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Motivation

 Collinear fragmentation functions for
identified hadrons well understood

* Spin-spin and spin-momentum correlations
are key to explaining various transverse
spin asymmetries

 Multi-differential analysis reveals complex
structure underlying hadron formation

« Jet TMD fragmentation measurements are
Interesting in their own right as they enable
us to study the nature of emergent QCD

Sookhyun Lee, DIS 2023 o
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How do we access TMD FF at experiments?

PRD 99 (2019) 112006 [BELLE collaboration]

* Previously, single inclusive annihilation in do(ete” — hX)/dzdPpdT

ete™ and transverse momentum dependent
cross section and multiplicity in Semi-

Inclusive DIS, and y — h correlations in pp

« Ambiguity by transverse momenta of two hadrons involved and
less direct measurements

max Y| PEMS - |

T=
2 Al PR

Sookhyun Lee, DIS 2023 e
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How do we access TMD FF at experiments?

PRD 99 (2019) 112006 [BELLE collaboration]

* Previously, single inclusive annihilation in do(ete” — hX)/dzdPpdT

ete™ and transverse momentum dependent
cross section and multiplicity in Semi-

Inclusive DIS, and y — h correlations in pp

« Ambiguity by transverse momenta of two hadrons involved and
less direct measurements

max Y| PEMS - |

T=
2 Al PR

SIDIS in parton model with intrinsic motion
y* —p CM frame

Pq=xP+k, Pp=2zpg +p. Pr=p, +zk,
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How do we access TMD FF at experiments?

PRD 99 (2019) 112006 [BELLE collaboration]

* Previously, single inclusive annihilation in do(ete” — hX)/dzdPpdT

ete™ and transverse momentum dependent
cross section and multiplicity in SIDIS, and

Yy — h correlations in pp

« Ambiguity by transverse momenta of two hadrons involved and
less direct measurements

max Y| PEMS - |

T=
2 Al PR

SIDIS in parton model with intrinsic motion

« Jets and jet substructure measurements y* —p CM frame
opened up new ways to access this

informationat RHICand LHC = | AAANG 4L

 Transversity & Collins FF at STAR
 TMD Jet FF at LHCb

Pq=xP+k, Pp=2zpg +p. Pr=p, +zk,



ch
The LHCb experiment THCD

o General purpose detector in
the forward region (2 <n < 95)

o Charged particle
identification

o Impact parameter resolution
15+29/pt [GeV]

o Muon reconstruction for
resonance states

o Full jet reconstruction with
tracking, ECAL and HCAL +
Tagging of jets from
light-quark, c- and b-quark

JINST 3 (2008) SO8005
Int. J. Mod. Phys. A 30 (2015) 1530022

Vertexing  Tracking PID Muon 2<1n<5
// peAL HEAL Ma M5

SPD/PS M3 250mrad

Sookhyun Lee, DIS 2023 e



Jets and their substructure

 Jet substructure p

- Jet mass

- Jet angularity

fragmenting jet function (FJF)

jet substructure >
S
QJ%% @Q &Q) ;&}0
S N Q S & W
9 S " . & K
N ; S SN

| | | | | |
| | | | | > |

pr prR prrm ok M T Agep
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Courtesy by Y-T Chien

dgbpr—jet (p)X

dprdn dp

= ) .88 H® Ge(p)

a,b,c

PRD 81 (2010) 074009, Procura, Stewart

PRD 92 (2015) 054015, Kaufmann, Mukherjee
JHEP 11 (2016) 155, Kang, Ringer, Vitev

JHEP 1804 (2018) 110, Kang, Lee, Ringer
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Light quarks fragmenting into a jet

JHEP 05 (2011) 035

(&S0
JHEP 11 (2017) 068

9q = Zq = Z +jet PLB 798 (2019) 134978

dogpp-iet(h)Xx

= z fa/A ®fb/3 ® chlb ®g£l(zhijT' )

a,b,c
G2 Can . ) Bl s )
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T | Diet |2 PRL 123 (2019) 232001 1D measurements of nonidentified h™ in Z+jets
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Gluon- vs. quark-initiated jets

* LHCb Z+jets (quark jet) vs. ATLAS inclusive jets (gluon jet)

* Quark-initiated jets are more collimated and take a larger
partonic momentum fraction than gluon jets

PRL 123, 232001 (2019) - Supplemental material

7
Z| v 10 T T L
o Uﬁ ATLAS inclusive jet LHCb Z+jet
Q
.2, 6 Vs =
Z 10 EPJ C71, 1795 (2011) s=8TeV

Vs=7TeV

60 < M,, <120 GeV,2 < % < 4.5

105 M <12,R=06 25<n"<4,R=05
Pt >0.5GeV piaon>0.25 GeV, p"i" > 4 GeV
104 © 25 < pi' <40 GeV * 20 < p¥' <30 GeV
o 40<p1';‘<60 GeV (x10) . 30<pi;‘ <50 GeV (x10)
3 o 8 a
———
s
2 i .
10 ° ——
—— —.-b—o—_o._ D—O— "
10 — R
o o
1 =+
10! L .
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PRL 123, 232001 (2019) - Supplemental material

{s=8TeV

60<M,, <120 GeV,2<n* <45
50 < p¥' <100 GeV,25 <™ <4,R=0.5
phon > 0.25 GeV, phdron > 4 GeV

| L L TS SN A |

E LI | T LR LR | T T T = |
E o ATLAS y-jet arXiv:1902.10007 3
N Vs =5.02TeV ]
E 80 < EX <126 GeV, 'l <2.37 -
S 63 <p¥' <144 GeV, 1< 2.1, R =04 3
[ ey, PG ]
3 = E
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= « LHCb Z-jet - =
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TMD JFF for charged hadrons h™ HeR

First multi-differential jet substructure measurements

arxiv:2208.11691 (accepted by PRD Lett.)

LHCb jet jet jet Uncertainty
20 < p. <30 GeV .

Vs=13TeV, 1.641b ' Presm e S0 <pp <0 GeV 0<py <100GEV on 1z, ) %]

forward Z+jet h 60

-1

o W
= o

Log, (f (z.j1)) [GeV ']

e Hadrons carrying large momentum fraction along jet axis tend to have large transverse momentum
w.r.t. jet axis

* Centroid of harder jets shifted towards smaller z (soft particle production) and larger j (wider jet)

* Larger jt for given z in jets with higher pt; consistent with Markov chain fragmentation models, e.g.
string or cluster models

Sookhyun Lee, DIS 2023 9



Light-quark JFF at LHCb

arxiv:2208.11691 (accepted by PRD Lett.)
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Charged hadrons in Z—tagged jets

At small z < 0.02, effects of color
coherence as well as kinematic cuts
manifest as a humped-back
structure

Harder jets, higher pt or higher Vs,
produce an excess of soft particles
per jet; access smaller z

Scaling behavior at large z > 0.04

Similar pattern in jt between Vs =8
TeVvs 13 TeV



arxiv:2208.11691 (accepted by PRD Lett.)

Multi-differential TMD Jet FF
for %, K* and p*

LHCb Uncertainty

- .
VS= 13TeV, L6dfb ! 20<pp <30GeV on f(z,jp) [%]
forward Z+jet _— K* p* 60

— — 50

T T

T 30 T 30 40

o = o =

— 20 — 2.0

_/’i 1.0 ’2 1.0 30

g 5 e

= 0o > 5 20

éﬁ 3’0 10

* Multidifferential distributions for pions, kaons and protons at 20 < jet pt < 30 GeV/c

* Heavier hadrons produced from harder partons, i.e. larger jr as well as larger z

Sookhyun Lee, DIS 2023 @



Light-quark JFF for m%, K* and p*

Charged hadron
formation within jets
predominantly by =¥
due to its low mass
and flavor content of
initial-state proton

* Hadrons with higher
mass require a larger z
threshold for their
formation. Delayed
scaling behavior shown
in heavier charged
particles

Sookhyun Lee, DIS 2023
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arxiv:2208.11691 (accepted by PRD Lett.)
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JHEP 12 (2021) 131 [ATLAS collaboration]
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JINST 10 (2015) P06013 [LHCb collaboration]
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b- and c-jet tagging @ LHCb

 Two classes of BDT
BDT(bc|udsg) : b/c jets vs. light-quark jets
BDT(b|c) : b-jets vs. c-jets 0

LHCb fit -
* Describe corrected mass and SV track multiplicity T v = o
distributions at 1-2% level 500 500

—

LHCb data

(=)
N
T 7T

(o]
I T
BDT(blc)

BDT(blc)

ok ob
Meor = \/M? + p2sin®> 6 + psin 6 C 400 C 400
C 1 300 C 1 300
. . . . 03 00 0 1 200
* Efficienty-mistagging performance - Brjet { oo : { o0
s T T T T s T Y ¥ S Y S T
BDT(bcludsg) BDT(bcludsg)

1LHCb simulation
e
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oT] N i
S - - 2000 C
= [ i i 1000
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Spontaneous A hyperon polarization

* Transverse A (A ) polarization measured via

self analyzing parity-violating decays to prr~ N5~ Pbeam X PA
(pm™)
* LO leading twist predicts transverse A n A rest frame
polarization P, suppressed by cszq/Q2 PRL 41 (1978) 1689 \.
-
. ] _ D 0 >
0.1 = A
B i\ N
0——'—+—rT—{s~ ------------------- =
: —H‘ - ar r
0.4 % = =—-(1+ apy PycosB
: ﬂsi : d cos 6 2( PV T A )
0.2F + 27
T ® ATLAS (s=7TeV .
_03:_ o HERA-B Vs =42 GeV JY *‘%
SE A E799  (s=39 GeV :
C © NA48  {s=29 GeV ]
04p X M2 s =27GeV | 7 PRD91(2015) 032004
10 107 1072 10" 1 [ATLAS collaboration]
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Unpolarized

-

* The probability densities for finding hadrons
from unpolarized partons is encoded in N

. @

~

Collinear fragmentation functions D{‘(z)
or TMD fragmentation functions D" (z, k;)

* The probability densities for finding polarized
hadrons from unpolarized partons is encoded in

TMD polarizing FF D1;(z, ky)

: A polarization and TMD FF

See talk by C Nunez

Sookhyun Lee, DIS 2023 March 29 in WG5
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Summary and outlook

O Multi-differential TMD JFF measured for charged pions, kaons and
protons for the first time

* Results shed lights on role of hadron mass and valence quark contents of
proton in hadronization processes within jets

» Heavier hadrons are produced from harder partons.

» Hadrons carrying larger jet momentum fraction in longitudinal direction tend
to carry larger transverse momentum w.r.t. jet axis as well.

« Confirm some of features shown in measurements at lower Vs = 8 TeV.

O Hadronization in heavy flavor jet measurements most suitable at LHCb due
to abundant statistics and heavy-quark tagging capabilities.

« Measurements of charged hadrons in b-tagged and c-tagged jets underway
« Measurements of fully reconstructed D and B mesons in jets getting started
O Parity-violating Lambda polarization is sensitive to polarizing FF

« Measurements using pp, pPb and fixed target p-gas data underway

Sookhyun Lee, DIS 2023
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