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Global	
  GPD	
  program	
  

•  GPD	
  program	
  
  DVCS	
  
  Deep	
  Virtual	
  Vector	
  Mesons:	
  
ρ, φ, ω,	
  K*,	
  	
  J/Psi	
  

  Deep	
  Virtual	
  Pseudo	
  Scalars:	
  
pions,	
  kaons,	
  eta	
  

  What	
  about	
  Scalars?	
  
•  Orphan	
  par2cle	
  
•  σ,	
  f0,	
  	
  etc	
  



Deep	
  Virtual	
  Hadron	
  Produc2on	
  (DVHP)	
  

•  Factoriza2on	
  of	
  	
  DVHP	
  does	
  not	
  require	
  isola2on	
  of	
  a	
  
resonant	
  final	
  state	
  (Deep	
  Virtual	
  Meson	
  Produc2on):	
  	
  	
  
DVMP	
  ⊂	
  DVMP	
  

•  Consider	
  Deep	
  Virtual	
  ππ	
  produc2on	
  at	
  ππ	
  mass	
  
threshold	
  	
  
  Dominated	
  by	
  scalar	
  channel	
  

  ‘sigma’-­‐meson,	
  Higgs	
  par2cle	
  of	
  nuclear	
  physics	
  
  Connec2on	
  to	
  ππ	
  sca^ering	
  amplitude	
  	
  



Example	
  of	
  CLAS	
  data	
  (cf.	
  M.Guidal)	
  

ππ threshold	
  

•  rho(770)	
  
•  f0(980)	
  
•  f2(1270)	
  
•  Phase	
  space	
  	
  
ππ	
  ⊕	
  Δπ	



•  ππ  at	
  threshold	
  
  High	
  Luminosity	
  needed	
  
  High	
  resolu3on	
  mass	
  	
  &	
  
angular	
  distribu3ons	
  for	
  
	
  Jp	
  =	
  0+,	
  1–,…	
  

  π+ π‒ and	
  π0 π0  	
  
Isospin=	
  	
  0,	
  1,…	
  



Why	
  Scalars?	
  

•  0+0	
  channel	
  has	
  a	
  gluon	
  Distribu2on	
  amplitude	
  
  What	
  is	
  the	
  gluon	
  content	
  of	
  the	
  σ-­‐meson?	
  

•  Near	
  ππ	
  threshold:	
  
“	
  …the	
  dependence	
  of	
   the	
   intensity	
  on	
  mππ	
   is	
   related	
  to	
  the	
  effec2ve	
  
chiral	
   Lagrangian	
   (EChL)	
  describing	
   the	
   interac3on	
  of	
   soB	
  pions	
  with	
  
gravity.	
   Therefore	
   one	
   can	
   use	
   data	
   on	
   hard	
   exclusive	
   pion	
   pair	
  
produc2on	
  to	
  probe	
  this	
  yet	
  	
  unknown	
  part	
  of	
  the	
  EChL.”	
  	
  
(Lehmann-­‐Dronke,	
  Schaefer,	
  Polyakov,	
  Goeke,	
  PRD,	
  63,	
  114001)	
  
	
  



Experimental	
  Opportuni2es/Op2ons	
  

•  Deep	
  Virtual	
  π π  produc2on	
  at	
  large	
  Q2,	
  W2:	
  	
  
Near	
  ππ 	
  threshold	
  	
  and	
  	
  	
  
at	
  small	
  tMin–t.	
  

•  Approximate	
  2-­‐body	
  kinema2cs:	
  
  Both	
  pions	
  ∼parallel	
  to	
  q-­‐vector,	
  	
  
correlated	
  with	
  (e,e’)	
  

  Performance:	
  
•  Hall	
  A:	
  	
  Super	
  Bigbite	
  Spectrometer	
  	
  
(SBS)	
  for	
  π+ π‒  pair,	
  
	
  HRS	
  or	
  BigBite	
  for	
  e–.	
  

•  New	
  ECal	
  in	
  SBS	
  	
  for	
  π0 π0  pair?	
  
Or	
  thin	
  Shower	
  max	
  in	
  front	
  of	
  HCal?	
  

  SBS:	
  	
  Luminosity	
  ≥	
  4•1038/(cm2sec)	
  



Super	
  Bigbite	
  (SBS),	
  Sample	
  parameters	
  

•  Acceptance	
  	
  (θSBS	
  =	
  15°)	
  
  70	
  msr	
  	
  ~	
  (±5°	
  H)	
  x	
  (±12°	
  V)	
  
  ≥(±50%)	
  Δp/p	
  

•  Charged	
  par2cle	
  resolu2on	
  
  δp/p	
  =	
  0.3%	
  +	
  0.03%GeV/p	
  
  σθ =	
  [0.14	
  +	
  1.3GeV/p]	
  mrad	
  

•  PbGlass	
  Calorimeter	
  for	
  electron	
  arm	
  	
  
  Operate	
  at	
  50°C	
  for	
  con2nuous	
  annealing	
  of	
  	
  Rad	
  damage	
  

•  Need	
  to	
  add	
  large	
  (6.5	
  m2)	
  ECal	
  or	
  PreShower	
  
detector	
  in	
  front	
  (or	
  instead)	
  of	
  HCalo	
  in	
  SBS.	
  	
  	
  
  Assume	
  15%/√Eγ	
  	
  and	
  ±2mr	
  (1cm	
  @	
  5m)	
  resolu2on.	
  



Extracting JπI = 0+0 Channel 

•  mππ	
  dependence:	
  
•  Angular	
  Moments	
  <P0>,	
  <P1>,	
  ...	
  
•  Isospin	
  separa2on	
  via	
  
	
  π+π‒ / π0π0	



  JπΙ =	
  1–1	
  channel	
  vanishes	
  for	
  π0π0	
  

!4CF) and state that our predictions are insensitive to the
exact value of this parameter reducing in this way the num-
ber of parameters of our result.4 Let us note that for this
choice the contribution of the gluon 2!DA to the isoscalar
amplitude is exactly twice as large as the contribution from
the quark 2!DA.
For the numerical results shown in this section we use the

models for the SPD’s of the previous section. The pion form
factor F!(m!!) entering the isovector 2!DA is modeled
using its parametrization given in "42#, which is in very good
agreement with experimental data "43#. The Omnès func-
tions contain information about the !! resonances as well as
about the non-resonant background. The function f 2(m!!) is
dominated by the f 2(1270) resonance, resulting in a peak at
m!!"1.275 GeV. In our analysis we use the expression $61%
for f 2(m!!) with the D wave pion scattering phase shift &2

0

given by the Breit-Wigner contribution of the f 2(1270) reso-
nance. For the the Omnès function f 0(m!!) we use $except
in Fig. 7% the Padé approximation suggested in "44#.
As a first result we show in Fig. 3 the ratio of the differ-

ential cross sections for the production of pion pairs with
isospin I"0 and I"1 as a function of the invariant mass of
the two pions, m!! , at the three different xBj values xBj
"0.1, xBj"0.2, and xBj"0.3. The squared momentum trans-
fer t has been integrated from #0.6 GeV2 to #tmin"
#mN

2 xBj
2 /(1#xBj). The plot shows that relatively large I

"0 cross sections are to be expected at small m!! close to

the threshold due to the S-wave contribution and around 1.3
GeV due to D waves, which are dominated by the f 2(1270)
resonance. Near the ' resonance around 0.77 GeV, however,
the isoscalar contribution is negligible compared to the pro-
duction of isovector pion pairs. The slight difference from
our result in "13# is due to the inclusion of the gluon SPD,
which contributes only to isovector pion pair production, as
well as to the fact that we have integrated over a finite t
interval.
Figure 3 shows that the most favorable kinematic region

to observe the isoscalar channel by the measurement of in-
tensity densities in !!!# production is in the two m!! re-
gions above or below the ' resonance and at relatively large
values of the Bjorken variable xBj .
This can also be seen from Figs. 4 and 5, where we show

our results for the intensity densities (P1(cos ))*!!!#
and

(P3(cos ))*!!!#
on the basis of t-integrated cross sections as

functions of xBj and m!! . The integration interval for the
variable t is again as in the following figures #0.6 GeV2

$t$#tmin . Figure 5 shows that (P3(cos ))*!!!#
is sizable

only in the f 2(1270) resonance region. This results from the
fact that this intensity density is proportional to the Omnès
function f 2(m!!) as can be seen in Eq. $A8% in the Appen-
dix.

4Note that the process +*+→!! , which is also sensitive to gluon
2!DA’s $see Ref. "21#%, depends strongly on the ratio M 2

Q/M 2
G as

noted recently in Ref. "41#.

FIG. 3. The ratio of the differential cross sections for isoscalar
and isovector pion pair production at three different values for xBj
as a function of m!! .

FIG. 4. (P1(cos ))*!!!#
as a function of xBj and m!! .

FIG. 5. (P3(cos ))*!!!#
as a function of xBj and m!! .
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ρ•f2	
  interference	



σ•ρ	
  interference	



ρ•[f0+f2]	
  interference	



ρ	



f0+f2	
  

<P1>	
  
<P3>	
  	
  π+π- 	
  

charged	
  pions	
  



BigBite(e’)	
  ⊗	
  SuperBigbite(ππ)	
  

•  A	
  single	
  sexng	
  
•  Mass	
  resolu2on:	
  

  Charged	
  Channel:	
  
δ(Mππ	
  )	
  ~	
  	
  0.002	
  GeV	
  

  Neutral	
  Channel:	
  
δ(Mππ	
  )	
  ~	
  	
  0.09	
  GeV	
  

    Bj x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)2
 (G

eV
2

 Q

0

1

2

3

4

5

6

7

8

9

10

12 deg

16 deg
BigBite

11 GeV
Kinematic Limit 2= 4.0 GeV2W

 (SBS)qθ
°  5.0
° 10.0
° 15.0
° 20.0
° 25.0

 SBS Acceptance⊗BB 



ππ	
  Threshold	
  Behavior	
  

•  ππ Distribu2on	
  Amplitude	
  
∝C	
  =	
  1	
  +b	
  mπ

2 +…	



•  Chiral	
  Lagrangian	
  
C	
  ∼ 1–[4L11+L12–2L13]8mπ

2/fπ2	
  
  Gravita2onal	
  coupling	
  of	
  pion	
  
field.	
  

F1
u/p!2F1

p"F1
n , F1

d/p!2F1
n"F1

p , !72"

which are valid if the contribution of strange !and heavier"
quarks to the nucleon form factor is neglected. Taking the
first moment of #HG(# ,$ ,t) we can analogously motivate the
model

HG!# ,$ ,t "!HG!# ,$ ,0"
F%! t "
F%!0 "

!73"

with the gluon form factor of the proton defined by

&p!!G'(!0 "G(
)!0 "!p*!" 2p'p)#

1
2 g')mN

2 #F%! t ".

!74"

For the gluon form factor we can adopt the parametrization
of +33,:

F%! t "!
F%!0 "

+1#t/!-'2",-
!75"

with -!3 and '2!2.6 GeV2. The same t dependence we
assume also for the antisymmetric part of Hf(# ,$ ,t) entering
the integral I f

" +see Eq. !31",. The combination Hf(# ,$ ,t)
#Hf(## ,$ ,t) is not constrained by the sum rule !70"; how-
ever, we expect a behavior similar to the gluon SPD due to
the fact that Hf(# ,$ ,t)#Hf(## ,$ ,t) and HG(# ,$ ,t) mix
when they are evolved.
In +34, it was shown that the SPD’s obtained by double

distributions are not complete and that an additional term has
to be added, the so-called D term. In our analysis we take
into account this result by adding to the Radyushkin model
result for Hf(# ,$ ,t) a term estimated from the chiral quark-
soliton model. We write

Hf!# ,$ ,0"!Hf
(Radyushkin model)!# ,$ ,0"".!$#!#!"

1
Nf

D!#/$"

!76"

taking for the function D(x) the following numerical esti-
mate:

D!x "!#4!1#x2"+C1
3/2!x ""0.3C3

3/2!x ""0.1C5
3/2!x ",

!77"

extracted from a calculation of the singlet quark SPD in the
chiral quark-soliton model +35,. The same term with the op-
posite sign and multiplied with the corresponding form fac-
tor is taken as model for E f(# ,$ ,t) in order to satisfy the sum
rule +5,

$
#1

1
d# #/

f
+Hf!# ,$ ,t ""E f!# ,$ ,t ",!independent of $ .

!78"

+Note that the part of Hf(# ,$ ,t) resulting from a double dis-
tribution automatically satisfies Eq. !78".,

V. PROBING THE EFFECTIVE CHIRAL LAGRANGIAN
IN HARD EXCLUSIVE REACTIONS

In this section we consider the case when the produced
pion pairs have an invariant energy close to the threshold
m00!4m0

2 . In this case the dependence of the intensity den-
sities on m00 is related to the effective chiral Lagrangian
!EChL" describing the interaction of soft pions with gravity.
Therefore one can use data on hard exclusive pion pair pro-
duction to probe this yet unknown part of the EChL.
Because of the QCD factorization theorem !2", one has a

well-defined separation of the short and large distance parts
of the interaction. Since the large distance parts of the pro-
cess are defined in terms of hadronic matrix elements of
QCD quark and gluon operators which are independent of
the hard scale !up to a logarithmic scale dependence which is
controlled by well known evolution equations", one can ap-
ply the methods of effective chiral perturbation theory to
describe properties of these matrix elements in a model in-
dependent way.
In the analysis below we make the assumption that in hard

electroproduction of pion pairs the two pions are produced
dominantly by the operators of the lowest conformal spin
+index n in Eqs. !42", !43", and !44",. This assumption is
justified for large Q2 since the contribution of operators with
higher conformal spin logarithmically dies out with increas-
ing Q2 due to their larger anomalous dimensions. For the I
!1 channel the lowest conformal spin corresponds to the
vector current operator and for I!0 to the energy momen-
tum tensor. Therefore using this assumption the constant C
in Eqs. !62" and !63" and the near threshold behavior of the
functions F0(m00), f 0(m00), and f 2(m00), which enter the
expressions for the various intensity densities !see the Ap-
pendix for a collection of formulas", are fixed by the EChL.
Let us write the relevant terms of the fourth order EChL

describing the interactions of soft pions with electromagnetic
fields and with gravity +36,37,:

L (4)!#iL9 Tr+F')1'U1)U†,"L11R Tr+1'U1'U†,

"L12R') Tr+1'U1)U†,"L13R Tr+mU"U†m,

"••• . !79"

Here F') is the field strength of the photon field, R') and R
are the Ricci tensor and the curvature scalar of an external
gravitational field, and U!exp(i0a(a/f0) is the non-linear
pseudo-Goldstone field. The ellipsis stands for the terms of
the EChL that are not relevant for us here. Now we can use
the results of the calculations in Refs. +36,37, to express the
constant C and the near threshold behavior of the functions
F0 , f 0, and f 2 in terms of the constants Li in the EChL !79".
Let us first introduce the scale dependent constants Li

r(')
which appear after proper renormalization of ultra-violet di-
vergences:
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Conclusions	
  

•  The	
  scalar	
  ππ channel	
  of	
  DVHP	
  offers	
  novel	
  physics	
  
  Gluon	
  DA	
  
  Gravita2onal	
  terms	
  in	
  Chiral	
  Lagrangian	
  

•  An	
  exploratory	
  program	
  seems	
  feasible	
  with	
  
equipment	
  currently	
  under	
  construc2on	
  in	
  Halls	
  A	
  &	
  B.	
  

•  Assistance	
  in	
  developing	
  a	
  cross	
  sec2on	
  code	
  for	
  
Monte	
  Carlo	
  simula2ons	
  would	
  be	
  greatly	
  appreciated.	
  



ππ	
  Mass	
  resolu2on	
  

•  θ/2	
  =	
  0.05	
  rad	
  =	
  ½	
  opening	
  angle	
  of	
  pion	
  pair.	
  
•  ν	
  =	
  5	
  GeV:	
  	
  pπ =	
  2.5	
  GeV	
  

  M2	
  =	
  4mπ
2	
  +	
  (2pπ	
  sin(θ/2)2	
  ∼ 4mπ

2	
  +	
  (pπ	
  θ)2	
  	
  
  M2	
  =	
  0.08	
  GeV2	
  +	
  0.06	
  GeV2	
  =	
  0.14	
  GeV2	
  
  M	
  =	
  0.38	
  GeV	
  

•  Charged	
  Par2cle	
  
  δ(M)	
  ~	
  M	
  	
  δp/p	
  ⊕	
  p	
  δθ 	


  δ(M)	
  =	
  0.001	
  GeV	
  	
  ⊕	
  0.002	
  GeV	
  

•  Neutral	
  
  δp/p	
  =	
  15%/sqrt(p)	
  
  δθ	
  =	
  1cm/5m	
  =	
  2e-­‐3	
  
  δ(M)=	
  (0.4)(0.1)	
  +	
  (2.5)(0.002)	
  =	
  0.09	
  GeV	
  


