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Q2>1 & Large invariant mass W



To conduct a thorough investigation into how the nuclear medium influences 
quark hadronization, it is essential to perform a multidimensional cinematical 

analysis on a range of different hadrons in nuclei of different size. This approach 
not only uncovers the color properties inherent to the nuclear medium but also 

provides a comprehensive understanding of the phenomenon. 



Illustration of a parton moving through nuclear media. At the top the prehadron is 
formed outside the nuclei and at the bottom it is formed inside.

Lp
<latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit>

Lf
<latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit>

x
<latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit>

y
<latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit>

z
<latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit>

�⇤
<latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo=">AAACY3icbVFdSxtBFJ1s1dr4FT/eSmEwCKVI2JWCfZQWxEcLjRGyi9yd3E2GzMwuM3fVsORH9FV/WX+A/8PJug9Ge5/OvefM/TiTFko6CsN/reDDyurax/VP7Y3Nre2dzu7elctLK7AvcpXb6xQcKmmwT5IUXhcWQacKB+ n014If3KJ1Mjd/aFZgomFsZCYFkC8N4jFoDd9uOt2wF9bB34OoAV3WxOXNbus8HuWi1GhIKHBuGIUFJRVYkkLhvB2XDgsQUxjj0EMDGl1S1fvO+VGWW04T5HX+WluBdm6mU6/RQBP3llsU/8cNS8p+JJU0RUlohJd4LisVp5wvzuYjaVGQmnkAwkq/JRcTsCDIm9M+ej3G4F1xT3hPxzWqR3qFRZ+K3NtlRnEGWqrZCDMoFVWxyxo458u9JqhukeZLxaHQSeWyl77e+eitz+/B1UkvCnvR7+/ds5/NH6yzz+yQfWURO2Vn7IJdsj4TbMr+sgf22HoKNoK94OBFGrSaN/tsKYIvzyx9uqs=</latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo=">AAACY3icbVFdSxtBFJ1s1dr4FT/eSmEwCKVI2JWCfZQWxEcLjRGyi9yd3E2GzMwuM3fVsORH9FV/WX+A/8PJug9Ge5/OvefM/TiTFko6CsN/reDDyurax/VP7Y3Nre2dzu7elctLK7AvcpXb6xQcKmmwT5IUXhcWQacKB+ n014If3KJ1Mjd/aFZgomFsZCYFkC8N4jFoDd9uOt2wF9bB34OoAV3WxOXNbus8HuWi1GhIKHBuGIUFJRVYkkLhvB2XDgsQUxjj0EMDGl1S1fvO+VGWW04T5HX+WluBdm6mU6/RQBP3llsU/8cNS8p+JJU0RUlohJd4LisVp5wvzuYjaVGQmnkAwkq/JRcTsCDIm9M+ej3G4F1xT3hPxzWqR3qFRZ+K3NtlRnEGWqrZCDMoFVWxyxo458u9JqhukeZLxaHQSeWyl77e+eitz+/B1UkvCnvR7+/ds5/NH6yzz+yQfWURO2Vn7IJdsj4TbMr+sgf22HoKNoK94OBFGrSaN/tsKYIvzyx9uqs=</latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo=">AAACY3icbVFdSxtBFJ1s1dr4FT/eSmEwCKVI2JWCfZQWxEcLjRGyi9yd3E2GzMwuM3fVsORH9FV/WX+A/8PJug9Ge5/OvefM/TiTFko6CsN/reDDyurax/VP7Y3Nre2dzu7elctLK7AvcpXb6xQcKmmwT5IUXhcWQacKB+ n014If3KJ1Mjd/aFZgomFsZCYFkC8N4jFoDd9uOt2wF9bB34OoAV3WxOXNbus8HuWi1GhIKHBuGIUFJRVYkkLhvB2XDgsQUxjj0EMDGl1S1fvO+VGWW04T5HX+WluBdm6mU6/RQBP3llsU/8cNS8p+JJU0RUlohJd4LisVp5wvzuYjaVGQmnkAwkq/JRcTsCDIm9M+ej3G4F1xT3hPxzWqR3qFRZ+K3NtlRnEGWqrZCDMoFVWxyxo458u9JqhukeZLxaHQSeWyl77e+eitz+/B1UkvCnvR7+/ds5/NH6yzz+yQfWURO2Vn7IJdsj4TbMr+sgf22HoKNoK94OBFGrSaN/tsKYIvzyx9uqs=</latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo=">AAACY3icbVFdSxtBFJ1s1dr4FT/eSmEwCKVI2JWCfZQWxEcLjRGyi9yd3E2GzMwuM3fVsORH9FV/WX+A/8PJug9Ge5/OvefM/TiTFko6CsN/reDDyurax/VP7Y3Nre2dzu7elctLK7AvcpXb6xQcKmmwT5IUXhcWQacKB+ n014If3KJ1Mjd/aFZgomFsZCYFkC8N4jFoDd9uOt2wF9bB34OoAV3WxOXNbus8HuWi1GhIKHBuGIUFJRVYkkLhvB2XDgsQUxjj0EMDGl1S1fvO+VGWW04T5HX+WluBdm6mU6/RQBP3llsU/8cNS8p+JJU0RUlohJd4LisVp5wvzuYjaVGQmnkAwkq/JRcTsCDIm9M+ej3G4F1xT3hPxzWqR3qFRZ+K3NtlRnEGWqrZCDMoFVWxyxo458u9JqhukeZLxaHQSeWyl77e+eitz+/B1UkvCnvR7+/ds5/NH6yzz+yQfWURO2Vn7IJdsj4TbMr+sgf22HoKNoK94OBFGrSaN/tsKYIvzyx9uqs=</latexit>

q
<latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit>

h
<latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit>

(x0, y0, z0)
<latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit>

(x0, y0, z0 + Lp)
<latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit>

Division of the process into partonic and hadronic stages

6

Path of (struck) quark is divided into 
“partonic phase” and “hadronic phase”

partonic hadronic
Lc, q̂, ∆Eq

pT broadening
σinel

Multiplicity ratio

The partonic phase persists for a distance Lc, over which 
pT broadening via q̂, and partonic energy loss ∆Eq, occur

The hadronic phase follows the partonic phase, passing through 
the remainder of the medium, and causing attenuation of 
hadrons by an inelastic interaction cross section σinel
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Studies with HERMES on He, Ne, Kr, Xe  



Studies with HERMES on He, Ne, Kr, Xe  



Past CLAS Spectrometer at JLab



Eg2 Double-Target



DIS cinematics on CLAS6



Charged pions -  multiplicity ratio

S. Moran, et al. (CLAS collaboration). Phys. Rev. C 105, 015201 – January, 2022



Charged pions -  multiplicity ratio - multidimensional

S. Moran, et al. (CLAS collaboration). Phys. Rev. C 105, 015201 – January, 2022



Charged pions - ‘Cronin Effect’ - positive pions

S. Moran, et al. (CLAS collaboration). Phys. Rev. C 105, 015201 – January, 2022



Transverse momentum broadening Zh dependence  
for positive pions - integrated (CLAS PRELIMINARY)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
hz

0

0.01

0.02

0.03

0.04

0.05

]2
 [G

eV
T2

 P
∆

C
Fe
Pb

0.3 0.4 0.5 0.6 0.7 0.8 0.9
hz

0

0.01

0.02

0.03

0.04

0.05

]2
 [G

eV
T2

 P
∆

C
Fe
Pb

without Xf cut without Xf>0 cut
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Transverse momentum broadening Zh dependence  
for positive pions- differential (CLAS PRELIMINARY)
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η

ω

CLAS Preliminary
Andrés Bóquez Master Thesis

Light hadrons: η and ω preliminary results 



• Hadronization studies in nuclear 
medium (all types of pions, neutral 
kaons, lambdas, protons, etas, 
omegas)


• Color transparency


• Short-Range Nuclear correlations


• Two-pion BEC correlations 


• Dihadron supresión


• Etc.

Studies performed with EG2 data



CLAS12 Spectrometer at JLab



12 GeV cinematics

Data from RGF experiment



Double Target for RG-E (2024 data)



Experiment Context: CLAS12 RG-E Experimental  
Target Conditions
1. Reduced Space in Beamline, 85mm 
2. High Vacuum, 10-6 mbar 
3. Strong Magnetic Field, 5 Tesla 
4. Cryogenic Temperatures, 22 Kelvin cryo-cell 
5. 11 GeV Beam energy 

• Interchangeable solid targets system in high vacuum 
• Remote control system 
• Resistant to high radiation 
• Non-magnetic materials 
• High vacuum resistant materials (no out-gassing) 
• Fit in a  85mm diameter, cylindrical room 
• Estimation of temperature in targets and devices



RGE Experiment Double Target System

Exchanging solid targets from one to another from  
the counting house was taking less than one minute.







Solid target thickness in 
mm

Solid target density in g/
cm3 Total Luminosity Achieved

2cm LD2 + C 1.51 1.7 23 1/fb

2cm LD2 + Al 1.21 2.6 24 1/fb

2cm LD2 + Cu 0.34 8.3 22 1/fb

2cm LD2 + Sn 0.29 7.1 22 1/fb

2cm LD2 + Pb 0.14 10.6 26 1/fb

The target configuration during the run (27 PAC days)



First Preliminary RG-E measurements 
Multiplicity Ratio vs Z with DIS cuts



First Preliminary RG-E measurements 
Multiplicity Ratio vs Nu with DIS cuts



First Preliminary RG-E measurements 
Transverse momentum broadening vs A1/3 with DIS cuts



First Preliminary RG-E measurements 
Transverse momentum broadening vs Nu & Zh with DIS cuts



Quark Propagation and Hadronization at CLAS12
Quark Propagation and Hadron Formation with 11 GeV Beam

Dependency of observables (and thus derived quantities, such as production 
time, formation times, transport coefficient, in-medium cross section, etc.) on 

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting error 
(60 PAC days)

π0 25 nm 0.13 uu ̅̅dd ̅̅ 5.7% (sys)

π+, π- 7.8 m 0.14 ud,̅̅ du̅ ̅ 3.2% (sys)

η 170 pm 0.55 uu̅ ̅dd̅ ̅ss̅̅ 6.2% (sys)

ω 23 fm 0.78 uu̅ ̅dd̅ ̅ss̅̅ 6.7% (sys)

η’ 0.98 
pm 0.96 uu̅ ̅dd̅ ̅ss̅̅ 8.5% (sys)

φ 44 fm 1 uu̅ ̅dd̅ ̅ss̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅ ̅dd̅ ̅ss̅̅ -

K0 27 mm 0.5 ds̅̅ 4.7% (sys)

K+, K- 3.7 m 0.49 us̅̅, u̅ ̅s 4.4% (sys)

p stable 0.94 ud 3.2% (sys)

p̄ stable 0.94 u ̅̅d ̅̅ 5.9% (stat)**

Λ 79 mm 1.1 uds 4.1% (sys)

Λ(1520) 13 fm 1.5 uds 8.8% (sys)

Σ+ 24 mm 1.2 us 6.6% (sys)

Σ- 44 mm 1.2 ds 7.9% (sys)

Σ0 22 pm 1.2 uds 6.9% (sys)

Ξ0 87 mm 1.3 us 16% (stat)*

Ξ- 49 mm 1.3 ds 7.8% (stat)*

*in a bin in z from 0.7-0.8, integrated over all ν, pT, φpq, and Q2>5 GeV2

**in a bin in z from 0.6-0.7, integrated over all ν, pT, φpq, and Q2>5 GeV2

zh zh

u

u

u

d

s

s

More Luminosity More Acceptance Better Particle ID

First look at GeV-scale meson formation!
Measurements of baryon formation!



Closing remarks: 

• The successful run of the first phase of the CLAS12-RGE experiment, 
conducted on various types of nuclear targets, provides a unique opportunity to 
measure a wide range of nuclear medium variables, such as hadronic 
multiplicity ratios, transverse momentum broadening, and correlation functions. 
These measurements on a wide range of hadron species offer a valuable 
opportunity to gain a comprehensive understanding of the hadronization 
phenomena within the nuclear medium.


• RG-E data cooking and calibration are in progress, with completion planned for 
this year. In parallel, data analysis is advancing and gaining momentum as well.


• Looking forward to the second experimental phase of RG-E, which corresponds 
to another 30 PAC days. This is necessary for access to hadrons with smaller 
cross-sections and more complex decays channels. Outbidding data is also 
planned to take during this phase in its majority.


• The RG-E, being a lower-energy electron-nuclei collider, is on a pathway 
towards the future Electron-Ion Collider.


