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The CLAS12 physics program
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• Experiments at Jefferson Lab are generating the 
most comprehensive and the most precise data 
ever on the internal substructure of nucleons and 
nuclei.

• The 3D quark structure of the nucleon and N* 
states– from form factors and PDFs to GPDs and 
TMDs

• The quark/gluon orbital momentum contribution to 
the proton’s spin

• Quark confinement and the role of the glue in 
meson and baryon spectroscopy

• Search for physics beyond the standard model of 
particle physics 



CLAS12
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Central Detector:
- SOLENOID magnet 

- Barrel Silicon Tracker

- Micromegas 

- Neutron detector

- Central Time-of-Flight

Forward Detector:
-TORUS magnet

- HT Cherenkov Counter

- Drift chamber system

- LT Cherenkov Counter

- RICH detector 

- Forward ToF System

- Preshower calorimeter 

- E.M. calorimeter (EC)

Forward Tagger (FD)

MM

CND
FT

RICH

https://www.jlab.org/Hall-B/clas12-web/

Number of readout channels  ~100,000



CLAS12 installation
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Θ (mrad)	

Run	3817				File				10				Event	460270	
	
P	=	4.3	GeV/c	
	
CLAS	pid	=	211					RICH	pid	=	211	
	
RQP	=	0.997						RQP	=	1	-		LH2nd/LH1st	

-  Pion	
-  Kaon	
-  Proton	

CLAS12 event
P=4.3 GeV/c
FTOF PID - π
RICH PID - π

RICH photo matrix, 391 
MAPMT 25,000 channels

Ring Imagine Cherenkov Counter
• 391 HAMAMATSU 8x8 MAPMTs
• 25,000 channels were calibrated using laser stand
• RICH is using equalized gains for each pixel at 1000V

Θ (mrad)	

Run	3817				File				10				Event	460270	
	
P	=	4.3	GeV/c	
	
CLAS	pid	=	211					RICH	pid	=	211	
	
RQP	=	0.997						RQP	=	1	-		LH2nd/LH1st	

-  Pion	
-  Kaon	
-  Proton	

Radiator: Aerogel tiles, Photon detectors: MAPMTs



CLAS12 trigger
• Inclusive electron scattering trigger
High Threshold Cherenkov Counter
Drift Chambers track reconstruction
Electromagnetic calorimeter 
• Photoproduction trigger (FT trigger)
Forward Tagger (FT) and Hodoscope, cluster funding is 
used to determine the electron energy and coordinate
Charge particles in the Forward and Central Detectors. 
• “Muon” trigger
Select events with two muons detected in the Forward 
Detectors ONLY. This trigger does not require to detect 
scattered electron.



Event based triggers
electron “muon” pair

1 cluster 2 clusters

FT-CAL
Trigger

CD -
CTOF



CLAS12
• Collaboration
҆More than 195 members
҆43 Institutions
҆9 countries

• Experimental program
҆41 approved proposals

• Targets
҆ Proton, deuteron and nuclei
҆ Unpolarized, longitudinally and transversally polarized
҆ Solid, liquid and gas

• beam:
҆ highly polarized electron beam
҆ linearly polarized quasi-real photons

• final states: inclusive, semi-inclusive and exclusive
• luminosity up to 1035 cm-2s-1

• 11 Run Groups
• 10 years of approved data taking
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CLAS12 Data Taking
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CLAS12 Kinematics
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Event Reconstruction and PID
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RGA – p(e,e’)X, p(e,e’p+)X 
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DVCS
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Exclusivity Cuts
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Beam-spin asymmetry
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Gravity and Mechanical properties
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Deeply	virtual	Compton	scattering

G
G	p	=>	p

p

p’

γ

γv
γγp =>	p

p’

p

Gravity

Vector	

Electro-
magnetism

PCAC

Weak	
interaction

Tensor	

Qp µp
gA gP

Mp Jp Dp

Probing the proton

The DVCS process mimics graviton-proton coupling with many orders of 
magnitude higher rate that makes the experiments feasible.   



Pressure Distribution inside the Proton
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Run Group-K Questions to address
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Run Group-K:  Data taking 
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Beam
Energy

Beam
Current

Targe
t 

Trigger Collected Events

7.5 GeV 35 nA LH2 e in CLAS or (e in FT + 1 Fwd Hadron) 3.5 G

7.5 GeV 45 nA LH2 e in CLAS – pre-scaled or  (e in FT + 1 Fwd Hadron 4.3 G

6.5 GeV 60 nA LH2 e in CLAS 7.8 G

Q~45mC = 7% of 
Expected 648mC  

COLLECTED
EVENTS
15.6x109

Nov. – Dec. 2018

E12-16-010 A search for hybrid baryons in Hall B with CLAS12

E12-16-010A Nucleon resonances in excl. KY electroproduction

E12-16-010B DVCS with CLAS12 at 6.6 and 8.8 GeV

• 3 experiments

• Polarized electrons on Liquid-hydrogen target

• Torus setting: Negatives out-bending



RGK: Electron Scattering & PID
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Run Group B: Deuterium Target
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Central Neutron Detector
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Kinematic Coverage & Calibration
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RGB: nDVCS Analysis
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• Runs 6164, 6215, 6240, 6289, 6310, 6489, COATJAVA 5.9.0
• PID: electron neutron gamma detected (EB)
• Kinematic cuts: Q2>1 GeV2, p(e)>1 GeV, q(e)>5.5°, p(n)>0.35 GeV
• Preliminary « spectator » and « DVCS » cuts on MM2(eng), missing energy, missing momentum, Eg>2 GeV
• nDVCS+BH simulation: GENEPI + GEMC 4.3.0 + COATJAVA 5.9.0

RGB data
nDVCS + BH simulation

f(n)

f(g)

q(n)

P(n)q(n)

q(g)



Experimental Studies on DVMP and Transversity GPDs

• CLAS6 p0/h out of proton
• Hall-A p0 , Rosenbluth sL/sT separation
• Hall-A p0 out of neutron
• COMPASS p0 with muon beam
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Generalized Parton
Distributions

• GPDs are the functions of three kinematic 
variables: x, x and t

• There are 4  chiral even GPDs where partons 
do not flip helicity H, H, E, E

• 4  chiral odd GPDs flip the parton helicity 
HT, HT, ET, ET

• The chiral-odd GPDs are difficult to access 
since subprocesses with quark helicity-flip are 
suppressed

~ ~

~~
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Chiral-odd GPDs
• Very little known about the chiral-odd GPDs
• Anomalous tensor magnetic moment 

• (Compare with anomalous magnetic moment)

• Transversity distribution

Theory of transversity

Daniël Boer

VU University Amsterdam

1h = -

Outline

• Transversity - properties

• Measuring transversity - why worth the e�ort?

• Accessing transversity

ECT* Workshop on “Hard QCD with Antiprotons at GSI FAIR”, Trento, July 18, 2007 1

H
q(x, 0, 0) = q(x)

H̃
q(x, 0, 0) = �q(x)

H
q
T (x, 0, 0) = h

q
1(x)

1

The transversity describes the distribution of transversely polarized 
quarks in a transversely polarized nucleon
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• The measured cross section of p0 electroproduction is much larger
than expected from leading-twist handbag calculation. This means that
the contribution of the longitudinal cross section sL is small in comparison 
with sT.The same conclusion can be made in a almost model independent 
way from the comparison of the cross sections sU, sTT and sLT.

• The data appear to confirm the expectation that pseudoscalar and, 
in particular, p0 electroproduction is a uniquely sensitive process to 
access the transversity GPDs ET and HT.

_



Rosenbluth separation sT and sL
Hall-A Jefferson Lab
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sT

sL

• Experimental proof that the transverse 
π0 cross section is dominant! 

• It opens the direct way to study the 
transversity GPDs in pseudoscalar 
exclusive production

Hall-A, Phys.Rev.Lett. 117,262001(2016)

Q2=1.5 GeV2

Q2=2.0 GeV2

Q2=1.75 GeV2



p0  Structure Functions
(sT + esL )  sTT sLT
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0* pg pp®
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Curves: Goloskokov, Kroll
Transversity GPD model



h Structure Functions
(sT + esL )  sTT sLT
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Curves: Goloskokov, Kroll
Transversity GPD model
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Comparison p0/h

• sU=sT+esL drops by a factor of 2.5 for h
• sTT drops by a factor of 10
• The GK GPD model (curves)  follows the experimental data
• The statement about the ability of transversity GPD model to describe the pseudoscalar 

electroproduction becomes more solid with the inclusion of h data

p0 h

su

sTT
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-t [GeV2]

Q2=2.20804 GeV2

xB=0.275956
Q2=2.20804 GeV2

xB=0.275956
Q2=2.20804 GeV2

xB=0.275956

-t [GeV2]

Q2=2.20617 GeV2

xB=0.276854
Q2=2.20617 GeV2

xB=0.276854
Q2=2.20617 GeV2

xB=0.276854

Q2=2.2 GeV2

xB=0.28
Q2=2.2 GeV2

xB=0.28

sLT

CLAS-Phys.Rev.C95(2017) 



Structure functions and GPDs

The brackets <F> denote the 
convolution of the elementary 
process with the GPD F  
(generalized form factors)
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• In the approximation of the transversity GPDs 
dominance, that is supported by Jlab data, sL<<sT,

we have direct access to the generalized form 
factors  for p and h production.

Goloskokov, Kroll
Transversity GPD model

ET=2HT+ET

_ ~



|<HT>|2 and |<ET>|2 t-distributions
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dσ
dt

∝ ebt

_

p0

Fit by exponential 
function looks 
reasonable

pi0 HT2  and ETbar2
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<HT> and <ET> parametrization
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• t-slope parameter is a function of x_B
• Q2 dependence reflects the dependence 

of the formfactors on Q2

• The parameters were used in the fit of 
experimental observables – cross sections
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Quality of the fit
Structure Functions
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Structure Functions
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Contributions of       and      to 
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p0 h
HT and ET Contributions

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

0
100
200
300
400

0 0.5 1 1.5 2
-t,GeV2

HT and ET Contributions

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

0
50

100
150
200

0 0.5 1 1.5 2
-t,GeV2

�T

HT

ĒT
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COMPASS arXiv:1903.12030, 28 Mar,2019
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• 160 GeV/c polarized µ+ and  µ- beams of the CERN SPS
• Data taken in 2012, within 4 weeks
• <Q2>=2.0 GeV2

• <xB>=0.093
• <-t>=0.256 GeV2

• 0.08 GeV2 < |t| < 0.64 GeV2

• 1 GeV2 < Q2 < 5 GeV2 

• 8.5 GeV < n < 28 GeV



COMPASS-Jlab comparison
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COMPASS data
(5 points) CLAS structure functions  (VK)
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• Factor of two difference between GK2011 and GK2016
• Factor of two difference between COMPAS and CLAS
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• <Q2>=2.0 GeV2

• <xB>=0.093
• <-t>=0.256 GeV2

• <n>=12.8 GeV
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GK2011 and CLAS6 model

CLAS6 model (VK)

GK2011

GK2016



Integrated cross section
• Compass has huge Q2(1-5 GeV2) bin and xB bin
• It is not clear how this group calculated the 

kinematics in which they reported the differential 
cross section
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dxdx/�

• d�
dx (x̄1) = �/(xmax � xmin)

There are different method how to 
estimate the point where you will report 
the cross section



Example
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• x̄c = (xmin + xmax)/2

• x̄a =
R xmax

xmin
x · d�

dxdx/�

• d�
dx (x̄1) = �/(xmax � xmin)

• x̄c = (xmin + xmax)/2

• x̄a =
R xmax

xmin
x · d�

dxdx/�

• d�
dx (x̄1) = �/(xmax � xmin)

• x̄c = (xmin + xmax)/2

• x̄a =
R xmax

xmin
x · d�

dxdx/�

• d�
dx (x̄1) = �/(xmax � xmin)

In this simple example the systematic 
error connected with the estimation of 
the kinematic point is as much as 25% 
and cross section 60%



xB=(0.07 0.08 0.09 0.093) Q2=2 GeV2
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Q2=(2.0 2.1 2.2 2.3) xB=0.093
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Conclusion
• Compass released p0 structure functions after 7 years 

of data analysis (data taken 2012)
• Compass published 5 experimental point for the  

structure function d(sT+esL)/dt as a function of t in the 
kinematics closed to published CLAS data (2000 
kinematic points).

• The comparison with the GPD model presented factor 
of two discrepancy with the extrapolated from the 
CLAS structure functions.

• However, the integrated bin sizes in Q2 and xB are so 
large that the kinematics in which COMPASS reported 
structure functions has to have significant systematic 
error. It is early to talk about this discrepancy
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fit results
Data
• CLAS p0/h
• Hall-A p0

• parameters only

• Fit ONLY sTT data

ĒT (x, t, ⇠)

ĒT (x, t, ⇠)

�TT =
4⇡↵e

2

µ2
⇡

Q4

t0

8m2
|hĒT i|2



GPDs parameters
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Ēu
T (x, t, ⇠) = Nu · eb

ut
2X

j=0

cuj · D(
j

2
, x, ⇠)

Ēd
T (x, t, ⇠) = Nd · eb

dt
4X

j=0

cdj · D(
j

2
, x, ⇠)

D(i, x, ⇠) =
3

2⇠3(1 + i� k)(2 + i� k)(3 + i� k)
{(⇠2 � x)

 ✓
x+ ⇠

1 + ⇠

◆2+i�k

�
✓

x� ⇠

1 +�xi

◆2+i�k
!

+⇠(1� x)(2 + i� k)

 ✓
x+ ⇠

1 + ⇠

◆2+i�k

+

✓
x� ⇠

1 +�xi

◆2+i�k
!
}

D(i, x, ⇠ = 0) = xi�k(1� x)3

k = ↵0 + ↵0t



x=0 Limit
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Ēu
T (x, t, ⇠ = 0) = Nu · x�↵u

0 (1� x)4e(b
u�↵0u ln(x))t

Ēd
T (x, t, ⇠ = 0) = Nd · x�↵u

0 (1� x)5e(b
d�↵0u ln(x))t

Ēu
T (x, t, ⇠) = Nu · eb

ut
2X

j=0

cuj · D(
j

2
, x, ⇠)

Ēd
T (x, t, ⇠) = Nd · eb

dt
4X

j=0

cdj · D(
j

2
, x, ⇠)

x-> 0



x=0 Limit
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Ēu
T (x, t, ⇠ = 0) = Nu · x�↵u

0 (1� x)4e(b
u�↵0u ln(x))t

Ēd
T (x, t, ⇠ = 0) = Nd · x�↵u

0 (1� x)5e(b
d�↵0u ln(x))t

Ēu
T (x, t, ⇠) = Nu · eb

ut
2X

j=0

cuj · D(
j

2
, x, ⇠)

Ēd
T (x, t, ⇠) = Nd · eb

dt
4X

j=0

cdj · D(
j

2
, x, ⇠)



Fit Parameters
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V0.p5
d

V1.p5
d

V2.p6
d

V3.p8
d

+/- GK 
Model

Nu 14.76 4.880 15.90 9.89 3.6 6.83

bu 0.33 -1.40 0.49 0.16 0.48 0.5

a0u -0.05 =0.3 -0.08 0.04 0.09 0.3

a’u =0.45 1.024 0.395 0.46 0.13 0.45

Nd 29.0 6.165 32.43 34.10 18.8 5.05

bd 3.33 0.60 3.56 0.93 1.04 0.5

a0d -0.05 =0.3 -0.08 -0.07 0.15 0.3

a’d =0.45 1.024 0.395 1.21 0.30 0.45

Suspicious fit Best fit



4 versions
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• v1.p5 has crazy t-behavior
• v0.p5 and v2.p6 almost identical
• We end up actually with two 

versions for v2.p6 and v3.p8



t-distributions, x=0.1,0.3,0.5
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u-quarks       ETbar     d-quarks2019/09/04   08.36
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• a0 and a’ are the same for u and d quarks
• a0 and a’ for u and d quarks are free 

parameters

ĒT (x, t, ⇠ = 0)

Ēu
T (x, t, ⇠ = 0) = Nu · x�↵u

0 (1� x)4e(b
u�↵0u ln(x))t

Ēd
T (x, t, ⇠ = 0) = Nd · x�↵u

0 (1� x)5e(b
d�↵0u ln(x))t

• We can conclude that that model 
with common a0 and a’ for u and d 
quarks doesn’t work.



x-distributions, -t=0,0.5,1 GeV2
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u-quarks       ETbar     d-quarks2019/09/04   08.36
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ĒT (x, t, ⇠ = 0)

• a0 and a’ are the same for u and d quarks
• a0 and a’ for u and d quarks are free 

parameters



Next steps

• Two sets of data were used for a moment: CLAS (p0 and h) and 
Hall-A (p0 only) out of proton

• Hall-A published p0 structure functions for neutron

• COMPASS released p0 muon electroproduction out of proton 

• The problem with Hall-A neutron and COMPASS data is 
connected with the fact that there is only one kinematic point 
(Q2,xB) published

• Nevertheless, we will include these data for the combined global  
fit at the next step 

• Neutron data will help for the flavor separation and COMPASS to 
fix energy dependence of GPDs 
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What               will tell us  about 
the nucleon structure?
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ĒT (x, t, ⇠)



The Fourier Transform of 
Generalized Parton Distribution
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• The Fourier transforms of GPDs at ξ = 0 describe the 
distribution of partons in the transverse plane (M. Burkardt, 
2002) 

• It was shown that they satisfy positivity constraints which justify 
their physical interpretation as a probability density 

• H is related to the impact parameter distribution of unpolarized 
quarks in an unpolarized nucleon

• H is related to the distribution of longitudinally polarized quarks 
in a longitudinally polarized nucleon

• E is related to the distortion of the unpolarized quark 
distribution in the transverse plane when the nucleon has 
transverse polarization. 

• ET is related to the distortion of the polarized quark distribution
in the transverse plane for an unpolarized nucleon

~

_

K(x,~b) =

Z
d2~�

(2⇡)2
exp�i~b·~� K(x, t = ��2)



The Density of Transversely 
Polarized Quarks in an Unpolarized 
Proton 

�(x,~b) =
1

2
[H(x,~b)� by

m

@

@b2
ĒT (x,~b)]
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ET is related to the distortion of 
the polarized quark distribution in 
the transverse plane for an 
unpolarized nucleon

_

q



The Density of Transversely 
Polarized Quarks in an Unpolarized 
Proton 
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E is related to the distortion of the 
polarized quark distribution in the 
transverse plane for an unpolarized 
nucleon

_

q

�(x,~b) =
1

2
[H(x,~b)� by

m

@

@b2
ĒT (x,~b)]
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Integrated Over x Transverse Densities 
for u and d Quarks in the Proton

Strong distortions 
for unpolarized
quarks in 
transversely 
polarized proton

Strong distortions 
for transversely 
polarized quarks 
in an unpolarized 
proton

Controlled by ET=2HT+ET

_ ~

Gockeler et al, Phys. Rev. Lett. 98, 222001 (2007), lattice
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Controlled by E

Lattice calculations

u quarks

d quarks

Polarized proton Unpolarized proton



q

GPD model: integrated over x
Impact Parameter Density for u-
quarks

60

M. Diehl and Ph Hagler (2005) GPD model with “some  reasonable ” parameters. 

• Left: unpolarized u-q�uarks in a proton with transverse spin vector. 
• Right: the distribution of u-quarks with transverse spin vector  in an unpolarized 

proton. 

p

u quarks

Polarized proton Unpolarized proton



 Polarized Quarks in Unpolarized Proton
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 Polarized Quarks in Unpolarized Proton
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Transverse Densities for u 
and d Quarks in the Proton

Note distortions for transversely polarized u and d quarks.



Transverse Densities for u 
and d Quarks in the Proton
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 Polarized Quarks in Unpolarized Proton
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Transverse Densities for u 
and d Quarks in the Proton
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 Polarized Quarks in Unpolarized Proton
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Summary

• The brand new CLAS12 detector successfully took data 
with proton and deuteron targets data with 10.6, 7.5 and 
6.5  GeV electron beam

• Run Groups A, B and K are working on the calibration of 
the detectors and one step away from the start of the 
massive data processing

• The study of deeply virtual exclusive pseudoscalar meson 
production uniquely connected with the  transversity 
GPDs, and  has already begun to access their underlying 
polarization distributions of quarks in the nucleon. 

• The combined p0 and h, proton and neutron data analysis 
provide the way for  the flavor decomposition of 
transversity GPD

• The full data set from CLAS, Hall-A and COMPASS 
detectors are used to get the transversity GPD parameters
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