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Introduction

TMD PDF:

Hadronization Leading TWist TMDS (- reomemn (o) s
e Parton Distribution Functions (PDFs): probability of
finding a parton inside a hadron il -0 NOENO
5 1 Boer-Mulders
* Fragmentation Functions (FFs): probability of an outgoing R 0= Cr = O |nie @ @)
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parton transforming into a hadron § he () —
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* Transverse-momentum-dependent: spin-momentum S o)
correlations TMD FF:
. . . k
* Important processes in studying hadron formation: e u L T
ete"ShXx _ -~ Hadron
o =0 QFF 5 D m
g!N2WX = PDF ® 6 @ FF L » Hi:
oPP~"X = PDF Q@ PDF ® 6 @ FF T Dy Gur Hy, Hir

Unpolarized: D,
Spin-spin correlations: G1;, H;
Spin-momentum correlations: D+, G17, Hii, Hi, Hir
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Outline

Large hadron collider beauty (LHCb) detector

Hadronization in jets (TMD jet FF)
e Charged hadron in jets (results)
 |dentified charged hadrons in jets (results)

* Heavy quark jet hadronization (prospective)

Hyperon polarization
A and A heavy-ion pPb (prospective) and fixed-target pNe (results)

 AY polarization (results and prospective)

Polarized target program at LHC (LHCSpin)
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Large Hadron Collider beauty (LHCb) Experiment

* Forward spectrometer designed to search for CP violation and rare decays of b and ¢ hadrons

* Fullyinstrumented 2 <n <5 RUN2

Tracking, particle identification,
calorimetry, and muon ID

Int. J. Mod. Phys. A 30, 1530022 (2015)
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Hadronization in jets

PRL 123, 232001 (2019)
PRD 108, L031103 (2023)
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Jet substructure

* Jet: collimated spray of particles

* Contains information about partons scattered out of proton during collision
* Probe hadronization dynamics, flavor dependence, etc.

LHCb Z + jet event display

TS

Event 885617570
Run 157596
Sat, 11 Jul 2015 02:01:18
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Hadronization in jets

Jet substructure at LHCb prL123, 232001 (2019)

* TMD Jet Fragmentation Functions: (z,7, j1)
* Measurement of Z-tagged jets
 sensitive to light quark jets
qg > Zq - Z + jet

Pjet * Ph
Z = >
ijet|
T ‘,Dh X pjtﬁi!
JT =
’pjet‘
A= \/(¢h — jet)? + (Yn — Yjet)? e 20
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.232001

Hadronization in jets

Jet substructure at LHCb prL123, 232001 (2019)

__ Pjet " Ph

N | Plet|?
* 1D measurement of charged hadrons in Z+jet ‘ J I
PJ X pj.t’f

« ppdata, ~2fb~1,\/s =8 TeVv AP fp,ﬁ‘

107!

* Jets produced in association with a Z— uu boson

* Jets are clustered with the anti-k; algorithm
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.232001

Hadronization in jets

Light quark fragmentation in jets

pp > Z + jet

——— —
LHCb  ®20<p*' <30GeV
(s=8TeVu 30 < pit <50 Gev
Y 50 < p*' <100 GeV

—o—E‘E

Fjr

A B B R B
! 0.3 0.4

 Have more hadrons in jets with

higher jet pr along jet axis
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r=/(6h = 6jec)? + (v — Yiee 2
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= ATLAS inclusive jet LHCb Z+jet
N EPJ C71, 1795 (2011) Vs=8 TeV
| Vs=7TeV 60 <M,, <120 GeV,2 <1/ <4.5
E M <12,R=0.6 25<1"<4,R=05
& Pk >0.5 GeV phadon > 0.25 GeV, phadron > 4 GeV
& © 25 < p* <40 GeV *20 <p¥ <30 GeV 70
Er 240 < p** <60 GeV (x10) =30 <p' <50 GeV (x10) >
e —
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Compared to ATLAS-inclusive jets at
midrapidity sensitive to gluon jets
Light quark-initiated jets are more

collimated than gluon jets
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.232001

Hadronization in jets

TMD jet fragmentation functions for identified hadrons: #%, K<, p®
PRD 108, L031103 (2023) »

__ Pjet * Pn
- 2
|pjet|

* Multi-differential jet substructure
measurement

S ‘P}: X pj:“li

‘Pj’\’f ‘

= \/(6n = B + (v = e

* Heavier hadrons are produced from
harder partons — larger jr and z

70
LHCb jet e Un‘cert.aintoy
V= 13TeV, 1.64fb | , 20<Pp<30GeV on f(z,jy) [%]
forward Z+jet = K+ P 60

Cynthia Nunez University of Michigan



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L031103

Hadronization in jets

TMD jet fragmentation functions for identified hadrons: #%, K<, p®
PRD 108, L031103 (2023)
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e Charged hadron formation in jet dominated by 7=
e Heavier hadrons require larger momentum fraction, z, for formation
* Simulation (Pythia8) overestimates KT and p® production at low jet py

Cynthia Nunez University of Michigan



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L031103

Hadronization in jets

Heavy flavor in jets
 Complementary to the LHCb Z + jet hadronization

* Expand on LHCb study of J /Y production in jets
PRL 118, 192001 (2017)

e Access to heavy-quark TMD FF
* b- and c- jets using Secondary Vertex tagging
* |dentified heavy flavor hadrons in jets

Final states: produced hadrons

b

Initial state: fragmenting beauty
or charm quark

BDT(blc)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.192001
https://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/pdf

Hyperon polarization

arXiv:2307.07878
LHCb-PAPER-2024-009, in preparation
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Hyperon polarization

A (uds) polarization

* First observed in 1976 in unpolarized pBe 40r
L. - ® pPtCERN (24 Gev)
e Spontaneous transverse polarization 30k 0 pBe FermiLab (300 Gev)
values up to 30% | %
=
* Contradictory to understanding at the > 20F 3 i
. . 3]
time that transverse-spin asymmetries L I Q §
: s .10
suppressed in pQCD = 5 3 4
a I 5
* Observed non-zero polarizationinete™ 1] S . S P S G S S S S —
— 2 4 L6 §8 10 12 14 18
for Aand A - P in Gev/c
— hadronization effect -10* §

PRL36, 1113 (1976)
PLB68, 480 (1977)
PRL41, 1689 (1978)
PRL 122, 042001 (2019)

*sign convention different when compared to later measurements
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.36.1113
https://doi.org/10.1016/0370-2693(77)90476-2
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.41.1689
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.042001

Hyperon polarization

A (uds) polarization

Common features observed

K. Heller, Proceedings, 12th International

Symposium on Spin Physics, Amsterdam, 1996

Cynthia Nunez

Q. - L | | ’_- . .
0.1F = * Negative® and ~independent of the beam energy
- Il : .
| S S i E * Increases with |xgz| and py
- —¢Tﬂ}% - * Polarization has been observed for beams other
0.1 ' ] . . .
: LHCb Y ¥ ] than proton including e* on target nuclei, 7%,
- | % 3 _
0.2F e K*,2~,vN,n,y
[ ® ATLAS V(s=7TeV .
- 0 HERA-B Vs =42 GeV : : : i i
03F  , E799 Vs -39 GeV In unpolarized hadronic collisions, polarization of other
- ¢ NA48 Vs =29 GeV hyperons also observed:
0.4 *x M2 Vs = 27 GeV — . . . ~0 —— =
SN B B * Negative polarization for A, 2%, 27, and =
10* 10° 10 10" 1 o o b oae w0 =1
Xy * Positive polarization for X7, X7, 2", and X
_ * ° (] ] A
PRD91, 032004 (2015) xp = 2py/\/s Zero polarization (), A

*sign convention different when compared to earlier measurements
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.032004
https://inspirehep.net/literature/435270
https://inspirehep.net/literature/435270

Hyperon polarization

Frameworks to explain A polarization TMD EF-
. . . ) . . Quark
Approaches in explaining transverse A polarization in u L T
. . . Hadron
unpolarized collisions have focused on: 5 p =
1 1
L G1L, Hi;
e Polarizing transverse-momentum dependent (TMD) T D& Gyr H,, Hi;
fragmentation functions (FF) DllTA/q (z, k%) Unpolarized: D,

Spin-spin correlations: G, H;
Spin-momentum correlations: Di, Gyr, Hi3, Hi, Hi7

e Higher twist multiparton correlators

PRD 63, 054029 (2001)
PLB 809, 135756 (2020)
PRD 95, 114013 (2017)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.63.054029
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.114013

Hyperon polarization

Transverse A polarization

e Ahyperon: my = 1115.683 + 0.006 MeV/c? and ct = 7.89 cm
* A - pn~ self analyzing decay

. . . . . A
* Transverse polarization measured in the direction normal to the A ;

hyperon and beam momentum: 1 = Ppegm X Pa

* The distribution of 8™ for polarized A:

dN N

Teosd” 7 (1 + apPcosO*)e;,¢(cos 8)

ap = 0.748 +0.007 PDG 2023

LHCb measured value of 0.7410:93
JHEP 2006 (2020) 110
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https://pdg.lbl.gov/
http://dx.doi.org/10.1007/JHEP06(2020)110

Hyperon polarization

LHCb Experimental Data

Colliding beam mode: 2 F Bl s, -502Tev
2 10 NIl s, =8.16 TeV
Pb Pb 8 F
P P g % g 1
o> «» -l | 20 o == I = =
”| iy*«g - ||| § 10‘E
g 0 N -
. = PbPb pPb Pbp PbPb
Forward pr 1 5 < y < 4 5 | 2015 | 2016 | 2018
Pb
Eufd = I} o 2 |
Xp = T \/MZ + pZ sinh(y*)
Backward Pbp —5.0 < y* < —2.5 | max(py)|  Swwn
Pb Forward pPb: xz > 0
&2 - Il
Forward Pbp: xr < 0
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LHCb Experimental Data

Fixed-target mode LHCb-PUB-2018-015

o o S 10° E Beam Energy
System for Measuring the Overlap with Gas (SMOG) 2 |
. . . . . o . = 10 2500 GeV
injection of noble gases into interaction region S F I8 4000 Gev
‘g 1 B 6500 Gev
® —— 6 e 6 gm-‘?
p Gas £ 102 B \ 1
(He,Ne, Ar...) Gas (Ne, Ar) ° pNe pHe pAr pAr PbAr pHe pHe pNe W PbNe
; o 2015 | 2016 | 2017 | 2018
816 Tev pPb " Other Collision Systems
| I LHCb LHCb 110 GeV
10°h o ATLAS/CMS BN HERA
I ALICE

10° ALICE Muon

10t Lol - ||||
[}
O,
S

2 il VSnn ~ 41— 110 GeV

Central and backward rapidity y* ~ 3.8 — 4.8
large negative x corresponds to large x in target nucleon

g * Allow observation of particles with larger | x|
10! : —_— g
Gluon saturated region (He,Ne, Ar...)
106 100 102 103 102 10T 100
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https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf

Hyperon polarization

Transverse A and A polarization measurement LHCb-PAPER-2024-009

in preparation

E-‘ 04 :‘ B &% e & W [ ofes sty o % o oaw e @ : E- 04 - CHEECEN NI S TR B S R L SR NS A =
03;_ LI;ICb —; 0.3;— LI;IC]? —;
02FE m \Sxn = 68.4 GeV pNe ] 02F m \Sxn =684 GeV pNe ]

Polarization in bins of pt, 1, v, and xp
300 < pr <3000 MeV/c

e 2<1n<5

P(A) =0.029 + 0.019 + 0. 012
P(A) =0.003 +0.023 + 0.014

See talk by C. De Angelis
April 9, 2024, 2:10 PM in WG4
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Hyperon polarization

Transverse A and A polarization measurement LHCb-PAPER-2024-009

in preparation

a - I 1 ] I IIII L]
0.1 LHCh. ]
: I l reliminary : . . .
] TI#. _______ ] Comparison with previous results
: | i P(—xp) = —P(xp)
01f ful* :
—V.lr LHCb-SMOG pNe Vs = 69 GeV i .
I o r” :Tsv ° { ! i - Very good agreement with
- pp \s=7Te 7 .
—0.2F HERA-B pC 15 = 42 GeV } }_ previous measurements
[ . E799 pBe s = 39 GeV *E
—03 [ NA48 pBe s =29 GeV
[~ i
C M2 pBe s =27 GeV ]
_04— L L L llllll L L 1 llllll L L 1 llllll |
107 107 1072 107!
Xg

See talk by C. De Angelis
April 9, 2024, 2:10 PM in WG4
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Hyperon polarization

Run 3 upgrade: SMOG2 ‘

Target storage cell installed for Run 3 | CTLC L IO L 1 1L

* Increased gas pressure A T T T
e Higher luminosity | '
* Well-defined separation from pp
 Wider target species variety

7=-500 mm z=+700 mm
RF-foil edge r=3.5 mm

cell edae r=5 mm

3 z=0 .

;10 18-minute pH run

% 180~ Interaction region (pp) &5000F T TTT T T TP TT TR E R T T T

5 sob_ ~ > R E LHCD preliminary E

JSvn =13 Tev . > [ 2022 i

1a0F— Preliminary 2 4000 [ S =113 GeV pH ol

120 — = E :

- £ 3000 N, =8510+100 o

1001— SMOG?2 cell (pAr) 3] 4 Data =

80— > ,‘g 2000 :_ —Fig _:

- VSNN =113 GeV "8 i - A —pT i

60 = g L ----Background .

.0 O 1000:— -

20: 0: i pge Sl gy ]

0 | L L 1100 1110 1120 1130 1140
600 ~400 ~200 0 200 . M(pr) [MeV/c?]
LHCb-FIGURE-2023-001 LHCb-FIGURE-2023-008
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https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
https://cds.cern.ch/record/2845444?ln=en
https://cds.cern.ch/record/2845444?ln=en

Hyperon polarization

A7 polarization at LHCb SRR RS AR AR,
* Polarization measurement of A{ to understand b e sa7t, 443 2000y ;
hadronization of heavy charm quarks ) : + e it boot] o
« Test models for A polarization in the production of £ R

o,
heavy- flavor hadrons

* Test xr and pr dependence comparable to A data p
+ -t Iy sl v ow | oo o fles sl puloy

AC — pK n 1% i 2 pp(GeW }1 é

Krplane  (P®)X (2 x D)
X ffLKﬂ

0y, ¢, polar (azimuthal) angle of the proton

X in the A7 rest frame
x angle between Km and (2, p_p’) decay plane

\ N : p 2 X ~
/@ p(p)
N zp plane
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Hyperon polarization

Ai.' po|arizati0n at LHCb PRD 108 (2023) 1, 012023, JHEP2307 (2023) 228

Dalitz plot for A¥ - pK~n™ candidates

« LHCb unpolarized pp /s = 13 TeV T 2F ~ ' E N
* Transverse polarization in lab frame (%): ‘éiz: e I &
P,(AY) =60.32+0.68+0.98 + 0.21 $af 1 =
 Longitudinal polarization in lab frame (%): iy E P
P,(AH) =-24.7+0.6+0.3+1.1 2 - N §
0.6 2
+ N 04 3 1
AC—>pKT[ 02—; ; :1 0
i Krplme (90X (2 xP() dhatiaad
X NKm

0y, ¢, polar (azimuthal) angle of the proton
X in the A7 rest frame

/@/ D < $(p) X angle between K and (Z, p,,) decay plane
B zp plane

Ny
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.012023
https://cds.cern.ch/record/2867494/files/document.pdf

Polarized target program at LHC

arXiv:1901.08002




LHCSpin

LHCSpin Project

* Supported R&D to add a transversely 10 | * ]
— LHCDb fixed target
polarized target by 2029 103 © COMPASS
- © HERMES
. . g A E288
* Polarized physics at the LHC: g 102 v ezs F |
e Polarized quark and gluon o, > e ﬁ 7
C : . - <« E605 VA 1
distribution at high x and 10", o o o -
. . g evatron (Z prod.) oo o °
intermediate Q* B LHC @ prod) 8832 o
1 08600 & ©
* Test process dependence of quark S E— o o 3
10-4 103 102 101 1
and gluon TMDs .

* Complementa ry measurements 1o LHCb Collaboration, arXiv:1901.08002
existing and future SIDIS
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https://arxiv.org/pdf/1901.08002.pdf

TMD Jet Fragmentation Functions
* Measured charged hadrons in jets at /s = 13 and 8 TeV
* Multi-differential TMD JFF measured for charged pions, kaons, and protons

Heavy flavor jets
 Measurement of charged hadrons and heavy flavor hadrons in
b- and c-jets
See talk by C. De Angelis
Hyperon polarization April 9, 2024, 2:10 PM in WG4
« Measurement of A and A in pPb, Pbp, and fixed-target pNe data
« AL polarization

LHCSpin: polarized physics at LHC by adding a transversely polarized target

Cynthia Nunez University of Michigan



Back up
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Kang, Lee, Terry, Xing PLB 798, 134978 (2019)
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H eaVV ﬂaVOr JetS SV-tagger BDT results for the B+jet data
-  1-———w-a @@~ |-—1
. § [ LHCb data o [ LHCb fit
e Secondary Vertex tagging (SV- 2 sk 700 st
tagger) identifies SV within a jet, 13 o :
and uses boosted decision trees 0
. . . . -0.5 .
(BDTs) for flavor discrimination - 200 :
- Bjet 100 -
E s 0 s
Efficienty-mistagging performance
o ILHCb 'Si'm'lﬂ'at'i?n' T B '0' t)' P '%3 '%3 3000
= T 2 <n(jet) < 4. . 3 s g [
'g 08~ b’?et 20 <p_(jet) < 100 GeV] § 4000 g -
&0:: i c-jet . I 2000
& 0.6_‘K F A
gt _
o X | 2000 X
L 04 . 5 1000_
ol i " :
o 02F . — [
B 1 1 1 1 ] 0—1 -0.5 0 0.5 1 0—1 -0.5 0 0.5 1
0" ==0001 0002 0003 _ 0004 _ 0005 BDT(bcludsg) BDT(blc)
light-parton mistag probability 2015 JINST 10 P06013
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H eavy ﬂavor jets SV-tagger BDT simulation

2015 JINST 10 P06013 § lb“_hi § Toges § 1;';és'g_.}e'{s:';'5';';;;';';';';““:
. Qosk il samma- | QoS 1 Bost i
* Secondary Vertex tagging (SV- ; HH 5 SRR
tagger) identifies SV within a jet, om0 |
a nd uses bOOSted deCiSion trees -0.55_ LHCb simulation ] 1 LHCb simulation _ -0.5; LHCb81mulat10n ‘. .
. . . . _1'..,.1..,.““,1,..,' _1'.,.‘1..,.1..,.1..,.' _1'...,1.,.,1.,.,1.,.‘
(BDTs) for flavor discrimination T e

Efficienty-mistagging performance
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> B
Q .
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SV-tagger BDT results for D + jet
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SIDIS us]ing 27GeVe _I beam on vari?us target nuclei Inclusive A production and polarization in 16-GeV/c m — p interactions
TTI1T T T T 1T 11717 T T T T 1T 1r17T7 T 020
i i FEYNMAN X=05 - 0.8 - - -y .
<015 Ne ol « SIDIS: Polarization positive in
a.
oo 5 4He ® . this paper, both forward and backward
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Backup

Other hyperons

* In unpolarized hadronic collisions:

* Negative polarization for A, =°
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Why are some hyperons polarized while others are not?

Cynthia Nunez

University of Michigan
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pNe A and A transverse polarlzatlon
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