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What have we learned?
How do we move forward?
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» Electromagnetic probes — consistent with no modification — medium
IS transparent to them
« Strong probes — significant suppression — medium is opague to

them - even heavy quarks!
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« Jet R,, also demonstrates suppression

» Similar suppression of heavy quark jets?
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» Similar suppression of heavy quark jets?
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Fragmentations from y-hadron
correlations
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Modified fragmentation

Fragmentatlon functlons W|th jets
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Jet-hadron correlations

Modified fragmentation
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Jet-hadron correlations

Modified fragmentation
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Modified fragmentation

Jet-hadron correlations
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Modified frag

mentation

Jet-hadron correlations
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Jet-hadron correlations vs reaction plane

Full jets

1) signal+bkgd

2) bkgd dominated
3) bkgd RPF fit

Trigger
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y |
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0.5
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Mid-plane
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All angles
Scale Uncertainty 6.0%

EJCorrelated unc.

F [IBackground unc.

QOut-of-plane
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H ER™°4s,6.0 GeV

A

T e
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- Near-side Yield Ratio
i out/in
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Anti-k; full jets, R=0.2

pih;::iet = 20-40 GeV/c
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+

'

T i M W

* Scale uncertainty 6%

. Background unc.
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s | 0 1

/3
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3 6

4 5
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8

T N T
o 1 2 38 4

Ad

Pb-Pb | s, = 2.76 TeV, 30-50%

—Away-side Yield Ratio Anti-k, full jets, R=0.2

out/in pehne = 20.40 GeVic

ALICE Preliminary imedet,
pi"c, E;°>3.0 GeV
*E'Tead °4%.6.0 GeV
E Scale uncertainty 6%
= . Background unc.
. |An|<0.6
d AS yield range: 21/3 < A < 4n/3
Tlllllllllllllll}Illlllllllllllllllllll
1 2 8

45
P (GeVic)

* No modification of constituents relative to reaction plane

— Jet-by-jet fluctuations more important than path length [pLs 735 157(2014)]
— Also needed to explain high p; v, [PRL 116 252301 (2016)]
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Jet mass

> 60<p__  (GeV/c)<80 > 1 80<p__ (GeV/c)< 100 > 1 100<p, _(GeV/c) <120
0] [ - CN 0] [ . » CnY 0] ) J
“\-'é 02'_ ALICE Preliminary i‘-(;’ 02'_ arXIV:1 702.00804 “:'-(;’ 02'_ L] Pb-Pb 0-10% “‘SNN=2.7ﬂeV
s [ s [ 5 [~ PYTHIA Perugia 2011ys,, = 2.76 TeV
= §% = E‘E < éé - JEWEL+PYTHIA Recoil on 0-10% PbPb
S e St S === JEWEL+PYTHIA Recoil off 0-10% PbPb
2 F —HE I A2 [——a
IZ : +$ |2 [ - IZ - -;_YTHIA
0.1 BT 0.1F l otk =
A —f——i—i- T +-D-£-g- == I
_ — o+ e LT TN
- —o— F ety : A T
—o— . - oo -i= [ < :3_—'*'
[ = . T -4 - e - [ B -
== =, T o~ R 2, -
C - B d-'- 'H|||||.|.+
Cb 2 4 6 8 101214 16 18 20 22 % 5 10 15 20 00 5 10 15 20 2
M, e (GEV/C?) My, o1 (GEV/CE) M, et (GeV/C?)
Tt n
I|l -: i:l 1 L]
M = ‘I|Ir||" p°—py—p: P = E pr; coshr;.  p. = E pr, sinh 7;
i—=1 =1

e Quenching models (JEWEL, Q-PYTHIA) show a larger mass than
pp-like PYTHIA jets

e Pb-Pb measurement can discriminate among these predictions

Christine Nattrass (UTK), High-p _Physics in the RHIC/LHC Era 2017 24


https://arxiv.org/abs/1702.00804

Girth g

Dispersion
D

LeSub

35 T T T T T T ] T T T T F T T T T T T T T

% E ALICE Prellmlnary I | | E 6 | | G i L | | I L B IT‘ T ‘ B A . [ B N [0 ¢ el ek ~ 0_2 T T T T T T T T [ T T T T T T T T  § T T T ] T T T T l
2 30 Pb-Pb |5 =2.76 TeV - ALICE Data s D|_ L ALICE Prellmlnary I i = F  ALICE Preliminary -
= E Anti; charged jets, R =0.2 © Shape uncertainty 1 Q _[PoPoyg,-276Tev  ALCEDam ] 8 018 po-po f5,=2.76 Tev =
= - :_ 40 < p,Tet,ch <60 GeV/c %Sg\r/\rféitsgctrzjcnﬁnamty _Z Q 51 :_Anti»kTetcc;hharged jets, R=0.2 oc o?r%?altjgginigré inty _: E 0.16F Anti—kTe‘lc‘::hharged jets, R=0.2 3
= - @8 JEWEL Recoils off 1 £ [40<p"<60CeVic @8 JEWEL vacuum 1 = Shl sl ALICE Data H
Z - e PYTHIA Perugia 11 Tl et o @8 JEWEL recoils off 1 0.14 i i . e
= o0 ] erugia | 4r JPYTHIA Perugia 11 ] Q F ape uncertainty 7
— F S PYTHIA Perugia 11 quarks 4 g F PYTHIA Perugia 11 quarks S 0.12F [ Correlated uncertainty —
C EZPYTHIA Perugia 11 gluons 4 2> [ [ ] mPYTHIAPerugiat1giuons 1 D - I PYTHIA Perugia 11 -
15 i PR - B = O 0.1 J JEWEL vacuum —]
C 2 [ - 5 ~ s ) JEWEL recoils off -
C i E 1 O 0.08E PYTHIA Perugia 11 quarks —
10 iy of ] 2 . [ PYTHIA Perugia 11 gluons 7
& o A C A - ] o5 0.0 o i
S.E = - 1,‘rm,m "‘”"‘“’""‘E E % 0.04 =
05...|I..|...|...ﬁﬁ ? "‘ﬁ . Zo00 =

0 0- 02 0- 04 0 -06 0.08 0 - 1 0 1 2 | | Y | | gt if | I ‘ | TS T J S (B | ‘M_I-I_‘“I-;Tvvl——l—-_l—‘;n“l b/ L L L L | L L L L [ L L L L | L L L L | L L L L L L “I““‘I"“
g 83704 05 06 07 08 09 1 % 5 10 15 20 25  3C
pTD LeSub (GeV/c)

2 (py)
Pr leadi bleadi
D =i LeSub = pe eading _ __subleading
Jet Pr Z i T
1€ ]et Pr
i € jet

Y

Agrees with
PYTHIA

Jets are slightly more collimated
than in pp
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PbPb/pp
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It is 2017. What have we learned?
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It is 2017. What have we learned?

e Qualitative confirmation of our model
for partonic energy loss
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It is 2017. What have we learned?

e Qualitative confirmation of our model
for partonic energy loss

A

e Reasonable constraints on q WENEED TO.QUANTITATIVELY UNDERSTAND
ERNCARTONICTENEREYIGSSINTHESSS
- Using mostly hadron spectra ® of

* \WWe have not gotten many
guantitative constraints out of other
observables.

-

.«
ING!

MEMEGENENatonnet)

-

_JET GROO
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It is 2017. What have we learned?

e Qualitative confirmation of our model
for partonic energy loss

A

e Reasonable constraints on q WENEED TO QUANTITATIVELY/UNDERSTAND
PARTONIG ENERGY(LOSS IN THE.....

- hh

- Using mostly hadron spectra

* \WWe have not gotten many
guantitative constraints out of other
observables.

« We don't truly know if they are oA

A

actually sensitive to the physics we IET GHﬂﬂMING' |
Want to measure f MEMEPENETALorne
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It is 2017. What have we learned?

e Qualitative confirmation of our model
for partonic energy loss

A

e Reasonable constraints on q WENEED TO QUANTITATIVELY/UNDERSTAND
PARTONIG ENERGY(LOSS IN THE.....

- hr\

- Using mostly hadron spectra

* \WWe have not gotten many
guantitative constraints out of other
observables.

* We don't fruly know if they are
actually sensitive to the physics we IET GHﬂﬂMING! -
want to measure.

r TMEMEgENENatonne!

 Theoretical calculations sensitive to
things we might not have under
control.
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What you see depends on where you
look
" CMS Preliminary L, = 150 ub"
3F 512010, 0-30%, Leading jet

- o 2011, 0-10%, Inclusive jet
2.5 mEm 2011, 10-30%,Inclusive jet

Phys. Rev. C 90, 024908 (2014)
JHEP10(2012)087

i
_IIII|IIIIII

- Jet p. >100GeV/c
0_| | I | | L1 1 1 I L1 1 1 I L1 1 | L1 1 1 | |
0 1 2 3 4 5

/ £ =In(1/2) \

High p_ # =P Low p,
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What you see depends on where
voulook

y tagged Jets 5 02 TeV_

—
o
T | I

inclusive jets 2.76 TeV_-
(0-10% / 30-40%)

' L

ratio of D(pT)

- ATLAS Preliminary
0.6  0-30% Pb+Pb / 30-80% Pb+Pb
1 10 10°
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ATLAS

Background subtraction method:

LHC Run1 Data; PbPb (0-10%) \s,, = 2.76 TeV

* |Iterative procedure I R

1.4 - CMS 1609.05383
. . . . - [®JR=02
- Calorimeter jets: Reconstruct jets with | of. CEIR=03

R=0.2. v, modulated <Bkgd> estimated s R-04

by energy in calorimeters excluding jets -
with at least one tower with <08

tower

tower

Track jets: Use tracks with p>4 GeV/c o0

— Calorimeter jets from above with E>25 A
GeV and track jets with p;>10 GeV/c 0.2
used to estimate background again. ok

» Calorimeter tracks matching one
track with p;>7 GeV/c or containing a

high energy clug.ter E >7 GeV are Constituent

used for analysis down to E;, = 20 biases don't

GeV But they do matter matter that
down here! much up here

Phys. Lett. B 719 (2013) 220-241
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What is a jet?
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What is a jet?

ptp — dijet

= e CMS Experiment at LHC, CERN

( M S Data recorded: Fri Oct 5 12:29:33 2012 CEST
c RuniEvent: 204541 / 52508234
. | Lumi section: 32
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What is a jet?

ptp — dijet

e o~ CMS Experiment at LHC, CERN
( M S Data recorded: Fri Oct 5 12:29:33 2012 CEST
B uniEvent

umi section: 32

reey

- B -
US Supreme Court Justice Potter Stewart, N 7~

Jacobellis v. Ohio i

“I know 1t when I see 1t”
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Jet finding in pp collisions

 Jet finder: groups final
state particles into jet

. % } candidates
A== Jet 1
G - Anti-k; algorithm
T JHEP 0804 (2008) 063 [arXiv:0802.118
Had Noooo Y, 9]
scattering ‘?::? '?fr:;— i &
DAY 8 } 2 o PDepends on hadronization
\ AN J °
g |deally
Image from hitp:/www.gk-eichtheorien. sh' ngwmgng_de@mfm-a_pdr

- Infrared safe

— Colinear safe

Snowmass Accord: Theoretical calculations and experimental
measurements should use the same jet finding algorithm. Otherwise
_they will not be comparable.
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A jet Is what a jet finder finds.
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Jet findingin AA collisions

e Jet finder: groups final state
particles into jet candidates

— Anti-k, algorithm

& AN } THEP 0804 (2008) 063 [arXiv:0802.1189]

Fet o Jet 1 : Do :

i e Combinatorial jet candidates

* Energy smearing from background

ftering s - - -
e g v%;\ } L, T Large, fluctuating, correlated
2 “‘ T e
5, background
. ~ | AN v J S .t. t th d t
]
PAOD  Hedronaation ensitive to methods to suppress

s o e SNRISE oot o combinatorial jets and correct

energy

* Focus on narrow/high energy jets
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Jet findingin AA collisions

e Jet finder: groups final state
particles into jet candidates

— Anti-k, algorithm
THEP 0804 (2008) 063 [arXiv:0802.1189]

Combinatorial jet candidates

Energy smearing from background

Hard

teri s 00 :
R, S } .., ° Large, fluctuating, correlated
= T e
! background
. . Sensitive to methods t
o
Parton  Hadrongation ensitive to methods to suppress
Image from hittp:/fwww.gk-eichtheorien. Shgkgrwngngde@gg@m-a_pdr Comb lnatorlal J ets and corrc Ct
energy

* Focus on narrow/high energy jets

We need an accord on how to treat background
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g A e T SETTRNAN

—S . Experlmental background subtractlon methods: complex, make
R &l assumptions, apply biases

— Quark jets are narrower, have fewer tracks, fragment harder [Z
Phys C 68, 179-201 (1995), Z Phys C 70, 179-196 (1996), |

— Gluon jets reconstructed with k., algorithm have more particles
than jets reconstructed with anti-k, algorithm [Phys. Rev. D 45,
1448 (1992)] g

= Gluon jets fragment into more baryons [EPJC 8, 241-254, 1998] \

 Fragmentation bias: Experimental measurements explicitly select
jets with hard fragments



What should we measure?

o
Jupiter and the Monkey

Jupiter promised a royal reward to the one
whose offspring should be deemed the
handsomest.

The monkey came with the rest, and presented
a flat-nosed, hairless, ill-featured young monkey.

A general laugh saluted her on the presentation
of her son.

She resolutely said; "He is at least in the eyes of \
me, his mother, the dearest, handsomest, and = sanad

most beautiful of all."”

http://aesopsfables.org/F9_Jupiter-and-the-Monkey.html
_Abbreviated
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What should we measure?
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What should we measure?

L ALICE CMS

o672, 2 [HEI0-5% = Phys. Rev. C 93 (2016) 034913 [@10-5% h” EPJC 72 (2012) 1945
b % K* Phys. Rev. C 93 (2016) 034913 [4]0-10% y PLB 710 (2012) 256

% p,p Phys. Rev. C 93 (2016) 034913 [¥]0-100% W- Phys. Lett. B 715 (2012) 66

- [6/0-10% D JHEP 03 (2016) 081 [#10-100% Z JHEP 03 (2015) 022

12

087

0.6

048

0.2 % - Pb+Pb {5y, = 2.76 TeV

20 50 60 70 80 90 100
pT(GeVIc)
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What should we measure?

L ALICE CMS
o672, 2 [HEI0-5% = Phys. Rev. C 93 (2016) 034913 [@10-5% h” EPJC 72 (2012) 1945
L @ Phys. Rev. C 93 (2016) 034913 [4]0-10% v PLB 710 (2012) 256
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What should we measure?
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What should we measure?
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What should we meas
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Learning about the QGP from jets

N\t

JEVILAFE

 The JETSCAPE collaboration is an NSF funded
multi-institutional effort to design the next
generation of event generators to simulate the
physics of ultra-relativistic heavy-ion collisions. It
iInvolves teams of theoretical and experimental
physicists, computer scientists, and statisticians
from nine institutions.
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http://jetscape.wayne.edu/

Lessons from measurements of jets
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Lessons from measurements of jets

* Understand bias - it's a tool, not a dirty word
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Lessons from measurements of jets

* Understand bias - it's a tool, not a dirty word
 Make quantitative comparisons to theory

- Report correlation between uncertainties
« Report spectra without T,,!

* Report point-to-point correlations
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Lessons from measurements of jets

* Understand bias - it's a tool, not a dirty word
 Make quantitative comparisons to theory

- Report correlation between uncertainties
« Report spectra without T,,!

* Report point-to-point correlations
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Lessons from measurements of jets

* Understand bias - it's a tool, not a dirty word
 Make quantitative comparisons to theory

- Report correlation between uncertainties
« Report spectra without T,,!

* Report point-to-point correlations
 Make more differential measurements
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Lessons from measurements of jets

* Understand bias - it's a tool, not a dirty word
 Make quantitative comparisons to theory

- Report correlation between uncertainties
« Report spectra without T,,!

* Report point-to-point correlations
 Make more differential measurements

 We need an accord on how to treat background

- Experimental cuts matter and are unavoidable

- Clear definition and implementation of background, biases
(via Rivet?)

- Summer 20187
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Connors, Nattrass, Reed, & S¢
arx1v:1705.01974
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https://arxiv.org/abs/1705.01974

Modified fragmentatlon
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 Enhancement at low z
* No modification/enhancement at high z?
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readino et Dj-jet asymmetry
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Au+Au di-jets more imbalanced than p+p for prut>2 GeV/c
Au+Au A ~ p+p A for matched di-jets (R=0.4)
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Jet-hadron correlations
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e Jets are broader, constituents are softer

* Also seen in:
— Di-hadron correlations [Lots of papers]
- Jet shapes [arXiv:1708.09429, arXiv:1512.07882, arXiv:1704.03046]
- Dijet asymmetry with soft constituents [PRL119 (2017) 62301]
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Blind men and the elephant
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V1 estimates
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What have we learned: ;,__;E_Ti;ﬁ
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Hear no evil, see no evil, speak no evil

Wikipedia:

» There are various meanings ascribed to the monkeys and the proverb including
associations with being of good mind, speech and action.

* In the Western world the phrase is often used to refer to those who deal with
impropriety by turning a blind eye.
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Jet structure

http://www.kestrel.ws/erasmus/pics/cat-xray_body.jpg
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