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The Standard Model
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Observing Quarks and Gluons

e To “observe” quarks and gluons
(partons), we must produce them AR ALEPH
via scattering processes

e Canuse ete™ — qq,
e p—>e g+ X, or
pp— q/g + X

Joe Osborn (Michigan) 2



Observing Quarks and Gluons

e To “observe” quarks and gluons
(partons), we must produce them AR ALEPH e
via scattering processes

e Canuse ete™ — qq,

e p—>e g+ X, or
pp— q/g + X

e After producing a parton, it
nonperturbatively becomes bound
state hadron(s)

e The collimated spray of particles
that results is called a jet
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e Jet physics is a broad experimental
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e Jet physics is a broad experimental
endeavor at RHIC and the LHC

e Enabled by more robust
comparisons that can be made
between theory and experiment

with recent jet finding algorithms

e Jets are a proxy for partons, and D
thus provide sensitivity to the
underlying partonic dynamics
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Jet Hadronization

e BUT - jets are still formed from
final-state hadrons!

e Nonperturbative elements of QCD
still important in understanding

perturbative jets
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Jet Hadronization

e BUT - jets are still formed from
final-state hadrons!

e Nonperturbative elements of QCD
still important in understanding

perturbative jets

e We can use a perturbative object to P
learn about nonperturbative physics
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Jet Formation

Parton shower:in theory....

direction of shower

... hadrons

First splitting

direction of clustering

Matteo Cacciari - LFTHE Hard Probes - Wuhan - September 2016 14
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Jet Formation

Parton shower: in practice

direction of shower

First splitting ~~

direction of clustering

Matteo Cacciari - LFTHE Hard Probes - Wuhan - September 2016 Is
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Jet Formation

Parton shower:in theory....

direction of shower

Fragmentation

7

Hadronization

First splitting

direction of clustering

Matteo Cacciari - LFTHE Hard Probes - Wuhan - September 2016 14
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Fragmentation vs. Hadronization

Fragmentation

e Use jet grooming algorithms to

identify “prongs” of jet, as a proxy
for partonic splittings
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Fragmentation vs. Hadronization

Fragmentation .
& Hadronization

e Use jet grooming algorithms to

e Use individual hadrons to study

identify “prongs” of jet, as a proxy correlations with jet axis

for partonic splittings
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What physics can jet substructure access?



Jet Substructure

e Searching “find fulltext 'jet
substructure’ and tc p” on INSPIRE
yields number of published papers

Papers containing 'jet substructure’
Source: INSPIRE
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Jet Substructure

e Searching “find fulltext 'jet
substructure’ and tc p” on INSPIRE

yields number of published papers

Papers containing 'jet substructure’

o = H

2 E E

© 180 source: INSPIRE E

e Number of papers per year has ‘5 1605 =
exploded in last decade g Mo E

. . g 120 -

e Papers discuss wide range of 2 100- E
physics interests 80 3

e Searches for new particles 601 E

e Heavy flavor jet tagging 40 E

205 E

e BSM searches (e.g. dark matter) o ‘ ‘ R ]

e Heavy ion collisions 01990 1995 2000 2005 2010 2015 2020

. . Year
e Machine learning

e QCD color connections
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Symbolic Beginning

PRL 100, 242001 (2010)
R

mass drop

e Substructure revolution symbolically initiated by 2010 Butterworth
et al PRL

e Motivated by searching for highly boosted VH — ¢*bb production
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Symbolic Beginning

PRL 100, 242001 (2010)
R

mass drop

e Substructure revolution symbolically initiated by 2010 Butterworth
et al PRL

e Motivated by searching for highly boosted VH — ¢*bb production
e Jet substructure was motivated by new particle searches

e However, many fields of physics at collider facilities quickly realized
the potential of these techniques
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Fragmentation vs. Hadronization

Fragmentation
Hadronization

<

o
e Use jet grooming algorithms to
identify “prongs’ of jet, as a proxy e Use individual hadrons to study
for partonic splittings correlations with jet axis
LEET RIGHT
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Jet Substructure Physics at RHIC
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Jet Substructure Physics at RHIC
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Jet Substructure Physics at RHIC
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Jet Substructure at the LHC
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Jet Substructure at the LHC
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Jet Substructure at the LHC
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Jet substructure at LHCb
— focus on hadronization



Hadronization: What do we want?

e What is on our wish list to robustly
study hadronization?
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Hadronization: What do we want?

e What is on our wish list to robustly
study hadronization?
1. A way to connect the initial-state
parton to the final-state hadrons
e Jets, as a proxy for a parton,
are a tool to connect the

perturbative to
nonperturbative
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Hadronization: What do we want?

e What is on our wish list to robustly
study hadronization?

1. A way to connect the initial-state
parton to the final-state hadrons

e Jets, as a proxy for a parton,

are a tool to connect the
perturbative to
nonperturbative

Baryon vs. meson 2. A way to connect the flavors of

the initial-state parton to the
final-state hadrons

Correlations (e.g. strangeness,

heavy flavor. .. ) e Would allow for complete

e Resonance production (¢, J/¢, T) characterization of
parton — hadron
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LHC

Large Hac!i*(in ollider




LHCb Experiment

JINST 3, S08005 (2008)
Int J. Mod. Phys. A30, 1530022 (2015)

e Precision tracking and particle identification spectrometer at forward
rapidities (2 < 1 < 5)
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LHCb Experiment

JINST 3, S08005 (2008)
Int J. Mod. Phys. A30, 1530022 (2015)

VErtex LOcator
(VELO) '~

racking stations f| |

and RICH

Electromagnetic and
hadronic calorimetry

e Precision tracking and particle identification spectrometer at forward
rapidities (2 < 1 < 5)
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Why LHCb?

— ALICE
s hadron PID
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Why LHCb?

LHC 8 TeV Kinematics
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Jets at LHCb

e Jet production has been studied in

a variety of ways at LHCb
o W /Z+jet cross sections

e JHEP 05, 131 (2016)
e JHEP 01, 064 (2015)
e JHEP 01, 33 (2014)

e Heavy flavor jets
e PRL 118, 192001 (2017)
o JINST 10, P06013 (2015)
e First LHCb jet substructure
measurement is J/1-in-jet
production

Joe Osborn (Michigan)
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o Why Z+jet?
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o Why Z+jet?
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o Why Z+jet?
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o Why Z+jet?

[N

C I preepee e
e Z+jet is predominantly sensitive to % 0.92 Fgl';'?;f —a9-2d ;
light quark jets '-Z'; 2'573;: Forward Z+jet E
e Nearly all other hadronization g 0:62 é
studies at LHC measure inclusive & ost E
jets, which are sensitive to o4 E
predominantly gluon jets 22%: vvvvvvvvvvvvvvvvvvvvvv E
e Opportunity to study light quark vs. 0 3
gluon: O™ 16™56 5026508676866 100

Z
e Hadronization dynamics Py [GeV]

e Jet properties
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Z+jet at LHCb
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Z+jet at LHCb
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Z+jet at LHCb
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e First LHC measurement of charged hadrons within Z tagged jets

e First LHC measurement of charged hadrons-in-jets at forward rapidity
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Observables

- 70
T
pjet Ph
‘pjet‘
o Pn X pjet‘
JT7= ———
‘pjet‘

r= \/ d)h - ijet (yh - yjet)2

Joe Osborn (Michigan)

e Measure hadronization observables in

two dimensions

e Longitudinal momentum fraction z

e Transverse momentum jr
e Radial profile r (transverse)

e Reminder - each of these observables

is for a single hadron within the jet



Analysis Details

e Follow similar analysis strategy to ATLAS (EPJC 71, 1795 (2011),
NPA 978, 65 (2018)) and LHCb (PRL 118, 192001 (2017))

CHEG)

Event 885617570
Run 157596
sat, 11 Jul 2015 02:01:18
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Analysis Details

e Follow similar analysis strategy to ATLAS (EPJC 71, 1795 (2011),
NPA 978, 65 (2018)) and LHCb (PRL 118, 192001 (2017))

o Z — utu~ identified with 60 < M,,, < 120 GeV, in 2 <7 < 4.5
e Anti-k7 jets are measured with R = 0.5, pi* > 20 GeV, in 2.5 < 7 < 4

e |A¢zijet| > 77/8 and single primary vertex selects 2 — 2 topology
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Analysis Details

e Follow similar analysis strategy to ATLAS (EPJC 71, 1795 (2011),
NPA 978, 65 (2018)) and LHCb (PRL 118, 192001 (2017))

o Z — utu~ identified with 60 < M,,, < 120 GeV, in 2 <7 < 4.5

e Anti-k7 jets are measured with R = 0.5, pi* > 20 GeV, in 2.5 < 7 < 4
e |A¢zijet| > 77/8 and single primary vertex selects 2 — 2 topology

e Charged hadrons identified with pr > 0.25 GeV, p > 4 GeV, AR < 0.5

e Results efficiency corrected and 2D Bayesian unfolded

CHEG)

Event 885617570
Run 157596
sat, 11 Jul 2015 02:01:18
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ATLAS and LHCb Comparisons
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ATLAS and LHCb Comparisons
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Comparison to ATLAS
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z F 63<pf:‘<144GeV.|n“’|<2,1,R:0.4 E
e Both processes light quark 1P —+-—6—-=e=D__+:d=P¥‘*>1GeV ]
jet dominated E + bifion.
e Light quark jet structure 10g,  -LHObZie = E
) o E 5=8Tev n E
shows little rapidity - 60<M,, <120GeV,2< 12 <45 —=E, ]
d d 1 E 50< pl* < 100 Gev, 25 < 1f* < 4,R=05 —I— E
ependence E pliion > 0,25 GeV/, phaen > 4 GeV/ _l_f
10—1 P | L L PRI | PR
1072 10"

z
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Comparison to ATLAS

o ATLAS midrapidity v-jet and = _, o0 o N -
LHCb forward rapidity Z-jet  °[% E PATLAST IR MAIRI0T
distributions are very similar '_'ZE>103 3 2‘3’<Ef;< ﬁ‘ée‘\’/ |?VJLTZZ371 con

3 <Pyl < 144Gev, /| <21, R=04 3

e Both processes light quark 1P —+-—6—-=e=D__+:d=P¥‘*>1GeV ]
jet dominated E + bifion.

e Light quark jet structure 10g,  -LHObZie == E

. L F Vs=8TeV - 3
shows little rapidity - 60<M,, <120GeV,2< 12 <45 —=E, ]
d d 1 E 50< pl* < 100 Gev, 25 < 1f* < 4,R=05 —I— E

ependence E pliion > 0,25 GeV/, phaen > 4 GeV/ _l_f

e Hint of more collimated jets 107t ol ] —
. . 10—2 10—1
in Z+jet z

e Massive Z vs. massless v?7
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— T T T T T T T T
S LHCb preliminary |
3 Lok ,3&.,. § o v ]
U] 3 % ® 20<p®<30Gev
Zls+ —t— = 30<p<50GeV ]
olo —— ot 1
B —o——:E v 50<p<100 GeV
e Transverse momentum shows —|_% 1F | E
. Z F ]
nonperturbative to . .
perturbative transition 10k —r—_
e Gaussian shape at small E LHCb-PAPER-2019-012 E
j7 transitioning to power r 7
1072 L L L s 1 1
law 1 3
- j_[GeV
e Shapes very similar as a JT[ ]
. 'et .
function of p’t'- slight ‘ ‘
. . . jet . h X P
increase of (jr) with p’f jr = 1Ph X Piet| v

‘pjet‘
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ATLAS and LHCb Comparisons

e Transverse momentum
distributions show smaller
() in Z+jet vs. inclusive
jet at small jr

e Consistent with more

collimated light quark vs.

gluon jets

e Perturbative region quite
similar between quark and
gluon jets

Joe Osborn (Michigan)

— 17—
> E ATLASInclusivejet LHCb Z+jet E
3 o F EPJC71,1795(2011)  Vs=8TeV ]
‘—‘)_l E Vs=7TeV 60<M,, <120GeV,2<n?<45 3
Zl= E n¥<12,R=06 25<n%<4,R=05 ]
A0k plek> 0.5 GeV plakon > 0,25 GeV, pheren > 4 GeV 3
E © 25<plf <40 GeV +20<p <30GeV E
[ a=ea 240 < < 60 GeV (x10) = 30 < p'* < 50 GeV (x10) 1
107 =" i T 3
E
E* e ° E
E — _— E
l —_— T ]
1g —— o E
10 e ]
Y R PR e e e
10
1 2 3
. [GeV]
T
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z
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e Radial profiles largely
independent of jet pr away from
jet axis

e Indication of independence of
nonperturbative
contributions?

e Multiplicity of hadrons along jet
axis rises sharply with jet pr

I e e e o e B e
LHCb preliminary

T

[ * 20<p?<30Gev ]
_,_.__1_ - . 30<df‘<50 Gev T
: —- v 50<p®<100 GeV |

if#

LHCb-PAPER-2019-012

4

0 0.1 0.2 0.3 0.4

r= \/ ¢Jet (
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0.5
r
— Yjet)?
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ATLAS and LHCb Comparisons

©40< P <60GeV (x10) = 30<pl* <50 GeV (x10)

> 100 p—— ——
kel U’I} E ATLAS nclusive jet LHCb Z+jet E
| = r EPJCT71, 1795 (2011) Vs=8TeV ]
e Comparing ATLAS s \s=7Tev 60<M,,, <120 Gev, 2< 7 <45 |
E % <12, R=06 25<n*<4,R=05 3
midrapidity inclusive jets to g P> 05 Gey P> 025 G, e > 4 Gev
r ©25< pif <40 Gev +20<pl* <30GeV

LHCb forward Z+jet shows 10°
jets are more collimated

o

|

——

|

|
|

when tagged with a Z

]
J

Y SEFERRTTT | SECERTTT

o Gluon jets “flatter” in radius, 10F - ——
while light quark jets are i i
L PR P IS S S R PR
“steeper” Lo 0.1 0.2 0.3 0.4
r
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Future LHCb Jet Hadronization

. LHCb simulation
r T T

> T T
Q N . .
g b —beet 22<nGen<42 3
‘5 0.8 3 20 <p, (jet) <100 GeV]
% H c-jet j
0.6
o0 C
g
B o4
~
() '
e 021 b
s JINST 10, 06013 (2015) ]
L L i L
0 0.001 0.002 0.003 0.004 0.005
light-parton mistag probability
b 0.3 T T T T
[ i .Data (syst)y --- DPS LHCb ]
° [ (s =13TeV ]
I — LO NRQCD SPS Prompt
0.2~ PRL118 192001 (2017) 1
0.1~ i

Gb., u]

zJy)

Joe Osborn (Michigan)

e Intended to lay the foundation for a
broader hadronization program at

LHCb utilizing

Particle ID (tracking, RICH,
calorimetry)

Heavy flavor jet tagging
Resonance production within jets
(6 I/, T)

Correlations with flavor ID
Change in target size (e.g. use
proton-nucleus collisions)
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Conclusions

e Jet substructure has exploded onto the HEP scene, with wide
ranging physics interests
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e Jet substructure has exploded onto the HEP scene, with wide
ranging physics interests

e New results on hadronization and jet substructure in Z +jet events
at LHCb

o Preferentially selects light quark jets vs. gluon jets

e Data potentially of interest to wide range of collider physics

e Opportunity for understanding nonperturbative hadronization
dynamics

e Opportunity for understanding boosted gluon vs. light quark jets
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Conclusions

e Jet substructure has exploded onto the HEP scene, with wide
ranging physics interests

e New results on hadronization and jet substructure in Z +jet events
at LHCb

o Preferentially selects light quark jets vs. gluon jets

e Data potentially of interest to wide range of collider physics

e Opportunity for understanding nonperturbative hadronization
dynamics

e Opportunity for understanding boosted gluon vs. light quark jets

e More hadronization results to come from LHCb utilizing PID, heavy
flavor ID, and calorimetry

Joe Osborn (Michigan) 32



Back Up



Anti-k+ Algorithm

e Sequential recombination algorithm
which clusters particles into jets
based on their pr

e Widely used as it is both infrared

and collinear safe in calculations

. . now | [ssemarior )
e Clusters particles around highest pr % sisCone

particle in a conical shape

2
Aj
R2

dj = min(p7?, p7?)

dig = P?,.2
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F T T T T
E LHCb preliminary
;7 LHCb-PAPER-2019-012 30<p]:1<50 GeVv
5‘||lllllllll||l|||
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= i
E " E
102 10?
z
F T T E
? LHCZprdiminary LHCb-PAPER-2019-012 E
E 30<p['<50 Gev E
TR TL | E
[AAES B ’ ’ E
F . ) E
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j_[GeV]

MC/Data

2 F T T T T E
8 LHCb preliminary E
6 ? 30<dTa<50 GeV  LHCb-PAPER-2019-012 *;
53 E
2k —_ E
] Ty I SO SN Y S | E
S S B e B e R B O
sE . .
6 ;
4E E
.2 -
0 E I I I I 3
0 0.1 0.2 0.3 04 0.5
r
Comparisons with PYTHIA show

that PYTHIA generally

underpredicts the number of high

momentum charged hadrons within

Z-tagged jets
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Comparisons with PYTHIA (z)

© 2:'| T T T — T g
g 18F LHCb preliminary
O 16f 20<g7<30Gev
= 14f T E
12F E
1:||1+||||||||I||: g 2 ' ' ]
08k | L L B S | |j A 18 LHCb preliminary [
3 - RN O 16F 50<p;'<100 GeV |
g'iz T = 14f | E
E E 12F E
02F . i: |+1“HI{|IIH| :
obu - " 3 : E
1072 10t , 0.8:— ‘4’ — 1+T l ‘ﬂ\» E
06F ~ ot H
o 2 : : ; 04f — E
g 18F LHCb preliminary 0‘2? ) | E
O 16F 30<p<0GeV o 100
= 1.4;‘ E z
12E | | =
: e e .
0;5 ’J+7LA*+IT—LLI] 1 | | e PYTHIA generally underpredicts
oebl ' . 3 the number of high z hadrons
oaf -
025+ E
0: i i ]
02 10
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Comparisons with PYTHIA (j7)
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e PYTHIA generally gets jT shape,
with about a 20% difference in
normalization
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Comparisons with

MC/Data

MC/Data

PYTHIA (r)
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e PYTHIA generally underpredicts

the number of small r hadrons
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Jet Substructure Physics at RHIC

s S e
Dok antikR=04 i M=,/E’-pi-p? % STAR Preliminary
2 of  Ch+Ne Jets, mi+R“<1.0 + 3 — PvTHIA-8Monash 3
el 25<pT<3fJGeWc

ZOJS— =+ <+ ~ HERWIG-7 EE4C 30<P:¢‘<40[GEV/C] |
S w<pr<rsioeve + [*] unfolded Data 3 —pyHine 3

Perugia + STAR Tune

‘M[GeV/ie T T T T " M[GeV/icg * M [GeV/c

e Measurement of jet mass sensitive to both fragmentation and
hadronization aspects of jet substructure!

e Can study the interplay and connections between both
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Hadronization at an Electron lon Collider

e Physical ideas behind hadronization
significantly behind those in the initial
state (e.g. PDFs)

e Crucial to begin developing (nuclear
modification of) hadronization program
before EIC
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Hadronization at an Electron lon Collider

e Physical ideas behind hadronization
significantly behind those in the initial
state (e.g. PDFs)

e Crucial to begin developing (nuclear
modification of) hadronization program
before EIC

e We should not begin the EIC era with
limited ideas on how to pursue one of

its major physics programs
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