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Outline

@® Partonic probes of quark gluon plasma
and how to generate them

@® Opacity of the plasma

® Energy loss in pQCD

® Looking inside jets in heavy ion collisions
® The fate of heavy quarks in QGP



study plasma with radiated
& “probe” particles

@ as a function of transverse momentum
90° is where the action is (max T, p)
p, between the two beams: midrapidity
® p;<1.5GeV/c
“thermal” particles #scalesas N
radiated from bulk medium iof)
“internal” plasma probes o |
® p;>3GeV/c i
large E, . (high p; or M)
set scale other than T(plasma)
autogenerated “external” probe
describe by perturbative QCD

@ control probe: photons

EM, not strong interaction
produced in Au+Au by QCD TR
Compton scattering pr (GeV/c)

# scalesas N_,,

E d’c/d’p (mb/GeV?)
|




Step 1: heat nuclei to >150 MeV

Large Hadron Collider Relativistic Heavy lon Collider

T

L= e g P T

CERN in Geneve Brookhaven in New York
Pb+Pb @ 2.76 TeV/A Au+Au @ 200 GeV/A

Collide heavy ions for max temperature & volume
p+p and p/d+A for comparison 4



Experiments at RHIC
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At LHC they are even bigger!
ALICE + ATLAS + CMS



Do fast quarks & gluons esca

They feel the strong interaction, so they

should interact




E*d’c/dp’ (mb-GeV*c?)

Ac/c (%)

(Data-QCD)/QCD
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Measuring QGP opacity to quarks & gluons
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colored objects lose energy, photons don’t

Aus+Au\[s, . = 200GeV, 0-10% @
1.8
3
m B —_—

1.6 N A
PH  ENIX PHENIX preliminary

1.4

1.2 - d|r photon
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Nuclear modification factor:
R, (p,)= d’N™/dp,dn VERY opaque! Lots of gluon
T,d>c™ /dp.dn radiation (bremsstrahlung)




Energy loss even by very energeticq & g
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® LHC experiments reach to 300 GeV!



QCD: medium induces gluon bremsstrahlung

Large energy loss should be
absent if no large volume of
plasma

interaction of radiated o2
gluons with gluons in
the plasma greatly
enhances the amount
of radiation

I. Vitev

1.8

Radiation is coherent,
rather than incoherent
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Energy loss depends on medium density

@ In dilute medium
Independent processes: bremsstrahlung & scattering
Calculate probabilities and add them up
Independent radiations follow Bethe-Heitler grgsm

® In dense medium
Mean free path is short: A = o/p
Formation time of radiated gluon: T = w/k,? jEss
Transverse momentum of radiated gluon: k;2=np?
# of collisions n=L/A, u=typical p; transfer in 1 scattering
A,u are properties of the medium, combine to G= vuZ/h

® Coherence in the dense medium!
Next scattering takes place faster than gluon formation
Add amplitudes for all multiple scatterings

In QCD this increases the energy loss!
11



What else could happen?

@® radiation (bremsstrahlung)
@® collisional energy loss

In plasma: interactions among charges of multiple particles
charge is spread, screened in characteristic (Debye) length, A,
also the case for strong, rather than EM force

® AdS/CFT says QGP is a strongly interacting field
Interact with this QGP as with a tiny black hole
No particles to hit, none can survive inside. Eloss = collective excitations

C C C
R3] ! . i x R3.1 'l—‘ v
AdS;—Schwarzschild y AdS,—Schwarzschild i
horizon horizon_ ™ e ‘A'\’)i

S. Gubser

Fi gure 2: Left: a screened attraction between static quark arises from a string dipping into AdSs-
Schwarzschild. Right: a drag force arises from a string tailing behind a moving quark.




Fit R, , at different Vs

JET collaboration fit all data with multiple calculations

arxXiv:1312.5003
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away-side

. \
® Hadrons triggers

Single high p; hadrons (leading jet fragments) “partners"”
di-hadron correlations

More jet probes = more insight near-sde /
/

® Reconstructed jets (reconstructed jets depend on algorithm)
Single jets
<di-jets> or jet-h correlations
® Gamma-jet correlations (photon tags jet energy)
v-h correlations
<y-reconstructed jet>

® Construct the variables: R,,, 1,5, A,, g-hat

Nuclear modification: , , ,_ 4'N"/dp;an |~ (/NwiydN/dS)
AT d*o™ /dp,dn (1/NirigdN/dE)

pp

Jetasymmetry: 4, _ Emi—Br 7
Er1 + Ero 2

Jet transport coefficient: /o\|= u?/A; u= <p; transfer> in 1 scattering



Just how opaque IS the plasma?

® Use jet pairs

® high p; trigger to tag hard
scattering

. |b second particle to probe the
| medium

D answer: VERY opaque!

Central Au + Au

STAR200 GeV | An |<1.4
e (Central 0-5% Au+Au

— flow:v2 =7.4%

—— pp data + flow

1 2 3
A ¢ (radians)



Where does the lost energy go?

® We don’t know yet!
® Medium enhances gluon radiation/splitting:

extra gluons at small
angles (in/near jet cone)

radiated gluons thermalize in
medium (i.e. they’re gone!)

remain correlated with leading
parton, but broaden/change jet

16



Jet Fragmentation function
D (Z) - Iﬂvjet dN (Z)/ dz). $=D had/ P Jet

Measure: count partners per trigger
as fraction of trigger momentum

Ydir l away-side Z = Py/Pre ~ Z fOr 7y trigger

| g =In(1/zy)
-

Modification factor similar to R, ,:

FFn experimental challenge: - (1/ngdN/d§)AA

measure the parton p laa = (1/NipigdN/dE)

Use trigger y or jet

PP 17



What happens to the lost energy?

@ First step: tag the jet’s energy

1IN, dN/dz,

- qg -> qy
. Is fragmentation of the quark into the jet of
hadrons modified?

=TT T [ T T L I R B B B B B R I
= Head Region (lA¢-n| < 7i/5 rad) = I
i Pirect 1-h : Calibrate the probe
'y e pwxio 1 energy: use QCD
K T i*n ® Run 7 Au+Au 0-20% J
1k T ', . ; 4 Compton process
101 k4 $ »
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PHENIX: FFn via y-h correlation

y. parton energy, h: fragmentation fn.

“Extra” soft

particles at 1 0.8 06 04 T 0.2 |
\ N L ‘ : \ " ;
larger angles 2.5 olAg-rl<y/2 5 <Pr<9GeV/c X 0.5<p] <7 GeV/c .
near the away 2| alA¢-rl<i/3 H &i |
o N W |
side jet P 5 AlA([I)-Jt|<IT/6 ﬁi Ex : Au+Au/
1 - : ' "M
- . . L pF
Prowde. 0.5 ** E!; i - P*p
constraints on ) E | . - global sys == 6%  (a)
gluon splitting '
3 allAg-nl<n2) |
_ 0 2 lan(A¢-nl<u6) :
Perturbative? % A . o |
o1 o E
9 * 0-40% Au+Au @ 200 GeV  (b)

~—
PH FENIX 0
PRL 111, 032301 (2013)
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Jet energy collection

0s 2 e Ty 2 e 0s iy
Y KL ) - L 7

Anti-k; algorithm: d,, = min(1/k;,%, 1/k?) A,;%/R?
Distance between hard particle 1 and soft particle i is determined

by the p; of the hard particle and the separation distance

Soft particles don’t modify jet shape — algorithm is infrared safe
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Reconstructed jets in p+p collisions at RHIC

PRL 97, 252001 (2006)

10° = . .
- (a) 3 * STAR uses reconstructed jets in p+p
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AN SR et 5 for a beautiful spin measurement!
B10°F : \§=200 GeV E
%_ - midpoint-cone -
:1 05 Eg rCone:O-4' EE (\T-\ ‘I 0—2 - -
& 0.2<n<0.8 = PHENIX Preliminary
0E = L 10°F Run—5p +p\ s = 200 GeV/c
3 E 13 107 Gaussian filter,c = 0.3
©
§1°3§_ E % 107> \ - width not ap_uncertainty
\—102? - E 10—6 .~..
= —8B— Combined MB 3 <= 10_7 .,
- I o‘
105" —e— Combined HT ERRIE "o
- o———— _ ~ °.
15 — NLO QCD (Vogelsang) = -8' 10_9 . .
-~ u!-uu!u---!----!----!-f§H1O_10 ',
> 1.8 Systematic Uncertainty (b):; o) 107" e
§1_4;: """"""""" Theory Scale Uncertainty :; ‘:'o 1072F « PHENIX.G=0.3 "
§;:§: R = IE. 10713 ® STARHT,R=0.4 (PRL 97, 252001) ! T
%-;_ _;v _‘|4||||||||||||||||||||||||||||||||||
02e PR 0% 10 20 30 40 50 60 70
p; [Gev/c] p, (GeV/c)

STAR jets using cone algorithm; PHENIX with Gaussian Filter
o = 0.3 not the same as R = 0.4 midpoint cone, but apparently close



Reconstruct jets in heavy ion collisions

< 2F
o - PHENIX Preliminary

1.8« 0-20%

165 ¢ m°0-10%,(z)=0.7 (PRL 101, 162301)

1.4 Requiring a narrow jet =

1. 2;_ same suppression as leading hadron
] ettt

0. 8;_%<I> ]L

06 il B h + {4
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Hard to reconcile if eloss = splitting inside jet cone

—

M corumeaa Usiveasry (Yue Shi Lai, for the PHENIX Collabora Hard Probes 2010, l1A



So far, we see

Jets @ RHIC Jets @ LHC
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What happens to more massive probes?

® Diffusion of heavy quarks traversing QGP
M.~ 1.3 GeV/c?
@ Prediction: less energy loss than light quarks

large quark mass reduces phase space for radiated gluons
how many collisions with light quarks???

® Measure via semi-leptonic
decays of mesons containing X

charm or bottom quarks
Au

24



c,b decays via single electron spectrum
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Surprise: large heavy quark energy loss!

s 2¢ I S ] R L I I I UL IR RS LN I
18— Non photonic electrons =4 %8 [ PHUENIX
1.6 g 0 q & "% PRELIMINARY b+c! E
| E_ TN E 2 015 -
1.4: 8 . E>. s E
C T 18 o1 -
120 ‘} + 12 r R A { { .
1= + I 0.05— st ! -
. .. ] C L]
0.8E ... : of ;’-’-’- _
0.6 . — . .
B A A A $00§§§ \ 0.05F minimum-bias =
0.41 + A z . ¥ | . s AutAu /S = 200 GeV
0.2 e ‘i.A T 3 Tl B - B - BT S B+ -y
- i, = 3 p, [GeVic]
% v 2 3 4 5 6 8 9
P, [GeVic]
» more energy loss than gluon radiation can explain!
» charm quarks flow along with the liquid
Who ordered that?
Mix of radiation + collisions (diffusion)
but collisions with what?
Drag force of strongly coupled plasma on moving quark? *°



Same behavior in QGP at LHC
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An astounding result!

Even more surprising
than you might think...

5" 1 '45 v e-h correlation (STAR)
2 1.2 = e-D correlation (STAR)
o 1: o e-h correlation (PHENIX)
(V] | [
é 0 PHENIX
% ) E 90% C'L' - EUUSSELL I S-TAR Data
0.4 " Jf O I o
0.2 l p+p@200GeV
o_lllllllll[l llllllIlllIIIllllllllllllllllllllllll
0 1 2 3 4 5 6 7

8 9
P, (GeVi/c)

Significant fraction

must be b quarks! s



Reconstruct D and B decays to find out

H H . X et

® Silicon detector arrays around beam pipe _)/
STAR, ALICE, PHENIX Au /\' Au
Tag displaced vertex to separate c,b K m

Reconstruct D & B mesons from their decay hadrons  p:cr=310

T T T T T | BN I S e e

STAR Preliminary
Au+Au Vs, = 200 GeV
RHIC Run 2014

Liaad

1

+:

= With HFT Cuts } 125M MinBias Events g

S o SNS+B= 18 =

A 1”A 1'Bl ..'912. 12". PRI ST IR TP
1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 21

Invariant mass, mg., (GeV?)




small viscosity/entropy was a surprise

Viscosity: inability to transport
momentum & sustain a wave

Example: milk.
Liquids with higher
viscosities will not
splash as high
when poured at the
same velocity.

low viscosity — absorbs particles &
transports disturbances

Viscosity/entropy near 1/4x limit from
guantum mechanics!

.. liquid at RHIC is “perfect”

Good momentum transport: neighboring fluid elements
“talk” to each other

— QGP is strongly coupled
Should affect opacity :

e.d. q,g collide with “clumps”
of gluons, not individuals




High m_. — large collisional energy loss

PEQ/DEq

c/iight

12 — —

R. Kolevatov &
U.A. Wiedemann
arXi1V:0812.0270

0,8+

06 ‘
i / £ = 200 MeV]

- ® = 450 MeV \\
141 mt = 680 MeV a

_ M @ The “clumps”?
1 \

_ ! | @ Db/c separation
T //”M_H—H allows to test!

02—

1 l 1 | | | |
00 5000 10000 15000 20000

P, MeVie
Fig. 3. The heavy-to-light ratio AEg/AE, of collisional energy loss for charm quarks (upper

panel) and bottom quarks (lower panel), compared to that of light quarks (m, = 200 MeV). The
results for the numerator AFg and the denominator AE, are the same as used for plotting Fig. 2.
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an independent measure of viscosity

< 1.8 _l T T T I T LI T I T T T T [ T T T T I T T T T I T T LI I T T T T I llllllll
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i\ -------- 12/(2rT) Teaney (lll)
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0.8—
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02— . o e e
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PRL9S, 172301 (2007)

Heavy quark diffusion
(Langevin equation)

drag force <> random force
<> <Ap*>/unit time <> D*

~ agrees with data
charm relaxation is fast

D ~ 4-6/(2xT)

n=173p<v>A
D =<v>/3po
D=n/p~n/S

/S = (1.3 — 2.0)/ 4x
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@® backup slides
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Calculating transport in QGP

weak coupling limit oo strong coupling limit
perturbative QCD not easy! Try a pure field...
kinetic theory, cascades gravity <> supersym 4-d

interaction of particles (AdS/CFT)
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Geometry

Use Glauber model of nucleons in the nucleus
calculate # of participant nucleons N
# of binary NN collisions N

part

coll
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Using the duality

Anti de-Sitter/Conformal Field Theory Correspondence

N=4 Supersymmetric Weakly coupled type IIB
Yang-Mills theory - $m) ON AdS.xS>

a field theory similar  ,, ; Dual to gravity near a
to QCD black hole

Predict properties of strongly
coupled systems (/s 21/4m) &
non-equilibrium processes
(e.g. energy loss)
“easy” to calculate evolution
of stress-energy tensor
Applied to strongly correlated
electron systems, too  Son, Policastro, Starinets; Gubser 37
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