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Color Transparency (CT)

Color Transparency (CT)

The final/initial state interaction of hadrons with the nuclear medium must vanish for exclusive
processes at high momentum transfer⇒ QCD

Color transparency is the reduction in interaction due to "squeezing and freezing" at high momentum
transfer.

At large Q2, a very special configuration of the hadron wave function is suitable, where all connected
quarks are close together, forming a small size color neutral configuration called a Point Like
Configuration (PLC).

The hadron remains small while it propagates out of nucleus.
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Color Transparency is the result of “squeezing and freezing”. 

 At high momentum transfers, scattering takes place via selection of 
amplitudes characterized by small transverse size (PLC) - “squeezing”            
                                 
 The compact size is maintained while traversing the nuclear medium - 
“freezing”. 
              
 The PLC is ‘color screened’ - it passes undisturbed through the 
nuclear medium. 
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Signature for CT

Signature for CT

Nuclear transparency is the ration of cross-sections for exclusive processes from nuclei to nucleons.
The signature of CT is an increase in the nuclear transparency.

T =
σN

Aσ0

σ0 = free (nucleon) cross-section
σN = σ0Aα

T = Aα−1

dσ
dt
∝ e−bt

b =
1
3

(R2
h + R2

p)

σPLC ≈ σhN
b2

R2h

CT onset searches:
1) Baryon (proton) transparency
2) Meson (pions and ρ0-meson)
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Summary

Color Transparency is the reduction in interaction due to “squeezing and 
freezing” at high momentum transfers. 

CT is well established at high energies.



Color Transparency at High Energies

Color Transparency at High Energies
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CT is well established at high energies.

(a) Coherent diffractive dissociation
of pions at Fermi lab
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Vector Meson production at large Q2   at HERA
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Convergence of the t-slope of 
ρ and  J/ψ electroproduction   
at large Q2 predicted by the 
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state

dσ/dt ∝  e-bt

CT is well established at high energies.

(b) Vector meson production at
HERA
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CT is a robust prediction of QCD.

Color transparency is well established at high energies. The onset of CT is of primary interest.



CT for Intermediate Energies: Motivation

CT for Intermediate Energies: Motivation
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The onset of CT has been observed in mesons, but is
unconfirmed for baryons.

CT is required to explain DIS data.

Onset of CT would be a signature of the onset of QCD
degrees of freedom in nuclei.

The onset of CT is related to the onset of factorization,
which is an important requirement for accessing GPDs
in deep exclusive meson production.

Understanding hadron propagation through nuclear
matter.



Previous Measurements: CT experiment at JLab

Previous Measurements: CT experiment at JLab
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Q2 dependence consistent with 
standard nuclear physics calculations

 D.  Abbott et al. PRL 80, 5072 (1998) 
 K. Garrow et al.  PRC 66, 044613 (2002)

Solid Pts – JLab 
Open Pts -- other

Constant value fit for Q2  > 2 (GeV/c)2  has χ2 / df ∼ 1

 N. C. R. Makins et al. PRL 72, 1986 (1994) 
 G. Garino et al.  PRC 45, 780 (1992)

A(e,e'p) results

Evidence for CT at intermediate energies is a mixed bag.

Latif Kabir The Color Transparency Experiment January 22, 2018 7 / 23



Previous Measurements: BNL Result

Previous Measurements: BNL Result

This puts us in the heart of the dynamics of confinement. Furthermore, the
onset of CT is related to the onset of factorization, which is an important
requirement for accessing Generalized Parton Distributions (GPDs) in deep
exclusive meson production [Str00].

3 Previous Measurements

To summarize the previous discussion, the arguments leading to Color Trans-
parency (CT) involve three ingredients. First, at the time of interaction, the
hadron has to fluctuate to a small size configuration (or Point Like Con-
figuration (PLC)). Second, the PLC experiences a reduced interaction with
the nucleus. Third, the hadron remains small while it propagates out of the
nucleus. Consequently, the signature of CT is an increase in the nuclear trans-
parency TA with increasing hardness of the reaction (Q2). TA is defined as the
ratio of the measured exclusive cross section to the cross section in absence of
initial and final state interactions. It can be measured by taking the ratio of
the nuclear per nucleon cross section (σA/A) to the free nucleon cross section:
TA = σA/(AσN). Tremendous experimental efforts have gone into looking for
the onset of CT. These searches can be organized into two categories. The first
category focuses on studying baryon (proton) transparency, and the second
one studies meson (pions and ρ0-meson) transparency.

Fig. 1. Nuclear Transparency of (p,2p) experiments at Brookhaven National Labo-
ratory (see text for details)
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(p, 2p) experiment at BNL found
an enhancement in the
transparency.

Decreases at higher momentum.

Result inconsistent with CT only

Can be explained by including
additional mechanisms such as
nuclear filtering or charm
resonance.



Previous Measurements: CT onset search at JLab

Previous Measurements: CT onset search at JLab

Fig. 3. The nuclear transparency for π+ electro-production versus Q2, measured in
Hall-C at JLab [Cla07]. The solid and dashed lines are calculations by Frankfurt,
Miller and Strikman [Fra08] for Glauber (solid) and Glauber including CT effects
(dashed). The dot-dash and dotted lines are Glauber and Glauber including CT
effects calculations from Cosyn and Ryckebusch [Cos06], which include also the
effects of short-range correlations.

The clearest signal of CT was observed in the E791 experiment [Ait01] at
FNAL. The A-dependence of the diffractive dissociation into di-jets of 500
GeV/c pions scattering coherently from carbon and platinum targets was mea-
sured. It was found that the cross section can be parameterized as σ = σ0A

α,
with α = 1.6. This result is quite consistent with theoretical calculations
[Ber81,Fra93,Fra00] including CT and obviously inconsistent with a cross sec-
tion proportional to A2/3 which is typical of inclusive pion-nucleus interactions.

A more recent experiment [Dut01] to look for CT was performed in Hall C
at JLab, where the (e, e′π+) process on 1H, 2H, 12C, 27Al, 64Cu and 197Au
was used to measure the pion transparency over a Q2 range from 1.1 to 4.7
GeV2 as shown in figure 3. Both the energy dependence and the A depen-
dence of the transparency were measured [Cla07]. The results are very sug-
gestive of CT showing qualitative agreement with models including CT effects
[Lar06,Cos06].

17
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JLab Experiments conclusively find the onset of CT.

27
FMS: Frankfurt, Miller and Strikman, Phys. Rev., C78: 015208, 2008 

A(e,e' π+)
A(e,e' ρ0)

•  Hall-C Experiment E01-107  
pion electroproduction from   
nuclei found an enhancement  

in transparency with increasing 
Q2 & A, consistent with the 

prediction of CT. 
(X. Qian et al., PRC81:055209 (2010), 
B. Clasie et al, PRL99:242502 (2007)) 

•  CLAS Experiment E02-110  
rho electroproduction from  

nuclei found a similar 
enhancement, consistent with  

• the same predictions          
(L. El-Fassi, et al., PLB 712, 326 (2012) ) 

•   
 

Hall-C experiment E01-107 (Pion electroproduction) and CLAS experiment E02-110
(ρ electroproduction) consistent with prediction of CT
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Color Transparency Experiment at JLab in 12 GeV Era

Color Transparency Experiment at JLab in 12 GeV Era
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PRC 45, 791 (1992)
PRC 51, 3435 (95), 50, R1296 (94)

PRC 74, R062201 (2007)

Can help interpret the 
rise seen in the BNL 
A(p,2p) data at 
Pp = 6 - 9 GeV/c

A(e,e’p) @ 11 GeV JLab 

18

Upcoming experiments at JLab will provide answers.
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CT Experimental Setup and Requirements

CT Experimental Setup and Requirements

Experimental Setup 

 

Beam:  

Energy: 11 GeV 

Current: 80mA 

Electron arm fixed at: 
SHMS at pcen = 9.32 GeV/c 

qe = 11.68o  Q2 = 4.25 (GeV/c)2 

x = 1.35    qnq = 40o  

Vary proton arm to measure: 
HMS 1.96 ≤ pcen ≤ 2.3 geV/c 

Angles: 63.5o ≥ qp ≥ 53.1 

pm = 0.5, 0.65, 0.8 GeV/c 
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Trigger: Coincidence mode.

Spectrometers: SHMS for proton and HMS for electron.

Detectors:
Standard detector packages from SHMS and HMS for PID.

Target:
10 cm LH2 (Heep check)
Al dummy (Background)
6% 12C (Production)

Q2 Values:
8.01, 10.02, 12.43, 14.76 GeV2

Angles: HMS: 240 - 450 SHMS: 120 - 240

Momentum: p HMS = 2.131 - 5.259 GeV/c
p SHMS = 5.122 - 8.753 GeV/c

Beam current: 65 µA



LH2 Data

LH2 Data
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HMS delta and SHMS
delta: Data vs SIMC

HMS ytar and SHMS ytar:
Data vs SIMC



LH2 Data

LH2 Data
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HMS x ′tar and SHMS x ′tar:
Data vs SIMC

HMS y ′tar and SHMS y ′tar:
Data vs SIMC



LH2 Data

LH2 Data
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W and missing energy:
Data vs SIMC

Missing momentum and
cointime



LH2 Data

Coincidence Time

Coincidence time→ The relative time when electron and proton scatter off the target.

tcoin = t tar
electron − t tar

proton (1)

t tar
electron and t tar

proton can be projected back from the ttrigger−1 and ttrigger−4 by correcting for over estimated time
due to path length and other contributions.

t tar
proton = (ttrigger−1 −∆tP) (2)

t tar
electron = (ttrigger−4 −∆tH) (3)

Corrected Coin Time t coin
corrected = (ttrigger−1 −∆tP)− (ttrigger−4 −∆tH) (4)

∆tH(P) = ∆tH(P)
(1) + ∆tH(P)

(2) + ∆tH(P)
(3) (5)
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LH2 Data

Coincidence Time: Contributions to the correction term

2.4 Spectrometers

The reaction studied was A(e,e′π+) and the scattered electron (e′) was detected in the Short-

Orbit Spectrometer (SOS) while the π+ was detected in coincidence in the High-Momentum

Spectrometer (HMS). Bending magnets and wire chambers in each spectrometer allowed the

determination of the particle’s momentum, while gas and aerogel detectors were employed

to select the desired particles. In addition, plastic scintillators with < 1 ns time resolution

provided the difference in the time-of-flight between the e′ and the π+ and were also used

for triggering in each spectrometer.

2.4.1 High-Momentum Spectrometer (HMS)

Figure 2-5: Side view of the HMS (figure from Ref. [31]).

The HMS uses four superconducting magnetic elements to focus and separate particles

based on their momentum and charge (Fig. 2-5). The magnetic elements consisted of three

quadrupoles followed by a dipole (QQQD). The HMS was rotated about the target, and

angles between 10.6◦ to 20.0◦ were used with momentum settings between 2.1-4.4 (GeV/c).

The resolution of the momentum and the in-plane and out-of-plane scattering angles was

0.2%, 0.8 mrad and 1.2 mrad respectively. At a particular setting, the nominal momentum

acceptance was ±10% of the central momentum and the nominal angular acceptance was

±40 mrad in plane and ±75 mrad out of plane. The configuration of the detectors in the

HMS is shown in Fig. 2-6, and will be discussed further in Sec. 2.4.3.

56

The TOF correction if the particle would arrive at the focal plane following the central path. → leading
order correction

∆tH
(1) =

LH
central

ve
(6)
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LH2 Data

Coincidence Time: Contributions to the correction term

2.4 Spectrometers

The reaction studied was A(e,e′π+) and the scattered electron (e′) was detected in the Short-

Orbit Spectrometer (SOS) while the π+ was detected in coincidence in the High-Momentum

Spectrometer (HMS). Bending magnets and wire chambers in each spectrometer allowed the

determination of the particle’s momentum, while gas and aerogel detectors were employed

to select the desired particles. In addition, plastic scintillators with < 1 ns time resolution

provided the difference in the time-of-flight between the e′ and the π+ and were also used

for triggering in each spectrometer.

2.4.1 High-Momentum Spectrometer (HMS)

Figure 2-5: Side view of the HMS (figure from Ref. [31]).

The HMS uses four superconducting magnetic elements to focus and separate particles

based on their momentum and charge (Fig. 2-5). The magnetic elements consisted of three

quadrupoles followed by a dipole (QQQD). The HMS was rotated about the target, and

angles between 10.6◦ to 20.0◦ were used with momentum settings between 2.1-4.4 (GeV/c).

The resolution of the momentum and the in-plane and out-of-plane scattering angles was

0.2%, 0.8 mrad and 1.2 mrad respectively. At a particular setting, the nominal momentum

acceptance was ±10% of the central momentum and the nominal angular acceptance was

±40 mrad in plane and ±75 mrad out of plane. The configuration of the detectors in the

HMS is shown in Fig. 2-6, and will be discussed further in Sec. 2.4.3.

56

The particle not necessarily follow central path→ time taken to travel this additional path (difference
between track length and central path)

∆tH
(2) =

∆LH
central

ve
(7)
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LH2 Data

Coincidence Time: Contributions to the correction term
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Figure 2-6: Configuration of the detectors in the HMS (figure from Ref. [65]).

2.4.2 Short-Orbit Spectrometer (SOS)

The SOS contained three room temperature magnetic elements, a quadrupole followed by

two dipoles (QDD) (Fig. 2-7). The SOS was rotated about the target, and angles between

27.8◦ to 55.9◦ were used with momentum settings between 0.73-1.73 (GeV/c). The reso-

lution of the momentum and the in-plane and out-of-plane scattering angles was 0.15%,

2.5 mrad and 0.5 mrad respectively. At a particular setting, the nominal momentum accep-

tance was +15% to −10% of the central momentum and the nominal angular acceptance

was ±70 mrad in plane and ±40 mrad out of plane. The distance from the target to the

center of the detector hut was approximately 10 m. The configuration of the detectors in

SOS hut was very similar to the HMS, shown in Fig 2-6. The distances between the detector

elements were slightly different in the SOS compared to this figure and no aerogel Cerenkov

detector was used in the SOS.

2.4.3 Detector packages

The HMS and SOS each contained two wire (or drift) chambers that were separated by

81.5 cm in the HMS and 49.5 cm in the SOS. The chambers were located outside of the

magnetic fields of the spectrometer magnetic elements. The position and angle of a track

could be determined using the two wire chambers in a given spectrometer. Each chamber

consisted of 6 planes of wires and the gas surrounding the wires was a mixture of argon and

ethane in the ratio of 1:1. The position resolutions of the HMS and SOS drift chambers

57

The trigger is initiated by the hodoscope planes→ The time difference between central time (hodo start
time) and focal plane time.

∆tH
(3) = (< tH

hodostart > −tH
fp ) (8)

Signal propagation time through the hodoscope, wires and other effects→ δoffset
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LH2 Data

Coincidence Time

SHMS Coin Time Correction ∆tP =
LP

central

ve
+

∆LP

ve
+ (< tP

hodostart > −tP
fp) (9)

HMS Coin Time Correction ∆tH =
LH

central

vp
+

∆LH

vp
+ (< tH

hodostart > −tH
fp ) (10)

Coin Time t coin
corrected = (ttrigger−1 −∆tP)− (ttrigger−4 −∆tH)− δoffset (11)

β =
p√

p2 + m2
(12)

LP
central = 18.1 m and LH

central = 22 m (13)

∆LH = 12.462×x ′hs fp +0.1138×x ′hs fpxhs fp−0.0154×xhs fp−72.292×x ′hs
2
fp−0.0000544×xhs

2
fp−116.52×y ′hs

2
fp

(14)

Latif Kabir The Color Transparency Experiment January 22, 2018 19 / 23



Coincidence Time

Coincidence Time
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Coincidence Time

Coincidence Time
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Coincidence Time

Coincidence Time
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Summary and Current Status

Summary and Current Status

The experiment aims to search for the onset of CT for protons and help understand hadron propagation
through nuclear matter .

The proton momentum range covered in the experiment overlaps with the region where the
enhancement was observed at BNL⇒Will help verify the origins of the enhancement.

The experiment has collected the full planned statistics on the LH2 target at 6.4 GeV.

The preliminary analysis shows that data to be of good quality.

The data taking will resume as soon as production (6% 12C) target is restored.
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