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Jets in heavy ion collisions

Initial state . Initial copditions Dynamic evolution Freezequt

e Hard work at RHIC and the LHC have still left us with very basic
guestions to address about the sQGP

e In particular, we need to better understand the initial state (nPDFs)
and the initial conditions (which seed the hydro evolution):
e How are initial PDFs modified by the nucleus?
e How do we characterize pre-equlibirum physics?
e What are the constituents of the system at early times?

e [sthe system strongly or weakly coupled at early times?
e Need to understand soft and hard physics to address these questions

How can jets help with this?
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Jet modifications in the equilibrated medium

medium A et
. PhyS|Cs LettersB739 (2014) 320 342
Radiative and collisional processes, with L1600  ATLAS :
: E Pb+Pb \/s=2.76 TeV
the radiated partons themselves "-5F 0.14 b ;
. . . . 1.4F anti-k; R=0.4 =
interacting in the medium D Caf p>100 GeV
| ( )O 10% | 0-10%/60-80%
Quite complicated - and an evolving S 2 | I 1
: : 0 1.1F
story on theory & experimental sides (2)s0-80% P { { l :
Increasing interest in flavor 0.9k Py byt E
dependence (g vs. g) & jet structure 0.8° TS :1
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http://www.sciencedirect.com/science/article/pii/S0370269314007989?np=y

Probes of pre-equilibrium physics?

Glauber Schenke et al Kurkela & Wiedemann
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Density fluctuations Classical Yang-Mills: e
Are there regimes,

from initial-state hotspots beyond manifest in angular distributions
g|auber geometry Glauber? of fragments, or Ad of jets
(e.g. d'Eramo et al, or parton cascade)
which can elucidate the microscopic
properties of the medium at
4 early times?
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ATLAS at the LHC

Hermetic electromagnetic and hadronic calorimeters,extending out to |n|<4.9.
Centrality estimated using Forward Calorimeters (FCal, 3.2<|n|<4.9).
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Inclusive jet suppression in Pb+Pb

Jets reconstructed with anti-k; algorithm
R=0.2-0.4, after iterative flow-sensitive UE
background subtraction

UE jets rejected by requiring
a track jet (or>7 GeV) or EM cluster (pr>8 GeV)



Inclusive jet suppression in Pb+Pb

Jets reconstructed with anti-k; algorithm
R=0.2-0.4, after iterative flow-sensitive UE
background subtraction

UE jets rejected by requiring
a track jet (or>7 GeV) or EM cluster (pr>8 GeV)

Fully unfolded inclusive jet rates in Pb+Pb,
scaled by cross sections

from 2013 2.76 TeV pp data (4.0 pb™):
extends accessible pr range.
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Inclusive jet suppression in Pb+Pb

Jets reconstructed with anti-k; algorithm
R=0.2-0.4, after iterative flow-sensitive UE
background subtraction

UE jets rejected by requiring
a track jet (or>7 GeV) or EM cluster (pr>8 GeV)

Fully unfolded inclusive jet rates in Pb+Pb,
scaled by cross sections

from 2013 2.76 TeV pp data (4.0 pb™):
extends accessible pr range.

Large (~2x suppression) observed
in the most central events,
consistent with previous ATLAS
measurements of central/peripheral ratios

Constant in more peripheral bins,
Significant rise at higher pr in central
events.

\
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arxiv:1411.2357, submitted to PRL

anti-k, R =0.4 jets
Sy =2.76 TeV

2011 Pb+Pb data, 0.14 nb™" |
2013 pp data, 4.0 pb™" -

| 12<lyl<21
4IO | 6|0 — 100 2C|)0 | 460
p, [GeV]
1 d2 Njet
Nevt dedy cent

Raa = 425 PP

jet

<TAA>cent X dprdy



Centrality & rapidity dependence

arxiv:1411.2357, submitted to PRL

< T T T T I T T T T I T T T T I T T T T I T T I T T T T I T T T T I T T T T I

. - : < [ 2011 Pb+Pb data, 0.14nb™  ATLAS anti-k; R =0.4 jets ]
Varying collision centrality T 1 010 pp et 400" [5yy=276TeV |
varies path length in medium:

with increasing centrality

strong and clear modification

80<pT<1OOGeV lyl<2.1 E
N magnitude of Suppression 0T B0 100 150 200 280 300 350 400
<Npart>
No observed o T L T
N ® 10-10% B |30 -40 % ¢ |60-80% _
difference in suppression T — -uf
with rapidity of the jet, — — =— ==
05__ """ I|=.=' """""""""""""" g I P =
even for different centrality e <to00en ATLAS
Selections 00I | I0.I2I | I0.I4I | IO.|6I | I0.|8I — ‘Il — I‘I.I2I | I1.I4I | I1.I6I | I1.I8I | I2I |
|y |



Rapidity dependence

e Might expect multiple contributions

to rapidity dependence of Raa, & [ aknoosps Canas ] L0 Heme [ose
. . e L sy =2.76TeV ] Z ]
some directly related to initial state e I “eel
e Steeper spectrum in forward -
rapidities ] 1 I
L 63<pT<EI30GeV | | B L 80<pT<?OOGeV
e nPDFs could enhance/decrease jets 0
resulting from different x;,x, @ 2011 Pb+Pb data, 0.14 b ) _
. . 2013 pp data, 4.0 pb™ i L i
combinations i e | Sl |
" , [+ = - == 1 [ T =+ = ]
e Quark vs. gluon composition of jets e e R e —— —
should also vary, and they could have i L 1 — L
_ _ [ 100<p_<126 GeV ] [ 126<p <158 GeV ]
different quenching patterns % i a 3 ol E i = ;
[yl [yl
e Different path length: potentially
longer for more forward jets
* |n this context, lack of observed M dependence for wide
variation seems quite surprising range in centrality and pr
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Path length dependence

out of plane

in plane

11

Jets propagate through

the expanding medium

we study in detail using
flow harmonics

Expect jets to be sensitive to
the direction of their emission
relative to the event plane:
path-length dependence of
jet quenching



Path length dependence

out of plane

in plane
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Phys. Rev. Lett 111, 152301 (2013)
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Jet yields vary systematically with angle relative to event

plane: induces a vyjet
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http://prl.aps.org/abstract/PRL/v111/i15/e152301

Path length dependence

out of plane

Phys. Rev. Lett 111, 152301 (2013)

i 11 ATLAS ]
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Information in phi modulation nearly exhausted by
the extracted v,*'even when data shown as a pure suppression ratio

fo = 1 - Raalout)/Raa(in): little room for higher harmonics
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http://prl.aps.org/abstract/PRL/v111/i15/e152301

Nearby jets in Pb+Pb

Q; | ATLAS Prellmlnary
Measurement of jets in annulus AR=(0.5-0.8)-1.6 :(1301_%3/
(depending on jet radius R=0.2-0.4) nearby inclusive jets, 0.01L420-40% i
L4 40-80% ]

after subtracting combinatoric background w/ min. bias data. _
Based on technique (arxiv:1207.4957) used by DO to measure s, : ;t

Provides insight into medium modification of parton shower. 0.0051

Nearby jets suppressed with increasing centrality — 1-._* I _
| jet qpanbr E”br> 60 GeV 0. 8<AR<1 6
Rag = et ptest prbr Ay 076 100 200 300

T,min’

d Ntest /d Etest . d E,tI(?St EEI?St [GeV]

jet T =l

Annulus around the test jet > ATLA-IS Preliminaryl

Neighbouring jet [ ©0-10%
A 2 9 | ®10-20%
4-20-40%
0.01L+40-80% !

#'-ﬁ'- anti-k, d=0.2 .
E”br> 60 GeV 0. 5<AR<1 6

70 100 200 300
EF* [GeV]

“test” = trigger, "neighbor” = associated
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Central-peripheral ratios

%51
oN

PRrr = RAR|cent/RAR|40-80

- ATLAS Ié’reliminary it ATLAS P}eliminary ! ATLAS P}eliminary
[ Pb+Pb 2011 i I} ®0-10%
15[ ysy=2.76 TeV T = 10-20% ]
- Liy=0.14 nb’ 1t 1[ 420-40%
T gy i ':'-If ; :‘:_ . I -+$:£+‘ - '
050 -¢=_-‘*_-+ ; 1 * I i’ i
[ anti-k; d=0.4 1[ anti-k; d=0.4 [ anti-k; d=0.4 ]
- E7">30 GeV 0.8<AR<1.6 Ex">45GeV 0.8<AR<1.6 { Ez">60 GeV 0.8<AR<1.6 -
=0 100 200 300 70 100 200 300 70 100 200 300

Relative yield of neighboring jets between

centra

SUp

for E"®F ranges, no trend with increasing Eytest

ESS [GeV]

EFS [GeV]

and peripheral events shows overall
oression with increasing centrality,

15

EF% [GeV]
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Annus around the test jet

\ Neighbouring jet




Central-peripheral ratios

PRrr = RAR|cent/RAR|40-80

~ [ ATLAS Preliminary

ol [ Pb+Pb 2011 ] 3'00-10%
1.51 V5= 2.76 TeV I [%10-20% ]
L L,,=0.14 nb [ 4-20-40%

0.5:—=*= —

{[ ATLAS Preliminary

P,

=

It ATLAS Preliminary

;tsti-

[ anti-k; d=0.4 anti-k; d=0.4 :: anti-k; d=0.4 ]
i EEI-eSIt>80 GleV I O 8<AR<1 6 1 1 I 1 IE:EI-eTt>|9|O IGlelV 1 IOI.8|<IARi<I1 .|6| 1L 1 1 I 1 IE:EreTt>I1I10| IGel\/l |O|.8|<IARi<I1 .|6| ]

02060 80 700 120 40 60 80 100 120 20 60 80, 100 120
E™ [GeV] E™ [GeV] E™ [GeV]

A decrease in suppression seen with increasing Et"°":

Annulus agound the test jet

As the two jets have more similar Er,
poerhaps they are suppressed in a similar way?

Multi-jet observables potentially sensitive to details of -

geometry and energy loss, including fluctuations
16
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Jets in p+Pb

Some indications of hot, dense matter
observed in p+Pb collisions (“double
ridge”)

Strong energy loss not expected, due
to much shorter transverse path
length in p+Pb than in Pb+Pb
e No overall suppression relative to
pp has been observed for
hadrons or jets

ATLAS has measured jets in p+Pb
over a very wide kinematic region and
as a function of centrality
e Kinematic regions selected where
efficiency & unfolding corrections
are smallest

S A +36< yl* <444, 41 * |+0.3<|y*<-|-|0.8,|x1(|)5 L
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; 106 - V +21<y*<+28,x10° < -08<y*<-0.3, x10 —
%\ — V #l2<yr<+21,x10°  F 12<y* <08, x10° —
Q|_1 04 | * +0.8E<:§’:;< +1.2, x10* lf.:',ﬂ 2.1 <y*<-1.2, ><109 ]
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I +" e anti-k, A=0.4 |
A..;.I O - == e o el -1_—
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- ATLAS || —
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Jet yield in minimum-bias
p+Pb relative to pp

Also using the 2013 p+p
data set, interpolated
to 5.02 TeV using xt scaling.

Use of y* (rapidity in CM frame)
to account for CM boost in
o+Pb relative to p+p

At all rapidities, no suppression
seen, with perhaps a small
systematic enhancement over pp.

Consistent with EPS09 calculation
(green region)
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Jet yield in centrality-
selected p+Pb relative to pp

Centrality intervals selected, based on
Pb-going FCal (& standard Glauber)

Jets are suppressed
in more central events,
but enhanced in peripheral events!

Reminiscent of neutral pion
measurements in PHENIX
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Jet yield in central p+Pb
relative to peripheral p+Pb

Jetyields in a central selection divided
by Topb, relative to same ratio in the
60-90% selection (closest to pp): “Rep"

Based on Rcp, strong suppression
observed in forward (proton-going)
rapidities, increasing w/ centrality,
and in the forward-going direction

Mysterious given overall
scaling for minimum bias!
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What controls the relative suppression in p+Pb?

Forward (p gomg) Jets Backward (Pb-going) jets

o1.4
& PA ITLAS f Ldt = 27. 8 nb’ _: -H- 4
relimina -
o -E-_-I Inary p+Pb \ s\ =9.02 TeV 1 ﬂ' El _;ﬂ-'ﬂ'_.ﬂ__
| e by anti- k R=0.4 E - -E!"ﬂ!_:gizu_ —§- + _
~ iy _lr*- - | ~
E 0-10% 1F xtllingt E
A +36<y*<+4.4 EE A +03<y*<+0.8 *f} "1T' '+' -
04 Y +2.8<y*<+3.6 1 Y -0.3<y*<+0.3 - —
¥ +2.1<y*<+2.38 1 ¥ -0.8<y*<-0.3 - ]
¢ +l.2<y*<+21 1 1F ¢ -1.2<y*<-0.8 —= +_.”.. ]
[+ +08<y'<+1.2 4F + 2A<y'<-12 1| i
40 100 40 100 1000

p. x cosh(<y™>) [GeV]

An unexpected scaling has been observed for the
central/peripheral ratios by plotting the Rcp in
all rapidity selections as a function of jet momentum: p=pr x cosh(y*):

Unifies observations of relative jet suppression at all pr and
at forward rapidities (no obvious scaling in Pb direction).
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Possible explanations

g
)

arxiv:1409.7381

0=01—

o Alvioli et al (arxiv:1402.2868, 1409.7381) | _ozve—
2.5 tot

e High-x processes involve smaller proton | Z;gj?tg
configurations o

p—
(91
T
|
|

e Reduces cross section for soft processes,

shifts events from central bins to peripheral
bins

Pgard( G) / Pgard ( Gtot)

e Bathe, Bzdak, Skokov (arxiv:1408.3156)

Ncoll = Npart -1
e Schematic explanation based on “exclusion” . e arxiv:1408.3156
A i : A 80-90% 7 i
of partons in high x processes: after making a [ /;, i
high x jet, do not participate in subsequent | = C0-70% i
-60% VA
. [ 7 -
evolution 3 [ mee 40-50% e
| - 30-40% /s
e Reduces multiplicity, but not cross section, ——=2030% /"
o < B 10-20% 7
for each NN collision

e Shifts events from more central to more

peripheral bins

Similar effect as Alvioli et al. but different
cause
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Summary

* Measurements of jets using the ATLAS calorimeter in Pb+Pb, p+Pb and p+p
collisions
e Fully corrected, unfolded using several different techniques
e Suppression measured in Pb+Pb for
e Fully inclusive jets - rapidity dependence sensitive to changing quark/gluon jet mixture

e Jetv, and nearby jets - sensitive to path length through hot, dense matter, and possible
fluctuations (hotspots, etc.)

* p+Pb shows no overall suppression in minimum bias, but a surprising centrality
dependence relative to pp and peripheral events
e Strong differences between scaled jet rates in central and more peripheral event classes
e Surprising scaling with jet momentum

e Proposed explanations bear directly on fluctuations of the space-time configurations of the
nucleon in the initial collision

e With increasing precision of LHC Run 2, and further input from theory, jets will
become even more powerful tools for probing the medium over a large range of
time scales, including early times.
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Rise at high pr

Caretul tit to 0-10% © [ amas anti-k, R=0.4jets 2011 Pb+Pb data, 0.14 nb"' -
. B s =276TeV ata, 4.0 pb”' _
ly|<2.1 suppression ) S — S
vs. p T, accounting - .
. 05— a
for correlations, ; , N ]
. . . i [ Fitto A =ain ooy + b b =0.42 + 0.02 i
shows signitficant rise S - -
40 60 100 200 400
p._ [GeV]
Physics Letters B 713 (2012) 224--232
. . . 3 ATLAS anti-k; R=0.4jets 2011 Pb+Pb data, 0.14 nb"
Consistent with theoretical S =276 TeV 2013 pp data, 4.0 pb’’

oredictions from He et al,

assuming a jet-medium coupling

0.5

strength gmed = 2-2.1

IIII|IIIIIIIII

Theoretical calculation, He, Vitev and Zhang, 9 = 2-21

0 1 1 1 1 1 ] 1 1 1
40 60 100 200 400
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