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QCD and Standard Model



  

QCD at High and Low Q2



  

Need for GPDs
● Description of hadrons in terms of partons (Quarks and Gluons)

● Description of nucleon mass and spin in terms of partons

● We are looking for three dimensional picture of proton with momentum and 
space distribution  of partons in proton

● In order to probe quarks in proton we need high Qsq

● With high Qsq value the virtual photon sees the proton as a disk rather than 
a sphere

● From Factors provide two dimensional spatial distribution of partons

● Parton distribution functions (PDF) gives longitudinal momentum information

● We need distributions functions of partons which correlate longitudinal 
momentum and transverse spatial distributions of partons in proton



  

Useful Kinematic Variables of Inelastic Scattering

● x = (x0 , x1 ,x2 ,x3 ) 

● Light cone coordinates: x+ = ( x0 + x3) / √2   ,  x- = ( x0 - x3) / √2   , xT = ( x1 , x2 )

● x = (x+  , x-  , xT )

● GPDs are function of x, -t and ξ. 

● Pn, Pp Neutron(initial) and Recoil Proton(final) nucleon momentum

● Pe , Pe’ Initial and final electron momentum

● k struck quark momentum

● q = ( Pe’ - Pe ) virtual photon momentum

● P = Pn + Pp  

● Δ = Pn - Pp  

● Q2 = -( Pe – Pe’ )2

● x = k+ / P+

● ξ = Δ+ / P+

● -t = Δ2

● xB = Q2 / (2Pn.q)



  

GPD Definition

● Electron proton scattering cross section: dσ ~ Lμν Wμν 

● All the information about proton is in hadronic tensor Wμν

● Elastic scattering of electron from an extended proton with electromagnetic interaction.

● Deep inelastic electron proton scattering with strong interaction. Q2 is high so virtual photon 
interact with one quark in proton. k is momentum struck quark. 

● Hadronic tensor with QCD parton model [1]:

● Φ is quark-quark correlation function:

● Definition equation of GPD(at leading twist, twist 2):



  

Few Comments about  GPD

● Four more transversity GPDs: HT, ET, ẼT and HH T

● For each quark flavor there are Eight GPDs. 

● GPDs encode non-perturbative dynamics of partons in hadrons [2]

● GPDs give momentum correlation of quarks in hadron [2]

● With Fourier transform we can access longitudinal momentum fraction of 
quarks and position of quarks in the transverse plane [3]

● GPDs reflect the structure of nucleon independent of the reaction[5]

● In DEMP process higher twist contribution to GPDs is not negligible at 
amplitude level but it is negligible in asymmetry 

● On a proton target, the GPD H describes the distribution of unpolarized 
quarks in an unpolarized nucleon[15] 

● GPD HH , which describes the distribution of (longitudinally) polarized quarks 
in a (longitudinally) polarized nucleon[15]

● GPD E is related to orbital angular momentum of quarks



  

GPDs in DEMP
● Deep exclusive meson electroproduction:

● For high enough Q2 we can assume:

●  One photon  exchange

● Virtual photon interacts with one quark

● Quark only interact with virtual photon 

● Hard Exclusive Meson Electroproduction first shown to be      
factorizable by Collins, Frankfurt & Strikman [PRD 
56(1997)2982].

● Factorization int pQCD and GPD part of hadronic tensor is     
possible when virtual photon has longitudinal polarization.

● Conditions for factorization: High Q2 , high W and |t| / Q2 << 1

● Amplitudes for transversely polarized photons is suppressed 
by 1/Q



  

GPD Properties

● In forward limit, ξ →0 and for high Q2 we have x →xB , H and HH  
reduces PDFs of DIS [4]

● where q(x B ), - (x B ), ∆q(x B ) and -∆ (x B ) are quark (antiquark) qq qq
density and helicity distributions respectively. No corresponding 
relations exist for the functions E and  .Ẽ

● The relation between angular momentum of quarks in nucleon and 
second Mellin moment of GPDs H and E is give by sum rule [5]

● where Jq is the fraction of nucleon angular momentum carried by a 
quark flavor q



  

GPD Properties. Form Factor 
● First Mellin moments of GPDs are related to elastic form factors of the 

nucleon [5]

● where F1
q, F2

q , gA
q and hA

q are Dirac, Pauli, axial and pseudoscaler and form 
factors. Equation between quarks form factors and proton form factors are 
given by

● Fu/p is up quark form factor in proton.



  

DEMP Cross Section
● Deep inelastic scattering of electron and nucleon.

● Neutron splits in π and recoil proton

● Scattering Cross section:[6]

● Subscript of σ is polarization of nucleon and superscript is polarization of photon

Photo taken from [6]



  

Dominant Amplitude in Azimuthal Asymmetries
● Azimuthal asymmetry is defined as [6]

● Each of the six asymmetry has dominating amplitude given by:[7]

● Where  



  

 Amplitudes M
mi,nj 

Relation to GPDs
● Matrix elements of Pion π+ production scattering amplitude:[8] 

● Where H0+0+ denotes the subprocess amplitude

● t’ = t – t0 where t0 is value of t in parallel kinematics 

● More relations between scattering amplitudes and GPDs are give in [9]

● Accessing GPDs via DEMP[10]



  

DEMP → GPD
Experimentally Measure Azimuthal Asymmetry

↓

Extract Six Asymmetries

↓

Calculate Matrix Elements of Scattering Amplitudes Mmi,nj From Asymmetries

↓

Calculate GPDs from Mmi,nj

↓

Improve the existing picture of nucleon

1) Size of asymmetries is different for different meson productions so it provides 
additional constraints for GDP

2) Quark content and quantum numbers of different mesons is different. It gives  
different combinations of GDPs in soft part of hadronic tensor. So DEMP acts as 
quark flavor filter 



  

A
UT

sin(φ – φ
s
): Spin–flip GPD  Ẽ and Pion Pole

● A manifestation of spontaneously broken chiral symmetry is pion pole term 
in electroproduction of pion at small value of -t

● Pseudoscaler form factor is dominated by the pion pole contribution at small 
-t[5]

● gA ≈ 1.267 is the nucleon isovector axial charge and τ3 is the Pauli matrix in 
the flavor space.

● First Mellin moment of  Ẽ is equal to hA(t). Presence of chiral singularity in 
hA(t) implies that we should expect the same singularity in  Ẽ [5]  

Where is Φπ the pion distribution amplitude 



  

A
UT

sin(φ
s
) and A

UT
sin(2φ – φ

s
)

● AUTsin(φs) shows the contribution of transversely polarized virtual photons to 
electroproduction of pion[11] (Jlab data [12] and Hermes data[13])

● Larger σT than σL but pion pole contribution is small

● Transversely polarized photons contribute to pion electroproduction

● One must consider dynamics different from handbag approach which only 
consider helicity flip GPDs

● Transversity GPD HT dominates 

● AUTsin(2φ-φS) modulation has additional LT interference amplitudes contributing 
that are not present in sin(φs).

● Different asymmetry moments provide complementary amplitude term 
information.

Table 1 of [11]



  

HERMES DATA[13] and GK Data Fitting[11]
Exclusive π+ production at HERMES

● AUTsin(φ – φs)

● HERMES data: ‹xB›=0.13, ‹Q2›=2.38 GeV2, ‹W›= 4 GeV

● Dark circles are experimental data. G. K. use (Handbag 
calculation)

● Dark line fit includes longitudinal and transverse photons               
 at Q2 ≈ 2.45 GeV2 and W = 3.99 GeV 

● Dashed blue line includes only longitudinal photons

● AUTsin(φs)

● Dark line is fit including twist-3 contribution 

● Dashed blue line is without twist-3 contribution at                         
Q2 ≈ 2.45 GeV2 and W = 3.99 GeV

● AUTsin(2φ – φs)



  
Exclusive π+ production at HERMES

The error bars (bands) represent the statistical (systematic) 
uncertainties.

DVCS at HERMES [20]



  

Exclusive ρ0  and ω production at COMPASS [16][17]

● 160 GeV muons scatter from transversely polarized 
protons and deuterons

Error bars show statistical uncertainties, while the 
systematic ones are represented by gray bands at 
the bottom and blue line is fit to data. Only Eu and Ed 
contribute to fit.

● For the proton these GPDs enter the amplitude as 
the sum 2/3 Eu + 1/3 Ed  

● For deuteron the effective contribution is Eu + Ed  

● Asymmetries are small because in  ρ0 production 
valance quark contribution is small

● AUTsin(φ – φs) is large in ω compared to ρ0 

● Measurement of AUTsin(φ – φs) in exclusive ω and ρ0 
meson will help to separate Eu and Ed



  

GPD Results [18]



  

GPD H→ Transverse Charge Radius of Proton [15]
● Experimental data: DVCS at CLASS ep→epγ

● Kinematics: 0 < -t < 0.5 , 1.1 < Q2 < 2.8 and 0.067 < ξ < 0.27

● Compton Form Factor is defined as: HIm (ξ, t) ≡ Hq(x, ξ, t) − Hq(−x, ξ, t).

● Fourier transform + some (small) model-dependent factor → x dependence of the proton’s transverse extent 



  

DEMP at SoLID

● Event Generator
● SoLID
● Kinematics and acceptance of DEMP at SoLID
● Proposed results



  

Event Generator

● Parametrization of dσuu

● VR model[19] is used for parametrization

● A comparison of last six points of table v of[12]. 
Experimental data are shown in blue circles, the VR model 
is shown in red triangles, and our parametrization is shown 
in black boxes



  

Event Generator
● Parametrization of dσuT

● Thanks to S.V. Goloskokov, P. Kroll who provided the five 
asymmetries values for DEMP-SoLID kinematics.

● Rory parametrized the asymmetries



  

SoLID Polarized 3He SIDIS Configuration

Taken from [14]



  

SoLID



  

Recoil Particle Detection: Time of Flight



  

Acceptance and Projected Rates



  

Background



  

DEMP Kinematics and Bins



  

Extracting the Asymmetries



  

Proposed Results



  

Acceptance Effects vs. (φ, φ
s
 )



  

HERMES data. Fig 8.4 of [6]

Proposed Results



  

Future Plans Phase 2 
DEMP at SoLID with Recoil Detector



  

DEMP at EIC



  

Summary

● AUT
sin(φ-φs) transverse single-spin asymmetry in exclusive π production is particularly 

sensitive to the spin-flip GPD . 

● AUT
sin(φs) asymmetry can also be extracted from same data, providing powerful 

additional GPD-model constraints and insight into the role of transverse photon 
contributions at small –t, and over wide range of ξ.

● High luminosity and good acceptance capabilities of SoLID make it well-suited for this 
measurement. It is the only feasible manner to access the wide –t range needed to 
fully understand the asymmetries.

● We propose to analyze the E12-10-006 event files off-line to look for e-π--ptriple 
coincidence events. 

● We used a sophisticated UML analysis to extract the asymmetries from simulated 
data in a realistic manner, just as was used in the pioneering HERMES data. The 
projected data are expected to be a considerable advance over HERMES in 
kinematic coverage and statistical precision.

● SoLID measurement is also important preparatory work for future EIC.
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