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Single hadrons, theory

*Rapid variation | soas e
in hadron Raa | e
with pT
—Expected, but

not (easily) seen
at RHIC

*But, rapid rise,
saturation(?)
seen in data

—In one energy loss calculation (GLV) needs
running coupling
=Which should have been there all along,
but theoretically still uncertain



Jet measurements at the LHC

ATLAS

1 EXPERIMENT

Run 168875, Event 1577540
Time 2010-11-10 01:27:38 CET %

Calorimeter
Towers



Jet probes of the quark gluon plasma

*Use jets from hard
scattering processes
to directly probe the
quark gluon plasma
(QGP)

e Key experimental question:

=How do parton showers in quark gluon
plasma differ from those in vacuum?

e Use vector bosons -- for which the QGP is
transparent -- to calibrate hard scattering
rates in Pb+Pb collisions. p



Jet probes of the quark gluon plasma (2)

A partonic jet shower in medium

Jet - QGP
interactions
schematically

From Quark
Matter 2011 |
talk by B. Muller Eeadmgparton:

ransfers energy to medium by elastic collisions

Radiated gluons (vacuum & medium-induced):
Transfer energy to medium by elastic collisions
Be kicked out of the jet cone by multiple scattering

*QGP can modify jets in multiple ways:

1. Collisional energy loss (analog of Bethe-Bloch)
2. Radiative energy loss (enhanced splitting)
3. Broadening of parton shower

= 2 & 3 will depend on jet radius



An example Pb+Pb jet event

CATLAS

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

Even more central collision, more asymmetric dijet



An example Pb+Pb jet event

JATLAS

. EXPERIMENT

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

Even more central collision, more asymmetric dijet
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Reconstruct (unsubtracted) Pb+Pb event

—Here, for demonstration, with kt algorithm

=But the kt algorithm is problematic because
the background jets “eat” edges of real jets s



The underlying event

¢ ~ universal starting point for UE subtraction
- E’bfubtr — E}I{nsubtr . pA

=) But the details are critical

¢ I[mportant considerations:
- What kind of objects is subtraction applied to?
=) Towers, topoclusters, cells, ...
- How to estimate UE energy density, p ?
- With what granularity?
- Event -by-event or event-averaged?
= But if averaged, need separate measure of p

- How to exclude jets, photons, ... from p ?




The underlying event (ATLAS

fa R

_/_Er >
p(n) - <AT]7'A¢7' i¢jet, |n*—n|<0.05

. J

® For each Pb+Pb event:

- For each calorimeter layer: - m

= Calculate an AVERAGE (not median!) cell Et
density in An = 0.1 intervals

= Excluding cells that lie within AR = 0.4 of seeds

e Then, apply ESP" = Eursubtr _ 5 A to each cell
within tower constituents of reconstructed jets




The underlying event (ATLAS

® Pb+Pb collisions present
additional complications

- collective flow in the UE
= as large as £ 20%
= fluctuates event to event

e Accounted for in subtraction
- PP PTPP(n,¢) = p(n)(1 + 203'F cos[2(¢ — ¥2)])

¢ With amplitude of modulation
(v2) determined event-by-event

dE. /dp [GeV]

[uém = (B} cos[2(¢' - wz)lmel

B excluding any n interval
containing a seed

A single Pb+Pb data event,
dEv/do integrated over [n| <5




ATLAS jet performance

ATLAS simulation
anti-k, R=0.4
—&— o [AE_VE +fit, 0-10%

]/Elrul'ﬁ
-

® Three metrics
- Jet energy resolution
- Jet energy scale

- Jet reconstruction
efficiency

= with (¢’) and without ST
(¢) fake rejection —HO0U00000000080000000000

T

#— O [AEVE™ +fit, 60-80%

or p[AE

/

o (AE_VE™ 0-10%

truth
T

(AE_VE™ 60-80%

(AE JIE

Of these, we only have TIRIRIRIIEITIIFIIIIFITS
control over JES g ¢

=) Sensitive test of P 0 & 0000
background |

® ¢ 0-10%

¢ ¢, 60-80%

subtraction

50 100 150 200 250 300
E_;rdth [GeV]

e Jet is considered not fake if within R =0.2:

—R =0.4 track jet (rec. from tracks w/ pr > 4 GeV),
photon, or electron with pt > 7 GeV




ATLAS dijet asymmetry measurement
ATLAS

Run: 169045

H Event: 1914004
Calo”meter Date: 2010-11-12
Towers Time: 04:11:44 CET

ETl > 100 GeV
ET2 > 29 GeV

1st indication of medium modifications of j




Event Fraction

Event Fraction

it gER H*m

b +_._f }_L}_LJLJL :

*Clear demonstration that the effects of
differential quenching extend to high pr
—what is role of jet flavor (quark, gluon, heavy)?

=|n particular, gg vs qg. 14



Dijet asymmetry: Theory comparisons

p+P PYTHIA+fastjot e——

as=0.3

a.=0.27
058 Young et al,

ATLAS p+p7TeV o arXiv 1103.5769
ATLAS Pb+Pb 0-10% [nucl_th]

AMY energy loss
formalism

* AMY energy loss with 1 free parameter (s)
— Good description of modified asymmetry distribution
=Decisive test of energy loss calculations

=15t step towards quantitative probe of jet + sQGP
interactions using jets 15



Hard scattering rate control: Z

Z—e*e event display Z—-utu event display

Pb+Pb \Sp, = 2.76 TeV
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Hard scattering rate control: Z

 ATLAs | 2

Phys. Rev. Lett. 110, 022301 (2013)

ul
g}

Pb+Pb\s,, = 2.76 TeV
Data2011 L . =0.15nb
Centrality 0-80%
o7l B Model

eCompare Pb+Pb Z rapidity distributions

(minimum-bias) and pr spectra to PYTHIA
scaled to NNLO calculations

— Pb+Pb Z production rates consistent with MC
=hard scattering rates under control

17



CMS: photon identification
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*With high-energy calorimeters, cannot
separate %, n decay photons

—Instead, use the shape of the shower and
isolation to separate photons from 7%, n

=Very different analysis from PHENIX (e.g.)
18



CMS: photon yields, Raa

CMS \/s=2.76TeV L, (PbPb)=6.8 ub™" L,,(pp)=231nb" [ CMS \5=2.76TeV PbPb f L dt = 6.8 ub”

'l <1.44 230-100% pp fL dt = 231 nb”
PbPb 0- 10% x 10*

PbPb 10 - 30% x 10°
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pp
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oeft:

—comparison between p-p and Pb+Pb photon
spectra and JETPHOX calculation

*Right:

—photon Raa -- consistent with 1
19



CMS: photon yields, Raa

CMS \/s,=2.76TeV L _(PbPb)=6.8ub" L, (pp)=231nb" CMS \/s\=2.76TeV

PbPb f Ldt=6.8ub"

pp fL dt =231 nb"
- — RAA (0-10%)

Systematic Uncertainty

D T, Scale uncertainty

RAA

—e— Centrality bins

—&8— 0-100%
Systematic uncertainty

|:| PbPb (MB trig) and

pp (lumi) uncertainty

——— PbPb(EPS09)/pp(CT10)
_____ PbPb(nDS)/pp(CT10)
....... PbPb(HKNO7)/pp(CT10)

— — EPS09 PDF uncertainties

O10 20 30 40 650 60

Photon E_. (GeV)

100 200 300 400 100 200 300 400
N

100 200 300 400

part Npart Npan

oeft:

—Central Raa with different pQCD calculations
using different nuclear parton distributions

=All nuclear PDF effects within systematics

AV



Prompt photon production

Transverse segmentation
of ATLAS EM calorimeter
allows rejection of photons
from 1%, n decay

* Also use isolation cuts
=Purity > 70%

-
T T

ATLAS Preliminary _
Pb+Pb s, =2.76 TeV |
Ly =133 ub"
—&— 40-80%
20-40%
—&— 10-20%

Efficiency

ATLAS Preliminary |
—e— Photon ID €40-80%
Photon ID €20-40%

—a— Photon ID €10-20%
—¥— Photon ID €0-10% |
—— Total €40-80%
Total £20-40%
Total €10-20%
-+--- Total €0-10%

1 1 ‘ 1 1 1 1 i - | | | | | | | Il Il Il Il Il
150 200 ' 300
photon P, [GeV] photon P, [GeV]




Prompt photon production (2)

ATLAS Preliminary +— 0-10%(x10?)
ev -+— 10-20%(x10")
=— 20-40%(x10°%)
—8— 40-80%
— JETPHOX 1.3.0
PYTHIA MC11
—— CMS HI (ii<1.44)
—o— CMSpp (mi<1.44) |

0-10%(+6) |

Data/JETPHOX

i 10-20%(+4) |
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ATLAS Preliminary

Pb+Pb |/s, = 2.76 TeV

Ly =133 ub”

ml<1.3
I

ATLAS Preliminar
Pb+Pb |5, =2.76 TeV

‘ Ly =133 ub™ Inl<1.3
| 1 | | | | |

200 100 200 300 200 300

photon P, [GeV] N photon P, [GeV]

*Photon spectra over 40 < pr <200 GeV
—well described by JETPHOX multiplied by Taa
—Yield / Taa ~ independent of centrality

=—Hard QCD photon production varies with
Pb+Pb centrality as expected




Pb+Pb Jet Spectra

ATLAS internal

measured spectrum R O 4 measured Spec rum
before unfolding before unfolkd

anti-k, R =0.2 ' anti-k, R 0.4

0 0-10% Unfolded

20 (SVD) and
e efficiency

corrected

[ PbsPD s, =2.76 TeV

#
|
|
|

Pb+Pb |s,, =2.76 TeV T |

slil
0~ 8
40 60 80 100 120 140 160 180 200 220 40 60 80 100 120 140 160 180 200 220

p. [GeV] p_ [GeV]

e For these results, no absolute normalization
—awaiting absolute jet energy scale uncertainty




Jet yields: centrality dependence

° 'f faCtorization hOldS jet o ATLAS Preliminary Pb+Pb \s, =276 TeV

yields should vary with  GEEREIERS
centrality « Ncol

e Compare yields between
centrality bins using
“ch”

1 1 dIN
CP — 1 1 dN

Necoll Nevt dpT 60— 80

40 60 8 100 120 140 160 180 200
p. [GeV]

—Overall jet energy scale
divides out in ratio

24



R=0.4Jet Rcp
Systematic errors : |

e Black band: fully
correlated systematics

* Red boxes: partially
correlated systematics

 Error bars:

—+ of diagonal element
of unfolding statistical
covariance matrix

Pb+Pb \s,, =2.76 TeV

anti-k, =04

JLd{ 7 ub’

140 160 180 200

p, [GeV]

Phys. Lett. B 719
(2013) 220-241



http://www.sciencedirect.com/science/article/pii/S037026931300049X
http://www.sciencedirect.com/science/article/pii/S037026931300049X
http://www.sciencedirect.com/science/article/pii/S037026931300049X
http://www.sciencedirect.com/science/article/pii/S037026931300049X

Centrality dependence of jet Rc

1E 38 <p_ <44 GeV

WAS Preliminary
[ ] J1E

{E anti-k, R=0.4
50 <p_ <58 GeV

67 <pT<77 GeV

“E 89 <p_<103 GeV

- 119 <p_ <137 GeV

: Pif% Sy = 2.76 TeV

:‘det 7 ub!
158 <p, < 162 GeV

) 50 100 150 200 250 300 350

<Npart>

50 100 150 200 250 300 350

<Npart>

0 50 100 150 200 250 300 350

(N

e Study centrality evolution for fixed jet pr

- ch VS Npart

=Smooth turn on of jet suppression between
peripheral and central collisions.




Jet radius dependence of Rcp

W W W

.9 0-10 % Centrality

ATLAS Preliminary Pb+Pb\s,, =276TeV |

Significant cancellation of correlated errors

ATLAS Prelilminary
40 50 60 70 100 200
p, [GeV]

e Evaluate jet radius dependence of Rcp
— Modest but significant variation of Rcp

—Less suppression for larger R
=An indication of jet broadening?




CMS jet Raa

I CMS Preliminary * R=0.2 Bayesian PbPb\/s,, =2.76 TeV!
70-90% *=R=03 | 50-70% [ Ldt=129 ub"

| HS W W TS W VN W W . - bl ekttt A A A0 00 0 2 0 0 L\ A N 1 A\ A A i

150 20 250 300 100 150 ' 250 300100 150 200 250
Jet p_ (GeVic) Jet P, (GeVic)

Uncertainties
TAA + Lumi
10-30% Uncorr statistical

Total systematics

}
:
:
:
F
E
F

R R AR

Jetp_(GeVic) Jetp (GeVic) Jet p, (GeVic)

* First results on jet Raa @ LHC
= Consistent behavior with ATLAS Rcp




jet suppression
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ALICE: jet shapes

Pb-Pb|s,,, = 2.76 TeV o —2<p <3-1<p <2 GeVic

pp s = 2.76 TeV RLICE 0 _4<p“<8-2<p“<3 GeV/ic
nl<09 PRELIMINARY

(fit)

. (fit) (rad.) , o,

O

)

Y

A pb J
Centrality

* More evidence for jet broadening @ low hadron pr
30




Differential jet su

60 < pr < 80 GeV

L L
meas = 0-016+0.002
5-10 % |

I o
'_fL dt = 0.14 nb"’
[ Pb+Pb |5,y = 2.76 TeV

PR SRR T R ST S SR N S T

—r 1 T
vl =0.032+0.002
10 -20 %

ATLAS

[ anti-k, R =0.2
60 < p, < 80 GeV
I T T W R T T

T T T T 1
meas = 0-042+0.002
20 - 30 %

LI A
neas = 0-041+0.002
30 - 40 % A

L
=0.034 = 0.003
40 - 50 % -

———
jet
v ¥l

2 ‘meas

L B
=0.027 = 0.004
50 - 60 % -

——
jet
vyl

2 ‘meas

110 <

0.016

ression
pT < 160 GeV

L L L |
- vl =0.018+0.007 1
5-10%

-det=0.14nb" ]

Pb+Pb |/s,, = 2.76 TeV
PR ST [ S SO SR T T S S

L L
=0.029 = 0.006 A
10 -20 %
L ATLAS |
Q

Q
N
anti-k, R =0.2

11O<pT<1GOGeV
PRI S TR RN R S T |

———
jet
V2 Imeas

o o ]
- v =0.024 + 0.007 A
2 ‘meas 20 - 30 %

L R B
vl =0.022+0.008
30-40%

LR A B
. 0.027 + 0.011
40-50 %

L L
=0.034 = 0.015 1
50 -60 %

———
jet
vl
2 ‘meas

Measure jet yields in 8 bins of A with
respect to the elliptic event plane

—HereforR=

0.2 jets

=See modulation for jet pt > 100 GeV




Differential jet suppression

| L L B

. ;det=0.14nb'1 +

1L S L L i |
L 20-30 % det=0.14 nb" - 40 % Pb+Pb \syy =276 TeV |

L B e T = I 11
r 5-10% anti-k, R =0.2 i 45<p_<60GeV ||

[ anti-k, R=0.2 t

Pb+Pb \'s,, = 2.76 TeV

MHH

110<p_<160 GeV |

|

M R T RSN S | | U TS ST RS R 100 200 300
100 150 200 50 100 150 200 (N_)
p. [GeV] p. [GeV] P

e Jet v2(pT1) ~ flat at high pr

e Characteristic centrality dependence
=Peripheral -- no quenching
=central -- no eccentricity

100 200 300
< Npart >




Edet=o.14 nb' 5-10% 1 [ anti-k, =02 10-20% ] [
[ Pb+Pb s,y = 2.76 TeV 1§ ATLAS preliminary { |

150 200 50 100 150 '2C|)0
p. [GeV] p, [GeV]

* Do rough comparison
of jet, charged v2 at

high pr
—plot 0.02 for 0/5-10%
—plot 0.03 for > 10%

=As good as could
be expected

T CMSL,,=150ub’

0.2 POPD (3 =2.76 TeV

~ | i<t ® cms2om
CMS 2010, kj<D.3

0.1 .
; O ATLAS
v * Y -
. ..[ i d V]J - =
: - ‘ . - ‘ ‘




Dufferentual jet suppression

ATLAS 1t Pb+Pby\s,, =276TeV 7| —— /8 < AP < /4
- anti-k,k R =0.2 1t {F —— /4 < Ap < 3n/8 ]
_ 110 del‘=O.14nb'1 10 ——3n/8 < Ap < 72 |

¥

¢ <n/8
o
I\)

T O0< AP <m

J

d®N_ /dp_ dA¢

o
o
(V)

o .
T [ T T LI

<
=
<
o
'_
o 0.1
O
~
ka3
<
sV
e
1
—

e Evaluate fractional change in jet yields vs Ad
relative to the yield in 0 < A¢ < /8.
—RaA(Ad)/Raa(0-7/8)
= ~18% change in single jet suppression
between in-plane, out-of-plane @ high pr ,,




Inclusuvejet fragmentatuon

ATLAS Py S s preiminey | ISR
U NERRREETEEE RN  foI jet and
o charged
particle
resolution

1 dNepg
D(z) = Z = Pchg * Djet/ |Dje
( ) Njet d= ’ Pchg - Pj t/ ’pg t‘
1 dNgp,
D(PT) — N d 2
jet PT
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Inclusive

et fragmentation

: . ATLAS Preliminary

~ I L ™ Y . f v
-+ ATLAS Preliminary -+ ATLAS Prelimmnary
: ':.-y!\.._'.;. Te\ [ D . Y VL T\ " d — " To

-!-u\, 2.76 eV E PD+PO\S, »2.76 16
o 14 nt 1 155 14 nb

—

T |

ATLAS Preliminary

.t ATLAS Preliminary i - . ATLAS Preliminary
E Pb+Pb\S,,=2.76 TeV Pb+PD\S._=2.76 TeV T < E poePt 76 T

T F POePD\S 276 Te\
- | 14 nt

 First observation of modified parton shower in
inclusive jets

=Not only seeing “left over” unquenched jets.




CMS fragmentation

10 & CMS Preliminary e PbPb Systematic uncertainty Jet p, > 100GeV/c, ml <2
pp reference Track p, > 1GeV/c,r<0.3

50% - 100%

E=1In(1/2) E=1In(1/2)

* Measured using MLLA variable not z

e Compared to p-p not peripheral
=But same modifications as observed by ATLAS
37




Inclusive jet fragmentation

CMS Preliminary L, = 140 ub™ CMS Preliminary L, = 140 ub™

3
*— CMS 0-10% / 50-100% e CMS, 0-10%/50-100%
ATLAS 0-10% / 60-80% 5F ¢ AILAS, 0-10%/60-80%

1 .....:.‘...5....

0.5

Jet p, > 100GeV/c

%% 1 2 3

& =1In(1/2)

 First direct handle on the pt dependence of
modifications of the parton shower.

=|mportant to determine whether modification
IS pt or z dependent.

=How to determine whether low-pr

enhancement is from PS or from medium? -



Inclusive jet fragmentation

F v v LI | v v
£ ATLAS Preliminary
b Pb+Pby/s,=2.76 TeV
b L,=0.14 nb™
. anti-k; R=0.4
piTe‘>1 00 GeV

0-10%/60-80%

- T T LI | T T
£ ATLAS Preliminary

E Pb+Pby\s,=2.76 TeV
~F L,=0.14 nb™

int

AF anti-k; R=0.4

p"f‘>1 00 GeV
10-20%/60-80%

SE L_=0.14 nb”
AF anti-k; R=0.4

- T T LI | T T

t ATLAS Preliminary

E Pb+Pbys,=2.76 TeV
int™

p":‘>1 00 GeV
20-30%/60-80%

o T LA | T T
b ATLAS Preliminary
© Pb+Pby/s,=2.76 TeV
E L,=0.14 nb”
s anti-k; R=0.4
piTe‘>1 00 GeV

30-40%/60-80%

o T LA | T T
£ ATLAS Preliminary

E Pb+Pby\s,=2.76 TeV
~F L,=0.14 nb™

int

anti-k; R=0.4
p"f‘>1 00 GeV
40-50%/60-80%

E Pb+Pby\[s,,=2.76 TeV
~F L,=0.14 nb™

- ATLAS Preliminary

int
anti-k; R=0.4
p"Te‘>1oo GeV
50-60%/60-80%

10 102
p, [GeV]

e Check that the modification is not due to the
measurement of jet pr = D(pr)

=D(pT) shows similar modifications




Jet fragmentation: R dependence

s ATLAS Preliminary s ATLAS Preliminary
F Pb+Pb\s=2.76 TeV "t Pb+Pb\[s=2.76 TeV

15F L,,=0.14 nb"! 158 1,,=0.14 nb™!
anti-k. R=0.2 ) anti-k; R=0.3

*Check that the | oo 1'% oo
modification is ’
not due to
underlying event
fluctuations S E ATLAS Protiminary S £ arias pratminary

Pb+Pb\s,,=2.76 TeV Pb+Pb\s,=2.76 TeV
. 15F 1,,=0.14 nb"! 15F 1,,=0.14 nb"!
— U Se d 'ffe re nt _ anti-k; R=0.2 _ anti-k; R=0.3

p"Te‘>85 GeV pjft>92 GeV

j et S iZ e S : 0-10%/60-80% | 0-10%/60-80%
R=0.2,0.3 | —

eObtain the same
resultsas R=0.4

—0bserved modifications are robust
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CMS: gamma-jet

T 1 T T T T T T T T T T T T T T T T 1 T T T T I T T T T I T T T T I T T T T 1 T T T T T I T T T T I T T T T ]
1(®) e PbPbData 1 (C) p>60GeVic Mi<i44 1 \sy=276Tev  CMS
[ PYTHIA + HYDJET | pH>30 GeVie W <16

Ldt=150ub"

7 1
Aq)J\ >§n 1

50% - 100% 1 ““ 30% -50% } 10% - 30% } 0% -10% ]

*Observe a shift in the distribution of jet energy
to photon energy fraction. Quantify:

. [ I T T T T T T T T { T T T T { T T T T
F (a
EA( ) . \[5=2.76 TeV
= >t
= ¢JY 8 p
det: 150 ub

mean fraction
Jet fraction

L I R B IR S SR S ] C T T S B P R T S SR
100 200 300 200 300
N N

part part




Y-jet momentum balance

Periphera| —-———— central

[JPYTHIA+Data [JPYTHIA+Data
-o-Data -o-Data

Y
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e Plot distribution of Tj = ‘]et/PT

— photon background pairs subtracted
—unfolded for jet energy resolution

=Substantial change in y-jet balance 45



@ Pb+Pb Data
Op+p Data

Virtuality matters

Virtuality Q2 of the parton in the medium
controls physics of radiative energy loss:

Weak coupling scenario

RHIC: 20 GeV parton, L =3 fm

1.5GeV

1.5GeN >

Virtuality of primary parton is
medium dominated and small
enough to “experience” the
strongly coupled medium

: ( k
Q (L) = mux| I
\ 4 / /

I'l' "c;\';"(,’,;l]
vacuum

LHC: 200 GeV parton, L =3 fm

E
- 13 GeV-
L

')(x;\. <

Virtuality of primary parton is
vacuum dominated and only
its gluon cloud “experiences”
the strongly coupled medium

Is the lack of kT
broadening in
the presence of
significant
quenching a
death knell for
“leading parton”
models of
energy loss?
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flavor: D meson Raa

"] Y'YI

1 l 1

mw n
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ALICE
Centrality 40-80%
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* Direct measurement of charm suppression in
a prt range where charm mass matters

—unlike semi-leptonic measurements which mix
charm and bottom




Heavy flavor: D meson Raa and models

]I I] I] LI I LI ]I IIIIII
Average D°. D', D *, |y|<0.5 Charged particles, n|<0.8

— = \fitev rad (l)
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AdS/CFT Drag (Il
Langevin HTL2 (IV)
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0-20°% centrality
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i
14 16
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*No single calculation can describe both
inclusive hadrons and D mesons.

—WHDG closest, somewhat low on hadrons




CMS b-tagged jets

Preliminary \'Syy = 4-7/0 1€

CMS preliminary
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B usdg-jet template
+?/NDF =10.1/ 11

Centrality 0-100%

e
o
)

Number of jets
b-jet fraction

10?

fL dt = 150 ub”
o PbPb Data
Pythia+Hydjet
[ ] Syst. uncertainty

2
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Secondary vertex mass (GeV/c9)
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e CMS tags jets with secondary decay vertex
—Then use a template fit to extract b-jet fraction.
=Method that is common in LHC experiments

High-pT b jet fraction consistent with PYTHIA

and/or p-p (not shown) 47



Summary

*Jet measurements are starting to fulfill the
promise of providing a new set of tools for
studying/understanding jet quenching

— Alternatives to single hadron measurements
=More closely related to parton kinematics
— Direct measurements of modifications
=0bserving modified parton showers
e Ultimately, combination of hadron/heavy
flavor/jet measurements together will provide

more constraints on jet quenching theory than
any one of these individually

— Still much to learn about systematics

— Still learning how to take advantage of jets

=Expect rapid progress over next few years o



