two partons [23] would yield a Gaussian-like shape in
∆φ, possibly broadened through jet quenching[13, 25].
The observed shapes in the away-side peaks cannot result
from such a convolution.

We define the part of the ∆φ distribution in
|∆φ| < ∆φMin as the “near-side” peak and |∆φ| > ∆φMin

as the “away-side” peak. Each peak is characterized by
its yield of associated partners per trigger, and by its
RMS width. We measure these for the full peak in the
distribution over all values of ∆φ; the folded distributions
over 0 < ∆φ < π shown here contain only half of each
full peak’s shape. These yields and widths are plotted in
Fig. 3 for the different Au+Au centrality samples, along
with the same quantities for 0–20% central d+Au colli-
sions at

√
s

NN
=200 GeV [23]. The yields and widths for

the near- and away-side peaks in peripheral Au+Au col-
lisions are consistent with those in d+Au collisions. The
yields of both the near- and away-side peaks increase
from peripheral to mid-central collisions, and then de-
crease for the most central collisions. The near-side width
is unchanged with centrality, while the away-side width
increases substantially from the 60–90% sample to the
40–60% sample and then remains constant with central-
ity.
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In summary, we have presented correlations of high
momentum charged hadron pairs as a function of col-
lision centrality in Au+Au collisions. Utilizing a novel
technique we extract the jet-induced hadron pair dis-
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bands indicate the systematic error associated with the de-
termination of ∆φMin. The dashed (solid) curves are the
distributions that would result from increasing (decreasing)
〈vA

2 vB
2 〉 by one unit of the systematic error; the dotted curve

would result from decreasing by two units.

The existence of these local minima per se is not signif-
icant once we take the systematic errors on 〈vA

2 vB
2 〉 into

account (see below), but it is clear that the away-side
peaks in all the more central samples have a very differ-
ent shape than in the most peripheral sample.

Given the dramatic results for the away-side peaks seen
in Fig. 2, it is important to establish that they are not
simply artifacts created by our method for background
pair subtraction. If we relax the ZYAM assumption and
lower b0 slightly, the effect on any (di-)jet pair distribu-
tion would essentially be to raise it by a constant, which
would not change the presence of the local minima at
∆φ = π.

Changes to our estimate for 〈vA
2 vB

2 〉 can alter the shape
of the (di-)jet distribution for some centrality samples,
but the result of away-side broadening with centrality
remains robust. The curves in Fig. 2 show the distribu-
tions that would result if the 〈vA

2 vB
2 〉 products were arbi-

trarily lowered by one and two units of their systematic
error. With a two-unit shift the shape in the mid-central
would no longer show significant local minima at ∆φ = π.
However, the widths of the away-side peaks are clearly
still much greater than in the peripheral sample and the
distributions in the two most central samples are hardly
changed at all in shape. Even lower values of 〈vA

2 vB
2 〉

could be contemplated, but they would still not change
the qualitative result of away-side broadening. And, such

low 〈vA
2 vB

2 〉 values would also require a severe breakdown
of the assumption 〈vA

2 vB
2 〉 = 〈vA

2 〉〈vB
2 〉, indicating that

these background pairs have a large, hitherto-unknown
source of azimuthal anti-correlation.

Convoluting the jet fragments’ angles with respect to
their parent partons and the acoplanarity between the
two partons [23] would yield a Gaussian-like shape in
∆φ, possibly broadened through jet quenching[13, 25].
The observed shapes in the away-side peaks cannot result
from such a convolution.

We define the part of the ∆φ distribution in
|∆φ| < ∆φMin as the “near-side” peak and |∆φ| > ∆φMin

as the “away-side” peak. Each peak is characterized by
its yield of associated partners per trigger, and by its
RMS width. We measure these for the full peak in the
distribution over all values of ∆φ; the folded distributions
over 0 < ∆φ < π shown here contain only half of each
full peak’s shape. These yields and widths are plotted in
Fig. 3 for the different Au+Au centrality samples, along
with the same quantities for 0–20% central d+Au colli-
sions at

√
s

NN
=200 GeV [23]. The yields and widths for

the near- and away-side peaks in peripheral Au+Au col-
lisions are consistent with those in d+Au collisions. The
yields of both the near- and away-side peaks increase
from peripheral to mid-central collisions, and then de-
crease for the most central collisions. The near-side width
is unchanged with centrality, while the away-side width
increases substantially from the 60–90% sample to the
40–60% sample and then remains constant with central-
ity.
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FIG. 3: (a) Associated yields for near- and away-side peaks in
the jet pair distribution, and (b) widths (RMS) of the peaks in
the full 0–2π distributions; plotted versus the mean number of
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results from 0–20% central d+Au collisions at the same

√
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[23]. Bars show statistical errors, shaded bands systematic.

In summary, we have presented correlations of high
momentum charged hadron pairs as a function of col-
lision centrality in Au+Au collisions. Utilizing a novel
technique we extract the jet-induced hadron pair dis-

From hep-ex/0507004: trigger particle has 2.5 GeV/c < pT < 4.0GeV/c,
associated particle has 1.0 GeV/c < pT < 2.5GeV/c. No heavy quark tagging.

• Considerations of recoil, kinematic limits, and secondary decays might all be
important to relating N = 4 calculation to RHIC—if indeed this is possible at
all.

Also: hard processes in QCD see the weakening coupling that RG predicts, but
there’s no RG running in theN = 4 computation.



AdS/CFT, Gubser, RBRC Symposium, 6-21-06 21

7. Conclusions
• AdS/CFT gives us a lot of computational power over N = 4 super-Yang-Mills

at large N and large g2
Y MN . Maybe this is useful to RHIC physicists.

• A drag force F ∼
√

g2
Y MN T 2 comes out of a trailing string picture.

• The “shadow” on R3,1 of the trailing string is the QCD string stretching out and
widening in a wake around and behind the quark.

• This wake involves high-momentum fields, at least for external quarks inN = 4
super-Yang-Mills.

• More theoretical information soon, in the form of
〈
Tmn

〉
. Possibly

〈
(tr F 2)2

〉
.

• A question for the experimentalists: Is energy dissipated through a wake of co-
herent low-energy fields, or are high-energy particles involved in an important
way?
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