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- Current polarized DIS data:
T oCERN ADESY ¢JLab oOSLAC

Current polarized BNL-RHIC pp data:
® PHENIX t® A STAR 1-jet

* The EIC will serve as a precision probe of hadron structure and hadronization, and
will be facilitated by:

high luminosity

wide kinematic range
hermitic detector
polarized beams

variety of nuclear beams
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Factorization

** Fully Inclusive DIS:

cle+p—e+X)=HQPDE

\/
** Drell-Yan:

% Low gt Drell-Yan:
+* Thrust Global Event Shape:

ole"+e - X)=HQRJRQJQS

* Understanding hadron structure and hadronization requires a wide
array of high precision observables that are independent, complementary,
and over-constraining.
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Disentangling Hadron Structure and
Hadronization by Flavor

* Disentangling flavor structure typically requires a flavor tag. For example,
Semi-Inclusive DIS (SIDIS):

p—¢€

Hadron plane
ALP}, it
¢
% (-
Ik Lepton Plane /

h

X)=H® TMDPDF ® TMDEFF

* Final state hadron species used to separate TMDs by flavor.

* However, this requires simultaneously determining TMDPDF and TMDFF,

* |Instead tag final state jet which gives universal jet function:
ole+p—-e+J+X)=HQQTMDPDF ® J

* How can we tag flavor with jets!?



N CMS Experiment at LHC, CERN
Data recorded: Fri Oct 5 12:29:33 2012 CEST
Run/Event: 204541 / 52508234
Lumi section: 32

Jet Charge



Standard Jet Charge

[Field, Feynman, 1978, Nucl. Phys. B]
[Krohn, Schwartz, Lin, Waalewijin, 2012]

arXiv: 1209.2421 (PRL)
arXiv: 1209.3019 (PRD)
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-~ CMS Experiment at LHC, CERN
C MS/ Data recorded: Fri Oct 5 12:29:33 2012 CEST
Run/Event: 204541 / 52508234
Lumi section: 32

Dynamic Jet Charge
[Kang, Liu, SM, Spraker, Wilson, 2021]
arXiv: 2101.04304 (PRD)



Dynamic Jet Charge

* Constant parameter k to a dynamic function of jet constituent properties



Discriminating between u-Quark and d-Quark Jets
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Discriminating between Quark and Gluon Jets

1.0 1.0 \ T \ \ \ | \ \ \
- More Central Jet pp-collisions, 13 TeV - N pp—collisions, 13 TeV
08+ k=0. t t Ch 1 L N
k=0.3 Standard Jet Charge - ROC Curve for |QJ|
0.6 PYTHIA 0.8 -
- —gluon J.et | Higher
04- —quark jet i Discrimination
i 1, Power
i o
o § 06" N\
5! RN
L Q9 L A O)/’?
— = I I I Q
00 -2 1 0 1 2 x | Q%
Q E 7
2 |
S k
o 04r y
3.0 [ T T 1 I I ] .
25:, More Central Jet pp—coII!S|ons, 13 TeV ] | Dynamic Jet Charge N
°F &u=0.3 ™ Dynamic Jet Charge - i ’
" k.=1.0 ] — Standard Jet Charge N
200 <0 PYTHIA ] 0.2+ RN
- k.=0.3 il ] |
15 _ ] i
- —gluon jet i
1.0+ . B n
I quark Jet 0.0 | | | |
o5l ) 0.0 0.2 0.4 0.6 0.8 1.0
E ‘ Quark Jet Efficiency
00 L e e —

* Dynamic jet charge has higher discrimination
power between quark and gluon jets in pp
collisions



Vi & *- participants

before collision after collision

Heavy Ion
Collisions
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Discriminating between u- and d-Quark Jets
in Heavy lon Collisions
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Small g Distribution to Probe TMDs

AT J

e Cross section:

dU (SJ_) — dUUU + dGUT (SJ_)

| N

total spin spin independent spin dependent

dependent  contribution contribution
Cross section l l

unpolarized TMD  polarized TMD
(Sivers function)

e+p—>e+jet + X

qr = |p5 + pr| K pf ~ pr

Leadlng TWlSt TM DS O—» Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized = Transversely Polarized

(L) (M




Factorization for Small g Distribution:
Unpolarized TMD

[Liu, Ringer,Vogelsang, Yuan, 2020]
e+p—>e+jet + X
il qr = |pt + br| K< pf ~ DT

AT J

* Unpolarized TMD Factorization:

Ao d2br o s
dyedQP%d2QT

~

Wi — ﬁ(xv bT7 M)SJ(bTa R? M)H(Q7 M)Z(pTRa /L)

RN

Unpolarized TMD  soft function hard function  jet function



Factorization for Small g Distribution:
Polarlzed TMD (Sivers Function)

g - |Fj*? |t [Liu, Ringer,Vogelsang, Yuan, 2020]
e+p—>e+jet + X
el
— G qr = |Pr + Pr| < pf ~ pr

e Polarized TMD Factorization:

d°ct (S d2b
UUT( J—) :6?(706@55?_/ T plaT bTWﬁ

dy.d?pSd2qr (27)?
Wy, = figi@ br, ) Sy (br, R, ) H(Q, 1) T (pr R, 1)
polarized TMD / \ \

(Sivers Function) soft function hard function et function



Flavor Separation of
TMDs with Jet Charge

[Kang, Liu, SM, Shao]
arXiv: 2008.00655 (PRL 2020)



Flavor Separation of with Jet Charge:
Unpolarized TMDs

T Pyt &l J

e+p—>e+jet + X
,.--"'“‘/f-_‘ qT — ‘ﬁfi +ﬁT| < pig ~ PT

* Unpolarized TMD Factorization:

d50-%]U d2b1 q b
dyedQPTe d2Q’_l’ / (27( )

~

Wi — ﬁ(xv bT7 M)SJ(bTa R? M)H(Q7 M)Z(pTRa :u)

l

Jet charge
——  Gi(Qu,pT R, 1)

measurement



Flavor Separation of with Jet Charge:
Polarized TMDs (Sivers Function)

ol Breles  J e+p—e+jet + X
A qr = |pt + br| K< pf ~ DT

® Polarized TMD Factorization:
d’op(S1) _ 2
dyedzp%d?CIT !

qo deT ’iQT°bTWﬁ
90 Capr | (27-‘-)26 T,i

Wﬁ)i — ff_fi (.CE‘, bT7 M)SJ(bTv R7 M)H(Qa M)Z(pTRv :u)

Jet charge l
measurement > Gi(Qu,prR, 1)



Separate Small g, Distribution by Jet
Charge Bin: Unpolarized TMDs

* Fraction of i-quark jets in a given jet charge bin:

?i(@K’pTR’ /’t) — 1
Vi = d@ i bin
1,bin K R ’
J 6 ebin F (PR, 1) bins
0.8f} | | \P . | +
QK 20.25 iFthclnarization (Total) |
U U d d S 3

%= 2,%% ;1052 0.17 0.15 0.53 0.30 0.34
. E”j L T |0:15 0,49 0.52 015 036 0.32
e 610.33 0.35 0.33 0.32 0.35 0.34

i Q. <-025 = Pythia

_ Factorization (Total) |

* Fraction of i-quark jets in a given jet charge bin:

d>ouu,bin - _ S d’opy
dy.d2psd2qr PP dy,d2pg.d2gr

i=u,d, -




Separate Sivers Asymmetry Small g Distribution
by Jet Charge Bin: Unpolarized TMDs

dG (SJ_) — dGUU + dGUT (SJ_)

* Jet charge binned cross sections:

d°ouu, bin Z . oy
21€ A2 o 1 21€ A2
dyedprdier dyed“prdar 0.06 T H
o pin(S ot (S e
O-UT,bln( J—) — Z Ti b O-UT( —L) 0.04— -
dyed?pGd2qr 4 "M dy.d?pid2gr | Vo T~
=u,d, 0.03F-
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* Sivers asymmetry: 001~ _
0 ) ’
Ayr = do(5)) = do(51) _ dour _O'O% 0‘5 1‘ 1‘5' 2‘ 2L5
- T by '
do(S})+do(S7) dovu g7(GeV)



Separate Sivers Asymmetry Small g Distribution
by Jet Charge Bin: Unpolarized TMDs

dG(SJ_)szUU_I_dGUT(SJ_) 006 [
0.05— All Q¢ bins -7
* Jet charge binned cross sections: 0.04|- ]
d°ouu, bin Z . d°otry 5 009
dyed2psd2qr P Q. d2pe.d? 0.02- 7 — Total -
YeA=praA=qrT i=u.d, - YeA=prd=qr Qo1 ---W?oad quark i
i y 0. ~
dUUT’bin(SL): Z Tibinda%]T(Sl) oo, L 0L
dyedzp%d%T L~ ) dyed2pr_€rd2QT 0.06 | | | | H
0.05~  _ Total N
004 w/o d quark |
* Sivers asymmetry: 5 0.03- —
< 002 ) l Q. <-025 —
4o(S}) = do(St)  dowr -
AUT:d Y 2 da(g) - do 0.
0(5))+do(ST) vu Y| — | » | !
0. 0.5 1 1.5 2 2.5




t=1-Tx1 t=1-T~1

(Dijet configuration)

(mutlijet configuration)

* Global event shapes quantify the pattern and geometry of energy flow in the final state.

* Many examples of global events shapes:  thrust
broadening

C-parameter
angularities
N-Jettiness

* Simpler than tagging hadrons or jet algorithms. Can be computed to high accuracy.
Provides high precision tests of QCD and powerful probes of hadronization.



N-Jettiness Global Event Shape

[Stewart, Tackmann, Waalewijin]

b\ 1 Jet1 [PRL 2020]

Jet2 2 - Jet3 3 ~_  a

/

(c) pp — leptons plus jets.

* N-jettiness allows for an event-shape based analysis of multi-jet events
(generalization of Thrust)

* Limit of N narrow jets is given by (Jet Veto)

TN%O



1-Jettiness In
Deep Inelastic

Scattering
[Z. Kang, SM, Qiu PRD 2012]
[Z. Kang, Liu, SM, Qiu PRD 201 3]
[D. Kang, Lee, Stewart PRD 201 3]




1-Jettiness Global Event Shape

* |-Jettiness definition:

QB , QJ

20 n - 2 7 -
7‘1:Zmin{ 45 Pk =47 pk}
k



1-Jettiness Global Event Shape

X4
W 4
L4
- X4
\ ’ L4

"' '
. X4
e 2\ ’ L4
RN L4

(4
P -
L4

=\ 4 n

— - e > —
p e p // /mT e
/-
T P Jr
* ]-Jettiness definition: * ]-Jettiness jet momentum:

. (29B DL 2qj - Dk b y <2qB Dk 24 -m)
T = mm{ , } Py => pt —
; QB QJ J ; & QB QJ



1-Jettiness: Factorization

—— N3LL + NP Model
® Pythia

o
w

1/0 do/dTt; [GeV~!]

o
(N]

0.1 4

0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
T; [GeV]

e Results known at N3LL+@(aS2) :
[Cao, Kang,Liu, SM]

: . arXiv: 2008.00655 (PRD 2024)
* ]-Jettiness factorization formula:

do—resum[TlapJTayJ]NH®B®J®S BNI@f



1-Jettiness: Factorization

0.7

0.6 -
0.5
T
>
$ 0.4 -
= —— N3LL + NP Model
S ® Pythia
503
@)
—

0.5 1j0 1i5 2j0 2i5 3j0 3i5 4.0
T1 [GeV]
* ]-Jettiness factorization formula:
dO—resum 7-17PJ 7yJ — 00 H(f s ,uH) dz
’ Bi(x,tq, p; pip) = / —I" (— ta, 14; uB) fisa(z, pB)
/dSJ/dt S(Tl_—_—alunuS) v 7 :
Qa QJ

ZL Jq SJ M:LLJ)B (x*ata7/~L7/'LB)

+ZL JC] (SJ /L,LLJ)B (m*atCL?/“L?/'LB)}



Jet Charge
Measurement
with 1-Jettiness

[Chien, SM]
arXiv: 2512.05199 (PRD 2026)




Jet Char Measurement with 1-dettiness

¢ Factorization formula:

dgresum[TlapJTayJ]NH®B®J®S BNI®f

l

“charged jet function” —> G(Q, 5)

l

describes evolution of single quark to a jet with charge @ and jet mass squared s



Jet Char Measurement with 1-dettiness

¢ Factorization formula:

dUresum Q T1, PJT yJ] = 00 H(€ 2 ,UH)

S
/dsJ/dtS(ﬁ Qa Q‘]J,u;us

|:Z Lqi gq Q7SJ71MMMJ> BQi(x*atauu; /LB)

) * Charged jet function is convoluted
with soft function since both contribute

to the “jet region mass” which in turn
contributes to 1-Jettiness
+ZL G (Q, s, 3 puy) Bg, (T4, ta, 13 NB)}

q '

“charged jet function”



Charged Jet Function

G1(Q,s, 1) = /dS’ RY(Q,s—s") JU(s', n)

l l l

. universal i
charged jet non-perturbative : tand°ard et
function P unction

function

* Must recover standard jet function when integrated over all possible
jet charge values (no jet charge measurement):

/dQ GUQ,55,p) = JU (s, 1)
* Implies normalization condition:

/dQ RI(Q, 5) = d(s)



Universality of Charged Jet Function

* Universal charged jet function can be extracted
from global event shapes at e*e™ colliders

S
4
7
A
o
X
)

* Factorization for thrust or 2-Jettiness:

dUI'CSU.m
dT2

measure hemisphere
jet charge

daresum H®g§ R, RS
ded@ : :

same universal charged jet
* function as for DIS 1-jettiness




SimultaneouslTracking Charge and Energy Flow

u-quark like I

jet region @,. distribution
. binned by 7;
d-quark like l *
jet region .
< >
1-jet-like events Multijet-like events Tl



Probing Hadron Structure and Hadronization

———

Q.. distribution ) flavor probe of
hadronization

binned by 7,

u-quark like I . .
Jet reglon . @ distribution :

binned by 7,

d-quark like l *
jet region

< > Tl

1-jet-like events Multijet-like events




Understanding Hadron Structure
and Hadronization ... |

N

LN

Sy~ -
- - -

SsS=zzz=z===E=:-

Hadron Lattice
Structure ' '

N. —'
-y -
---------

Observables/

Factorization
FF

TMD FF Hadronizationr'

7

Jet FF Soft CJF L
= | ‘Monte Carlo:
FUnCthnS [Slide inspired by talk by N. Sato] : :

iiiii
-----------------------



1/odo/dTt, [GeV~1]

1/odo/dt, [GeV 1]

1071 E

1072 1 F

1073 E

107% 1

105 §

10-4é

107> E

1-Jettiness Spectrum: Pythia Simulations
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* Contributions to the 1-Jettiness
spectrum from different quark flavors.

* Spectrum is dominated by the u-quark

* ]-jettiness spectrum separated by jet
charge bins:

+: 0 > 0.25
0:—-0.25< @ <0.25
— 0 < —-0.25



1/odo/dT; [GeV 1]

1-Jettiness: Negative Jet Charge (Standard) Bin
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Enhanced sensitivity
to d-quark PDF

* Jet charge binned 1-Jettiness can disentangle PDFs by flavor.



1-Jettiness: Negative Jet Charge (Dynamic) Bin

] [ total [ total
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* Jet charge binned 1-Jettiness can disentangle PDFs by flavor.



1-Jettiness and Jet Charge as
a Probe of Helicity PDFs

* ]-Jettiness distributions of the longitudinal proton spin asymmetry can probe
helicity PDFs:

dAUresum [TlapjTayJ] ~AHRAB®J®S

!

AB ~ AT ® AFf

l

helicity PDF

* ]-Jettiness combined with jet charge can be used to disentangle helicity
PDFs by flavor:

AACesum [Tl,PJT,yJ] ~AHQRABRJ®XS

l

dAUresum [QaTlapJTayJ] ~ AH X AB & g ®S



1/0do/dO

Jet Charge Distribution Binned by 1-Jettiness
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* Correlations of jet charge and 1-Jettiness (energy flow) can constrain flavor

dynamics in hadronization.




Correlation of Jet Charge with 1-Jettiness
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* Correlations of jet charge and 1-Jettiness (energy flow) can constrain flavor

dynamics in hadronization.




Conclusions

* Jet based observables provide powerful and complementary probes of hadron
structure and hadronization.

* Combining jet observables with jet charge measurements allow for disentangling
hadron structure and hadronization by quark flavor.

* We have now also combined jet charge measurements with jet-based global event
shapes into a unified factorization framework that will allow high precision studies
of the quark flavor dynamics of hadron structure and hadronization at the EIC.



