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1) Polarizabilities of the proton from proton Compton scattering:  
principles and results

2) Elastic deuteron Compton scattering: results



1) Polarizabilities (and, more generally, Compton scattering 
amplitudes) = convenient matching points for testing and 
improving  Effective Field Theories (such as ChPT) which are now
widely used in low-energy nuclear and particle physics as 
dynamical models for description of strong and electromagnetic 
N, A, NN, NNN, , N, A … interactions, weak interactions, for 
extrapolation of lattice QCD predictions, and so on.

There are several predictions of the EFT for the polarizabilities 
which are waiting for experimental tests.

New experimental possibilities recently appeared for doing double 
polarization experiments and to measuring polarizabilities of 
higher order  (including spin polarizabilities).

What is the motivation to know polarizabilities better?



2)    Physics of two-photon exchanges: polarizabilities come to play.
Examples:

a)   Atomic measurements (Lamb shift): 
proton radius using electrons 0.8775(51) fm
proton radius using muons 0.84087(39) fm
The difference = 7.     

Is it partly related with different response of polarizable 
proton 

to EM field of the lepton? 

b)   Mass difference of p and n.



Amplitude of low-energy Compton scattering:

Said  differently:  effective interaction of the second order in the 
E.M. field is

Differential cross section of low-energy Compton scattering: 

How polarizabilities are measured? 



Determination of
polarizabilities from
low-energy data and
low-energy theorems.

Nonlinear effects in
’ beyond  and 
are important to fit
data above 100 MeV
and to determine
the slope at =0
(polarizabilities).



Baldin sum rule

Low-energy experiments:  
How well do we know polarizabilities?

p +  p = 14.0  0.5   (in  104 fm3)  

n +  n = 15.2  0.5   (in  104 fm3)  



Recent claims (theory dependent):

McGovern et al  (HBChPT + , 2013)
p = 10.65  0.35stat  0.2Baldin  0.3th
p =    3.15    0.35stat  0.2Baldin 0.3th

p  p = 7.5  0.7
( incredibly small theoretical errors ! )

Schumacher  (2001, 2005, 2013) (dispersion relations)
p = 12.0    0.6
p =    1.9       0.9

p  p = 10.1  1.1

Which answer is more correct ? 



PDG 2014 double count of the same exp data !!

??



PDG 2014 double count of the same exp data !!

??



The main  theories  in  the  game 

1) Dispersion theories
(unsubtracted or subtracted)

2) Effective field theories  (Chiral Perturbation Theory,
Heavy Baryon or Covariant,
without or with  (1232))



Sketch of  unsubtracted  DR

DR  formalism   (LPS)  for  6  invariant amplitudes

Unitarity
Input:  SAID / MAID

+ a model for 2
photoproduction



Asymptotic contributions   (t-channel poles in the amplitudes 
A1 and A2)

Couplings are adjusted to    as  determined from fit to data
at low energies:

The mass parameter  m is denoted in analogy with the mass of
the -meson exchanged in the t-channel.

Ansatz for A2  that practically works very well

(also  and ’)



Schematically,    

DR =



Sketch of  predictions based on ChPT / EFT

Small expansion parameter:
m <<  or        m ~  2   and  m  mN ~ 





However,  EFT is success if  higher orders  are small.
Is that really so?   What e.g. about Delta?

Where is the difference between DR and EFT (ChPT)?

First  wonderful predictions of ChPT:   
contribution of  the pion loop gives 



EFT is success if  higher orders  are small.
Is that really so?   Sometimes no.  





DR vs ChPT’s  fit  to proton Compton data   [McGovern et al, 2013]
Spin polarizabilities (without 0, , …)  [104 fm4]

Fixed-t DR (A.L.)
vs ChPT

DR 
SAID

DR 
SAID 1

DR
MAID 1

ChPT 
(McGovern et al 
2013)

E1E1
3.37 1.1 (prediction) !!!

M1M1
2.36 2.2 ± 0.5      (fit)

M1E2
1.48 1.9 (prediction) !

E1M2
0.67 0.4 (prediction) !!

Reliable DR (no subtractions needed)

E1E1    + M1M1
1.01 0.96 1.40 1.1 ± 0.5 4

M1E2  + E1M2
2.14 2.00 2.13 1.5 !

E1E1    + M1E2
1.89 1.94 2.11 0.8 !!!

M1M1 + E1M2
3.02 2.99 2.84 1.6 !!

0
1.13 1.05 0.73 2.6 ± 0.5 3

 8.13 10.08 10.56 5.6 ± 0.5



DR reliably predict all  ai except a2 .
Hence three combinations of i are predicted reliably.



Higher orders? Corrections include new LECs. 
Do they simulate physics of the -exchange with a mass2 well below
the chiral energy scale of 1 GeV2 ?

Also important to have simultaneously good descriptions of pion
photoproduction and Compton scattering using the same couplings.

Diagrammatic content
of  BChPT@ NNLO

This is physics of the
pion cloud around N
and .    Is there
anything important
beyond?



DR  is very successful in the very 
wide energy range, from 0
up to about 800 MeV.

DR vs  Mainz (2001) data



Applicability of ChPT is questionable at relatively low energies
and momentum transfers   [figure from Beane et al, 2003].



Meanwhile DR  works very successfully in a very wide energy range



DR  in  the energy region above 



DR vs  LEGS (BNL) data on the beam asymmetry, 2001

(however,   problems with a description of  d/d)



left:    DR   DPV  (2003)
right:  DR   LPS (1997) with the
SAID-11  1 input and  
E1E1 = 3.37   (net prediction)

Recent Mainz data, arxiv
1408.1576. With LPI, INR, JINR.



“Mass” of the 

Curves with   m = 700,  600  and  500  MeV  vs  Mainz-LARA 
data.   Fit gives m  600  MeV.



Is that  something real?
Indirect hint:  
 quark-level   model gives numerically

right  f-factor  and numerically
right -couplings.

Quark loop dominates over the pion loop already  at moderate  t < 0
and gives  +7 to  [at  m  2mq  700 MeV] .
Interpretation:  polarizability of quark vacuum around the nucleon (?).



Determination of  the proton dipole scalar polarizabilities from fit of 
data of  > 1990’s  below pion threshold    using DR (LPS)     with 
SAID-2011 photopion input.   m = 600 MeV.
Two-parameter fit.  Normalization uncertainties included.
 Poor compatibility of  different measurements (?!).
 Further high-precision experiments are needed.

Data p p p + p p  p

Federspiel et al
1991 / corr 1993

13.85  3.73 2.18  3.10 15.82  4.46 11.47  5.22

Zieger et al
1992

10.09  1.41 3.91  1.41 14.00  0.50
(fixed)

6.18  2.77

Hallin et al
1993, <170 MeV

9.06  1.62 3.91  1.27 12.97  1.94 5.15  2.17

MacGibbon et al
1995

12.42  1.76 3.20  1.87 15.61  3.22 9.22  1.67

Olmos de Leon et al 
2001

12.37  1.00 1.32  0.61 13.68  1.09 11.05  1.24

ALL data 11.39  0.69 2.02  0.50 13.41  0.85 9.37  0.84

PDG 2014 11.2   0.4 2.5   0.4



Normalizations of data   kj (within normalization uncertainties  j ) 
are determined from fit  using chi-squired  of the form

Data    +    

Oxley
1958

17.03  8.20 6.60  3.73 10.43  9.33 23.64  8.67

Goldansky et al
1960

10.11  7.87 9.00  5.06 19.12  10.26 1.11  8.36

Baranov et al
1974  (corr. 2001)  
(with 3.7% syst  of 
150 deg data)

11.19  1.39 4.62  2.47 6.57  3.36 15.81  2.20

For comparison: DR  (with SAID-2011)  fit of  some older data.
Normalization uncertainties again included.



Good check: let us use only data up to 100 MeV, where model 
dependence is minimal. Constraint p + p = 14.0  0.5

Data p p p + p p  p

ALL data up to 100 
MeV

12.96  0.82 0.98  0.78 13.93  0.48 11.98  1.53

PDG 2014 11.2   0.4 2.5   0.4

2/Nd.o.f. = 45.7/ 46

Cf.   EFT fits of data points up to 170 MeV:
p  p = 7.5  0.7

It is not compatible with the above model independent estimate.



PDG 2014

Polarizabilities of the neutron



PDG 2014



Schematically:

Polarizabilities of the neutron and 
low-energy deuteron Compton scattering

Only the sum of the proton and neutron polarizabilities can be 
inferred in this way.
Said differently,  isoscalar nucleon polarizabilities can be found:

s = ½ (p + n )
s = ½ ( p + n )

Baldin sum rule   s + s =  14.5  0.5   can be imposed.
Neutron polarizabilities then can be inferred from s , s 
using information of proton polarizabilities.



Potential-based  model  of  elastic  d scattering
(M. Levchuk,  A. L.)

Nonrelativistic description

H  =  kin  +   HN, em +  VNN +  HNN,em +  NN,em +  retardation

1) HN, em =   charge,   magnetic moment,  leading relativistic
corrections  (SO,  polarizability-like effects)

polarizabilities   E1, M1, E2, M2, E, M, E1, M1, E2, M2

(with E1, M1   free;   others  =  DR  based)

(very  accurate  description  of  the  N  scattering amplitude)



2)    VNN    =   nonrelativistic   Bonn   OBE  potential    (OBEPR)

(,  ,  ,  ,  …;   formfactors)

3) HNN, em associated  with  these  meson  exchanges
(currents  O(e)  and  seagulls  O(e2) )



Non-potential  corrections:

-excitation

Retardation  in  the  pion  propagator  (in  the  seagull)



Structure  of  the  amplitude    (includes up to  4  loops!)

Correspondence  with  EFT:   We  have  all  contributions   included  
into   EFT  calculations   (perhaps,   not the same  numerically).
Plus  full consistency  of   the  NN-potential,  wave function,  NN-
rescattering  off-shell  T-matrix,  MEC,  mesonic  seagulls.



L-L  2008:
Fit  of  the  isoscalar 
dipole  polarizabilities:

In this framework  d-scattering  in the whole range of energies
(from 0 to about 100 MeV) and angles is successfully described.
Moreover…



Lund data of 2014:   Myers et al.  arXiv:1409.3705,
together with   EFT  interpretation

Fit of these data using EFT theory (GMPF) gives
s  s = 7.8  1.2(stat)  0.8(th).

Combined with GMPF determinations of proton 
polarizabilities, this gives

n = 11.55  1.25(stat)  0.2(BSR)  0.8(th)
n =    3.65    1.25(stat)   0.2(BSR)    0.8(th)



EFT for d scattering. Griesshammer’s talk (Trento, 2013)



Predictions of the EFT theory
by GMPF (Griehammer, 
McGovern, Phillips, Feldman, 
2012)



Does ChPT work well 
for d scattering?

Beane et al  2003 :

again problems at 
backward angles.
Part of them is solved 
when a dynamical  is 
introduced (see the 
next slide).



Griesshammer’s talk (Trento, 2013)



Fit of the new and old data using LL.  
Isoscalar nucleon polarizabilities:

s = ½ (p + n )
s = ½ ( p + n )

Baldin sum rule:   s + s =  14.5  0.5   is imposed.

Data s s s  s

Lucas 1994 11.78  1.44 2.90  1.40 8.88  2.80

Hornidge et al 2000 11.72  1.22 2.82  1.17 8.90  2.35

Lundin et al 2003 13.14  1.89 1.41  1.84 11.73  3.69

Myers et al 2014 13.18  0.92 1.40  0.89 11.78  1.75

GLOBAL  AVERAGE 12.72  0.68 2.11  0.61 10.61  1.20

Cf.   GMPF fit  from  arXiv:1409.3705 :   s  s = 7.8  1.2(stat)  0.8(th)



Data   vs  LL  theory (OBEPR-A)   with s = 12.72,  s = 2.11 
(= “global fit” with the Baldin sum rule constraint).

3   Lund14  data points  (shown encircled) have been excluded 
from the fit because of their very big contribution to 2.

s = 12.72  0.68,    s = 2.11     0.61,    2/Nd.o.f. = 49.4/ 48
with 3 data points excluded; 

Cf. s = 12.98  0.67,     s = 2.15     0.60,    2/Nd.o.f. = 88.0/ 51
with no data points excluded  (52 points at all).



EFT (GMPF) model LL model. Dashed lines: with , of EFT



Predictions of the EFT (GMPF) and LL models with the same scalar
dipole polarizabilities are different:

At  high enough energies ( 80 MeV),  the EFT,  in comparison with
the LL,  predictes a lower cross section. The difference is not 
tremendous, however it is essential in comparison with small 
effects caused by nucleon polarizabilities. 

Respectively, s  s   extracted from data with the use of EFT  is 
visibly less than that extracted with the use of  LL.

NB.  
A sharp drop of the differential cross section above 100 MeV seen in 

the recent Lund data is not expected from theory.  Is this 
experiment correct there?  



Fit of the new and old data using LL.  
Isoscalar nucleon polarizabilities:

s = ½ (p + n )
s = ½ ( p + n )

Baldin sum rule:   s + s =  14.5  0.5   is imposed.

Data s s s  s

Lucas 1994 11.78  1.44 2.90  1.40 8.88  2.80

Hornidge et al 2000 11.72  1.22 2.82  1.17 8.90  2.35

Lundin et al 2003 13.14  1.89 1.41  1.84 11.73  3.69

Myers et al 2014 13.18  0.92 1.40  0.89 11.78  1.75

GLOBAL  AVERAGE 12.72  0.68 2.11  0.61 10.61  1.20

Cf.   GMPF fit  from  arXiv:1409.3705 :   s  s = 7.8  1.2(stat)  0.8(th)



Using s  s =  11.78  1.75  (from Lund 2014 data)
p  p =  11.05  1.24  (from Mainz 2001 data),

we conclude that
n  n =  12.5  3.7

(Note the Baldin sum rule   n + n =  15.2  0.5).

Meanwhile  EFT fits give
s  s =   7.8  1.5,
p  p =   7.5  0.7,

so that
n  n =  7.9  3.0

Our results for the neutron



1. Precise measurements of  proton Compton scattering below pion 
threshold should be thought again as a tool for reliable 
determination of the polarizabilities.

2. Further  work  on  comparison  of  the ChPT  (EFT) Compton 
theory with  photoproduction  data  and  DR  might  be very  
helpful  for  progress  in the field.

3. In our opinion, predictions of  EFT should currently be used very 
cautiously for determination of  polarizabilities from experimental 
data on Compton scattering (on both proton and deuteron) 
because their claimed VERY HIGH accuracy is probably 
overestimated.

Conclusions



4. Studying  Compton scattering above the Delta region 
might be very promising for investigation of the t-
channel exchanges having quantum numbers of vacuum 
(“-meson”).  Further theoretical analysis is needed to 
establish optimal observables and to propose new 
experiments.

5. Higher order polarizabilities:   E2 = 12t  ,   M2 = 12t  .
Quadrupole polarizabilities are directly related with
t-dependence of the Compton scattering amplitudes and 
thus they can also quantify the  “-meson” physics.
One should think of ways  to measure these quantities.



Background



On polarizabilities of the neutron

Historically, the very first attempt to determine the electric 
polarizability of the neutron through a presence of a long-range nA 
interaction with the nuclear Coulomb field, U(r) = -1/2 n E2 (r),
was done in Dubna,  Yu.A. Aleksandrov et al.  1956 - 1966.

The best attempt of that sort was done in Oak Ridge,
J. Schmiedmayer et al. 1991: n = 12.0  1.5  2.0

It was, however, later suspected in underestimating systematic 
errors.



Polarizabilities of the neutron in inelastic 
deuteron Compton scattering

Mainz, 1990
Saskatoon, 2000
Mainz, 2003

+ theory LPI support



Mainz, 2003

n = 12.5  1.8  (1.5 mod)



Two-photon exchange  - example (Lamb shift in muon hydrogen)



Two-photon exchange  - EM mass shift

!!


