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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. 2
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Pb+Pb global energy flow

Phys. Rev. Lett. 105 (2010) 252303

Pb+Pb \5,,=2.76 TeV
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Characterizing Pb+Pb centrality
Phys. Lett. B707 (2012) 330-348

c ~ ATLAS
Minimum-bias [ Pb+Pb | 5y=2.76 TeV
distribution of Lin = 200 mb
2Er over 2
3.2<|n|<4.9 Qg
(EM scale)

4
FCal ZE; [TeV]

e Large event-to-event variations in the UE due to
the geometry of the collision

- “centrality” quoted in terms of percentiles 4
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Event-by-event collective flow
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* Underlying event in Pb+PDb collisions have
complicated azimuthal structure due to initial-
state fluctuations and collective dynamics

— Typically characterized by Fourier coefficients

_ dN dN (1 4 Z 2v,, cos [n(¢p — ’¢n)]>

dpdprdn  2mdprdn

— Measurable event-by-event.
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The underlying event (ATLAS

ATLAS-CONF-2012-045, https:/Icds.cern.ch/record/1440894
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05<FCalX t <06 TeV

PD+Pb \[5,.=2.76 TeV ¥

L..»240mb 3

n<28

¢ In minimum-bias Pb+Pb events

- Sum EM-scale tower Er over
NxN groups of towers (ZE)

- N chosen to match jet sizes 3 o e

= R =0.4 & 7x7 (1 x 0.42 = 0.50) | " :

1N INEE, [GeV )

e Distributions shown to right b i |

for two different centralities . 77 tower 3£, [GeV
=) top: peripheral ¢ <FGaIZE, <35 Tov

=) bottom: central .
® Observe: \

L..=240mb’
ni<2.8
=) Distributions are NOT o DH" NG MG
Gaussian (Gamma dist’s 10° ‘%
| ) ) i,

'OO 2':) 140 160 180 200
tower LE. [GeV]

1/N IN/GLE, [GeV )
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Reconstruct (unsubtracted) Pb+Pb event

—Here, for demonstration, with ki algorithm

=But the kt algorithm is problematic because
the background jets “eat” edges of real jets |
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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 ?
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The underlying event (ATLAS

( R

_/_Er >
P("?) - <A7']zA¢"’ 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
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ATLAS jet reconstruction
Unsubtracted (_Cluster with R=0.2 ) ™,

calorimeter

dE+/dndop Create initial seeds:
Max(Et*¥) > 3 GeV

Compute
initial voVE / Y

(_ Cluster with R=0.4 )

v

(et s
R=0.2,0.3, ... 2

Y
l Subtract with Require
initial p and v2"E pr >10 GeV
[ Subtract with ] l l
iterated p and v,VE
Require 1 Create iterated
pr >25 GeV ) » seeds

]‘/

Compute iterated p and v2'E

Final jets excluding iterated seeds
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ATLAS Pb+PDb jet performance (2010
Phys. Lett. B 719 (2013) 220-241

= o ATLAS simulation
® Three metrics anti-k, R = 0.4

. —&— o [AE_JE™™ +fit, 0-10%
- Jet energy resolution

& o [AE_VE™ & fit, 60-80%
- Jet energy scale 5 o (AE_VE™ 0-10%
. € 0 X (AE_VE™ 60-80%
- Jet reconstruction :
efficiency

= with (¢’) and without *erue
(£) fake rejection [ R000000000000000000000000¢

Of these, we only have O U
control over JES S

=) Sensitive test of & 0 ¢ 60.60%

background , ¢ ¢ 60-80%
subtraction

® ¢ 0-10%

100 150 200 250 300
E;" [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
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ATLAS jet erformance 2010 data
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Pb+Pb Jet Spectra (2010)

https://atlas.web.cern.ch/Atlas/IGROUPS/PHYSICS/PAPERS/HION-2011-02/

anti-k, R=0.4 | ) anti-k, R = 0.2
e 0-10% e 0-10%
® 10-20% ] ® 10-20 %
® 20-30% § — ® 20-30%

30-40 % E : .~ 30-40 %
® 40-50 % 3 ' ® 40-50 %

50 - 60 % ] -60 %
® 60-80 % : = 4| ® 60-80%

- Pb+Pb \s,, =2.76 TeV ] ~ Pb+Pb \'Syn = 2.76 TeV

- |\H‘\\\‘\\\‘\H‘\\\‘H\‘\\\\\\\\\7 , | | | | | | | |
10°0 Ll b b b b b b b i
40 60 80 100 120 140 160 180 200 220 0 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
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Hard scattering rate control: Z

Z—e*e event display Z—-utu event display
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e Opposite sign: 772
Same sign

ATLAS

Pb+Pb Sy ™ 2.76 TeV
Data 2011

Centrality 0-80%

®Z -1 B Mode
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Hard scattering rate control: Z

~ ATLAS | 2
. Rev. Lett. 110, 022301 (2013)
y g
{gill
Pb+Pb\s,, = 2.76 TeV
Data 2011 L, = 0.15 nb"

Centrality 0-80%
¢ Z-1l B Model

p’ [GeV

e Compare Pb+Pb Z rapidity distributions

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

—No nuclear PDFs
= Nuclear PDF effects <~ 20%
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e Ratio of jet yields i F
between different :
centrality bins and
peripheral collisions

—corrected for “trivial”
geometric factors

=Q0bserve a factor of
two suppression in
jetyield (|n| < 2.1)

anti-k. R =04

Pb+Pb |s,,, =2.76 TeV
anti-k, R=0.4
0'100(:

JLdr 7 ub’

Phys. Lett. B 719
(2013) 220-241
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Differential jet suppression
Phys Rev. Lett 111, 152301 (2013)

[ 5.10%  antik, R=0.2 -
[ 60<p <80GeV] [, f
. ATLAS preliminary 1 | Pb+Pbys,, = 2.76 TeV ! .
B O 016+ 0.002 i [ V5 |0ae = 0:032£ 0.002 1 [ V5|~ =0.042% 0.002 ]

30 - 40 % ' '- { 150-60%

'
R <
L R - < >
)
- o - -
¢ K b < 3
' b

—00414 0.002 | |

F < 'meas

=0.034+ 0.003 | [ V¥ N.l.;=o.027 0.004 |

i ;?.[TYY_‘(I
0.5 1 1 5 0 0.5 : : 1 1 5
Ao ‘ A o

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

—Here for R=0.2 jets, 60 < pTt <80 GeV

=UE subtraction corrected for elliptic
flow modulation in calorimeter
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Pb+Pb Inclusive jet fragmentation

ATLAS-CONF-2012-115, https llcds.cern. ch/record/1 472936

ATLAS Prellmln 1ry
Pb+Pb\/s,..=2.76 TeV

Unfolded
for jet and
charged
particle
resolution
D(z) = Z = Pchg * Pjet/ |Dje
(2) Noyo dz > Pehs Ps t/ |Pjet|
Dipy) 1 dNp,
PT) =
Njet dpr 18
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Inclusive jet fragmentation

~ ¢ R . . g , ,
=y ot ATLAS Preliminary s ot ATLAS Preliminary
Pb+Pb\5, »2.76 TeV T F PhePO\S =276 Te\
t L «0.14 nt : L3 14nb

.. . ATLAS Preliminary
Pb+Pb\S »2.76 TeV

—

/.'.. ATLAS Preliminary

: .t ATLAS Preliminary : _ £ ATLAS Preliminary

- :'l-r:\',‘- 1™ :ri-’!\._,.'»
r 14 nt ] ; 14nb

e Ratio of fragmentation functions between
different centrality bins and peripheral (60-80%)

19
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Inclusive jet fragmentation

F v v LI | v v v LI B
£ 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 T mTrrTT
£ 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
10-20%/60-80%

- T T LI | T T T mTrrTT
t ATLAS Preliminary

E Pb+Pby/s=2.76 TeV

SE L_=0.14 nb”

int

AF anti-k; R=0.4

p":‘>1 00 GeV
20-30%/60-80%

F T LA | T T T
t ATLAS Preliminary
b Pb+Pby/s,=2.76 TeV
b L,=0.14 nb™
A4F anti-k; R=0.4
E piTe‘>1 00 GeV
30-40%/60-80%

o T LA | T 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
40-50%/60-80%

oo T ' T
sk ATLAS Preliminary
E Pb+Pby\[s,,=2.76 TeV

F L_=0.14nb

int

AF anti-k; R=0.4

p"Te‘>1 00 GeV
50-60%/60-80%

10

* Check that the modification is not due to the
measurement of jet pr = D(pr)
=D(pT) shows similar modifications
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ATLAS & CMS jet fragmentation

CMS Preliminary L,
e— CMS 0-10% / 50-100% e« CMS, 0-10%/50-100%
ATLAS 0-10% / 60-80% . « ATLAS, 0-10%/60-80%

= 140 ;1b" - CMS Preliminary L, = 140 ;1b"

Laaas {3 TYee iy

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.

=How much of the modification results from
changes in the quark/gluon fraction?

= n dependence (g/g fraction)?

21
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Y-jet momentum balance
Peripheral central

[CJPYTHIA+Data [CJPYTHIA+Data [JPYTHIA+Data [JPYTHIA+Data
-e-Data =} -e-Data 5 -e-Data 5 -e-Data
40-80% : 20-40% ’ 10-20% : 0-10%

R=0.2 > R=0.2 > R=0.2 = R=0.2
Pb+Pb Pb+Pb Pb+Pb Pb+Pb

sNN=2.76 TeV sNN=2.76 TeV SNN=2.76 TeV SNN=2.76 TeV R

L,,,=0.13 nb™ L,,,=0.13 nb L,,=0.13 b

0.2

ATLAS Preliminar

[CJPYTHIA+Data [CJPYTHIA+Data [JPYTHIA+Data [JPYTHIA+Data
& Data 5 & Data 5 - Data 5 & Data
40-80% ’ 20-40% : 10-20% : 0-10%
R=0.3 R=0.3 - R=0.3 - R=0.3
Pb+Pb Pb+Pb Pb+Pb Pb+Pb
5 =2.76 TeV 5 =2.76 TeV 5 =2.76 TeV 5 =2.76 TeV R

L,,=0.13 nb" L,,=0.13 nb™* L,,=0.13 nb™

0.3

Xy Xy Xy Xy

ATLAS-CONF-2012-121, https://cds.cern.ch/record/1473135

* Plot distribution of £ = P"]q?t /P%
— photon background pairs subtracted
—unfolded for jet energy resolution
=Substantial change in y-jet balance 29
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Summary, thoughts

e Several measurements (more to be shown in
following talk) showing that parton showers are
modified in the quark gluon plasma.

— Complete (and unique) theoretical explanation still
not yet available.

=Do not yet have a validated and tuned event
generator capable of describing the data.

* Tools for handling the UE in Pb+Pb collisions and
high pile-up p-p are not (yet?) converging
=Problems are similar, not the same.
=Do we care?

e Flavor tagging in Pb+Pb collisions will be difficult
until we understand quenching.

=But, gamma-jet, W/Z-jet measurements allow us to

change the q/g mixture. Good place to start. 23
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# R=0.2

I CMS Preliminary
‘ *R=03

70-90%

0.2} Anti-k_ Particle Flow Jets

(y] ==
Jet p_ (GeVic)
s G VTG
1.81-(d)
1.6
145 10-30%

Uncertainties

Inl<2 TAA + Lumi

100 150 200 250

300100

- Uncorr statistical

Total systematics

Jet P, (GeVic)

150 200 250

Bayesian PbPb\s =276 Tevg.
50-70% [ Lt =129 "

Jet P, (GeVic)

! T

150 y 250 300 10

Jetp (GeVic)

* First results on jet Raa @ LHC

300100

150 200 250

Jet P, (GeVic)

T 7

150
Jet p, (GeV/c)

= Consistent behavior with ATLAS Rcp
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Jet fragmentation: R dependence

5, . ATLAS Preliminary 5, [ ATLAS Preliminary

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

—Use different e TR Y S
je t SizeS: 01 09%/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

 Analogous to dijet
measurement but
with “clean” photon

— See clear shift in
fraction of photon
energy carried by jet

=But beware, photon

IS not proxy for
unquenched jet (p-p)

T T L | T+ ' [T Tt Tr[rrrrrrrr 1
- (a) m

¥ ¥ L 1 T T T 1 T T T I T T T I T T T I T T T 1 T T T T T T I T T T T T ]

pp Data 1 () e PbPbData 1(c) p;>60Gevic Ii<i44 1 \sy=276Tev  CMS
1 [ PYTHIA + HYDJET 1 pH530 GVl WeI<16 ;

1 1 7 I .
~ Aq)Jy Zg" I ]
50% - 100% T 1 10% - 30% I ‘
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ATLAS dijet asymmetry measurement
ATLAS

Run: 169045

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

\\ %) .?)"\’Fr ‘\
! 2 ﬂﬂ { !
3 5 -4 -3
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Dijets: CMS 2011 data
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*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. 29
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