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Outline of main topics: 

Hadronization: 
• Mechanisms for formation of meson and baryon final states up 

to strange and charmed hadronic systems. 
• Prospects and expected impact of large statistical samples on 

higher-mass hadrons such as , , , ,  mesons and , , 
, ,  baryons. 

Connections of these studies to diquark correlations: 
• Production of hadrons with [ud] spin-zero diquarks that are part 

of protons and neutrons. 
• Exploration of production of hadrons with same [n,m] diquarks.

K η ϕ ω J/ψ p p̄
Λ Σ Ξ
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• Nonperturbative process in QCD, yet present in essentially all high-
energy interactions that produce hadrons.  

• Modeled by several leading event generators: Pythia, Herwig, 
Sherpa. 

• Hadronization was historically constrained by data from ep and pp 
interactions, but now pA and eA data are available with identified 
hadrons in the final state, which bring new constraints.  

• Final states with atomic nuclei add significant information about 
processes that occur at the 1 fm distance scale, inferred indirectly 
by observing the dependence of observables on the in-medium path 
length (nuclear radii of a variety of nuclei). 

≤

Hadronization in QCD
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• Recent history starts with hadron PID in HERMES (DESY) 
with nuclear targets. 

• Need to know hadron species to make any detailed model. 

• Need to have larger nuclei to use as a spatial analyzer. 

• https://inspirehep.net/experiments/1108781 “the HERMES 
era” (1995-2007). 

• “The HERMES dual-radiator ring imaging Cherenkov 
detector” https://doi.org/10.1016/S0168-9002(01)00932-9  
( ) published 2002. 

• Ultimately the published nuclear targets ranged from 
deuterium to xenon (avg mass 131.3 u, approx radius 5.6 fm)

e, π, K, p

Leptonuclear hadronization studies with hadron PID

https://inspirehep.net/experiments/1108781
https://doi.org/10.1016/S0168-9002(01)00932-9
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• Hermes at the DESY laboratory (data taking 1995 - 2007). 
Pioneers of  on nuclear targets, established baseline at higher 
energies and momentum transfer. 

• CLAS at Jefferson Lab: 

• The EG2 run period of the “6 GeV era” (1998 - 2012). ~60x 
HERMES integrated luminosity - JLab experiment E02-104 

• The Run Group E (RGE) of the “12 GeV era” (2017 to 
present) ~4x EG2 integrated luminosity. JLab E12-06-117

eA

Datasets for  and eA → e′￼hX eA → e′￼h1h2X

RGE: another factor of two in luminosity in next experimental run.

https://misportal.jlab.org/mis/physics/experiments/viewProposal.cfm?paperId=189
https://misportal.jlab.org/mis/physics/experiments/viewProposal.cfm?paperId=485
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Table 1 from the 
original 12 GeV 
proposal to PAC 
30 in 2006 (two 
decades ago!)

These are hadrons 
that are 

measurable in 
CLAS and which 

have a  
(lifetime) larger 

than nuclear 
dimensions (fm) 

They can therefore 
be employed to 

probe the partonic 
stage preceding 

hadron formation

cτ
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By implanting the hadronization process within a 
nucleus, we gain new dynamical information at 
femtometer distance scales.  

From the modifications of  kinematic distributions for 
A(e,e’h)X scattering, we can infer hadronization 
mechanisms for hadron h.
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Important kinematic variables used here

Four-momentum transfer squared 


Energy transfer  (=E-E’ in the laboratory frame)


“Relative energy”   


Note: if the virtual photon is absorbed by a light object like 
a single quark, , but if it is absorbed by a heavy 
object, it can be greater than 1.0 (foreshadowing of 
diquark discussion later.) 

Momentum transverse to the virtual photon direction 

Q2

ν

zh =
Ehadron

ν

zh ≤ 1.0

pT
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Experimental 
observables

Transverse momentum 
broadening

Hadronic 
multiplicity ratio

x

 electron-deuterium 
electron-A collisions

Nucleus “A”

pT

e

e’

γ*

π+

pT broadening: DIS

DT

DIS

ATT ppp 222 −≡Δ

dx
dEc

z
p

)1( −≈ ντ

q
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The Continuous Electron Beam Accelerator at Jefferson Lab

Injector North Linac

Recirculating 
Magnetic Arc

South Linac

A
B
C

D
Central 
Helium 
Liquifier
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The CEBAF Large Acceptance Spectrometer in Hall B

https://www.jlab.org/physics/hall-b/clas12

https://www.jlab.org/physics/hall-b/clas12
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• The CLAS detector in Hall B of Jefferson Lab has a large 
amount of data for 5 GeV e- beam (D, C, [Al], Fe, [Sn], Pb) 
1998-May 2012 and for 10.5 GeV e- beam (D, C, Al, Cu, Sn, 
Pb) 2012-present. 

• The 5 GeV beam: unpolarized, 10.5 GeV beam: highly 
polarized. 

• Electrons/positrons, charged and neutral pions, protons and 
antiprotons are identified for a wide range of momentum. 
Other particles, such as lambda baryons, are also identified 
through their decay products. With the 10.5 GeV data, kaons 
with momentum up to 3 GeV can be separated from pions. 

Leptonuclear hadronization studies with hadron PID
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https://arxiv.org/abs/2004.07236

Struck quark moves a distance 
 as a colored object, then 

becomes a hadron. 
If the hadron forms inside the 
medium, it can interact with 
hadronic cross section. 

The color lifetime of the struck 
quark is distributed stochastically 
as a decaying exponential.

Lc

How to understand the hadronization observables

https://arxiv.org/abs/2004.07236
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About this model

• A unique analysis of  two published HERMES 

measurements. We isolate the roles of  quark energy 

loss and pre-hadron formation in describing the data. 

• Two observables are fitted simultaneously. 

• The primary ingredient is the well-known density 

distribution in nuclei.  

• A second ingredient is the measured pi-N cross section 

• Only 3 parameters
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These are the results of the 
simultaneous fit to two observables

This 3-parameter space-time model fits two 
observables simultaneously

https://arxiv.org/abs/2004.07236

https://arxiv.org/abs/2004.07236
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Independent determination of the string constant of the LSM! 
Message: our space-time model is consistent with known string 
fragmentation, and for HERMES the time range is 2-8 fm/c. 

We believe we have a correct physical picture for pion formation.

This is a fit of the color lifetime parameter Lc we find to 
the color lifetime calculated in the Lund String Model

The blue line 
only describes 

the struck 
quark

The red line 
describes  the 

struck quark and 
the residual 

quarks

https://arxiv.org/abs/2004.07236

https://arxiv.org/abs/2004.07236
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Published results: 5 GeV charged pion multiplicity ratios and Rπ+

M Rπ−

M

Unprecedentedly small uncertainties due to high statistical precision and 
excellent control of systematic uncertainties! 
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Published results: 5 GeV charged pion multiplicity ratios — Rπ+

M
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Published results: 5 GeV charged pion multiplicity ratios — Rπ+

M
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Published results: 5 GeV charged pion multiplicity ratios — Rπ−

M
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Published results: 5 GeV neutral pion multiplicity ratios Rπo

M
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Published results: 5 GeV Neutral pion multiplicity ratios Rπo

M

Invariant mass peak and 
combinatorial background 
calculation. 

Example of one out of 480 
3-dimensional bins! 
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Published results: 5 GeV lambda baryon multiplicity ratio RΛo

M

Will Brooks, NSTAR 2026
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Published results: 5 GeV lambda baryon multiplicity ratio RΛo

M

Extremely large values: >700% for Pb at low z!
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Published results: 5 GeV lambda baryon pT broadening Δp2
T(Λo)

Extremely large values: >0.3 GeV2 for Pb at z=0.7! 
All results greatly exceed GiBUU predictions!
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CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS EG2 SIDIS 
Proton Production 
Analysis


Prof. Michael Wood 
with students Juan 
Pablo Garces 
(UTFSM), Alexis 
Grasl and Ahmed 
Almashiakhy 
(Canisius University)


Note behavior at 
high ~1.2; Diquark 
correlations?!

zh

PROTON 
Enhancement is 
a factor of 10 at 
lower . A 
crossover is 
evident.

zh

Will Brooks, NSTAR 2026
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Compare pion broadening of 
0.02 GeV2  to 0.2 GeV2 (lambda 
baryon) and multiplicity ratio of 
~0.8 to a factor of 7 (lambda 
baryon) and a factor of 10 
(proton)! 

The struck object traveling 
through the nucleus is an order 
of magnitude more disruptive 
for proton and lambda than for 
pion production!

Diquark degrees of freedom?



Will Brooks, NSTAR 2026

Diquark evidence 
in at least two kinds 

of places: 

(1) Production of 
hadrons 

containing the 
[ud] spin 0 

diquark, 
because target 
nucleons (p, n) 

contain it. 

(2) Final state 
hadrons that 
contain the 

same diquark 
(e.g.,  and ,  
or  and )

Λ Σ0

Σ+ Ξ0
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and the CLAS Collaboration!

CLAS Preliminary
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Preliminary results: Multi-dimensional  pT broadening π+ Δp2
T(π+)

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary
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Preliminary results: Multi-dimensional  pT broadening π+ Δp2
T(π+)

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary
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Next, three published papers that measure several 
different two-particle correlation functions. These test 
the details of the hadronization mechanisms in physics 
models.  
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“Observation of Azimuth-Dependent Suppression 
of Hadron Pairs in Electron Scattering off Nuclei,”
Sebouh J. Paul, Sebastian Morán, Miguel Arratia, 
Ahmed El Alaoui, Hayk Hakobyan, WKB et al. 
(CLAS Collaboration).

GiBUU 2019 default parameters

Conditional modification factor :R2h

Will Brooks, NSTAR 2026
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PHYSICAL REVIEW C 111, 035201 (2025)
“Dihadron azimuthal correlations in deep-inelastic scattering off nuclear targets”

Di-pion correlation function:

with

The rapidity is:

The broadening of the correlation function vs. nucleus is : 
where  and  represent the RMS widths of the correlation functions.

b
σA σD

Sebouh Paul, Sebastián Morán, Miguel 
Arratia, WKB, Hayk Hakobyan, Ahmed 
El Alaoui, et al. (CLAS Collaboration)

Will Brooks, NSTAR 2026
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(leading )π+

Sebouh Paul, Miguel Arratia, Hayk Hakobyan, WKB, and the CLAS Collaboration 

with such that  = 1 ∬ C(ΔϕΔY )

Also define  nuclear-to-deuterium ratios,R =
CA

CD

Azimuthal RMS 
width of corr. 
functions σ
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Correlation functions vs. azimuthal and rapidity separations
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• Correlation function has a maximum at |Δ𝜙|= 𝜋 (that is, where the two hadrons 
are azimuthally opposite each other). 

• Peak is tallest within the 1.0 < Δ𝑌 < 1.5 bin (third column). Average rapidity 
separation between the 𝛾∗𝑁 system and the lab frame is ~1.2 

• Expected if proton rapidity distribution is peaked at that of the lab frame, 
initially isotropic
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Ratio of correlation functions for nucleus A to Deuterium 

———- Carbon ———-       ———- Iron ———-       ———- Lead ———-

These plots are referenced to the carbon nucleus.  

(Results for the nuclear targets are more similar to one another than they are to deuterium)
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Widths of Correlation Functions vs. Nucleus and Rapidity Difference

Azimuthal broadening 
due to nuclear medium
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• A tremendous volume of CLAS results since the year 2000! 

• Data precision now exceeds theory precision, due to next 
generation experimental measurements, particularly with 
correlation measurements. 

• Baryon sector of these data greatly strengthen diquark arguments: 
proton and lambda baryon production now, others soon. 

• First-look 10.5 GeV measurements from RGE in 2024 look 
extremely promising and will provide first measurements of 
heavy hadrons: , , , ,  mesons and , , , ,  baryonsK η ϕ ω J/ψ p p̄ Λ Σ Ξ

Conclusions
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Backup slides
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Total so far is 117 1/fb
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CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS Preliminary

CLAS 
Preliminary

CLAS 
Preliminary

CLAS 
Preliminary

CLAS 
Preliminary

CLAS EG2 SIDIS 
Proton Production 
Analysis


Prof. Michael Wood 
with students Juan 
Pablo Garces 
(UTFSM), Alexis 
Grasl and Ahmed 
Almashiakhy 
(Canisius University)
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CLAS Preliminary

CLAS EG2 SIDIS Proton Production Analysis


Prof. Michael Wood with students Juan Pablo Garces (UTFSM), Alexis Grasl and Ahmed 
Almashiakhy (Canisius University)
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CLAS Preliminary

CLAS EG2 SIDIS Proton Production Analysis
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CLAS Preliminary

CLAS EG2 SIDIS Proton Production Analysis
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CLAS Preliminary

CLAS EG2 SIDIS Proton Production Analysis
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CLAS Preliminary

CLAS EG2 SIDIS Proton Production Analysis


Prof. Michael Wood with students Juan Pablo Garces (UTFSM), Alexis Grasl and Ahmed 
Almashiakhy (Canisius University)
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ROBERTS, SEGOVIA, 
and XU, PHYS. REV. 
D 100, 034008 (2019)
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The iterative ansatz

q1q1

q2q2

q3q3

q0,p→0, p+ q0q1,p→0 − p→1, z1p+

q1q2,p→1 − p→2, z2(1 − z1)p+

q2q3,p→2 − p→3, z3(1 − z2)(1 − z1)p+

and so on until joining in the middle of the event
(in principle follows from model, in practice some work)

Scaling in lightcone p± = E ± pz (for qq system along z axis)
implies flat central rapidity plateau + some endpoint effects:

y

dn/dy

〈nch↔ ≈ c0 + c1 lnEcm, ∼ Poissonian multiplicity distribution


