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Jet quenching expectations
e Jet quenching: partons in heavy-ion (HI) collisions
interact with the medium to produce: % g

= et energy loss
= et substructure modification
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Jet quenching expectations

e Jet quenching: partons in heavy-ion (HI) collisions
interact with the medium to produce;

= et energy loss
= et substructure modification

Depends on the path traveled in the medium
Flavor dependence

e Jet-medium interactions:

=) Momentum broadening widens jet



Measuring jet quenching

e Measuring jet quenching includes:

= Energy loss through the suppression
of high-pr jet yields

\‘\\\i

Out-of-cone
radiation

Laura Havener, Yale University
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=) Angular deflections and path
length dependence through jet
correlations
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Measuring jet quenching

e Measuring jet quenching includes:

= Energy loss through the suppression
of high-pr jet yields

=) Angular deflections and path
length dependence through jet
correlations

= |ntra-jet modifications by measuring jet
structure and substructure

Desire to measure over a large range of scales including jet pr and radii

Laura Havener, Yale University



Measuring jets In HIs

e Large uncorrelated background due to 504 E, [GeV] ATLAS
1T

underlying event (UE) fluctuations can be of the
Calorimeter
| Towers

order of the jet energy itself

* Remove the background from inside the jets
and then unfold to remove remaining residual
fluctuations

= Constrains how large in R and low in pr jets can be measured and how well
measurements can be unfolded for background effects

Laura Havener, Yale University



Jets at RHIC vs. LHC

e Keep in mind: not a direct comparison, kinematics and QGP medium different!

QGP at LHC hotter, denser, and RHIC LHC
longer lived than RHIC! Center-of-  3-510 GeV 5 76-5.00 TeV/

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

Effective ~200 MeV  ~300 MeV

temperature  PHENIX: PRL 104 (2010) 132301 = ALICE: PLB 754 (2016) 235-248

STAR, PHENIX, ALICE, ATLAS,
- sPHENIX ~ CMS, LHCb

Detectors

Laura Havener, Yale University


https://arxiv.org/pdf/0804.4168.pdf
https://arxiv.org/abs/1509.07324

Jets at RHIC vs. LHC

e Keep in mind: not a direct comparison, kinematics and QGP medium different!

QGP at LHC hotter, denser, and RHIC LHC
longer lived than RHIC! Center-of-  3-510 GeV 5 76-5.00 TeV/

Pythi Collision L
e pep Many species  Pb, Xe, p
= LHC+/5 = 5.5 TeV systems |

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

— RHIC/S = 0.2 TeV

anti-k R = 0.4 Jets Efiective ~220 MeV  ~300 MeV

temperature  PHENIX: PRL 104 (2010) 132301 = ALICE: PLB 754 (2016) 235-248

STAR, PHENIX, ALICE, ATLAS,
- sPHENIX ~ CMS, LHCb

Detectors

Jet spectra at RHIC is steeper and contains a
"'07720 740 60 80 100 120 140 160 180 200 220 higher quark fraction at the same pr.
P! [GeVic]

Laura Havener, Yale University
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Measuring jet quenching

= Energy loss through the suppression
of high-pr jet yields

Out-of-cone
radiation

Laura Havener, Yale University



Inclusive |et suppression

Inclusive jet suppression over a R Pb-Pb @
large jet pr range —
AA T scaledopp @@

STAR Au+tAu ys,,, = 200 GeV
charged jets, anti-k ;

< .
<L —_
correlated unc. x 1.4 i ALICE R=0.4
.. _shapeunc. _ | - Pb-Pb 0-10% \s,, =5.02 TeV
| Thauncertainty i lies 1.2| pp Vs =5.02 TeV ATLAS
| Pythia uncertainty == o In | <03 PP s 7 GeVic EXPERIMENT
© 1 _Jet _______ o T __________________________________________________ I < = ' =
= —+ STAR Au+Au, unbiased R=0.4 — LBT & ALICE 0-10° o ,oE ATLAS 3
& % -+ STAR Au+Au, biased - [ SCET, il “E  anti-k, R=0.4 jets, |5n=5.02 TeV -
L | AR B 0 8 =] Hybrid Model, L., = 0 | Correlated uncertainty 0.8 =
L central (0-10%) ' ‘O Hybrid Model, L g= 2/(xT) Shape uncertainty 075 =
B pmin =5 GeV/c B JEWEL, recoils on, 4MomSub T E — a
i mT,ITai . _ 0.6 " [ JEWEL, recoils off - 0.6 —, e e e —-—'*"-zz-
Jet e - - 0.5E e —
= _ el alis -
;:_ 0.4 —
_—— 0.4} - -
— ' " 0.3 Data —
10 ' {ﬂ‘i ; - ! — 0.oF vl gy 0-10%, lyl <2.1 =
X + ->~UNBIASED 0.2 B —E 2015 pp data, 25 pb™' =
. N n - 2 — ] —]
L G . 0.1t £Q2.76 TeV 2015 Pb+Pb data, 0.49 nb™'=
s O_ ] ] ] ] ] ] L
0 5 1 0 1 5 20 25 ?5 OO | | | | SIO | | | | 1 O| O | | | 100 200 300 900
jet
PRC 102 (2020) 5, 054913 P3, jet V€ ) PRC 101, 034911 — (GeV/c) PLB 790 (2019) 108 pr [GeV]
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.102.054913&v=69d0acf8

Inclusive |et suppression

® |nclusive jet suppression over a large jet pr range

= H| underlying event constrains

measurements at larger R and lower pr

STAR Au+tAu ys,,, = 200 GeV
charged jets, anti-k ;

<L
<
correlated unc. Ay

| T, uncertainty .
 Pythia uncertainty =

C-U —
S - STAR Au+Au, unbiased R=0.4
ECE -+ STAR Au+Au, biased

- central (0-10%)
pmin =5 GeV/c

T.ea

M |<1-R

Jet

)LTJIH

- -
bal

-1
10 C i --> ~ UNBIASED

A

1 | | I | | l | | l I | I | | l

0 5 10 15 20 25 35
ch

PRC 102 (2020) 5, 054913 pT,jet © /C)

Laura Havener, Yale University

1_4: ALICE R=04
- Pb-Pb 0-10% \'s,, = 5.02 TeV
1.2| pp Vs =5.02 TeV

B JEWEL, recoils on, 4MomSub
i JEWEL, recoils off

e ol
T ScET W ALICE 0-10%
0.8 0 HybriddModeI, Lo =0 | Correlated uncertainty
"~ | W Hybrid Madel, L= 2/(nT) Shape uncertainty

0.6

0.4}

0.2|
- Lower pt: use ML approach
0- | 1 | 1 | 1 | 1 R | 1
0 50 100
PRC 101, 034911 o~ (GeVic)
€

Rpp =

Pb-Pb

Q

scaledopp @@

Larger R: use higher pr

0.9
0.8
0.7

ATLAS

anti-k, R=0.4 jets, | s,,=5.02 TeV

CMS/ |
= WATLAS
ey EXPERIMENT

L‘IIII IIII|IIII|IIII

0.6 1 i | =
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0.3F Data —

— SCET,, g=1.8 _10No =
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Overlap between ~50-70 GeV/c
Signal/background higher in this

region at LHC than RHIC

A
A )L

. é 1_2—lllllllll|llll]lllllll1l[llllllllilllll
ia - SPHENIX BUP 2022 0-10% Au+Au, Years 1-3 -
13-—------.H'H+H+**H--62 pb” samp. p+p _
- 21 nb' rec. Au+Au -
i or 32 nb' samp. Au+Au  _
0.8~ -= direct y —
~ —— jet _
06 , - Jets -

0.4 - %
0.2 -~
§“§ 0' | | | N | | ~

o 0O 10 20 30 40 50 60 70 80
p_[GeV]
Steeper spectra at RHIC:
0 same amount of e-loss->
\ lower Raa
0 >
\/ ¢ i JU
PFKD‘HIZ(QC&HD!S,O54€TK3‘)TJet evic PRC 101, 034911 IIHLJ
T,jet

Laura Havener, Yale University

data = fake+real

/ broader

S Kink

shape

PLB 790 (2019) 108

gher pr
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Haake, Loizides PRC 99, 064904 (2019)

Machine learning approach

e Conventional approach: area-based method removes average pedestal background with
leading track bias to suppress fakes

* ML approach: learns on PYTHIA jets to AN Introduces a fragmentation bias:
correct the jet pr using jet constituents R systematic uncertainty

Laura Havener, Yale University 6



Haake, Loizides PRC 99, 064904 (2019)

Machine learning approach

e Conventional approach: area-based method removes average pedestal background with
leading track bias to suppress fakes

* ML approach: learns on PYTHIA jets to AN Introduces a fragmentation bias:
correct the jet pr using jet constituents ','.\ \ systematic uncertainty

- |
— ALICE Performance, Embedded PYTHIA
- 0-10% Pb-Pb V y =0-02 TeV

- Ch-particle jets, antlk R=04, |?7 |<09R
L2 40 GeV/c

N NN
o LIS =
lllIl

|

IIIIII

0-10% central

-o— Area-based
-=- ML-based

30-50% central
-o= area-based
-«= ML-based

(o))

llllll

N

—4k
o
\IIIIIII|IIIIII|III]II|II|III|I

Standard deviation (GeV/c¢)
N o

|1

L

|l|||1

S D B~ OO 0

0.2 0.4 0.6
Jet resolution parameterR
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Haake, Loizides PRC 99, 064904 (2019)

Machine learning approach

e Conventional approach: area-based method removes average pedestal background with
leading track bias to suppress fakes

* ML approach: learns on PYTHIA jets to NN Introduces a fragmentation bias:
§24;ALICEPerformanceEmbeddedPYTHIA - = 0 D
> ! - 4 o_ALICE Preliminary —
g_% 22 0-10% Pb-Pb ys,, = 5.02 TeV - -~ Ch- partlclel|etls anti-k.,R = 0.4, n,|<0.5 :
c o9l Ch-particle jets, anti-ky, A = 0.4, |’7 | <0.9-R - _ @ T,, normalization uncertalnty _
S TF Prgye 240 GeViC . e -
é 185— 0 OZ/° cegtrald — : » | Area-Based, pi* > 7 GeV/c :
o 180 T haced E 0.8 il ML-Based
8 14 30-50% central — i ]
5 - -«= area-based . ) i}
& 12: -«= ML-based - 0.6— —

10 - i |
8- —- @ ML-based and 0.4
6 71  AB-method are ; T :
4; ; : 0.2 m— -
oF- - consistent I 0-10% Pb—Pb |5, = 5.02 TeV -
| : I oo T e R
2 0.4 0.6 0=20 20 60 80 100 120 140
Jet resolution parameterR Pr ehie (GeV/c)

Laura Havener, Yale University 6



R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2
» Scanning R=0.2 to 0.6!
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R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2
» Scanning R=0.2 to 0.6!

Recovery
of energy?
q\,
o
[l
r 3
as
- 1
r 3
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o)
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R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2
» Scanning R=0.2 to 0.6!

Recovery
of energy?

q\,

o

[

rs

-

- 1

r <

O

wider jets more
suppressed?

Laura Havener, Yale University



R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2
» Scanning R=0.2 to 0.6!

Recovery
of energy?
=
o
Il
<
o
| | -
leferlen_t jet? DEE:E
populations: wider jets more
from Yen-Ji Lee suppressed?
Pt

Large R

Increase in gluon
fraction at larger R?

Laura Havener, Yale University



R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2

Oa\ B | I rr ’ o I || | o | [ | I [ _ E‘\'I- ) | | L I L ] L | | | | | L ]
© 1.4[~ ALICE Preliminary, 0-10% Pb-Pb \s,, =5.02TeV — © 1.4— ALICE Preliminary, 0-10% Pb-Pb |s,, = 5.02 TeV —
" [ Ch-particle jets, anti-k,, [n_| <0.9-R 1 [ cCh-particle jets, anti-kr, |7 _| < 0.9-R _
: x [ jet © | jet _
e R=0.6 jets more 2121 1 =12

suppressed the = | - 1 5 | :
. s I R e e EEERRP VLR B o - Sl e [ =
R=0.2 jets L . 1 oL -

x - . 1 o | ——
<08 — ~%0.8 — R
[ | 1 & - ¢
- - | B
0.6 - osf o (¢ ¢ | T -
0.4 - 04} -
_ o _ 0.2— 8] ALICE Data JEWEL w/o Recoils —: 0.2:— »|ALICE Data JEWEL w/o Recoils —
e Discriminating power for [ = wpo Hybrid Model w/ Wake : - LIDO Hybrid Model w/ Wake :
i | I |

models and the physics 25 ~"2 6 86 fo0 T2 T4 © 20 40 60 80 100 120 140
mechanisms at play Pr. cn ot (GEV/C) (GeV/c)

P T, ch jet

Laura Havener, Yale University 4



R-dependence of jet suppression

e Tension at low prwith ATLAS result at 2.76 TeV  Phys. Lett. B 719 (2013) 220-241
From G. Roland ECT™ slides

e Converge to CMS

. a\ 18_ T T T T T ] | T T ] T T T |

result at high pr cwms arxiv2102.13080 = - SPHENIX BUP 2022 -

: _ < 1.6 0-10% Au+Au, Years 1-3 —

o Differences: o : & 62 pb-' samp. p4p -
L [ O~ .

* Rcrvs. Raa Center-of-mass, 2% ' L] |+l cinbirec Aurhu

. - . ~— . a0 N | —

rapidity, charged vs. full jet S 12F ol 1 —

e ALICE track prabove 150 GeV, 1i_,+..|.+. ...................................... T -

ATLAS calorimeter towers from - .

— jet —

. . L —— ALICE R =06 -

e Background subtraction: region e " o -

_ _ - -~ ATLAS R™ =05, R, -

with large HI background is 0.4 o CMS R = 0.6 -

. ' B o] . \ e |

challenging! 102 ‘ 10

Py [GeV]

e sPhenix will measure this region and be less background dominated

Laura Havener, Yale University
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https://arxiv.org/abs/2102.13080

Photon-jet suppression

e The energy loss by
guarks is predicted to be
less than the energy loss
by gluons

e Photon provides
initial energy of jet
(less selection
bias!)

Laura Havener, Yale University 9



Photon-jet suppression

e The energy loss by
guarks is predicted to be
less than the energy loss
by gluons

2018 Pb+Pb 1.7 nb™, 2017 pp 260 pb™
1 1 1 | I 1 || 1 1| l | 1

Photon provides
initial energy of jet
(less selection
bias!)

S
9,9’

© ATLAS Preliminary | o] ® Confirmed less
PR ~—+L  suppressed than inclusive jets!
— :"TEE = L . B
E $
et e e Less background allows measurements to lower pr
D:< . i _ -
o4 [ . 1 o Photon-tagged jets to be measured with
: inc. e : SsPHENIX using full calorimeter
0.2 —anti-k. R=0.4 jets - 0-10% - 0-10% _
- p;>50 GeV, n'| < 2.37 ~4-10-30% -
<28, otrie) > w2 . w1 ® Measurements to even lower pr
0 | | 1 ] 1 | ] | 1 ] | 1 ] 1 | | ] ] 1

60 80 100

v-tagged jet P [GeV]

ATLAS-CONF-2022-019

Laura Havener, Yale University

120

140

160

More direct comparison to LHC with quarks



Measuring jet quenching

=) Angular deflections and path
length dependence through jet
correlations

Laura Havener, Yale University



Dijet asymmetry  x, — £

e Two jets in the pair lose different amounts of energy
> Travel different paths
> Jet-by-jet fluctuations in the energy loss

Laura Havener, Yale University 10



wamse  DIj€L @symmetry  x, = %
1

e Two jets in the pair lose different amounts of energy
> Travel different paths
> Jet-by-jet fluctuations in the energy loss

e See significant asymmetry for HI dijets

1 deair

- 4_ vl L L ottt
> - ATLAS 1 dNna
© 8.5-Pb+Pb2.2nb" P
_& _FPp260pb Npair - d )

3E100<p_ <112 GeV
epp  ®0-10% #40-60%

2.5 =
2: . [ | = = 0 :
1.50 . " - - —
- e . . I
1— o —

- m anti-k, R=04 -
051" SRS S =5.02TeV -
|y A IR T R S N T T T A TR TN M A AN TE AN TN NN RN RAN AN AN RN RN A
%3 04 05 06 07 08 09 1

Laura Havener, Yale University
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https://arxiv.org/abs/2205.00682

wamse  DIj€L @symmetry  x, = %
1

e Two jets in the pair lose different amounts of energy
> Travel different paths
> Jet-by-jet fluctuations in the energy loss

1 deair

: . .. 1 AN
o See significant asymmetry for HI dijets caused by a TN o
. . AA J
suppression of balanced dijets . o
. 4_"'SI""I""I""I""I""I" . - ﬁ0.16)—(f1'01'_L'A'sl"'l"'l"'It.'k'l'ql O4I =
X< - ATLA o o B ; anti- = 0. -
'Oh 3.5Pb+Pb 2.2 nb™’ 1 dNPalf‘ = % © 0.1 4E+o-100/o (T, ,)=0.9% ~#= 10-20% ﬁ(TAi)=1% _:
8 - pp 260 pb’ Npair dxy - 25 - S8 20-40% &(T, )=2% 5= 40-60% &(T,,)=5% .
< 3100 < p_ <112 GeV = [~ 0-12| == 50-80% &(T,,)=8% ~+— pp dLumi=1.6% —
25__+pp ’+0_1oo/c, = 40 - 60% __ — 01:_100<p1_,1<112 GeV : ¢ _:
TE . - T T E sy =502 TeV ¢ -
o - . _ 0.08]-Pb+Pb 2.2 nb e | o o
- [ : . - - pp 260 pb” -
1.5 | | - _._- — 0-06__pp ° s =
[ m - I - 8l e :
1 J ; — 0.04[ . —
- , anti-k, R=0.4 - B _— o=
0.5c %‘ Sy =5.02 TeV - 0.02F . yl<2.1 I, -¢|>7n/8 _
al NIRRT T RN TN | PR AN TN TR T NN TR TN RSN TN TN T (NSRS T T S AUENN SN SN T AN N R A
%3 04 05 06 07 08 09 1 %3 04 05 06 07 08 09 1
Laura Havener, Yale University X, x) 10
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~enee  DIJET ASYyMMetry  x, —

e Two jets in the pair lose different amounts of energy
> Travel different paths
> Jet-by-jet fluctuations in the energy loss

1 deair

: p . 1 dNAA
e See significant asymmetry for HI dijets caused by a TN dx
J
suppressmn of balanced dijets -
4r _ x10~
< s""""""""”""""3 BT aras” T anikR=04 |
CATLA - 2 5 -
-ch 3.5F 1 de"“r‘ 3 = 0.14| B85 0-10% &(T,,)=0.9% 8= 10-20% &(T, )=1% —
g Npair dxy - ZE - e 20-40% (T, )=2% S8 40-60% (T, ,)=5% :
< 3 = —[~.0.12 == 60-80% 8(T, )=8% —— pp dLumi=1.6% = =
2-5__ _ |\_/ 01 100<p <112 GeV . : ¢
- —— VSNN = 5 02 TeV N
2 E 0.08-Pb+Pb 2.2 nb’ A -
- - - pp 260 pb”’ .
1.5 = o.os_—pp P —
n I - ® ®
1= - 0.04— . o
- anti-k, R=0.4 - g ¢ e 7
0.5 \Syy =5.02TeV - 0'02; lyl < 2.1 Iq>1 - q>2| >7n/8
O‘ i N R N I I I I B B B B T 0:]. FH (N TN NN T NN TN TN S AT TN TN T NNUNN NN NN M RRENN B B B B A A
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Laura Havener, Yale University X, x) 10


https://arxiv.org/abs/2205.00682

Boson-tagged asymmetry

Phys. Lett. B 789 (2019) 167 Phys Rev. Lett. 119, 082301 (2017)
)L
SLIM I I ML I I I

0'1 OO/O : CMS ;1 gngt;’r(e)c-isgp%

ATLAS | I + pZ> 60 GeV/c—:
pp502 TeV 25 pb1 - anti- ijetR 0.3 -
40 | { p’e‘>30 GeVic |
M <1.6 -
+ Ab, > L
e
+ * ><%- 4: ' L L L L L B L B R BN LN B —
............................ S = o - SPHENIX BUP 2022 .
= 0“0 04 he 0 T Gs et e 2 2 OOF JEWEL 220, T =260 MeV E
02040608 1 12141618 xiz=p‘ft/pf > 3:_Years13p>SOGeV =
X = - W 62 pb” samp. p+p =
- JY 2.9 ® 32 nb'samp. Au+Au (0-10%) _+_ —
e Access initial parton momentum and lower pr oF E
= —— .
> See asymmetry for Z and photon- "E DR o 4 E
tagged jets compared to pp [ —— == E
L 055 —+ R S
e sPhenix willaccesslower pr o ae—s* . . . eig

0 02 04 06 08 1 12 1.4
Photon+Jet X,
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Jet acoplanarity

e Measure the opening angle (Ag) of the jet with

respect to a hadron trigger

> Multiple soft scatterings or in-
medium Moliere scattering?

Laura Havener, Yale University
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N2

jet

Jet acoplanarity -

e Measure the opening angle (Ag) of the jet with

respect to a hadron trigger

> Multiple soft scatterings or in-
medium Moliere scattering?

e Data-driven subtraction of
recoll jet spectra in exclusive
trigger pr bins -> recoill jets at
low (10 GeV!) pr

Laura Havener, Yale University

1
NAA

trig

dpffie dAgdre,

pT,trigeTTSig

cref ) NA'A

&N

jet

trig

dp.f.*jetqup d’?jet

PTirig€ T TRef

12



d>NAA 1 d>NAA

' 1
J et dCoO p I dnarl ty Sreoil = van dp.ggetdipdqja el NAA dp.f.getd:;pdﬂjet

tri trig
& pT,trigeTTSig e

P arig€ T TRef

e Measure the opening angle (Ag) of the jet with
respect to a hadron trigger

N

> Multiple soft scatterings or in- I + ALIGE Preliminary :

medium Moliere scattering? " T ch.-particle jets, anti-k; —#~ Data '

- R=04, n | <05, |u-Agl<06 " JETSCAPE 3.4 -

A_..j(Pb—Pb) - TT(20,50) - TT(5,7) -

Iap = - :

Arecoil(pp) B -

- B + :

- 0 '_._‘_‘r"L"l-llllnt"“ ..:

I = L S ;ii:"'.','.t'.'.'.l'-'-“""'—*' """""""""" .

AA _ —vipasraanen®’ A

e Data-driven subtraction of agf  HwmsS -

recoll jet spectra in exclusive ] -

trigger pT binS -> reCOiI jets at 0 _l | | | | | | | | | | | | | | | | | | | | | | I | | | l
20 40 60 80 100 120 140

low (10 GeV!) pr o (GeVic)

T,ch
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d3 NAA 1 d3 NAA

Jet acoplanarity s—-iyamamm,| = wgamame;

tl‘l trig
& pT,trigeTTSig

PTirig€ T TRef

e Measure the opening angle (Ag) of the jet with

respect to a hadron trigger

> Multiple soft scatterings or in-
medium Moliere scattering?

| | | 1 I | | | | | | | | | | | |

ALICGE Preliminary

L

—H—

ch.-particle jets, anti-k- —%— Data

R =04 |,7]et| <05, |n-Ad| <06 " JETSCAPE 3.4

TT1(20,50) - TT(5,7)

1T

P 1 1 1

Ar'ec:oil(Pb — Pb)
Arecoil(pp)

NE

IR
i}

Suppression

Iill

& = '_t;;;;;'-'-“‘ r*"“"* """" T N
: q...l.l ------ :
e Data-driven subtraction of ogf et -
recoll jet spectra in exclusive Enhancement | Enhancement -
trigger pT binS -> reCOiI jets at 0 _l | | | | | | | | | | | | | | | | | | | | | | I | | | I
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Jet acoplanarity »-aae| o Sronme:
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e Measure the opening angle (Ag) of the jet with - 20 ST ETr TSRy
_ ro) ~ ALICE Preliminary -
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: . . X 35 Ch-particle jets, anti-k —:
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. . ] e Jet —
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e Signature of jet azimuthal broadening! o ° m k
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trig trig

Pr g€ T Tsig PTirig€ T TRef
- : : -3

e Measure the opening angle (Ag) of the jet with - "‘F’wé'wm]m.mlmlmlm
_ ro) ~  ALICE Preliminary -
respect to a hadron trigger S L [sgy=502Tev
. . : X 35F Ch-particle jets, anti-k o
» Multiple soft scatterings or in- ek ey E
. . . — jet —
medium Moliere scattering? @ PE TT050) - TT5.7) z
=~ 25 & Pb-Pb0-10% =
8 £ —e—pp =
< 205 Sys. uncertainty _.__._5
15 ———o— -
e
o _ ==
e Signature of jet azimuthal broadening! N — ) E
6— —_ L ._j
e Preliminary results from hybrid model & 64 .
show wake is dominant effect! & 4 . : :
T 2F —o— -
See talk by K. Rajagopal at ECT* workshop C 4 k ....—..__._1

O 18 2 22 24 26 28 3

Ag (rad)
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Jet acoplanarity -

e Measure the opening angle (Ag) of the jet with
respect to a hadron trigger

> Multiple soft scatterings or in-
medium Moliere scattering?

PYTHIA-8

|

L L L b
STAR Preliminary
Au+Au v S,n = 200 GeV, 0-15%
—o— v+jet
—u— n0+jet

— = PYTHIA-8

HII | Ill"l|‘ LRSI |llllll| I Illllll | Illlll‘ T T

anti-k ., R=0.5
11 <E-Y < 15 GeV

10 < p™" <15 GeVic
T jet

| | | | | | l | | 1 |
T T T T T T T T
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LUy llll‘ LU
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| | lllllll LU

\

M 1111111||

—

gl

.
Ao (=6, - ) [rad]

trig et
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x10~°
T LN I (L L L (L L Y L L L Y L L L Y L L L I L B B | &
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T TF (sy=502TeV 10<pf’ <20GeVic 3
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§ - R=04,p |<07 :
8 30 - TT(20,50) - TT(5,7) E
~ 25 — —o— Pb-Pb 0-10 % =
Agp S pof PP B
< - Sys. uncertainty S
15— —— " —o— —
: S ShE
10 — Py o _:
. s :
< 5 ) . 3
e Signature of jet N — E
azimuthal o 1.!,.,4,,,;..,;...4...4.,::
: o I :
broadening! S 64 i
o 4f :
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. 2:_ ------------------------------------------------ +—0——‘:_
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o Already see similar effect at RHIC energies with STAR!
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Measuring jet quenching

= |ntra-jet modifications by measuring jet
structure and substructure

Laura Havener, Yale University



Jet internal structure

e Different variables probe a different aspect of jet
structure modification

Hadrons
= Distribution of charged hadrons inside the jet

Medium
response

Momentum
broadening
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= Subjets from hard parton splittings

Separate out soft signal from softening of constituents and
medium response to focus on modification of hard core
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Jet shapes and fragmentation

e Jet fragmentation:

o Jet shape:

2_5 11 ||
| ATLAS

1.5

0.5~ pp. vl‘ =5.02 TeV, 25 pb™
- | | | |

Energy transferred

to soft particles
iInside the jet

Laura Havener, Yale University

| Ill|

| Pb+Pb, |s,, = 5.02 TeV, 0.49 nb™, 0-10%

107

Q.
v = | < 2.1 anti-k, #=0.4 jets Lc:_
<
N
H m
@ 126 < p" < 158 GeV a =
==+ Hybrid Maodel, er =0 2
---+ Hybrid Madel, R _ =3 ﬁ
—— EQ model —
<
N
al
Lo ] l

CMS Supplementary JHEP 05(2018) 006

3b 0-10%
s p™>0.7GgV o

- T anti-k jets R=0.4
2_5— X trk .

- by >2 Ge p’Tet>1 20 GeV

" e p*>4Ge

2 pT —— i
1.5
0.5F o
L
0 0.2

PbPb 404 ub™ (5.02 TeV) pp 27.4 pb™ (5.02 TeV)

Hardening of core: high z
enhancement from quark

vS. gluons?

Soft particles are at
large angles from
jet axis
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Boson-taggea jet structure

e Boson-jets dominated by quark jets

e Boson tag provides approximate initial momentum

of jet (no energy loss) (S0 = 5.02 TeV
e Photon-jet e Photon-jet shape: ™% {jb'1 A leRet
fragmentation PRL 123 (2019) 042001 v 2|7'4| pt? | P ,>3,O sevre A,¢1Y,>,§ o o
§1 oE _ ytag ('p?'rélso-126 GeV, ﬂf"=65-1214 I(Eé\/)l_; -CMS Cent.0-10% - Qualltatlvely similar
5 15 8 Dusceevodbupoieie L @ 31 Supplementary | behavior to inclusive
2 1 45_ Inclusive jets (p’ft=80-110 GeV) E \: - -
&U = - + 5] Data, 2.76 TeV, 0-10% Pb+Pb/ pp 5§ Q. - M Data
e s ~ | SCET Chien-Vit '
= = ien-viiev g
120 ] 2 2" !LBT . 1 Except high z
" i O | enhancement
— - “_ .
o5t 5 | e | disappears?
0.8F- . — !
- Pb+Pb 0.49 nb =
0.7— 15— ! R R T ! ! S — L] N S S S N S S SO S S SR SR S

10*@ 107 W 1 0 0.1 0.2 0.3
I

Laura Havener, Yale University PRL 122 (2019) 1520 16



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.042001
http://dx.doi.org/10.1103/PhysRevLett.122.152001

Laura Havener, Yale University

Z-tagged particles

o /-tag allows access to lower momentum than
photons because of less background

o /-tagged particles not biased by jet -> possibly
access to larger jet quenching effects

17



Z-tagged particles

Iaa: yields in Pb-Pb/pp

Q@ e[ ATLAS
< 4l pp, Vs = 5.02 TeV, 260 pb ]
= Pb+PD, S\ = 5.02 TeV, 1.4-1.7 nb”
3 -] ATLAS 0-10%, 30 < p? < 60 GeV
s Hybrid Model CoLBT-hydro
21 B SCET, (9 =2.0:0.2) JEWEL
o /-tag allows access to lower momentum than
1t photons because of less background
0.7}
051 o /-tagged particles not biased by jet -> possibly
0.3l access to larger jet quenching effects
0.2¢ | L | )
1 2 3 4567 10 20 30
ATLAS PRL 126 (2021) 072301 pS" [GeV]

e Enhancement of soft particles ->
similar to inclusive, photon, and
hadron-jet

Laura Havener, Yale University 17
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Z-tagged particles

Iaa: yields in Pb-Pb/pp

A¢ between Z and hadrons

gk 5: ATll_Asl Ysyy = 5:02 TeV, PbPb 1.7 nb™, pp 304 pb™
, Vs =5. , k - mant 0.20 o
= 4 gﬁwsb, ViTOE =Tg.\(/)22$2\5),b1.4-1.7 nb" | . opf @1 PbPb Cent 030/°j
31 -] ATLAS 0-10%, 30 < pZ < 60 GeV 2 sEoRlele
Al = Hybrid Model CoLBT-hydro = 15 p$>30 GeV/c d‘z
== SCET, (g =2.0:0.2) JEWEL Nv " ptTrk> 1 GeV/e + (+)
Ad > 3n/4 | F|& 10f :
T E— ¢ > St 1 Bl b : e ] e Excess of charged
0.7 1 2 ftemeetEems ! particles at all Ag
0.5 . O::_: B e .
0.4 = f b ColBT - Away side excess expected
0.3 : - P wio wake ; from momentum broadening
0ol | | D | ] % 4 w/ wake ? +‘ _ .
1 2 3 4567 10 20 30 & 2 m '+ T th Medium response could
ch al - .
ATLAS PRL 126 (2021) 072301 P} [GeV] S ofeoot ] : cause excess at all A¢ or
e Enhancement of soft particles -> -2¢ i possible MPI effects?
similar to inclusive, photon, and —40.(.3.'\."8. arxvia103.04377 N, .13 Zhong arXiv:2101.05422
’ ’ 05 1 15 2 25 3

hadron-jet

Laura Havener, Yale University
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Jet internal structure

Hadrons

= Subjets from hard parton splittings

Separate out soft signal from softening of constituents and
medium response to focus on modification of hard core

Laura Havener, Yale University



Experimentally probing medium resolution

New tool: jet splittings

Hadrons

Laura Havener, Yale University
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Experimentally probing medium resolution

New tool: jet splittings

o Soft drop grooming: selects on harder parton JHEp 1405 (2014) 146
splittings inside the jet to remove the soft contribution

Zg > Zcuteﬁ 0= ﬁ 7= min(pry, Pra) Had r'ons

R Pr1 P

Removes non-perturbative effects
Perturbative regime under better theoretical control

Laura Havener, Yale University
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Experimentally probing medium resolution

New tool: jet splittings

o Soft drop grooming: selects on harder parton JHEp 1405 (2014) 146
splittings inside the jet to remove the soft contribution

R Pr1 P

Zg > ZCU.tHﬁ 0= ﬁ 7= min(pry, Pra) Had r'ons

Removes non-perturbative effects
Perturbative regime under better theoretical control

= [3,: distance between subjets Ry = \/N’2 +Ag° A\ 1 } "

How far apart are the subjets? "

Laura Havener, Yale University
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Jet splittings: A,

@ - &€

Resolution length of QGP?

avener, Yale University
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Jet splittings: A,

P\ A\

A} XX

Resolution length of QGP?

» Modification with large angle
suppression (narrowing)

» Consistent picture with ALICE R-
dependent Raa ATLAS Ry result at
higher pr

ATLAS-CONF-2022-026

Laura Havener, Yale University

Pb—Pb
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Jet splittings: narrowing?

» Narrowing reproduced by models with different implementations of jet-medium interactions

Laura Havener, Yale University
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Jet splittings: narrowing?

» Narrowing reproduced by models with different implementations of jet-medium interactions

» Model 1: role of color coherence?

-Lres = %0, coherence
-Lres = 0, decoherence

Laura Havener, Yale University

Pablos et al JHEP (2020) 044
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Jet splittings: narrowing?

» Narrowing reproduced by models with different implementations of jet-medium interactions

» Model 1: role of color coherence?

-Lres = %0, coherence
-L+es = 0, decoherence

> Model 2: coherence with changing qg/g fractions?
Yuan et al arXiv:1907.12541

-quark only

Laura Havener, Yale University

Pablos et al JHEP (2020) 044
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Jet splittings: narrowing?

» Narrowing reproduced by models with different implementations of jet-medium interactions

> Model 1: role of color coherence?  Pablos etal JHEP (2020) 044 o Q005 01t 0f5
SIS oo ALICE {5 = 5.02 TeV -
¢ 3.5 m Pb-Pb 0-10% Charged—particle jets
™ %J 3 Sys. uncertainty H=10.2, | njel| <0.7 :
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Jet splittings at RHIC

e Higher quark fraction could help resolve question about the selection bias and gluon
suppression

o Lower jet pT will allow us to study ':';'C ALICE CMS/ATLAS
different phase space : -
P P 9;_ Vacuum _;
e Caveat: RHIC later 8 — 6=0.1 =
formation times 2Bl eeeses 0=04
outside of medium? Y : Medium-induced
N | SPHENIXBUP2022 Years1-3 £ s — g =2 GeV?fm
% 10—e— JEWEL 2.2.0, T =260 MeV = P‘*— 3
% Sl p‘:‘ >40 GeV, z,,, = 0.1, =0 . 4 —
S L " PP i .
o o Au+Au (0-10%) 1 3
— — i
— . 2
1 u —a—___g -
— : 15 ‘
s © 5 10 15 20 25 30 35 40 45 50
01 015 02 025 03 035 04 045 05
Jet z, w0 (GeV) M. Verweij QM 17
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Quasi-particle nature of QGP?
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Quasi-particle nature of QGP?

 —
=
—s

» Hybrid model: role of Moliere scattering? ‘
-without Moliere

-with Moliere

1/ Niws N /dkr 5 (GeV/c) 2

Pablos et al JHEP (2020) 044

ha

—
o

» Not sensitive enough to distinguish
models yet

Pb-Pb

Laura Havener, Yale University
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> Hybrid model: role of Moliere scattering? 2
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» Hint of enhancement at small ktg->
consistent with narrowing picture?

Laura Havener, Yale University
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Conclusion

e | HC has an array of results on jet quenching in heavy-ion collisions:
> Remaining questions:
e No recovery of energy at large R despite energy distribution to large angles?
e Enhancement of soft particles and jets in coincidence measurements?
e Where is the narrowing effect coming from?
e No definitive sensitivity to Moliere scattering?
e Not discussed: jet quenching in small systems?
e Heavy flavor jets: see talk later today by Jing Wang
e How can we use jet quenching measurements to learn about the QGP?

e Jet quenching effects tangled in different observables, how do we best isolate effects
of flavor, path length, coherence, and medium response?

e Higher statistics datasets in Run 3 will allow for precise measurements more
differentially and with rarer probes like bosons or heavy flavor

Laura Havener, Yale University
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Outlook: Run 3 and beyond

e Run 3 began
this month! o
Exciting times ‘5 \\O‘RLD -RECORD
ahead! Rtgcomsms

— =L 10 I

e Pb-Pb collisionsi
In November!

CERN Control Centre ALICE ATLAS

The third run of the Large Hadron
Collider has successfully started

A round of applause broke out in the CERN Control Centre on 5 July at 4.47 p.m. CEST
when the Large Hadron Collider (LHC) detectors started recording high-energy
collisions at the unprecedented energy of 13.6 TeV

Laura Havener, Yale University CERN press release: pictures and videos from live stream! 24
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Outlook: Run 3 and beyond =

CMS /!
Indicative Run 3 luminosity targets [from link ATL AS
TS A s LHCh — | R et
P-p 160 fb’ 25-30 fb! (~50 fb! by LS4) 200 pb! ) . ..
Pb-Pb 7.5nb? (13 nb! by LS4) 1 nb7 (2 nb' by LS4) 7.5nb? (13 nb! by LS4) ® ATLAS and CMS : h Ig h preClSlOn and
p-Pb 0.5 pb! (~1.2 pb’ by LS4) 0.1 pb (~0.6 pb™' by LS4) 0.25 pb' (~0.6 pb' by LS4) ! ! g !
00 e T o statistics for jet measurements at high pr

N.B.: pp reference data at 5.x TeV will also be collected

including heavy flavor, boson-tagged,
and many substructure measurements

o ALICE: ~100 times more $ [T T T T T T T I SR IR I BN
_ _ © [ ALICE Upgrade Simulation ] ATLAS Prellmlnary
jets than in Run 2 T 0-10%Pb-Pb, S =55 TeV, L, = 10nb"  ~ Projection from Run-2 data
ALICE | Charged Jets, Anti-k;, R=0.3, n_| < 0.6 1 0.8 —
0el. Wwith D", P> 3GeVic B T —
e Precision for DO jets and | + 0.6
limited statistics for B jets in +1
Pb-Pb o4 _B_%—H - 04 SCET,, g=1.8 -
| - - — e
: 02 — = 1 0.2 +Pb: 0.5 nb™ G
e HI physics at LHCb! S - B Foiro 10 LT
e Smaller system: O+0O v, et %00 300 400 500 600 700 800 900 1000

o L p. [GeV]
e High luminosity LHC Runs 5-6: more upgrades, statistics, ALICE 3, elc.

Laura Havener, Yale University 25


https://arxiv.org/abs/1812.06772

Outlook: RHIC and LHC

* Complementary, parallel programs at RHIC and LHC will help to answer remaining
guestions about jet quenching and more!

~ .
HIC () Brookhaven o [

* sPHENIX turning on next year! . e Run 3 started this month, HI data
e Au+Au, pp, and p+Au planned spm-:@ coming soont!
e High statistics data at lower energies e Smaller systems: pp, O+0O, etc.
near QGP transition e High statistics data at highest
e Full hadronic calorimeter to measure energies for precision measurements
jets at lower momentum at very high momentum
e Rare probes: photons and HF e Rare probes: bosons and HF

e STAR upgrades -> increased stats
and more jet measurements .

Laura Havener, Yale University
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Thank you!

v*ﬁ

ATLAS

EXPERIMENT

Run: 286665
Event: 419161 _ . ! : .
2015-11-25 11:1 fi stable beams heavysion collisions

11(:12
)

Laura Havener, Yale University



Backup

Laura Havener, Yale University



ML approach: method
. FE)?l;ebdccjj;r:g pp PYTHIA events into real

e Optimized for method performance and
Extract Jet Parameters

how important/correlated they are
> Area-based corrected » 12 leading constituents

> et angularity >» number of constituents
+ 10% trair + 90% test
. » shallow neural network » random forest
ML Estimator (100, 100, 50) » linear regression

) - e Regression task to predict the corrected jet pr
Get back to “truth™ > “truth” = detector level PYTHIA jet pr

Laura Havener, Yale University



ML configurations

ALICE

e Regression task that is prioritizing a simple model
e |mplemented Iin scikit-learn with defaults unless otherwise specified

1. Shallow neural network
e Shallow, three-layer network with [100, 100, 50] nodes
e ADAM optimizer, stochastic gradient descent algorithm
e Nodes/neutrons activated by a RelLLU activation function
2. Linear regression
e Normalization set to the default
3. Random Forest
e Ensemble of 30 decision trees
e Maximum number of features set to 15

Laura Havener, Yale University



ALICE

1. How important is the feature In
this model? -> feature score

 Higher score, more often it
IS used In training

2. How correlated is the feature
with other features?

> |teratively remove unimportant and/or highly correlated feature!

Laura Havener, Yale University

ML.: features for training

e |n order to determine the features for training, ask two questions:
Charged Particle Jets

Feature Score | Feature | Score I
Jet py (no corr.) 0.1355 | Prconst | 0.0012
Jet mass 0.0007 | pfeonse | 0.0039
Jet Area 1 0.0005 | piconse | 0-0015
Jet py (area based corr.) | 0.7876 | proonse | 0-0011 ]
LeSub 0.0004 | p?.onst | 0.0009
Radial moment 0.0005 | p?.onse | 0.0009
Momentum dispersion 0.0007 | Pt const | 0.0008
Number of constituents 0.0008 | pfconst | 0.0007
Mean of constituent pys | 0.0585 | p7..nc | 0.0006
Median of Constituent p;s | 0.0023 | piionse | 0.0007

Phys. Rev. C 99, 064904 (2019)




ALICE

o 8 140 + W/0 embedding ALICE Simulation
D= [ . embedding in thermal events ~ anti-Ky charged jets
92 1.2F ML correction trained |TI | <0.9-H
Q| £ . A=0.4
= S [ on unmodified PYTHIA
I 1
> o B
2 <
T 0.8
0-6_ . - B 1 = —'—+
IS - ——_g & .
0.4_.__.__._—.——'—0—
0.2
: BDMPS-Motivated
llllllllll‘ll‘lllll‘lllllIl.’lllll
% 50 60 70 80 90 100 110 120
pT, ch jet (GGV/C)
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ALICE

ML approach: Raa

F u - ¥ B N

0.8

0.6

0.4

0.2

I | LI LI | I I | I L I | L | | |

2-ALICE Preliminary

- Ch-particle jets, anti-k,R = 0.2, |I)iet| <0.7
_ Il T ,, normalization uncertainty

[#)ML-Based
LIDO W JEWEL w/o Recoils
" JEWEL w/ Recoils

L I L

Hybrid Model w/ Wake
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—

|

|
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0-10% Pb—Pb |5, = 5.02 TeV
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Laura Havener, Yale University
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ALICE
e Jets in HI collisions have a different fragmentation than jets in a vacuum

e Study jet fragmentation
bias from learning on
PY THIA by training on

samples with varied

- 40 T T
Lf_: ALICEUS'm'-'lat'O" | R Fractional 10%,
5 35F 60 <prlE < 120 GeV/e, Mostly in cone
O r Charged jets anti-k7 Fractional 10%. i
g 3.0F R=04, [0« <09-R ¢ Mostly out of cone -
= - Leading eight particles ®  BDMPS ;
D 20f -
e I -
O I —4 _
QO 1.5 R .
E I —4- :t_‘_ .
[ F O e - T R
10p-23g = S TS s
- 4 -
0.5F ™ * -
e T T T
Z

Laura Havener, Yale University

< 1.4

1.2

0.8

BDMPS-

motivated o0

0.4

0.2

Fractional mostly o

in-cone ’
‘s

ML approach: jet fragmentation bias

| I | | 1 I | | | | | | | I | 1 1 I | | i
 ALICE Preliminary Pb—Pb V'S_NN =5.02 TeV, 0-10% _
—Full Jets, anti-k, R=04,|n |<0.7 -

jet

_ ML Estimator Trained on PYTHIA

® ML-Based

e | Area Based (p > 7 GeV/c)

—— T, lead
- == Fractional Collinear
BDMPS-Motivated

Fractional Large Angle

.................. l;

| | L |

R ~

lIlllllllIlllIlll

- ML Fragmentation Bias Studies

20 40 60 80 100
.=* » Bias Is similar in magnit
other systematic uncertainties

120 140
- (GeV/c)
, jet

ude to
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ALICE

JEWEL.: collisional and
radiative energy loss

-without medium recoll
Elayavalli, Zapp JHEP 1707 (2017) 141

SCETg: interactions of medium

with Glauber gluon exchange
Li, Vitev JHEP 07 (2019) 148

Pablos PRL 124, 052301

LBT: jet-medium
interactions with recoil and

hydrodynamical medium
He et al PRC 99 (2019) 054911

Laura Havener, Yale University

<<
<
C

1.2

0.8

0.6

0.4

0.2

ML approach: model comparisons

ALIGE Preliminary Pb-Pb Y3 = 5.02 TeV, 0-10%
Full Jets, anti-k, R=0.4,|n |<0.7 - R

jet

ML Estimator Trained on PYTHIA

e ML-Based
e | Area-Based (p

Jewel, recolls on
— | BT

== Jewel, recoils off
SCET, (rad + coll)
Hybrid Model w/wake

> 7 GeV/c)

T. lead

= = 1 Fractional Collinear
«»»» BDMPS-Motivated
Fractional Large Angle

—_——

ML Fragmentation Bias Studies Model Comparisons

50 100 50 100

t (GeV/c) p_ . (GeV/c)

pT, e T, jet

» Constrains models at low pr

12


https://arxiv.org/abs/1707.01539
https://link.springer.com/article/10.1007/JHEP07(2019)148
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.052301
https://arxiv.org/pdf/1809.02525.pdf

Inclusive jet suppression: large R

o Compare Raa at larger Rto Raa at R=0.2 as a function of R at high pr
» Scanning R=0.2 to 1.0!

CMS 0-10% PbPb 404 ub PP 27.4 pb 1
S . arae [ e e
@ : ! |
e SUppression ar arge | 500 < p” <1000 GeV | I anti- - hq <2
R and no significant radial : L E et
i 1 ®- CMS 0-10%
dependence N 1.5 T . ;
| : << I 1 — Hybrid w/ wake
e Not seeing energy T <€ — Hybrid w/o wake
recovered at large R? ~ Hybrid w/ pos wake )
_ o o :EE i | =—MARTINI
e Convolution of effects" 0 05l 1 T wshowersonly
b Vs =5.02TeV T LBT w/ med. response
YT T N [N TN TN TN NN TN TN TN AN TN TN SN AN SN AN T ST S T N TN TN N SN TR TR AN SRS SR S M
e Discriminat f 02 04 06 08 1 02 04 06 08 1
ISscriminating pOWGI’. or A Aet R CMS arXiv:2102.13080
models and the physics —

mechanisms at play v v

Laura Havener, Yale University 18


https://arxiv.org/abs/2102.13080

Hadron-level observables

e Distributions of particles inside jet

4 Jet axis
Jet fragmentation: longitudinal ' Jet shape: radial profile of
profile of charged particles in a jet.- charged particles in a jet
1 chh ‘~~~
D(z) = .
( ) I\Ijet dZ Zjets ZtracksE(Ara,Arb) P Th
p(Ar) = =
> — pT cos AR or ]Vjets Zjets ZtracksEArSlpT
'_I?t
e Properties of the jet (generalized angularities) 1 AS |
(pP) Related to jet shapes:

LHA Width AnQUIarity (glrth) g a=1

11 ee o B
How wide are > vs. -> e, ~Mass 2=2

the jets? Lo
5-5 (%)

icjet

Laura Havener, Yale University



Lund Plane: space-time structure of QGP
pri=(1-2)pr . $

In(kT)
Perturbative

kt = pr2sin(AR)

e Formation time:

tf —
Y. L. Dokshitzer, et.al. (1 o Z)kTAR Non-perturbative

<Z: In(1/AR) —

Laura Havener, Yale University Early times Late times 5
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https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Lund Plane: space-time structure of QGP

1: Outside of medium In(ke)

Perturbative

2: Decoherence

3: Coherence

4: Medium-induced splittings

e Formation time: wider jets formed
earlier experience more medium

1 Non-perturbative
See Liliana’s talk today ff —
Y. L. Dokshitzer, et.al. (I —2)krAR

In(1/AR) arXiv:1808.03689

—

Laura Havener, Yale University Early times Late times 6


https://arxiv.org/abs/1808.03689
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Soft drop grooming: in-medium

“ JHEP 9708:001.1997 See talk by Marta Verweij

e Recluster jets with C/A*
In(kT)

Z, > Z.. 0P
g ‘ Removes some of the

physics signal

e Apply grooming to

access first hard splitting ¢ = 2&

R

> Removes soft signal from softening of
jet constituents and medium response
to focus on hard structure modification

In(1/AR)

Laura Havener, Yale University


https://arxiv.org/ct?url=https://dx.doi.org/10.1088%252F1126-6708%252F1997%252F08%252F001&v=8892ac15

Groomed jet angularities

e Class of IRC-safe observables to summarize all substructure

N K

LHA Width Thrus
11T @ © O

Multiplicity

SR BRI

Related to jet shapes:
Angularity (girth) g a=1

~Mass a=2

e (Grooming reduces systematics and reveals narrowing feature

©
g

—

&=1

Ciel dA

C ALIGE Preliminary
VS = 5.02 TeV
Ch.-particle anli-k jets
A= 02.‘ | %' <0.7
40 < p'" < 80 GeVie

Qo

0-10% Pb-Pb data
a=1 $ =2
=15 $a=3

Pb-Pb syst. uncert. -

pp data

pa—

ALIGE Preliminary
VS = 502 TeV
Ch_-particle anti-k; jets
R=02 |7 |<07
40 < pI'* < 60 GeVic
SD:z =02 48=0

7 pp syst. uncert.

: : :
0-10% Pb-Pb data
& =1 é$ &=2
=15 $a=3
Pb-Pb syst uncert. -
pp data I

» (Frooming reduces intra-jet broadening and recoil effects

Laura Havener, Yale University
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SD grooming variables

Modifications to splitting function? |
MINP71.P72)  In(ke) kTg

Pr1 + P

Z:

Resolution Iength of the QGP?

2
v R _\/An Adp
'

In-medium Moliere scattermg’?

~ ZgptHg '
ﬂ kr
Y In(1/AR)

Laura Havener, Yale University 9




e Solutions:

1. smaller jet radil

2. tighter SD
condition

Laura Havener, Yale University

Background treatment

leads to incorrect splittings

subjet

real subjet 2

or semi-central collisions

@

dN
N, dR

O o N W A O 0O NN 00 O O

(@)

ALICE Preliminary PYTHIA8 embedded
- PYTHIA .

=5.02 TeV

Constituent subtraction: ch !SNZ . t5 0 nt'ek
-+ Jet-by-jet arged Jets anti-

“« Event-by-event, R, = 0.8 =04 |71 1 <0.5

40 < P, et < 120 GeV/c

Soft Drop Z.2=01,5=0

30-50%

z=0.1

V@

= ALICE Preliminary

dN
N.. dR,

-h(J'ICD\ICDCOO

. Illl||l‘l|ll l|

—\sy = 5.02 TeV
- 30-50%

z=0

lllllllllqll

= PYTHIA8 embedded

2

Charged jets anti-k;
R = 04|q|<05
Soft Drop z,,, = 0. 2 p=0
40 < Pr e < 120 GeV/c
Constntuent subtraction

Event-by-event, A, = 0.25

— PYTHIA
-+ Embedded PYTHIA

.000500.'.'..




Jet Spllttlngs Zg 7, — mn (P Pry)

Vs, =5.02T=V, pp 27.4 pb', PbPb 404 pb’

— : : : : : : , : S -l""III"'l"'I"'ll"l'l-
Sy I o o0 ALIGE \'s,, = 5.02 TeV - : CMiata e | 5k -
o 10" mPb-Pb30-50% Charged-particle jets - * 010% o E‘?Sh? G?\)’_:’fm'L=5fm :
—| & : Sys. uncertainty A =0.4, | ‘I}jetl <05 2 T —JEWEL _._ 1'93 e -
VS. ° 8§ 002 P, e < 90 eV Z T & - 4 Gevim
: Soft Drop z.,=0.2, f=0 - P, -y  coharent
6 i_ fpp o8 fAA oss B 8 | (GeV) * ~ incoherent
mgeed T VY Tagoed TV a 1 | 140-160 "gre e ®
.9 _ O
Modification of splitting function® N S ol g
I o
o
| : : 1 . | 0 . 9
i Pablos, L 0 i "
L ablos, L = - ;
&l 140 WJETSCAPE 1 papios, L. = 2ixT ; ! Y
C - ==Qin W Pablos, L. = oo . * K
> L . ; 'f' 1.2~ - - s,
OW pPr: no Significant - = :
s . . 10— :=eme N e
modification, mostly consistent 0al . -
. O : | antik, R=04, n_|<13 e
Wlth mOdelS 0.2 N 013 - 014 — SoﬂDrop: B=0, zI =0.1, I.:\R,z>ol1 |

» High pr: hint of suppression at PRL 128 102001 2
high zg ( <: 4RL120 142302 (2018)<

ALICE: low pr, z2wt=0.2, CMS: high pr, Zeut=0.1,
unfolded smeared

Laura Havener, Yale University


https://arxiv.org/abs/2107.12984
https://arxiv.org/abs/2107.12984

Jet splittings: Rg larger R

7T O YV®

0o 01 02 0.3 A,

0 0.05 01 015 Ry ol : . — d
s ALICE (5. =502Tev | ©IO = epp ALICE Y sy, = .02 TeV =
35 ®0P Ch E o " m Pb-Pb 30-50% Charged-particle jets .
¢ 99° mPb-Pb0-10% arged-particle jets : | = 5 2 o ainty R=04. |1 <05 -
—| & 37 Sys. uncertainty A =0.2, | 77'.:.-:1| < 0.7 : b?ll r yS. uncertainty 50 T jel %0 G vi -
© 25: - 60<pTc hi <SOGeV/ . 4:_ <pT,(:hjel< B /C—:
' ' VD m ) E r . Soft Drop z,,=0.2, =0
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. : o ™ 088 ,HA 089 - - ¢ frogaod = 0-89: Frcooq =090
for larger R in more 150 , o ] of . :
. . . 4 - m ]
semi-central collisions e : ; io i :
05 - ' - :
- N L . ., 1 & . A AU RS E .L
O | JETSCAPE Cauc E
Ol‘ o 20 -delos Lios=0 ‘YS:rfaL:SGeVz p D|' Q- WJETSCAPE
o< i Pablos, L,. --&Ttl Yuan, med q/9 e 1.5 * Pablos, L.; =0
o [ m Pablos, L =  ==Yuan, quark 0O L Pablos, L,. .._2 T
1.5 " L W Pablos, L, ., = =
1 _-'-' - . . .
05 ; : : PR : P I : : I L ! L
0 0.2 0.4 0.6 0.8

| 6 O
< J <: PRL 128 102001 < 0
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https://arxiv.org/abs/2107.12984
https://arxiv.org/abs/2107.12984

Jet splittings: large R trimming

e Combining R=0.2 into
R=1.0 jets removes
energy radiated
between subjets

. I

-

€
©

Recluster with kt algorithm to access kr

How hard is the resolved splitting? v/d12 = Pr2ARy;

<{p v

e Jets with a substructure more suppressed than

jets without (single subjets SSJ)

Laura Havener, Yale University
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0.5

ATLAS

EXPERIMENT

1.0

I L L
- ATLAS Preliminary
L Pb+Pb 1.72 nb™, pp 257 pb™', 5.02 TeV

_ ¢ 0-10% _
B 10-20%
A 20-40% _
+ 40-60% :
60-80% :
] =
T I
s : '
AR
+
 AA A A 4o 1 . B
L]
BLH-
- V[<2.0, 200< p_ <251 GeV
- Reclustered R = 1.0 jets |
| | | | | | I | | | | I | ]
S 50 100 150
ATLAS-CONF-2019-054 \d., [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-054/

Jet substructure at RHIC

e STAR uses a HardCore selection to

suppress the background

e Then matches to original jet to

recover constituents

0.25 .
i pS'>2 GeVic; ps“>0.2 GeV/c, Matched:
- © p+p HT @ Au+AuMB O p+p HT @ Au+Au MB
0.2 o Au+AUdHT ® Au+AuHT
c - Au+Au, 0-20%
§ [STAR | g, 41 '
T 015 5 * Anti-k,, R=0.4
T " ' O Cut
™ - : * With p_>2 GeVi/e:
= - ; ’ p_ >20 GeVic
" Thox
¢ 0.1 g: 4 P, .. >10GeVic
uJ : E t + S »
5 o | :
e 3 ¢ V¢
b ¥ L}
8 . : s ®
o =1 PR - 1 = A Q. | BN | %
-0.2 0 0.2 0.4 0.6 0

Laura Havener, Yale University

HardCore jets
preonst > 2 GeV/c
prlead-iet > 16 GeV/c
pTRecoll-]et > 8 GeV/c
Geom. ma?c_:pi»n_g 15-
o
a 5
Geom. matching

e HardCore jets are imbalanced and
matched jets are balanced

Matched jets
preonst > 0.2 GeV/c
AR (jet, HC-jet) < 0.4

<< ngh tower trigger

STAR, PRL 119 062301 (2017)




Substructure with subjets

e Recluster constituents of R=0.4 jets into r=0.1 jets HSJ — A Rl )

HardCore Di-jets
Trigger P et > 16 GeVic
. I v I ! . Recoilp, > 8 GeVic Au+Au, p+p (s, = 200 GeV
e Find the leading (1) and subleading (2) jet e Masched Jo 5. Setction Antidc Ry = 0.4, Anti-k, Ry, = 0.
. g y . Ao (jet, HT) > 27/3 n |*Rm<1.o
e No modification with angle L
- i SAR
0‘25:_ ::’E:L Au+Au 1 P o AutAu 0.2:: ]
STAR 'ALICE  CMS/ATLAS _ | + ) Woi<o <02 I i §¢ozco,cus
9 Vacuum i Z
_ . : — 6=0.1 0.15F : $H < .
e Contradiction with Ry Al e 6=0.4 E 5
—_ Medium-induced 0T $ :
e RHIC later formation < s — §=2GeVm 3 1 ?“ :
. . 4 ] [
times outside of . TR TR Y T
: 2 0 0.2 04 06 0 0.2 04 0.6
M ed UM ? 1 Matched |AJ| Matched |A |

(-

0 5 10 15 20 25 30 35 40 45 50

M. Verweij QM 17 .
Laura Havener, Yale University ® (GeV) J arXiv:2109.09793 19



https://arxiv.org/abs/2109.09793

Subjet fragmentation  r¢)- L&

N dz
jet ¥
e Recluster constituents of A=0.4 jets into r=0.1 jets pch subje

__rT
= ch jet

Pr

ALICE-PUBLIC-2022-016
10F >
~ ALICE Preliminary ]

- o
~ IS =o02TeV lglt))—Pb 0-10%
- Charged-particle anti-k; jets Sys. uncertainty
- R=04 [p_|<05 | ‘

Ol 80<p™ <120 GeVic

> Hint of hardening at 5
iIntermediate z -> similar
to Ay and hadron FF i

o Neill, Ringer, Sato JHEP 07 (2021) 041 25— s —— | anti-k; subjets r = 0.1 O i i
—_— Ohyirark . i ’.et I- = . | 4
L ’;:l:;l: Q — 019 CeV /\ "‘,\T . ATLAS b | <2.1 anti-k, #=0.4 jets | : ’ + :
G-%i o | ~ . -
ﬁ‘ i__"; NT.I =104 {1 | Q o @ 126 < p' < 158 GeV _ 2 B i " N
Sy 6nt x = " Hyor Model R j A
I ete™ \ i —— EQ model : | — P S S S S PR R
S 9. Leading/inclusive jets - X a - ;\'}AEe_?iSU&J;gEfU"CtiOHS
e \ \I 1.5 Q. 15F == JEWEL, recoils an
e \ - 't — JEWEL, recoils off
0.2 0.1 0.6 1.8 i i
> ~ 1 TRy
1 0 Z
> Hint of suppressionas z -> 1, ; : : ]
| Pb+Pb, ys,,,=5.02 TeV, 0.49 nb™, 0-10% | I T R S T S R B T B _
energy loss of pure quarks? 0.5 oo -502TeV. 250" - 0.6 0.7 0.8 09
Lo | | | { I N - | 1 I I I | A r
A

10°° 107 1 W W
Z
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N -SU bJ ett | NeSsSSsS e Pramin AR ARy ARy

Trr =
N RpT,jet
o kT reclustering selects hard subjets
0/ = >0 Are the prongs resolved by the medium?
Jet has 2 prongs

L R L 6_ ' ' ' a

6= ALICE - C ALICE - _

-lpp Vs=7Tev - 5 0-10% Pb-Pb Sy = 2.76 TeV 1 e Fully corrected z2/711n pp
— 5 Anti-k; charged jets, R =0.4 = [ Anti-k; charged jets, R = 0.4 N
©  F 40<ph <60 GeVic - o ,F IT-Ap <06 » ALIGE Data 1 and Pb-Pb data Compared
& F k. reclustering ™ ALICE Data - S *F TT(1545 - TT(89)  » PYTHIAG Perugia 11 =
\\6 C e PYTHIAG Perugia11; % C 40 <p <60 GeV/c 4 PYTHIA8 Monash tO PYTHIA
% 3 & FYIHIAS Monash - = 3:_ k- recleitering -
- E_ = === _E Ew % 2f— self normalised ‘ _f
> 2 + - g2 | pMC>1 Pb-Pb/MC ~ 1
— F == == ] S ¢ — N

1:_ —— . _: 1T ——A——

E o - i n E \ ‘
o P S o . Pb-Pb/pp < 1
= E T .
~ b — ~ A . . .
§ : ‘ § S Hint of suppression

§2—~o04 o8 o8 1 of 2-prongness in Hls
' ALICE arXiv:2105.04936 T_g/f, P 9

<. =



https://arxiv.org/abs/2105.04936
https://arxiv.org/abs/2105.04936

Jet axis

collinear radiation soft radiation -
groomed-away radiation 2 - ALICE Prelimina B Pb-Pb0-10%
: AR;Jlxis = \/0’2 - y1)2 + ((Pz - (pl)z @ mé i i 1 pp
O i \{sNN =5.02 TeV .
3 40 Sys. uncertainty
- Ch-particle jets, anti-k
o' K —=— WTA - Standard
30 - —#— WTA - SD (z_,=0.1, 5=0)
- ﬁ ~ E —— WTA - SD (z,,=0.2, 5=0)
20 8 ] 40 < p™® < 60 GeV/c
_ T
- e R=02 I |<07

P. Celetal.,, JHEP 04 (2020) 211

» See narrowing effect

> Not sensitive to grooming: does
not change jet direction

Laura Havener, Yale University



Jet axis: model comparisons

ol & 45p ALICE Preliminary ¢ op
» Hybrid model: role of Moliere scattering? U% s0f VS =502TeV ® Pb-Pb0-10%
-without Moliere Pablos et al JHEP (2020) 044 e 35 ;_ Ch-partlde jets, antl‘kT Sys. uncertainty
30 [
1 P WTA - Standard
\\ T = ooy 40 < p"* < 60 GeV/c
0F 8 R_02 |p <07
15 Je!
u m
1 =
Ny .
. . . - [
» Model: coherence with changing g/g fractions? S . S
| B o of = JEWEL recols of JEWEL, recoils on
-medium a/g Yuan et al arXiv:1907.12541 N o i o ecanining
Ll ol —— MATTER+LBT T b
q q . :
q 1 OE . . . | . . ] . . . ] . . | M ) . :
0 0.02 0.04 0.06 0.08 0.1

Laura Havener, Yale University
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https://link.springer.com/article/10.1007/JHEP01(2020)044

Jet charge: g/g fraction modification?

e Jet charge sensitive to electric L 1 1 1 ?
charge of initial parton Q" = et Z qdiPr;
Pr iEjet
e Fractions in pp and Pb-Pb similar -> q )
no modification of gluon fraction?
CMS pp 27.4 pb™', PbPb 404 ub™ (5.02 TeV)
anti-k. R = 0.4 jets, pjft >120GeV,In_1<1.5 k¥ =0.5
- I I I I I + | | | | | -
C - o
-f_,-)’ o8l PP =& Data 1 0-10% PbPb
g | -- PYTHIA6 |
e Possibly indicates that narrowing iIs §0_6= ----- g - & - & - e -4 --
due to decoherence effects! %’ | i $ b
e |s this measurement sensitive to §0_4'_ 1 _
same effects as jet mass? ol [ CMS JHEP 07 (2020) 115
| | | | | | | | | |

1 2 3 4_5 1 2 3 4 5
Track P thresh. [GeV] Track p_ thresh. [GeV]

Laura Havener, Yale University
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http://dx.doi.org/10.1007/JHEP07(2020)115

“Survivor Bias”

C. Nattrass recent talk at INT

Comparing final modified Pb-Pb jet to
unmodified pp jets instead of comparing the
initial unmodified jets

“Survivor bias” where at a fixed pr bin we are
left with less quenched narrower jets

>

PP

Pb-Pb

Pt

Cole, Spousta EPJ C76 (2016) 50 Brewer, et al PRL 122, 222301
Caucal et al JHEP 2020, 204 (2020) Brodsky et al arXiv:2009.03316 | | N |
Final energy selection Initial energy selection
J'U. ........................ I,n.c ].U.Si.v,e m ;( J.h, .-. ........................ I,n.c ].11.5{.‘;,'? m X — -.
] ] L ] Xin=<(.90 mawm Xin=<(.90 mawm
e Selection on the initial instead of
final energy removes narrowing 350 5% R=0.4 1 Red: unquenched jets
. . _334 pp Jel pr = 200 GV . )
effect for more quenched jets in : | Blue: quenched jets
r 1.5 1
hybrid model :
< 10]
U.J."
' PbPb Jet pr > 200 GeV PbPb Jet pr > 100 GeV
& prfyp > 200 GeV
Du, Pablos, Tywoniuk, JHEP 21 (2020), 206 Rg Rg

Laura Havener, Yale University


https://link.springer.com/article/10.1007/JHEP03(2021)206
https://arxiv.org/abs/2009.03316
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://link.springer.com/article/10.1007/JHEP10(2020)204
http://Cole,%20Spousta%20EPJ%20C76%20(2016)%2050
https://www.int.washington.edu/talks/WorkShops/int_21_2b/People/Nattrass_C/Nattrass.pdf

trigger
hadron

Jet acoplanarity

e Measure the opening angle (Ag) of the jet with

respect to a hadron trigger

> |n search of multiple soft scatterings in the
medium and large-angle deflection

> Low-pr/larger-R jets are most sensitive to these effects

N
L
L 4
L 4
* Q
) ;

e e Subtracting the reference in dlfferent

B3O i g e
gy [ ‘:\. o Tsosm ] trigger regions allows for recoll jets to be
1Sk . . ST measured to low pr
=z E ® : pT. 11111 > 0.15 GeV/c mm|< 0-75 .
ok ¢ bmoiS signal reference
LE M :
- : eTtel TT 20-50 GeV/c TT 5-7 GeV/c
1074 ° SN e ]
e, T
10° : g ++_._ _f Arecoil ref -
10 (5’ +—o:
40 '-éo' - 6 T 25 - '45 - IGB_I | legc; 00
co.rr.ch — re‘con.ch - A( eV/c
Priec = Prie P » Data driven subtraction of uncorrelated background

Laura Havener, Yale University



| N | dNAA

|
pI Narity 2« ¢
recoil — ref
NAA dpsh  dAgpdy. NAA dpsh dAgdy.
t t
y trig T, jet je Prusie ETTSig trig T,Jet je Praie ETTgys
. . . x10~°
e Measure the opening angle (Ag) of the jet with s o ey
: T F \(s,=502TeV 10 <p" <20 GeV/c 3
respect to a hadron trigger X 35 Chpariclejets,antik; 3
ks - R=04, | <07 ]
- - : = 30F =
> Multiple soft scatterings or in- o E TTe0s0) - TTE) ;
. . . o ~ 251 —o Pb-Pb0-10 % =
medium Moliere scattering” 8 ,oF —— PP B
< C Sys. uncertainty e
- - | - 15 e =
< 3 :?-I ?Iﬂ‘l—; I I 1 ? @ I 1 I | l | I I I 1 | I I I | 1 _p E ++—TE
< r + ALICE Preliminary - L0 = s =
2 5! ch.-particle jets, anti-k; —%— Data o 5 f_ —r : _f
- R=04,In |<05 x-Ag<06 U JETSCAPE34 = " © =
o[ TT(2050) - TT(5,7) E OF =
- u ul | P SN NSNS T SN ST S AN TN T T T SO ST S M 4
- i o .
1.5 * + - ) S 6F + p
E T %5 3 l l ; l T ' E§3 4 : :
{ e e #----'-_-‘-‘.a‘-'-*--u -------------------- - No Elastic, No Wakc s | _Ql i @ ® 5
) i T e J i With Elastic, No Wake ' o 2 —— —o—
R i 2.5 } e e .. . O ' R sSmsY
R N , No Flastic, Wilh Wake s _ 0 P ]
0. o . With Flastic, Wilh Wake ) 1.8 2 292 24 26 28 3
] 2L TT(20.50)-TT(5,7), antiky R = 0.4 Ag (rad)
| | | I | | | | | | | I | | | | | | | | | | | I | | | N i v ' ltl l T -
0 20 40 60 80 100 120 14 T 15 : PhPh, 0-5%, 1/s = 5.02 ATeV A
) M~

jet
1y between hadron vs jet energy loss? pj T,ch GeV/C

e Preliminary results from

/ ' hybrid model show wake

. - IS dominant effect!

100 120 140

Laura Havener, Yale University - 11



Jets and hadrons In small systems

ALICE

Semi-central Pb-Pb Righ multiplicity pp
- ATLAS 2’8 GV ATLAS 0.5<p*"<5 GeV
e Another signature of (55,02 ToV, 22 “b1 N soaon \S=13Tevl’og4 . p_<5 Ge

QGP formation in AA Po+P
Is flow In two-particle

_ 1.27" _
correlations T 4 $1.021"
13:_'"'!""!"'I"'I"'l""l""— SZ, “"}“,.; 8:, 11
< F ALICEp-Pb |sy =5.02TeV . 0.94 \ 098
§ 1.2 -— - 4 "‘4 )
i? 11F .
mﬂh —‘__?_+ ®
~— 1 e cc e e oo A csechecccccssadeecccneeach = -« « oTTTTTT T TS o
I
% 09 E T E 4 EPJ. C 78 (2018) 997 4 PRC 96 (2017) 024908
OB woed s - 0.4 1 » Also seen in small collisions systems: p-Pb
v/ S and high multiplicity (HM) pp collisions
0.6 :_ Syst. uncert. _: . . o
- osceviospeampetsnit 2 e Jet quenching in small collision systems?
15 20 25 30 35 40 45 50 _ o _
P, (GeVic) Energy loss limit in p-Pb of 400 MeV with 90% CL

PLB 783 (2019) 95

Laura Havener, Yale University 23



https://arxiv.org/abs/1808.03951
https://arxiv.org/abs/1712.05603

/

trigger
hadron

Jet quenching in pp collisions?

ALICE
e | ook at jet acoplanarity in HM compared to MB pp collisions

. VOM is the number of charged, final state particles =~/
AM: 5 < (VOM/AVOMY) <9 in forward and backward #

> Slgmflcant suppressmn of HIVI compared to MB — jet quenching?

‘_’\ u I | I | | I l I | I | I B I 1 I I l_ —
T po07F ALICE prellmmary 7 L I TN
€ T pp {5 = 13 TeV : S 0.08L PYTH Iclf: r86(32/10na$h particle level = _
§ 0.06 :_ Uncorrected -,I§ t: [ 15 < p et <20 GeV/c :
(J‘l’ ' - Anti- k:hch;aorged jets, R =0.4 . g 0.06 l‘_ — B H TT{20,30} — TT{6,7} -]
0.05 ;_ 1‘5 <lp; o < 20 GeV/c _; < : . Elvtl k4 <:OM/;VOLVI> ;9 , 4 -
: I'l <05 A= T Nt-K4 cnargeda |ets,
0.04 Hacron TT{20,30} — TT{6.,7} _|_‘|‘+ SRS 0.04 T Ajet > () 30 +-|-'lf
C — MBdata S T n |<05 ++
0.03— Correlated syst. uncert. MB NANN — 0.02 + njet - :t:F + —
N —— HM data 5 < VOM/{VOM) < 9 _ T ++'F ~
0.02— [553] Correlated syst. uncert. HM _ 1;:::_'_#_'_47:':— | | :
E E O l 1 l | 1 1 l l | l l 1 1 | '
0.01 SN = 2 2.5 3
N s el AR T > Similar effect seen in PYTHIA! el (rad)
1.6 1.8 2 2.2 2.4 2.6 2.8 3 ' . ?
Aol (rad) What's happening*

» HM trigger biases towards multi-jet events in small systems

— Important for all studies of HM in small systems! o4

Laura Havener, Yale University



FATHS High pr Vi In p-Pb?

e Positive v, seen In p-Pb collisions
at high pr
e |n Pb-PDb this is usually attributed to path

length dependence from jet quenching as
seen in jet vy at high pr

'\ B | I | |
> 0.12— ATLAS Preliminary =e= 71<p_<251GeV ]
B -1 1<p'<79GeV ]
- Pb+Pb 1.72 nb I ;gngjgg GEV -
— — 89<p' <100 GeV —
0.17 | Syy =2-02 TeV === 100 < p. <126 GeV -
~ anti-k, R=0.2,lyl <1.2 126 < p' <158 GeV ]
0.08 —— 158<p1<200 GeV__
—— 200<pT<251 GeV -
0.06
0.04 ++++

—C—
———
&
—=
O
———
-
-
—_——
I|III|III|III|I

0.02 " - ﬂ.
N "
40-60% 20-40% 10-20% 0-10%

ATLAS-CONF-2020-019 Centrality
Laura Havener, Yale University
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ATLAS Zhang, Liao
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https://cds.cern.ch/record/2720249?ln=en

PA18S High pr v in p-Pb? 2 movesmene

e Positive v, seen in p-Pb collisions .= 0.08

0075 AI\TL)\SI - | Zlhang, Il_iaol g
: “'E p+Pb |s,, =8.16TeV,165nb"  ..... vpsizea -
at hlgh pT o _ 0.061 —— V,  0-5% central - 52 z:z:z .
e In Pb-PDb this Is usually attributed to path 0,055 — Vs o visizeb =
length dependence from jet quenching as 0.04~ -
seen in jet v at high pr 003 { \ E
SN B e R A M E
CE% 1.4; E 0.01 '-'-'-"""".':.-:'-1'.1'.:'.:',;-,4_5
10 :m _: O :_" S Mool e e d ol LK PR W B Ry _-_-..J.L-.._-..L-._E
:_ i*.#? + | E _0.01F [ —
15 +H 0.02F . L
>oF B 6 7 8910 20 30 40 50 60
o g
e +Pb \s,, =5.02 TeV - . .
0a- P oo e Reproduced by jet quenching model
0.2 :_ ..... # ..... Qﬁ;ﬁj 32{’5’- (;S;/oacentral ZN + NZ:]S'de_:
b . v Zhang laosizeb | e But this model predicts suppression
° 78910 2 e for Rppp that is not seen in data?

Laura Havener, Yale University
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AR det v O Mol +2 Y Vacos (9 — )

e Measure jet yields with respect to the event plane angle

e Probes path length dependence
since the jets can travel Invs. | |

_ ATLAS Preliminary 71 251 GeV —

out of plane 0.12 r s= 71<p, <251 GV

Pb+Pb 1.72 nb o ;925 StGoV -

In-plane Out-of-plane 0.1 Vs = 5.02 TeV = 3005529 Gev -
anti-k, R =0.2, lyl <1.2 4 126<pl <158 GeV

* * 0.08

Shorter path Longer path

—— 158<p < 200 GeV__
—p— 200<p <251 GeV —

0.06 -

More |ets Less jets 0.04 ++ N —
Y , I"ﬁ* e Iml ! ++ -
Positive vz >0 * i " 4* -

0] 4* _____ _

e See a Slgn/f icant POSiti Ve Vo 40-60% 20-40% 10-20% 0-10% -

ATLAS-CONF-2020-019  Centrality

Laura Havener, Yale University


https://cds.cern.ch/record/2720249?ln=en
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PbPb / pp

Z Z-tagged particles

CMS \(sN = 5.02 TeV, PbPb 1.7 nb™, pp 304 pb’

e PbPb Cent 70- 90% 1 Cent 50- 70% + Cent 30- 50% Cent 0- 30%-
& roipp 18 ¢ R .
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Constituent subtraction (CS)

raw,l

pT,jet

e Estimate background density in each jet or event |[?=™=ed(7

jet

e Add infinitesimally small ghosts to the
event

e Set the pr for each ghost
to negative values

e Calculate distance between each particle and
ghost for each pair and sort in ascending order

¢ [teratively change the momentum and mass of
each ghost/particle until no more pairs remain

JHEP 1908 (2019) 175

Laura Havener, Yale University
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https://arxiv.org/abs/1905.03470

Background treatment

ALICE

° subjet 1 > Need to suppress the

leads to incorrect splittings | background in order to
real subjet 2 unfold

. 4 A
e Solutions: —— ——
1. smaller jet radil or semi-central collisions @

2. event-by-event constituent subtraction instead of jet-by-jet

> 10E - -
% % _ ALICE Preliminary PYTHIA8 embedded — ALICE Preliminary Charged jets anti-k; - ALICE Preliminary Charged jets anti-k;
s O EPYI![-IIA S (5., =5.02TeV | F PYTHIA8 embedded R=04,|n |<05 | = PYTHIAS embedded R=04,In_| <05
< 8 = _grjjzt'_g?f}etsu raction: Charged jets anti-k. | = \s,,, =5.02 TeV Soft Drop z.,,=0.2, =0 —\S,y = 5.02 TeV Soft Drop z,,, =0.4, 5 =0
3 t|g hter S D 7+ Event-by-event, By = 0.8 A=04,n | <05 [ 30-50% 40<p  <120GeVic | [ 30-50% 40<p  <120GeVic
) - 40 < p <120 GeV/ic | Constituent subtraction | [ Constituent subtraction
- T, ch I -
con d ItIO N 65 Z=O ] 1 Sqft Drop zjit”‘ =01,5=01 [ =O a 2 Event-by-event, A, = 0.25 g Z=O . 4 Event-by-event, R, = 0.25
SF 30-50% | & —
JE - —PYTHIA —PYTHIA
- - + Embedded PYTHIA -+ Embedded PYTHIA
Interesting study of 3
the background: 25 S -
Mulligan, Ploskon 1 - —
arX|V200601812 ol | | NN Ll [ = |, |

o

o b b b b b el b b el b | - L1 poa e g g 1y -
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0‘% 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 %5 0.05 0.1 015 0.2 0.25 0.3 0.35 04 0.45 0.5

R
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https://arxiv.org/abs/2006.01812

Event-by-event CS

ALICE
o 10 — . _
% % -~ ALICE Preliminary Charged jets anti-k;
- 9L PYTHIA8 embedded R=04,|n | <05
1= 8F s, =5.02 TeV Soft Drop z,,=0.2, =0
7 - 30-50% 40 < P, et 120 GeV/c
65 Constntuent subtraction
- Event-by-event
56 — PYTHIA
- ¢ A, =038
4 :—. = A= 0.6
3 S_. o Rmax - 025
o
0" 0.
A,

det

e

det

-p

rec

(P

T.ch jet

T,ch jet

T, ch jet

" ALICE Preliminary PYTHIA8 embedded
-\, = 5.02 TeV 30-50%

Constituent subtraction:

—— Jet-by-jet

—s=— Event-by-event, A, = 0.8
—+— Event-by-event, R, = 0.6
—e— Event-by-event, A, =0.25

I*Illnllllll

n d*

lllllIlllIl

50 100 150 200 250 300
pet  [GeV/c]

T ch jet

60 < preh < 80 GeV

JHEP 1908 (2019) 175

Soft Drop z, =0.2, § =0 Charged jets anti-k
R = 04|n|<05
40 <p. < 120 GeV/c

T, ch jet
' 0

>

Il
<
[
Ne
“D

lllIllllIllllllllllllllllllllllll

“uh . q.a-" .hi
1 | | III 1 1 11 | L 11 |I| L L1
5-04-03-02-01 0 0.1 0.2 0.3 0. 5

(prec | _pdet | )/pdet
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https://arxiv.org/abs/1905.03470

Background treatment PO pri <0GV

ALICE

> 18— ALIGE Preim - ¢ 6 ALICE Preliminary -
= : reliminary | ) : 2 [ PYTHIA8 Monash 2013 embedded in 0-10% Pb-Pb -
8_ 1.4 F PYTHIA8 Monash 2013 embedded in 0-10% Pb—Pb - 3 < 5L \(STIN _ 502 TeV St Dron: =04 8- -
o - (5 =5.02TeV | o|8F [ Chargedjets antik; T ooupor s o f}’ B
S 1.2  Chargedjets anti-k; 1 OBlEs [ R=04 |n |<05  Soft D P N 03 B-0 -
t i R=04 | n I <05 i g < 4 [ pp-det Jet O rgp Zout = ﬁ _
— (N SCLLLLLLLLELI LI IeT L e et emmm e mmn i n s e s - rs E I < p , ch jet < 100 GeV/c — Dynamical Grooming: a = 0.1 _
o : : 3% F :
- - = L _ _
= I I _+*_,*_i IPAPEEY S - C 3 — PYTHIA subleading prong —
S 08[ e A - J I taggedin PYTHIA®Pb-Pb :
O : ATV o - - leading prong -
B —A—H—Y -
-g 06 N Y - - 2 | -
D 3 Ay o SoftDrop:z,,=01,=0 - i )
0.4 N —A—t_‘__._ s Soft Dl’Op' Zoyt = /3 =0 ] 1 o E
;3;#+ » Soft Drop: z, = 0 3, =0 N ]
0.2, * v Dynamical Grooming: a = 0.1 — ) | | | i
: : O 1 1 | | 1 | | 1 | 1 1 1 1 1 1 |
0 | | | | | | ] | | | | | | | I | | ] | O 0.1 0.2 0.3 0.4
0 50 100 150 2( A Rsubleading prong
ppp-det (GeV/c) PYTHIA, PYTHIA®Pb-Pb

T,ch jet
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Heavy -flavor jet substructure In pp

ALICE ALICE-PUBLIC-2020-002

e Measure groomed jet substructure for D0-tagged
jets compared to inclusive jets to compare quark
jets (i.e. charm) with inclusive jets

» quarks should have a harder fragmentation
and be more collimated

o
~
I

~ ALICE Preliminary, pp, Vs=13TeV D*-tagged
- charged jets, anti-k+, R = 0.4 Hinclusive
15<p“ <30 GeVic, i | <0.5

5<p " <30 GeVie, | Y e |<O8

&
m

= nsp: number of splittings passing SD
B plead gtack >5.33 GeV/c

%
> _ ™M1, incl. ch. jel _
0'4_ SOﬁ Dl‘Op ( — 0 1 ﬁ O _:
— - + . :

&
01

(1/N.,) dN/dng

0.3— "'.". ..‘."."’ . E.‘.‘ —
e Flavor dependence observed: harder S + :
fragment of charm quarks vs. inclusive jets T E o + o
01 -
OS_IHIT:HH NEEEERENEEEEREERENEEN. |1111|111:ti)111:

0 1 2 3 4
Ngp

Laura Havener, Yale University
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ALICE ALICE-PUBLIC-2020-002

e Measure groomed jet substructure for D°-tagged

jets compared to inclusive jets to compare quark

jets (i.e. charm) with inclusive jets

» quarks should have a harder fragmentation

and be more collimated
= nsp: number of splittings passing SD

=
\\/.

e Flavor dependence observed: harder
fragment of charm quarks vs. inclusive jets

e PYTHIA mostly describes DO-tagged
but not inclusive

Laura Havener, Yale University

data/MC: ratio of (1/N.,) dN/dng,
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ALICE

e Measure groomed jet substructure for D°-tagged
jets compared to inclusive jets to compare quark

jets (i.e. charm) with inclusive jets

e Dead cone effect: suppression of emissions

from a radiator (quark) with, o .4

E
./‘/‘Té/ ® — e"’?\

q
m=0 m=0 Dead cone angle: 8o = m/E

e Comparing projections of the Lund plane
should see a suppression at small angles
for heavy quarks Cunqueiro, Ploskon PRD 99, 074027

> Significant suppression at small angles!

Laura Havener, Yale University

Heavy -flavor jet substructure In pp
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Heavy-flavor jet tagged Lund plane

e | und plane for D%-tagged (charm) jets compared to inclusive jets

e Dead cone effect: suppression of
emissions from a radiator (quark) with, *

Cunqueiro, Ploskon PRD 99, 074027

4 Relative ratio to gluons and light flavor quarks

10 20 30 40 50 60 70 80 90 100
(GeV)

400..

Laura Havener, Yale University

Eradiator

0@

m m= m#0 Dead cone angle: Bo = m/E

//Téﬂf
0
0 < —

N
E q ..\_‘ / \\
(...) / \

N . e . \
. / Fully reclustered jet |

— Charm quark
*  Gluon emission vertex
~~~~~ Emitted gluon
g,>86,> ...>0;

ERadiaiw;I > .2 ERad;‘awl;5

/
\  Dead-cone effect
Gluon emissions are
suppressed in & cone )
with Odc - mq./IERu:liutur /’/

e EXxpect a suppression at small
angles for heavy quarks
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Lund plane: dead cone effect

ALICE
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https://arxiv.org/abs/2106.05713

Lund plane density: pp collisions

ATLAS s=13 TeV, 139fb", P, ,> 675 CeV

In(1/z)

0 05 1 15 2 25 3 35 4
In(RIAR)

AR = AR(emission, core)

3D Lund plane (pr, In(kT), In(R/AR)) unfolded in
ATLAS and ALICE (intermediate and high pr!)

Requires high statistics and excellent angular
resolution: unfolding in multi-dimensions with

omnifold?

Ac, B+, etc. in ALICE 37

Laura Havener, Yale University
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Heavy-flavor jet substructure in HIs

Grooming selects hardest split and suppresses HI background ALICE-PUBLIC-2020-002
c?30-71III|IIII|JIIIIIIIIIII.’IIIIIIIIIIIIllllllllllll_
: : : C - reliminary, pp, Vs = e 0
e Inclusive substructure in Pb-Pb and DO-tagged HF jet g | CUCEReInay.pp e AV g0 taguec
. < o_s_—c arge_etihe S, anti-K, : Binclusive  _
substructure measurements in pp already underway © [ 1558 <30GeVic, |, | <05
2-9 05.5< p? < 30 GeV/c, ¥ | <08 -
: : =~ | peone™ > 533 GeVie
e Can this be measured in Hls? T [l °

0.4:_Soft Drop (z,, = 0.1, 5 =0)
e (Goal for Run 3 but with substantial gains in S/B purities for o + ........ | y:...:? ............ .
DO and B this will be more precise at low pr in ALICE 3 :
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* Access dead-cone effects in Hls D |
e |s the substructure of the jet less modified because of A3 ?’" . | I""“? E
SRR TR EREEE R P NN N
the dead-cone? ° | ; ’ n
— T /E SD
\m
[ > . .
<\\: nsp: humber of splittings passing SD
e Study background subtraction in Hls for subjets: explore /é -
small angles since dead cone signal is at small angles N‘ \ g
where background impact is smaller
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