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Hadronization in jets

* Hadronization connected to jets

— Anti-k jet reconstruction algorithm has opened up
many new possibilities to make robust
comparisons of jets between theory and

experiment — Cacciari, Salam, Soyez, JHEP 04,
063 (2008)

IIIIIIII

Vil Christine Aidala, INT FF Workshop, 11/3/21 2



Hadronization in jets

* Hadronization connected to jets

— Anti-k jet reconstruction algorithm has opened up
many new possibilities to make robust
comparisons of jets between theory and

experiment — Cacciari, Salam, Soyez, JHEP 04,
063 (2008)

— Single hadron-in-jet FFs — introduced in Procura
and Stewart, PRD8&1, 074009 (2010)

— Fragmenting jet functions — introduced in Procura
and Stewart, PRD&1, 074009 (2010)
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Hadrons in jets: Interest across
communities

* Driven by multiple physics communities
— Beyond the Standard Model
— Heavy 1ons/hot QCD
— Cold QCD/nucleon structure
* A number of measurements relevant to collinear

and TMD fragmentation in jets have been coming
out 1n recent years

Christine Aidala, INT FF Workshop, 11/3/21



Hadrons in jets: Interest across
communities

* Driven by multiple physics communities
— Beyond the Standard Model
— Heavy 1ons/hot QCD
— Cold QCD/nucleon structure
* A number of measurements relevant to collinear

and TMD fragmentation in jets have been coming
out 1n recent years

* Also broad interest in jet substructure more
generally

— See talk later today by Zhongbo Kang

Christine Aidala, INT FF Workshop, 11/3/21



Enriched quark-jet samples

o ZHjetor ytjetis
predominantly
sensitive to
quark jets

PYTHIAB8.2 —qg—Zq
\s =8 TeV
Forward Z+jet

At LHCD,
forward
kinematics
Increases
fraction of light
quark jets

Partonic Fraction
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Enriched gluon-jet samples

* Midrapidity
inclusive jets at the
LHC are 1nstead
dominated by
gluons

PYTHIA 8.2
Vs =8TeV
Midrapidity inclusive jet

c
9
S

®

.
L
Q

c

o
=

®
o

* Opportunity to
study light quark
vs. gluon jets

— Hadronization 70 80 90 100
) P [GeV]
dynamics T

— Jet properties Note modest jet pr range
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Charged hadrons in forward Z+jet
at LHCbH: Observables

* Longitudinal
momentum fraction z
e Transverse

momentum with
respect to jet axis j

e Radial profile r  Pjet - P

a \Pjet\z

PRL 123, 232001 (2019) i = Ph X Pjet
y Pjet

Y //((-:.—"-i)h — (-:.—"f)jet)z + (yh — yjet)z
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Radial profiles

* Observe that the greater
energy available in higher
transverse momentum jets
leads to more hadrons
produced (logical)

* ~All of the additional
particles are produced
close to the jet axis, and
go from a depletion close
to the axis to an excess
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LHCb ®20< pi;‘ <30 GeV
Vs =8 TeV et
" 30 </ <50 Gev
v 50 <p‘;t <100 GeV




Differences between quark- and gluon-
dominated jet samples: Radial profile

* Quark-dominated jets
more collimated than

EPJ C71, 1795 (2011) Vs=8TeV

J; =7TeV 60 < My, < 120 GeV, 2 < <45 glllOl’l-dOInll’lath j CtS
N onter s g0 ey s 4G measured by ATLAS
<k 0sh<s — L.e. more charged

hadrons at small rad,
fewer at large radii

— Qualitatively agrees
with conventional
expectations, but this
shows clear and
quantitative evidence

PRL 123, 232001 (2019) from data
LHCb-PAPER-2019-012
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Differences between quark- and gluon-
dominated jet samples: Longitudinal profile

ATLAS inclusive jet LHCb Z+jet Quark domlnated J ets

EPJ C71, 1795 (2011) vE 8 TeV

-7 <y 0o 2 have relatively more

' \ 1.2, R= 3 S .

} USG \Vs yhadr 25 Ge g shadron ~, / je d d d t

g Ry hadrons produced a

o 40 <‘pTl <60 GeV (x10)
=)

higher longitudinal
momentum fractions
than gluon-dominated
jets

PRL 123, 232001 (2019)
LHCb-PAPER-2019-012
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Differences between quark- and gluon-
dominated jet samples: Longitudinal profile

 ATLAS midrapidity y+jet

D%Ti?i:—gfz‘:leVl@UElUUO? and LHCb Z_|_j et
$0<Er<126Gev.nf <237 longitudinal momentum
63 <p* <144 GeV, ™ <2.1,R=0.4 . . .
P> 1 Gev distributions are more
similar
+ LHCb Ziet 1. — ytjet, like Z+jet, enhances
(s=8Tev quark jet fraction
60 < M, < 120 GeV, 2 <n? < 4.5 .
50 <p/ <100 GeV, 2.5 <" <4, R=0.5 — urtner eviaence tna
: Furth d that
P> 0.25 GeV, phien > 4 GeV differences observed

between LHCD results and
ATLAS gluon-dominated
results are due to
differences in quark and
gluon hadronization

LHCb: PRL 123, 232001 (2019)
LHCb-PAPER-2019-012
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Differences between quark- and gluon-dominated
jet samples: Transverse momentum distributions

 Transverse
momentum
distributions
similar
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ATLAS inclusive jet LHCb ZHjet

EPJ C71, 1795 (2011) fs=8 TeV

fs=7TeV 60 <M, <120 GeV,2 <n?<4.5
M <12, R=06

pf}'“‘k > 0.5 GeV

© 25 <Pt <40 GeV

740 <Pt <60 GeV (x10) = 30 <pt <50 GeV (x10)

LHCb: PRL 123, 232001 (2019)



Midrapidity inclusive jet transverse
momentum fraction, 13 TeV

ATLAS

(5 =13 TeV, 3=
All selected jets§400 < Jet p; / GeV < 500

o Data (stat uncert)
Stat. @ sy cel

ATLAS

¥s =13 TeV, 3o
All selected jetd 100 < Jet P, / GeV < 200

¢ Data(stat uncert)
Stat. @ syst. uncert.

dN_ /d{
ch

o
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ch o °

The two leading
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— — Sherpa 2.1

jets 1n each event = =
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MC / Data
MC / Data
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In| < 2.1
) . —r s
Four bins of jet pr PR oA
T Vs = 13 TeV, 3audian s =13 TeV, 3
] All selected jet B All selected jets

particle

Data (stat. uncert.)
Stat. @ syst. uncert.

- Pythia 8.186 A14
Herwig++ 2.7
Sherpa 2.1

Data (stat. uncert.)
Stat. ® syst. uncert.
Pythia 8.186 A14

PRD 100, 052011 (2019)
arXiv:1906.09254
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Midrapidity inclusive jet transverse
momentum profile, 13 TeV

The two leading
jets 1 each event

are studied.

In| < 2.1
Four bins of jet pr

ticle _.
rel _ ppar icle oin A(P

Pt = DPr

PRD 100, 052011 (2019)
arXiv:1906.09254
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ATLAS
fs=13Tev,
All selected jets
¢ Data (stat. uncert.)
Stat. ® syst. uncert.
- Pythia 8.186 A14

— - - - Herwig++ 2.7
—— — Sherpa 2.1

2.5 3
P [GeV]

ATLAS
s =13 Tev,
All selected jets

o Data (stat. uncert.)
Stat. ® syst. uncert.
- Pythia 8.186 A14
—— - - Herwig++ 2.7
—— — Sherpa2.1

MC / Data

MC / Data

ATLAS

(s =13 TeV, 3t
All selected jets§ 400 < Jet P / GeV < 500

@ Data (stat. uncert.)
Stat. @ syst. uncert.

Pythia 8.186 A14
- -—- Herwig++ 2.7
— — Sherpa 2.1

‘m_cm

25 3
P [GeV]

ATLAS
s =13 TeV, 3pme

All selected jetsf 2000 < Jet P, / GeV < 2500

@ Data (stat. uncert.)
Stat. @ syst. uncert.
Pythia 8.186 A14
‘-.L._L - - — - Herwig++2.7
.‘L'_‘ — — Sherpa 2.1
.-

0.9 g.




Midrapidity inclusive jet
fragmentation, 13 TeV

ATLAS | ATLAS
{s=13TeV, 331" Vs =13 TeV, 33 15"

rel > [GeV]

(p

# More central Data

# More forward Data
More central Pythia 8.186 A14
More forward Pythia 8.186 A14

¢ More central Data

®  More forward Data
More central Pythia 8.186 A14
More forward Pythia 8.186 A14

500 1000 1500 2000 2500 500 1000 1500 2000 2500
Jet P, [GeV] Jet P, [GeV]

PRD 100, 052011 (2019)

Mean p7¢' and 7 vs. jet pr. arXiv:1906.09254
Separated for the more central or forward of the two
leading jets
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b quark fragmentation in jets via BT — J/YK*
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b quark fragmentation in jets via BT — J/YK*

ATLAS Vs=13TeV, 139fb" B - Jy K*
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b quark fragmentation in jets via BT — J/YK*

MC / Data

MC / Data
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b quark fragmentation in jets via BT - J /YK

= " 1 T T T T L
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J/' ¥ production in jets

D Data (syst) [ 7LHCb

* J/y from b decay well _F CJpynias —

]

PRL 118, 192001

described by PYTHIA

* Prompt J/y-in-jet not!
Can shed light on
prompt J/\y production
mechanism(s). How 1s
a prompt J/y produced
within a jet?
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Midrapidity inclusive jet fragmentation
in p+p and p+Pb

] 7 — —

— — C@® 1 p-PbWid

Is, {5 = 5.02 TeV ) b_Pb Narow _ ALICE ]

_ [ pp Wide Vs, Sy =92.02TeV 7

A ycms = 0.465 (p_Pb) h [ TT1 1 ppNarrow A y = (465 (p_Pb)_
; — PYTHIA 8 Monash cms : 1

Anti-kr, R = 0.4 PYTHIA 8 4C Anti-k;, R = 0.4

1l <0.25 . O Il <0.25
40 < P < 60 GeV/c s
- 2]

us POWHEG NLO + PYTHIA PS

N
o

Jr distributions consistent “Narrow” (open symbols): Gaussian
between p+p, p+Pb part of distribution at low jr
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Ratio of hadrons in inclusive jets,
Pb—l-Pb/p—l—p

f‘ < 158 GeV
et < 251 GeV
‘:‘ < 398 GeV

Pb+Pb, {5y, = 5.02 TeV, 0.49 nb™, 0-10%

pp , Vs =5.02 TeV, 25 pb’

IIIIIII

Depletion of charged hadrons
seen 1n Pb+Pb around z =
0.1, excess at both lower and
higher z

Scaling behavior at high z

Differences for different jet
pr bins for z < ~0.05

Also shown 1n paper

— Separate D (z) distributions
for p+p and Pb+Pb

— Ratios in different rapidity
ranges

— Ratios for different jet pr
ranges

PRC 98, 024908 (2018)

arXiv:1805.05424



Hadrons in y-tagged and inclusive jets,
p+p and Pb+Pb

p
0.49 nb™ Pb+Pb Fs] v-tagged jets 5.02 Tev
F=] inclusive jets 2.76 TeV

p! = 80-126 GeV
pf‘ = 63-144 GeV

* Ratio of Pb+Pb to p+p. Depletion of charged hadrons seen
in Pb+Pb around z = 0.1, excess at both lower and higher z

 Indication of differences for gluon-dominated inclusive jets
and quark-enhanced y-tagged jets

PRL 123, 042001 (2019)

arXiv:1902.10007

IIIIIIII



Baryon enhancement for strange hadrons

| ALICE

1—Jet: anti-k;, R =0.4, |’7jet| <0.35 e Inclusive
| <0.75 . . o Perp. cone
Visinjets R(V', jet) < 0.4

v p® >10GeVic
T, jet

v ph >20 GeV/c$
T, jet

Jet: anti-k;, R = 0.4, p® > 10 GeV/c, [n_|<0.35
o T, jet jet
V'] <0.75 )
e Inclusive
o Perp. cone
= RV jet) <04
v V%sin jets

——

IIIIIIII

within and outside of jets in p+Pb and p+p

* Strange baryon-to-
meson enhancement
seen for both p+Pb
and p+p
perpendicular to the
jet, but not within the

jet



Some forthcoming measurements from
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LHCH

Nonidentified charged hadrons in Z+jet at 13
TeV, double-differential in (z, j)

Identified %, K%, pT in Z+jet

Nonidentified charged hadrons in b-tagged jets

Reconstructed B in jets
Y 1n jets
Polarization of / /1, Y 1n jets

Christine Aidala, INT FF Workshop, 11/3/21
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Conclusions

* A number of hadron-in-jet results already available
from the LHC, with plenty of data for further analysis

and even more data about to arrive with the start of Run
31n 2022

* (Unpolarized) Hadron-in-jet results also to come from
RHIC — STAR and sPHENIX

— See following talk by Maria Zurek on current spin-
dependent hadron-in-jet results from STAR

* See also jet substructure talk later today by Zhongbo
Kang

IIIIIIII
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Conclusions

* A number of hadron-in-jet results already available
from the LHC, with plenty of data for further analysis

and even more data about to arrive with the start of Run
31n 2022

* (Unpolarized) Hadron-in-jet results also to come from
RHIC — STAR and sPHENIX

— See following talk by Maria Zurek on current spin-
dependent hadron-in-jet results from STAR

* See also jet substructure talk later today by Zhongbo
Kang

Modern approaches to jets allow more robust
comparison between theory and experiment and have

opened up a wealth of new observables to study

hadronization
iVl Christine Aidala, INT FF Workshop, 11/3/21 22
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Backup

Christine Aidala, INT FF Workshop, 11/3/21

23



Pseudorapidity coverage at LHC

B hadron PID
B muon system
B lumi counters
s HCAL
E ECAL
tracking

CMS+TOTEM

8




x-0¢ coverage

LHC Kinematics

Bl ATLAS/CMS
| 0 LHCb

L1 CDF/DO
' HERA
[E=] Fixed Target

_t Other Collision Systems
| LHCbH SMOG
HERA

107" 107

Christine Aidala, INT FF Workshop, 11/3/21 7



LHCb: Opportunities for hadronization

measurements in p‘|‘p

LHCD 1s the experiment devoted to heavy flavor at the LHC

Detector design:

* Forward geometry to
optimize acceptance for
bb pairs: 2 <n <5

* Tracking: Momentum
resolution <1% for

* Particle ID: Excellent Y T
cap abilities to select irﬁ.j.I\-I]:fcllfl"li_{fs{;i36 (2015) 1530022

exclusive decays | Some features specifically attractive for hadronization:
* Full jet reconstruction with tracking, ECAL, HCAL
* Heavy flavor tagging of jets
* Charged hadron PID from 2 < p < 100 GeV
Can study identified particle distributions within jets!

Christine Aidala, INT FF Workshop, 11/3/21 6



Jet fragmentation in p+Pb

p—Pb sN,\I =5.02 TeV
Ay =0465
cms
Anti-k;, R=04
[n.]<0.25
jet

B&=8 100 < Py o < 150 GeVic (x10%
80 <p, o < 100 GeV/c (x1 0%)

F e0<p, o <80 GeVic (x10"
B d0<p, o <80 GeVic (x10°)

Ratio to 40-60 GeV/c

[ Y |
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Hadrons in y-tagged and inclusive jets,
pp and PbPb

0.49 nb”" Pb+Pb e (Gluon-dominated

25 pb™' pp

502 TeV inclusive (midrapidity)

jets 1n pp show
PL=80126 GoV, = 63144 Go gy significantly different
| 0-30% Pb+Pb (x10%), y-tag = =

=4 30-80% Pb+Pb (x10"), -tag longitudinal
E&5 pp (x10°), y-tag

F# pp, inclusive jets, p* = 80-110 GeV momentum fraction

. i profile than quark-
....... R e VA 5 enhanced y_tag ge d

------ Pythia8 A14 NNPDF23LO

........... Sherpa CT10 J ets

Herwig H7UE MMHT2014lo

ATLAS T e —4—

||||||||||||||||

Ratio to y-tag pp

PRL 123, 042001 (2019)

arXiv:1902.10007
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Jet fragmentation transverse momentum
measurements from dihadron correlations

' K ’w%oT ¢
%.“E.Eiﬂ I% [ |

pp data
—@— ALICE \s=7TeV0.2<x,<04
~B- ALICE \s=7TeV04<x <06
—4— ALICE \s=7TeV 0.6<x,<1.0
* No explicit jet & PHENIX Vs =200 GeV 1.4<p_<50 GeV/c
reconstruction. A CCOR Vs=62.4 GeV p_>14 GeVic

* p; =momentum of the
“trigger” reference hadron

* p, =momentum of the
“associated” hadron

JHEP 03, 169 (2019)

arXiv:1811.09742

[ Y |
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