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Jets in PbPb
from CMS

Some key results from LHC Run-1

Some thoughts on what to do/expect for Run-2



. ‘CMS
Jets as tools to characterize QGP | é

Medium effects on jets allow extraction of QGP
transport coefficients:

. (’q\: transverse momentum diffusion (radiative
energy loss)

. &: longitudinal drag (collisional energy loss)

de|x_| Sejx_| n
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Jets as tools to manipulate QGP

How does QGP respond to local energy ..
deposition by jets? i s
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P, Jets as tools to understand QGP
’ “PQCD plasma” Weak, p=2

0.05

0.04

How does the strongly coupled liquid emerge from QCD?
- - Jets probe QGP at different (controllable) length scales
O AS/CET goo” . Scactlt.ering sensitive to quasi-particle nature of the
T30 40 30 60 70 80 %0 L medium
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IIliT  Jet measurements as QGP microscope >

Recommendation #1:

The discoveries of the past decade have posed or sharpened questions that are central
to understanding the nature, structure, and origin of the hottest liquid form of matter

that the universe has ever seen. As our highest priority we recommend a program to
complete the search for the critical point in the QCD phase diagram and to exploit

the newlx realized Eotential of exEIoring the QGPs structure at multiEIe Iength scales
with jets at RHIC and LHC energies.

Hot QCD White paper
US NP 2015 LRP

Gunther Roland Santa Fe Jets and Heavy Flavor Workshop 1/13/2015
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Extracting QGP transport coefficients
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Combined RHIC and LHC data:

* Test model consistency

* First hint of temperature dependence
Systematic multi-model, multi-experiment comparison: Need more!
Quantitative extraction of & awaits more precise heavy flavor data
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[1liTJet Physics with Jets: Jet Raa and Dijet Asymmetry
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Jet quenching persists for
pT >300GeV jets
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Jet Raanumerically similar
to hadron Raa at high pr

<Aj> carries similar

information as Raa

But: Wider range of theoretical

tools for hadron RAA
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i Jet Anatomy >

Jets are extended objects with
momentum and angular structure

0.4 Most of momentum found

close to jet axis in high pr
— particles (pt > O(10GeV))

32 GeV < prartticIe

Jet
-

o
w

Y

Particle /

Zp.
O
'\?

16 < prearticle < 32 GeV/

Large angle component of jet

: contains small fraction of jet pt in
/ soft particles (pt ~ O(GeV))
— | - ! } ‘!
01 02 03

(100 GeV Pythia jets)

B> 32 GeV/c 0!
[J16-32 GeV/c
[8-16 GeV/c .
[(J4-8 GeV/c Radius r
[J2-4 GeV/c
(J1-2 GeV/c
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i Jet Anatomy modifications
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i Where is the “lost energy”? %

Use momentum-conservation to study momentum

balance in the event: “Missing pt” L= Y —pF*cos (Prrack — PLeading Jet)
Tracks

Subleading (“quenched”) jet

“lost energy” O(10GeV) S
um over

. - many events
background O(5000 GeV)

Distance AR from jet

background Subtract
this

from
this

‘ ]
7523 W11 2207GF T
\

L‘r

,7//’ 2 O\ A NS
////////’//I ' \\\\\\\\\\\\ \\ —

Leading jet
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“Missing pT~ analysis

b

A,>0.22
5.3pb" (2.76 TeV)

...................

anti-k R =0.3
166 ub” (2.76 TeV)

A &PbPb (pl),
~PbPb (pl)

0a)
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| TS TR

J. High Energy Phys. 01 (2016) 006
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\
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12040
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Detailed study of radial and track momentum distribution
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A

of leading-subleading jet momentum difference

As in pp, difference spread over large radial distance

Unlike in pp, difference is found in low pt particles

Santa Fe Jets and Heavy Flavor Workshop
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I"ir “Missing pt” analysis >

A,>0.22 anti-k R=0.3 p;,>120;p ,>50 GeV J. High Energy Phys. 01 (2016) 006
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First MPT measurement (2011)
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Jet-track correlation analysis
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CMS-PAS HIN-14-016
submitted to JHEP
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Larger effects for subleading jets and in central events
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MNir Jet shapes from Jet-track correlations

Leading | Subleading |
A, Inclusive Leading Jet Shape A, Inclusive SubLeading Jet Shape
pp 5.3 pb™'(2.76 TeV) PbPb 166 ub'(2.76 TeV) pp 5.3 pb™ (2.76 TeV) PbPD 166 ub™’ (2.76 TeV)
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Correlation functions can be integrated to yield e.g. jet shapes

CMS-PAS HIN-15-011
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3 What will the
-f; | future hold?
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IMir LHC Run 2 (and beyond) =

LHC schedule

1 A
[ ) [ |
2015 2016 Hl 2017 2018 2019 2020 HI 2021H| 2022H| 2023
J[F[M[ATM[3TATSIOINIO| 3 [FMIATM I [ TA[SIO[N IO STF [MIATM[ [ TATSIOINID| 3 [F TM[ATM [ S TATSTOIN]Of S [F [MATM 3 T3 TATSTOIN[O| 3 TF M AIMI I [ TASIOINTO| S TF TMIAIM [ TATSIOIN IO 3 TF [M[ATM[ 3 [ TA[S[CIN[Of 3 [FTM[A]M[ 3 [ 3 TA[STOINID|
sl o
111
HI s = 5TeV HI Vs =5.5TeV
PbPb Collision rate = 20kHz Collision rate = 50kHz
Lint = 3/nb Lint = 10/nb (run 2+3)
2010-2011 HL-LHC
2.76 TeV 160 ub~! | 5.5 TeV 10 nb~?
Jet pr reach (GeV/c) ~ 300 ~ 1000 CMS collected 0.5 nb1in’15
[]):iet ((pm >112%0é3$>7§) 5‘;’(‘)0\ ~ 112(I)\;I< i.e., about 5% of Run 2+3 total,
et (pr > eV/c ~ ~ _ )
Isolated 7 (p7 > 60 GeV/c) ~ 15k S 300K factor 10 wrt Run 1 in HP stat’s
Isolated 7y (p1 > 120 GeV/c) - ~ 10k
W (p% > 50 GeV/c) ~ 350 S~ 70k
Z (p% > 50 GeV/c) ~ 35 ~ 7k

Compared to LHC Run 1: x60 due to higher luminosity; x3 due to higher s
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i Raa now and in Run-2 =

1:I T T | T T T | T T T | T 17T | T T T | T T T | T 17T | T T I:
0of L$IALICE, Ini<08 E 0,
“E [« ]ATLAS, Ipfl<1.0 : "
0.8~ [EIJCMS,In<1.0 =
07 PbPbO-5% 276 TeV L
L pp.276TeV .| LHC Run-2
0.6/~ (( 1 -

o !
O
TTT T 11T

0III|III|III|III|III|III|III|III:
20 40 60 80 100 120 140 16 200 250 300

Charged Particle P, (GeV/c)

Essential to not let systematic, quantitative exp/theo
comparison go stale

 Add new Run-1 data
* Predict/prepare for Run-2 data
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Illifr LRP: Understanding the nature of QGP ~ '*

from Thomas Schaefer

o/ o
-0 o
."
R
roe. .

pQCD kinetic plasma

AdS/CFT low viscosity goo

QGP Microscopy
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Jets as multi-scale probe >

Kurkela, Wiedemann,
arXiv:1407.0293

Gunther Roland

Momentum scales: Log(p)

Angular and momentum structure
of intra-jet parton cascade

Blocked
b)’ t!nml 8 DGLAP

Late DGLAP

LPM

Jets evolve in momentum
and angular space

At different scales, evolution
is dominated by different

mechanisms:
* vacuum evolution

O(1) quanta

O(ax) quanta

< TRyt Y Ay \yeege g SR

N\ . Medium cascade

\ of vacuum induced
\ \ qQuanta

__________________________

» « (jet-constituent)-medium scattering
* in-medium cascade

Detailed understanding

AN of jet modifications on all
_ w %, N7, scales may allow to isolate
Medium cascade ‘- W2, %. |interactions with “QGP
e 9, N\ N s . . »
2 \_d'?|quasiparticles
: Vacuwm casc 7o > 34 N>
: (..L.l.l:.‘ casc ({(-t .\a \ \
of medium induced €3\
T : quanta \ \_\
———————— I—-—---——l—--———--——-—d
-112 2 -112 2
(kform[) ( splilt)
Angular scales: Log(0)
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Force Multiplier: Jets at RHIC and LHC

“RAA” “x+Jet”
S | thcset robes. 1000
3 " QGP Influence b-Jets D|Jets .
Jets
10 Hadrons
st Double -
S L b-tag .
3 - I y+jets
T . -
‘é \ }‘g!?dmr:uﬁ;ﬁ?ed 0.1 0.2 0.3 04 0.5 T(GeV]
g
Medium cascade 'Jf_f Z°+1ets B 100
———————— |————————|———————— —— L -
l'c-n'nt)-u2 (O. ksplnt) m + -
Angular scales: Log(0)
Future RHIC vs LHC Run 2: > |
* Probe different paths of QGP evolutV
» Overlap in observables/kinematics
N s RHIC tomorrow— 10
) [ s LHC tomorrow |
2 2) I Z.vess?LHC today
_ e e ! C——IRHIC today
|solate this :
p; [GeV]
. ta Fe Jets and Heavy Flavor Workshop 20 1/13/2015
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I1lii' Run-2: Qualitative step forward for gamma-jet %

Using isolated photons to tag away-side jets
« determines initial parton energy to = 15%
« determines initial direction of the parton
 tags parton to be a light quark

Run 1 data
! N ! v 1 N ! ! | ' I ' | ' I ! I ! I ! | ' | ' | ! | ! I ' I
40 < p1Y< 50GeV 4 50 < p1¥< 60GeV i 60 < p1Y< 80GeV LpTY > 80GeV CMS Preliminary |
15F * PbPb0-30% 1 1 4 \s\=2.76 TeV
| = Smeared pp reference | . PbPb 150 ub™
f}g op Data jet pr > 30 GeV op 5.3 pb”
o) 1+ -+
= |
0.5f . - -
. st |
N 1=1 fl. .. & L : L
0 0.5 1 1.5 2 0.5 1 1.5 2
/ XJ‘{ Jy XJ\'
photon pt <50GeV: photon pt >80GeV:
Spectrum of PbPb jets is Spectrum of PbPb jets is
suppressed vs pp shifted vs pp
Biased jet selection Unbiased jet selection

Sufficiently high y pr or sufficiently low jet pt yield unbiased selection of jets
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IMlir Run-2: Qualitative step forward for HF

150 ub (Pbe 2. 76 TeV) 35 nb (pr 5 02 TeV)

150 ub! (Pbe 2 76 TeV) 35 nb (pr 5. 02 TeV)
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b-jet in PbPb: PRL 113, 132301 (2014)
D from few GeV to > 100 GeV
. . - - B* —»J/l/vK‘ — K
5.02 TeV
. C-jets in PbPb CMS ety o9\ =502T0 e weK
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IIliT Theme for Run-2 (and sPHENIX) Jet Physics

Use away-side and/or same side tags to
systematically control jet system:

« Initial parton energy, flavor: Z and y tag

« Geometry: hadron vs jet vs Z/y tag

 parton flavor/mass: D, B, c/b-tag, displaced J/y

¢ Also, rapidity dependence to control flavor

Gunther Roland Santa Fe Jets and Heavy Flavor Workshop 1/13/2015



IIliT Theme for Run-2 (and sPHENIX) Jet Physics

Use charged tracks (and/or calo-based constituents) to
. characterize momentum flow relative to jet system

* Integrate to traditional jet shapes, fragmentation func's
* In-cone vs out-of-cone energy distributions
 Jet-substructure and jet-by-jet classifiers

Ca(pT, An,AQ)

Use away-side and/or same side tags to
systematically control jet system:

« Initial parton energy, flavor: Z and y tag

« Geometry: hadron vs jet vs Z/y tag

 parton flavor/mass: D, B, c/b-tag, displaced J/y

¢ Also, rapidity dependence to control flavor

Gunther Roland Santa Fe Jets and Heavy Flavor Workshop 1/13/2015



IMir But there is a long road ahead... >

_l T T 1 I T T 1 I T T 1 I L LI |
18 ®CMS-HIN-12-013 j Z=p,"™/p
L 0- 10%/pp
= 160 100 < p' < 300 GeVi/c
= : » ATLAS QM2014
0 141 0- 10%/60 80%
°  F pr' > 100 GeVic s
5 12 [ﬂ i -
5 1 I e o Q]I}]@I _______ E%J _E&_@.__? _________ ]
~— ~ » 7] . . .
a) : [{8@.8}3 : 1 Qualitative consistent results
< 08F 7 between CMS and ATLAS
14 06_— _|
Of CMS: PRC 90 (2014) 024908 -
i 4:_ ATLAS: PLB 739 (2014) 320-342 E
Chl il l ity 1., .1 But: Experiment-comparison
0 1 2 3 4 S suggests that we do NOT YET
! € =In(1/z) 1 have sufficient control over
systematics necessary for our
ngh P partiCIGS Low Pt partiCIeS decadal program
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i Jet structure in pp and PbPb >

Jesse Thaler, Boost 2014 19.7 b (8 TeV)
N 20000 L T T T T T T
- < C CMS -
{ Pythia 8 20 {1 Herwig++ o F . —e— data =
K(T5A) K(T3A5) = 18000~ Prefiminary ud,s F
§ 1o000f- = ’
eos (Zi 14000 [ L
| o3 x 10} [] 03 E 1Y
‘ I l 12000 — [ Unmatched 1
- L
] . 10000 - :
LL Lo 8000 E.. .
1 Mo 0o . . J ] Mo 6000 [ 1l .
00 05 10 15 20 * .
B 4000 ’.‘.“ “..0'
~ 0" 2000 20000 g eeeeeresetestoste®s®®
i€jet T T—‘ '
momentum angle to - o5r ¢ ¢ L) . 0,'0
fraction  recoil-free axis 03_ 0 S tpet. 000 ‘ ‘et’¢¢ ".0 ¢ 90‘. L1
. " 'RAD
-5 ¢ ¢ ¢ a
Jet structure variables sensitive to A . . .
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Critical effort in pp highest sensitivity
searches
(9/g and boosted object
discrimination)

Quark/gluon discrimination in pp

Not directly applicable for g/q in AA

(use y-jet, Z-jet, b/c tag, 3-jet)

Stability vs pp pileup is major issue

But: use QGL or similar to look jet-
by-jet quenching

Convergence of AA and pp needs
Gunther Roland
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Uhs Summary %

- Rich harvest of CMS jet results from LHC Run-1
* Run-2 has started
- 2015 run improves jet statistics by ~ order of magnitude
- Allows detailed studies of tagged initial states
- Z+Jet, photon-jet, HF jets,....
- Complete characterization of final state
- Jet-track correlations in-cone and out-of-cone
- Jet shapes, FF, sub-structure
- Jet tagging (c, b-jets)
- Need continuous experiment-theory dialog
- Need detector with excellent calorimetric/tracking/HF
capabilities (@LHC & RHIC)
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