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Hadronization program at LHCb

* Fragmentation functions
 Light quark initiated jets (u, d, s)
* Heavy quark initiated jets (b, c)
* Flavor dependence in final state hadrons

* Multiparticle correlations within jets

* Transverse-momentum-dependent (TMD)
fragmentation functions via spontaneous hyperon

polarization

e Quarkonia formation

* j/, Y family
* Production and polarization
e Distributions within jets
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A proton + proton collision

e
(Initial state) Parton shower 4 S
(Final state) Parton shower <1~ .. ‘¢1:% 7 ee, ©»
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%+ 4" I, Monte Carlo generator representation
Sookhyun Lee (University of Michigan) DIS 2021 Prog. Part. Nucl. Phys. 53, 329 (2004) 2



https://www.sciencedirect.com/science/article/pii/S014664100400047X?via%3Dihub

pQCD factorization

pp — h+ X pp — J+ X

/h
— p :OE

dgPPhX ] - doPP—IX T
= ) [.®f®H,® = > 2.
dedn ;C fa fb ab c dedn P a b ab c

Fragmentation function Jet function
: non-perturbative, universal : perturbatively calculable
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Jet substructure p

- Jet angularity

- fragmenting jet function
(FJF)

- TMD FJF

dgrpr—Jiet (p)X

dprdn dp

= D .88 H,® G.(p)

a,b,c
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HCh
TMD Collinear Twist-3 m

- Requires 2 scales: - Only require single scale
- Hard scale Q - Hard scale: p;
- Soft scale p; - Suitable for
- Suitable for - Inclusive ¥, jet, y and A

- SIDIS, DY, W/Z and APRL 97,082002 (2006)
hadrons in jets

e.g. Sivers Fn:

Y k. \
Agqep << Qr/Pr< Q

>Qu/Pr

1 —,

fir (. kD) i

Sensitive to orbital

angullzla\:' momelntum \

See Jordan Roth’s talk (tomorrow 10:52AM)
on Test of TMD factorization breaking!

Efremov, Teryaev;
Sterman, Qiu
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Leading twist TMD PDFs

ﬁl&lgde]
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_ - Helicity
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modulation) at LHCb. | |
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Unpolarized quark TMD PDF

JHEP 06, 137 (2020)
150} : 1150 z =103
ATLAS(1 16<()<150)[ /
TS, pa
100+ J[ / 41100
60" < I 160
LHCb |
g ( J CDF, D0
S ATLAS(46<Q<66)
HERMES
E288
E605
E772
10 PHENIX 110
457 DY points P )
582 SIDIS points coMP AS,‘S— aomniis i:i:"'
1l /immEssEnsss e as_-" N
02 1

e 7 production measured at LHCb reaches small x region
of TMD PDF; sensitive to unpolarized quark TMD PDF

e Results for 7 TeV, 8 TeV and 13 TeV have been used for
recent global fit of TMD PDF.
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TMD fragmentation function

. e+e annlhllat|on * BELLE thrust measurements

Z (D}, (= ke, Q%) + DY 4(2. k. Q%) can provide access to
unpolarized transverse
momentum dependent
(TMD) FF’s

s 4 PEYS |
> P

3 (ot o /
d°c(e*e” > hX)/dzdP;dT PRD 99 112006 (2019)
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TMD fragmentation function

. e*e anmhllatlon

T =

‘ E h
D( (1 Dl q

max Y| PEMS - A
> onlPEVS|

2 ke, Q%) + DY (2, ke, Q)

¢ =ds— dn

ol (¢) — o* (¢)
ol (¢) + o+ (9)

Ayr? sin (9) =

: Transverse Single Spin Asymmetry (TSSA)

PRD97,032004 (2018)

o Hiy o(zn j 3 Q)

HCh
% \

e BELLE thrust measurements

can provide access to
unpolarized transverse
momentum dependent
(TMD) FF’s

STAR TSSA measurements
of hadrons within a jet that
enables access to Collins
(polarized TMD) FF’s; new
approach.

We can access collinear FF's
as well as unpolarized TMD
FF's by measuring hadron
distributions within Z
tagged jets at LHCb!

10
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The LHCb Detector %

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

Features attractive for

hadronization studies: /7 N <<
Vertexting Tracking PID Muon
* Full jet reconstruction with /| i - T\
tracking, ECAL and HCAL . ....i/‘“?“h '3
e Tagging of jets from ooy’ et

light-quark, c- and b-quark

e Charged hadron identification
from 2 < p < 100 GeV/c

e Muon reconstruction for
resonance states

e Large pp datasets available from
Run | (3.23/fb at Vs = 7-8 TeV) Can study identified hadron

' distributions within jets!

and Run Il (5.9 /fb at Vs = 13 TeV)
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf
https://www.worldscientific.com/doi/pdf/10.1142/S0217751X15300227

Quark-initiated jets

* Z boson + jet production is
predominantly sensitive to

. . 4o ’

* Forward kinematics further % b IMEPOS, 131(2016) .
increases fraction of light quark = * Datastat
jets, in particular up and down S0k : PS;EEG __
flavored quarks. < i, . .

T ° a -

PRL 123, 232001 (2019) - Supplemental material @ i

S 1;'"{""{""{'"'l""l""I""I""I""I""E b

§ oo FTez S C
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Charged hadrons in jets
. Observables

h je
Jy Vl
* Longitudinal momentum ﬁ/
. P
fraction z z

* Transverse momentum

with respect to jet axis j , — Plet Ph
: : | Djet 12
* Radial profile r et
. _ | Djet XDn|
JT | Djet |

r= \/(¢jet — On)? + Vjer — Yn)*

Sookhyun Lee (University of Michigan) DIS 2021 13



Hadronization
in quark-initiated jets

* Greater energy
available in higher
transverse
momentum jets leads
to more hadrons
produced, mainly
close to the jet axis

MICHIGAN

PRL 123, 232001 (2019)

Z| “ R L B R B B L L LR
= :_*_ LHCb ® 20< pJTe ‘<30 GeV A
| F i Vg:gTeVl3O<pJ;t<50GeV
z ey ¥ 50 < p!* <100 GeV |
——— —¢—E‘E
10 & 'l' _*_:i: E
l 1 I 1 I 1 I 1 1 1 I 1 1
0 0.1 0.2 0.3 04 0.5
r
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Quark- vs. gluon-initiated jets

L G reate F ene rgy PRL 123, 232001 (2019) - Supplemental material
available in higher ]
transverse £P) 711708 G011 Fester
momentum jets leads s st
to more hadrons o o
prOdUCEd’ ma|n|y D4O<ZJE‘<6OG:V(x10) -30<2j}‘<50GZV(x10)
close to the jet axis — n

* Quark-initiated jets ——_
Narrower \(more
collimated) than 01 02 03 04
gluon-initiated jets r
measured by ATLAS.

Sookhyun Lee (University of Michigan) DIS 2021 15
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Quark- vs. gluon-initiated jets

PRL 123, 232001 (2019) - Supplemental material
T T T I T T T T T T T T l T T T T T

Zly 107
o "OH ATLAS inclusive jet LHCb Z+jet . e .
-2 6 N s= [ [ J -
210 1:;1(7:7;6\1/795(2011) ;;<i4z},v<120GeV,2<nZ<4-5 Quark InltlatEd jEtS have
5 M"1<12,R=06 25<n"<4,R=05 H
10 P03 oy oL 08 e e 4Gy relatively more hadrons
4 025<p1';‘<400ev -20<pf;‘<3OGeV . . .
103 o 40 <pF <onGev 10 30 < pR <50 GeV (x10) produced at h|gher |0ng|tud|na|
10 D_.__'_‘—D'—_.__D._ .
B T momentum fractions than
o T_,_+ —— gluon-initiated jets
1 —+
PRL 123, 232001 (2019) - Supplemental material
4
107! B e 104 F T e e e e
10_2 10_1 "OH o ATLAS y-jet arXiv:1902.10007
P \s =502 TeV
N 80 < E% < 126 GeV, Il < 2.37

* Similar longitudinal momentum ~|.-1¢
distributions are shown between |
ATLAS midrapidity y+jet and 10
LHCb Z+jet; differences observed |,
between LHCb and inclusive
ATLAS results are due to
differences in quark and gluon

hadronization Y i P A
107 107!

63 < p¥' <144 GeV, "1 <2.1,R =04

—*_f—‘ﬂ:‘:__*_ PlTraCk >1GeV
-

. I —ct
* LHCb Z-jet ——t
Vs=8TeV I

60<M,, <120 GeV,2<n* <45

50 < p <100 GeV,25 <" <4,R=0.5 |
T "

phuden > 025 GeV, phdron > 4 GeV

T IIIIIII| T IIIIIII| T IIIIIII| T IIIII|T| T IIIIII|'|'|
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIILLl | IIIIII&
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b
Identified charged hadron %C\]
distributions in jets

do,pp—>jct(h)X I7e gh‘ .
*jiLvsz: dprdndzd®5, zb: fop et e 2
Access to unpolarized - l
Transverse-momentum- - ,
dependent Fragmentation ~Dnyc(2n,j1 1y)
Functions (TMD FF) : TMD FF
° Id.en'.tifie.d cha_rgged hadron ~40% of all produced c¢ and bb
dlStrlbUtIQnS in jets & pairs are in LHCb acceptance.
charge ratio thereof: g ]
Statistical sensitivity to flavor of o oo |
qguarks that initiate jets e
° nght quark‘|n|t|ated (Z_ 2— ............................................ S
associated) jets oF

e Heavy quark-initiated (b-
and c-tagged) jets

o _ ILHCb MC
- s=14TeV

-8 Covo b b by byay l v T s T
-8 -6 -4 -2 0 2 4 6 n8
1
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Quarkonia formation

] HX frame _
+]| Y(1S) +Y(28) +Y(38)

* Hadronization mechanisms of
energetic heavy quark into
(Q(Q bound states not well

understood _ T,

« NRQCD has seen success in -
describing world data on I )
qguarkonia production, while
no theory exists so far NRQCD
simultaneously describing do(pp — H + X)
their polarization — 3" dé(pp — QQP* Ly + X)(O >+ L,))

s,L,J
Sookhyun Lee (University of Michigan) DIS 2021 18
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Charmonium formation

g9 — ce[35 Vg g9 — ce[35®)]g g9 — ce[18$¥ 3 PP

-
J F ., JHEP 10 (2015) 1723 & e vianu T 7
S s | ¥ oafLACh E=7Tev S
—.— i E INLO NRQCD(1 :
8 3 ——y 0.6 :—ENLO NR8CDE2; \\\\\ 3
- 10°F = 3 - \\ -
o % 04EEnLo cs \\ T
C. % 02 = e
— e C § ‘|H|H|H||\||H| ]
= of S
< 10°F 02F  ETTT t t =
—8 0.4;— —;
| —+— LHCb prompt J/ y,2.0< y <4.5 e 0.6 E_ 25<y<40 _E
10 E 3 NRQCD, 2.0< y <4.5 08F EPJC 73 (2013) 11
- C 1 L X " " 1 L L L L -
: o 5 10 15

L L L L L L 1 1 1 '
0 S5 10
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* LHCb J /4 production and polarization
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Charmonium formatlon 1p lets

o — T
% LHCb
_8 .Data (syst) --- DPS Fo13TeV ]
| — LONRQCD - SPS Prompt
e New approaches 0.2~ geg = 31 mb (PYTHIA defau}ic)ﬁdm 7
look at quarkonia b = -
inside jets T m
* Collinear 5 — .
fragmentation 092 04 06 08
a|0$1gjet axis has 0 03 21Y)
been measured 3 | oy = LHCh

. . i D thia 8 E— s =13 TeV
and polarization oof LIPYHia8 [Ty

within jets ongoing

0.1 — — -
. — | ]

— =
% 02 04 06 08 1
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Summary

LHCb initiated a wide ranging hadronization program.

Kinematic coverage allows for sensitivity to small x unpolarized
TMI)D PDF (Z production) as well as unpolarized TMD FF (Z-tagged
jets).

Hadron distributions within Z-tagged jets give sensitivity to
unpolarized quark-jet TMD FF.

Non-identified hadron distribution results confirm quantitatively
difference between quark-jet and gluon-jet.

Identified hadron distributions are expected to provide statistical
sensitivity to flavor of quarks that initiate jets.

Heavy flavor ta%%ged jets can probe quark mass effects when
compared to light-quark jet results.

Quarkonium production mechanisms have been explored with
production, polarization and collinear fragmentation within jets.

MICHIGAN
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Hch
% \

An a |ySiS PRL 123, 232001 (2019)

LHCb-PAPER-2019-012

* Follow similar analysis strategy to previous ATLAS
and LHCb papers

- ATLAS : EPIC 71, 1795 (2011), NPA 978, 65 (2018)

- LHCb : PRL 118, 192001 (2017)
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Performance: charged species

@ Excellent separation

in wide momentum range

> L L B A R B R RN E LA B R R > [ T v °* "1 " *° T 7 T *r°° =3 C ~rT vty rTrrrrrrrrrrrr]
2 14 - 2 l4p 2 l4p -]
R B Tev 2017 vatdston o 0 ALLK-m=0 ] .9 E 55 rev 2017 vatcssion © @ ALL(p-m=>0 2 E 550 rev 2017 vatasion © O ALL(p-K)=0 ]
o 1.2 . . -] o 12F . 7 o 12F . 7 -]
el . ALLK-m)>5 ] = s . ALL(p-m>5 = s . ALLp-K)>S ]
= 1 fﬁ‘—'%_-o::—o——o--o__o_ o = )= I o= =000 -0 58] I o000 o0 o o
. T ] - T s = e ]
0.8 K—-K gt o] . i_ 08F - p—=p -
0.6 . 3 0.6 3
0.4 T ] 04F e
n—>K o - K—p E
0 T e - N Ix10° 0 e o o = racon i -agat WO
0 20 40 60 80 100 0 20 40 60 80 100
Momentum (MeV/c) Momentum (MeV/c)
>‘ 1 T I 1 u S
g 14 - g 14|
2 12 C F Brevaoivaision © O IsMuon ] E:‘:‘-: 12 C LHCR profiminary o B ALL(e-m)>0
S 12 - 2
EE E e ® [sMuon+ALL(u-m)>0 E m E 2015 data, /5= 13 TeV . = ALL(e-m)>S
m IF = = ] s
f e, "“""’_"+=¢=+ E ] oy { ——
0.8 Hou t_ 08F ——t—
I ] : —— —+—
6F E 0sf e —{——+—
0.4F . 04
C TR ] -
0.2 — =] 02 m—oe
0 oo o Lo il inininla 1x10° 0 - ] 1 1 ax10°
0 20 40 60 80 100 0 20 40 60M nfo MeV/ 100
Momentum (MeV/c) omentum [MeV/e]
Carla Marin (carla.marin@cern.ch PID at LHCb in Run 2 ICHEP 2018 13/15




