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Chapter 1Introdu
tion
1.1 E�e
tive Field Theories1.1.1 General Aspe
tsIn this work, a nu
lear pro
ess � ele
trodisintegration of the deuteron � isexamined within the framework of E�e
tive Field Theory (EFT). We be-gin with a short introdu
tion of e�e
tive �eld theories in general and theirappli
ation to nu
lear physi
s, based on Refs. [1℄, [2℄ and [3℄.In physi
s, the situation often arises that there are two (or more) separateenergy s
ales involved in a pro
ess. If one is only interested in low-energyobservables and the physi
s at the high-energy (�heavy�) s
ale is unknown orneedlessly 
ompli
ated, it is useful to 
onstru
t an equivalent theory writtenonly in terms of the �light� degrees of freedom. In a quantum �eld theory,this 
an be formally expressed by looking at the path integral of the fulltheory

Z =

∫

DφDΦ exp i

∫

d4xL(φ, Φ), (1.1)where φ and Φ represent the �light� and �heavy� �elds, respe
tively. If the�heavy� degrees of freedom are integrated out, we are left with
Z =

∫

Dφ exp i

∫

d4xLeff(φ). (1.2)The e�e
tive Lagrangean Leff 
omprises only derivatives and powers of φ and,in general, an in�nite number of 
onstants that in
orporate the e�e
ts of the�heavy� s
ale. Su
h an e�e
tive �eld theory still has the symmetries of theunderlying theory. Therefore, we 
an 
onstru
t Leff also if the integrationover Φ 
annot be expli
itly performed: In this 
ase it is written as the mostgeneral lo
al Lagrangean that is 
onsistent with these symmetries.3



4 CHAPTER 1. INTRODUCTIONThe e�e
tive theory 
an be applied if the two s
ales asso
iated with Φand φ, denoted by Λ and Q respe
tively, are widely separated. Then thelow-energy observables 
an be expanded in powers of the small parameter
Q/Λ. The low-energy s
ale Q is given by typi
al momenta of the �light��elds, whereas the high-energy s
ale Λ is set by the masses of the parti
lesthat have been integrated out. Only a �nite number of parameters enters ata given order in Q/Λ, and these have to be determined by experimental data,or from the underlying theory, whenever possible. This expansion permitsan estimation of the theoreti
al error when leaving out 
ontributions beyonda given order. A 
riti
al prerequisite for this estimate is the naturalnessassumption: The sizes of the 
oe�
ients that en
ode short-distan
e physi
sare assumed to be �natural�, i. e. set by the s
ale Λ. (There are, however,ex
eptions to this, and we will have to deal with an example in Chapter 2.)The physi
al reason why the e�e
tive theory works for energies that aremu
h smaller than Λ is that phenomena at low energies (or long wavelength)
annot probe details of the high-energy (or short-distan
e) physi
s. Thereare many examples for su
h theories. Perhaps the most su

essful theoryin physi
s, QED, is a
tually an e�e
tive �eld theory of some unknown fun-damental theory. Super
ondu
tivity 
an be des
ribed �e�e
tively� by theGinzburg-Landau Hamiltonian instead of the more 
ompli
ated BCS theory.A 
lassi
al e�e
tive theory of the s
attering of light from atoms (Rayleigh-S
attering) 
an be 
onstru
ted. Fermi's theory of weak intera
tions is validat energy s
ales mu
h below the W and Z boson masses; these mediatingparti
les (whose masses set the s
ale Λ) 
annot be resolved at low energiesof order Q ≪ Λ and 
an thus be integrated out; at leading order in Q/Λ,only a 
onta
t intera
tion proportional to one 
onstant (the Fermi 
onstant)remains. This latter example has the 
losest similarity to the nu
lear e�e
-tive theory used in this work. In the following, we brie�y motivate why andhow these ideas are applied to nu
lear physi
s.1.1.2 Appli
ation to Nu
lear Physi
sIntera
tions between protons and neutrons are governed by the strong nu-
lear for
e. Quantum Chromodynami
s (QCD) des
ribes these intera
tionsin terms of fundamental parti
les � quarks and gluons. These are asymptoti-
ally free in the high-energy regime, whi
h means that the 
oupling 
onstant
gs is small at extremely short distan
es (< 0.1 fm) and perturbation theory
an be applied in this regime. However, in a nu
leus, the quarks are far frombeing asymptoti
ally free, and QCD is non-perturbative (with respe
t to anexpansion in gs). Moreover, the small nu
lear binding energies result fromdetailed 
an
ellations between mu
h larger 
ontributions. It is therefore not



1.2. ABOUT THIS WORK 5surprising that the stru
ture of even the smallest nu
lei is out of rea
h forfull QCD 
al
ulations.In spite of this, many phenomena in nu
lear physi
s have been su

essfullydes
ribed by the use of models. In parti
ular, deuteron-ele
trodisintegrationhas been examined within a potential model 
al
ulation, and we will referto those results in our work. There are, however, some dissatisfying aspe
tsof su
h models, e. g. their ad ho
 nature (i. e. they are not derived frombasi
 prin
iples su
h as the symmetries of QCD), the large number of pa-rameters involved, ambiguities in treating o�-shell e�e
ts, and parti
ularlythe di�
ulty of performing reliable error estimates.This situation is apparently ideal for using e�e
tive �eld theory methods.In low-energy hadroni
 physi
s, quarks and gluons are evidently �ine�e
-tive� degrees of freedom. Restri
ting oneself to pro
esses at energy s
alesbelow about 1 GeV, only pions and nu
leons remain as a
tive degrees offreedom. (Slow nu
leons � despite of their large rest mass � are 
onsid-ered as low-energy degrees of freedom be
ause energies are measured relativeto the ground state with a given baryon number.) The 
orresponding the-ory is known as Chiral E�e
tive Field Theory (χEFT), �rst developed inthe mesoni
 se
tor as Chiral Perturbation Theory (χPT). Several versions of
χEFT have been applied very su

essfully in the one- and two-nu
leon se
tors(see e. g. [4℄). The present work is based on a theory without pions whi
h isvalid for even lower energies (introdu
ed in the se
ond Chapter). We demon-strate how su
h a theory applies to two-nu
leon pro
esses in an e�
ient wayso that even analyti
 results 
an be derived for many observables.1.2 About this WorkThe deuteron, as the bound state of a proton and a neutron, is the sim-plest nu
leus, playing the same fundamental role as the hydrogen atom inatomi
 physi
s. Any realisti
 model of NN-intera
tion must des
ribe the two-nu
leon system a

urately. Its ele
tromagneti
 properties have been studiedin great detail both theoreti
ally and experimentally � amongst others inphotodisintegration (see [5℄ and [6℄ for reviews), and also in ele
trodisinte-gration ([7, 8, 9℄ and referen
es there). The latter pro
ess has the advantageto allow an independent variation of energy and momentum transfer.Most experiments have been performed at high energy transfers and are ingood agreement with potential-model 
al
ulations. However, one experimentexamined the triple-di�erential 
ross se
tion for d(e, e′p)n at low momentumtransfer (< 60 MeV/
) and energies 
lose to the breakup threshold, andin parti
ular its de
omposition into the 
ontributions of di�erent stru
ture



6 CHAPTER 1. INTRODUCTIONfun
tions [9℄. For the longitudinal-transverse interferen
e 
ross se
tion, adis
repan
y to theoreti
al predi
tions by about 30 % was dis
overed.In this work, we study this pro
ess in the same energy regime within Pion-less E�e
tive Field Theory, EFT(/π). This theory is introdu
ed in Chapter2. After 
onsidering NN s
attering, we present the Lagrangean relevant fordeuteron-ele
trodisintegration and the power 
ounting rules applied.This Lagrangean has some unknown 
oe�
ients; these are �xed by mat
h-ing to data in the third Chapter, where we show two appli
ations of EFT(/π):Analyti
 expressions for the ele
tri
 form fa
tors of the deuteron and for the
ross se
tion of radiative neutron 
apture by the proton are reprodu
ed. Theamplitude for the latter pro
ess is very similar to the one for ed → e′pn.The fourth Chapter presents the 
al
ulations of the triple-di�erential 
rossse
tion for deuteron-ele
trodisintegration. First, the ne
essary kinemati
 re-lations and the formalism are introdu
ed, and then we 
al
ulate the ampli-tude for ele
tri
 transitions up to next-to-next-to-leading order (NNLO), andfor magneti
 transitions up to NLO.The results are dis
ussed in Chapter 5. We 
ompare them to a potential-model 
al
ulation and to the data mentioned above after pointing out somemis
on
eptions regarding the frame of referen
e used in [9℄. The triple-di�erential 
ross se
tion and the 
ontributions of di�erent stru
ture fun
tionsare 
onsidered.Finally, a summary and outlook 
an be found in Chapter 6. The Feynmanrules and other details of the 
al
ulation are presented in the Appendi
es.



Chapter 2Theoreti
al Framework: EFT(/π)In this Chapter, the tools for 
al
ulating two-nu
leon pro
esses that are ex-amined later in this work are introdu
ed. After spe
ifying the energy regimein whi
h our theory is appli
able, we show how low-energy nu
leon-nu
leons
attering 
an be des
ribed within Pionless E�e
tive Field Theory, denotedby EFT(/π). Finally, intera
tions with external photons are in
luded, and thepower 
ounting rules are summarized.2.1 Range of Appli
abilityEFT(/π) is a nu
lear e�e
tive �eld theory similar to Chiral E�e
tive FieldTheory (mentioned in the Introdu
tion). Its advantage is that two-nu
leonpro
esses at the lowest energies are easier to 
al
ulate. It is limited to pro-
esses where the energies and momenta of the s
attering nu
leons are mu
hlower than mπ ≈ 140 MeV; in this 
ase, even pions 
an be integrated out andonly nu
leons remain as e�e
tive degrees of freedom, intera
ting via 
onta
tintera
tions. This is be
ause the typi
al Compton wave length of the nu
le-ons is then mu
h larger than the inverse pion mass (≈ 1.4 fm)1, whi
h meansthat the propagating pions 
annot be resolved. In other words, even thelongest-ranged part of the NN for
e, that due to one-pion ex
hange, appearsshort-ranged [1℄. Then the NN potential 
an be approximated to be of zerorange, represented by 
onta
t operators in the e�e
tive �eld theory.In order to perform a sensible perturbative expansion, a small expansionparameter Q/Λ is required (as explained in the Introdu
tion). In EFT(/π),
Λ is given by the pion mass and Q is the s
ale of the momenta of externalnu
leons � or photons, sin
e EFT(/π) 
an be applied to pro
esses in
luding1We work in natural units, i. e. ~ = c = 1.7



8 CHAPTER 2. THEORETICAL FRAMEWORK: EFT(/π)external probes2, as long as the energy and momentum transferred by thelatter are also lower than mπ. In our 
ase, typi
al momenta are between 30and 80 MeV; we even 
al
ulate 
ross se
tions at momenta larger than 100MeV, although we are aware that this is not very mu
h smaller than mπ andthe expansion parameter 
omes 
lose to unity. In spite of this, we still getsensible results at su
h high energies (see dis
ussion at the end of Se
t. 5.2).2.2 Nu
leon-Nu
leon S
attering2.2.1 E�e
tive Range TheoryA theory whi
h des
ribes NN s
attering in terms of a few parameters wasdeveloped more than 50 years ago: E�e
tive Range Theory (ERT) [10℄ isa low-energy expansion of the s
attering amplitude, valid for momenta lessthan the pion mass. First we repeat the basi
 features of this theory; thenwe show how EFT(/π) is designed to reprodu
e ERT results in this se
tor (see[11℄ for a review); and in the next se
tion we go beyond ERT by in
ludingexternal ele
tromagneti
 �elds.For the s
attering of two nu
leons in the 1S0 
hannel3 � ea
h with mo-mentum p in the 
enter-of-mass frame � the s
attering matrix 
an be writtenas
S = e2iδ = 1 +

2ip

p cot δ − ip
= 1 + i

pM

2π
A. (2.1)Here δ is the S-wave phase shift whi
h determines the asymptoti
 radialwave fun
tion, and M = 938.9 MeV is the isospin-averaged nu
leon mass.The analyti
 fun
tion p cot δ is real below the pion threshold p < mπ and
an be expanded around p = 0, with a 
onvergen
e radius of mπ/2 (e�e
tiverange expansion):

p cot δ = − 1

a0
+

1

2
r0p

2 + r1p
4 + .... (2.2)For proton-neutron s
attering, the empiri
al values of the 
oe�
ients are:

a0 = −23.71 fm, r0 = 2.73 fm, r1 = −0.48 fm3. (2.3)The shape parameter r1 is said to be of �natural size�, i. e. it is given bythe range of one-pion ex
hange ∼ 1/mπ. In 
ontrast, the s
attering length2Only ele
tromagneti
 probes are 
onsidered in this work, but one 
an also study weakintera
tions within EFT(/π) (see e. g. [31℄).3The notation is 2S+1LJ , with S the total spin of the NN system, L its orbital angularmomentum and J its total angular momentum.



2.2. NUCLEON-NUCLEON SCATTERING 9
a0 is mu
h larger than 1/mπ, and this 
auses a problem we will refer to inthe next subse
tion. The e�e
tive range r0 is a borderline 
ase: Numeri
allytwi
e as large as 1/mπ, it 
ould still be regarded as natural, but in Se
t. 2.2.3we will argue that it is more a

urate to assume r0 ∼ Q−1 where Q is the
hara
teristi
 low-momentum s
ale.Inserting (2.2) into (2.1) and negle
ting the shape parameter and higher
ontributions, the amplitude is

iA(1S0) =
4π

M

i

− 1
a0

+ 1
2
r0p2 − ip

, (2.4)whi
h will be reprodu
ed in EFT(/π) in the next Subse
tion.In the 3S1 
hannel, the deuteron is present as a bound state of a protonand a neutron, i. e. the amplitude has a pole at p = iγ; the deuteron bindingenergy is
B = 2.225 MeV, (2.5)and the pole position is given by

γ ≡
√

MB = 45.70 MeV. (2.6)The quantity γ (sometimes 
alled �binding momentum�) s
ales as Q anddetermines the size of the deuteron: 1/γ ≈ 4.3 fm. This is signi�
antly largerthan 1/mπ, whi
h is a prerequisite for studying deuteron properties withinEFT(/π). Expanding p cot δ in the 3S1 
hannel around zero momentum wouldmean that the position of the deuteron pole is rea
hed only perturbatively;it is therefore useful to make the e�e
tive range expansion around the pole:
p cot δ = −γ +

1

2
ρd(p

2 + γ2) + w2(p
2 + γ2)2 + ..., (2.7)with

ρd = 1.764 fm, w2 = 0.389 fm. (2.8)This also 
orresponds to a large s
attering length ( 1
a(3S1)

≈ γ − ρd

2
γ2 from
omparing (2.7) to (2.2)), a(3S1) = 5.42 fm. Combining (2.1) and (2.7) gives

iA(3S1) =
4π

M

i

−γ + 1
2
ρd(p2 + γ2) − ip

. (2.9)An additional 
ompli
ation in the spin-triplet 
hannel arises from the fa
tthat the NN intera
tion is not spheri
ally symmetri
 (as �rst re
ognized whenthe deuteron quadrupole moment was measured [12℄). This gives rise to amixing of the S-wave- with a small D-wave 
omponent. We will return tothis in Se
t. 3.1.3.



10 CHAPTER 2. THEORETICAL FRAMEWORK: EFT(/π)2.2.2 EFT(/π): The Problem of Large Length S
alesNow we show how the amplitude (2.4) is re
overed at leading order (LO)in EFT(/π), i. e. keeping only the �rst term in the Q-expansion. We sawthat both in the 1S0 and in the 3S1 
hannels, the amplitude has a poleat unnaturally small momenta whose s
ale is not set by the range of pionex
hange. This 
an only happen if there is a �ne-tuning between long- andshort-distan
e physi
s; sin
e the e�e
ts of short-distan
e physi
s are en
odedin the 
oe�
ients of the EFT, the lo
ation of the pole must be an input forEFT(/π).There are two equivalent formulations for EFT(/π). In the next Subse
tionwe introdu
e the formulation employed in this work, but �rst we sket
h theoriginal version, following mainly [11℄; we negle
t the e�e
tive range for themoment and 
on
entrate on the impa
t of a large s
attering length. Then theLO e�e
tive Lagrangean for the s
attering of two non-relativisti
 nu
leonsreads4
L = N †

(

i∂0 +
∇2

2M

)

N − C0(N
T PaN)†(NT PaN) + · · · . (2.10)Here, N =

(

p
n

) is a doublet of spin 1/2 �elds representing the positive-frequen
y nu
leon �eld, Pa = 1√
8
σ2τ2τa is the proje
tor on the 1S0 
hannel(where σ and τ are Pauli matri
es a
ting on spin and isospin spa
e, respe
-tively, see App. B), and C0 is the parameter that 
ontains all the informationof short-distan
e physi
s and must be determined from empiri
al data. Athigher orders, there would be four-nu
leon verti
es with derivatives of nu-
leon �elds; ea
h term 
ontaining an additional derivative is suppressed byone more power of p ∼ Q. Relativisti
 
orre
tions to the nu
leon kineti
energy 
an also be in
luded perturbatively in an expansion in Q/M .The s
attering amplitude that follows from (2.10) must des
ribe a quasi-bound state at low energy. (In the 3S1 
hannel where there is a real boundstate, the argument is the same.) The 
orresponding diagrams are depi
tedin Fig. 2.1: the tree-level graph and an in�nite series of nu
leon bubbles.Sin
e a bound state 
an never arise at a �nite order in perturbation theory,all diagrams in Fig. 2.1 should 
ontribute at the same order. Summing upthe in�nite series gives the amplitude

iA = −iC0 − iC0I0C0 − iC0I0C0I0C0 + ... =
−i

1
C0

− I0

. (2.11)4For simpli
ity we 
onsider only the 1S0 
hannel here.



2.2. NUCLEON-NUCLEON SCATTERING 11+ + + ...Figure 2.1: Diagrams 
ontributing to the NN s
attering amplitude.The loop integral I0 is linearly divergent. It is 
onventionally 
al
ulated us-ing dimensional regularization, sin
e this s
heme preserves Galilei-invarian
e,unlike e. g. 
ut-o� regularization. I0 is therefore multiplied by (µ
2

)3−D so thatits dimension stays the same in D spa
e dimensions:5
I0 = −i

(µ

2

)3−D
∫

d(D+1)l

(2π)(D+1)

i

(l0 − l2

2M
+ iǫ)

i

(E − l0 − l2

2M
+ iǫ)

=
(µ

2

)3−D

M

∫

dDl

(2π)D

1

p2 − l2 + iǫ

= −
(µ

2

)3−D

M
iD

(2π)D
iπD/2Γ

(

2 − D

2

)

(−p2 − iǫ)
D−2

2 . (2.12)
E = p2

M
is the total energy in the 
enter-of-mass frame, while p = |p| is thenu
leon momentum. The in�nitesimal imaginary part iǫ is required to shiftthe pole away from the real axis in the 
orre
t dire
tion. Now it dependson the spe
i�
 regularization s
heme how this is evaluated further. In theusual MS s
heme, where only poles in D = 3 dimensions are subtra
ted,

I0 is independent of µ. Inserting the result in (2.11) and mat
hing to theERT amplitude (2.4), we �nd that ea
h loop in the bubble sum s
ales as
C0I0 ∼ a0p. For a s
attering length of natural size, ea
h loop would thusbe suppressed by one power of Q/Λ. But sin
e 1/a0 = 8 MeV, the series
onverges only for very low momenta p < 8 MeV. However, a new subtra
tions
heme 
alled Power Divergen
e Subtra
tion (PDS) was developed [14℄, wherealso the D = 2 poles of I0 are subtra
ted. This makes I0 dependent on thes
ale µ:

I0
PDS
= −M

4π
(µ + ip), (2.13)and the amplitude (2.11) be
omes

iA = −4π

M

i
4π

MC0

+ µ + ip
. (2.14)5The parameter µ has the dimension of a mass and denotes the renormalization s
ale.



12 CHAPTER 2. THEORETICAL FRAMEWORK: EFT(/π)This reprodu
es the ERT result (2.4) if C0 is 
hosen su
h that
4π

MC0
=

1

a0
− µ. (2.15)What we have a
hieved by using PDS is that now a �ne-tuning between

C0 and the linear divergen
e in I0 is possible, be
ause both depend on µ.Physi
ally this means that a portion of the attra
tive potential representedby C0 
an
els against the repulsive e�e
t of the virtual kineti
 energy of thenu
leons [1℄. Finally, a note on power 
ounting should be made: Be
auseof the �ne-tuning allowed by PDS it is 
onsistent to assume that 1/a0 ∼ Qalthough it is numeri
ally smaller than p, sin
e 
hoosing µ ∼ Q makes the
1/a0-dependent quantity 1/C0 s
ale as Q. Now C0I0 ∼ a0p ∼ Q0, so alldiagrams in Fig. 2.1 indeed 
ontribute at the same order.2.2.3 Dibaryon FieldsAn equivalent way to deal with the existen
e of low-energy bound statesin the two-nu
leon system was suggested in [13℄: The in
lusion of an ex-pli
it dibaryon �eld that represents a bound state (in the 3S1 
hannel) or aquasi-bound state (1S0 
hannel) of two nu
leons. This formulation simpli�es
al
ulations 
ompared to 
onsidering dire
tly 
onta
t intera
tions betweenfour nu
leons, as in the previous subse
tion. Now the e�e
tive range must betaken into a

ount: In Se
t. 2.2.1, we mentioned that it is not 
lear a priorihow to 
ount r0 and ρd. We 
hoose them to s
ale as Q−1, as justi�ed at theend of this Se
tion.In the dibaryon formulation, the NN intera
tion in the 1S0 
hannel isdes
ribed by the following LO Lagrangean:

L = N †
(

i∂0 +
∇2

2M

)

N − s†a

(

i∂0 +
∇2

4M
− ∆s

)

sa

−ys

(

s†aN
T P (1S0)

a N + H.
.) . (2.16)The parameters ys and ∆s are �xed by mat
hing the resulting NN s
atteringamplitude to (2.4), and the dibaryon �eld is denoted by sa, with a = 1, 2, 3being the isospin index representing the I = 1 state. The unusual sign of thedibaryon term is 
onvention, and H.
. denotes the Hermitean 
onjugate.The equivalen
e of (2.16) and (2.10) 
an be seen by performing theGauÿian integration over the sa �eld in the path integral [17℄. After a �eldrede�nition, (2.10) is re
overed and only the 
ombination y2
s

4∆s
enters, 
orre-sponding to the single parameter C0.



2.2. NUCLEON-NUCLEON SCATTERING 13= + + + ...Figure 2.2: The dressed dibaryon propagator: the double line stands forthe sum of diagrams with arbitrary insertions of nu
leon bubbles, whilethe thi
k line represents the free dibaryon propagator.In order to derive the amplitude, an expression for the dibaryon prop-agator is required. The full propagator is dressed with an in�nite 
hain ofnu
leon bubbles (see Fig. 2.2), all of whi
h 
ontribute at the same order (asin the previous Subse
tion):
iDs = iD0 + iD0ID0 + iD0ID0ID0 + ... =

iD0

1 − ID0
. (2.17)The free propagator as a Green's fun
tion of (i∂0 + ∇2

4M
− ∆s

) is
iD0 =

−i

E − p2

d

4M
− ∆s

, (2.18)where E is the kineti
 energy of the dibaryon and pd its momentum, and theloop integral is given by
I = i

(µ

2

)3−D
∫

d(D+1)l

(2π)(D+1)

i

(l0 − l2

2M
+ iε)

i

(E − l0 − (pd−l)2

2M
+ iε)

(−iy)2

=
y2M

4π

(
√

p2
d

4
− EM − iε − µ

)

, (2.19)where PDS is used to evaluate the divergent integral. Thus we arrive at
iDs =

−i

E − p2

d

4M
− ∆s + y2M

4π

√

p2

d

4
− EM − iε − y2M

4π
µ

. (2.20)In the 
enter-of-mass (
m) frame (E = p2

M
, pd = 0), the LO NN s
atteringamplitude is then

iA = (−iys)iDs(−iys)

=
iy2

s
p2

M
− ∆s + y2M

4π
(−ip) − y2M

4π
µ

. (2.21)



14 CHAPTER 2. THEORETICAL FRAMEWORK: EFT(/π)Again 
omparing to eq. (2.4), we �nd for the 1S0 
hannel:
ys =

√
8π

M
√

r0
, ∆s =

2

Mr0

(

1

a0
− µ

)

. (2.22)Inserting this into (2.20), the deuteron propagator in the 
m system be
omes
iDs =

Mr0

2

i
1
a0

− r0

2
EM + i

√
EM

. (2.23)In the 3S1 (triplet) 
hannel, sa is repla
ed by the �eld ti, whi
h repre-sents the deuteron (see (2.32) below; the index i indi
ates the polarization).Repeating the above steps and mat
hing to (2.9), we get
yt =

√
8π

M
√

ρd

, ∆t =
2

Mρd

(

γ − ρd

2
γ2 − µ

)

, (2.24)
iDt =

Mρd

2

i

γ − ρd

2
(γ2 + EM) + i

√
EM

. (2.25)For external deuteron �elds, we need a wave-fun
tion renormalizationfa
tor Z whi
h gives the asymptoti
 normalization of the deuteron's wave-fun
tion tail. It is 
ru
ial to reprodu
e the long-range part of the wave-fun
tion (see e. g. [16℄),
Ψdeuteron(r → ∞) =

√

Z

2πρd

e−γr

r
, (2.26)sin
e it is this quantity that dominates the response to low-energy probes.The rate of exponential fall-o� of the wave fun
tion is determined by thebinding energy, and Z is given by the residue of the deuteron propagator atthe pole:

iZ

E + B

∣

∣

∣

∣

E=−B

= iDt|E=−B

⇒ 1

Z

∂

∂E
(E + B)|E=−B =

2

Mρd

∂

∂E

(

γ−ρd

2
(γ2+ EM)− i

√
−EM − iε

)
∣

∣

∣

E=−B

⇒ Z =
γρd

1 − γρd

. (2.27)Now we 
ome to the question how to 
ount ρd and r0. Numeri
ally, they are
ρd = 1

112 MeV and r0 = 1
72 MeV . Originally it was suggested that ρd ∼ r0 ∼ Q0,



2.3. LAGRANGEAN AND POWER COUNTING 15i. e. they are regarded to be of natural size [14℄. This would mean that thefa
tor Z should be expanded in powers of γρd ∼ Q:
Z = γρd[1 + γρd + (γρd)

2 + . . . ]

= 0.408[1 + 0.408 + 0.166 + 0.068 + . . . ]. (2.28)However, the 
onvergen
e is rather bad (see [18℄ for a dis
ussion): The NNLO
ontribution is still about 17% of the LO one. Thus it seems more a

urateto reprodu
e the 
orre
t wave-fun
tion tail at LO, taking ρd ∼ Q−1 (assuggested in [19℄) and then, of 
ourse, also r0 ∼ Q−1. We adopt the latter
onvention. This is 
onsistent with regarding (2.18) as the free propagatorat LO, be
ause if r0 ∼ Q0, then ∆ ∼ Q and the kineti
 term would only bea NLO 
orre
tion to ∆ (as in [20℄).So far, we did nothing more than reprodu
e the results of the traditionalERT. The power of EFT(/π) lies in the fa
t that it 
an be used to 
al
ulatepro
esses with external probes like ele
tromagneti
 �elds, in
luding higherorder operators that are not present in ERT. In the next Se
tion this exten-sion is introdu
ed.2.3 Lagrangean and Power CountingIn the following, we write down the Lagrangean that des
ribes all pro
essesexamined in this work. Possible higher order terms will be dis
ussed whenpro
esses are 
overed where they might play a role. The intera
tion of nu-
leons and dibaryons with an ele
tri
 �eld is implemented at LO by gaug-ing the Lagrangean (2.16). For nu
leons, ∂µ → Dµ = ∂µ + ieQAµ, where
Q = 1

2
(1+τ3) is the 
harge matrix, whereas for the dibaryon Dµ = ∂µ+ieAµ.6The e�e
tive Lagrangean 
an be written in the form (see [21℄ for a review)

L = LN + Ls + Lt + Lst. (2.29)To the order needed in this work, the four parts read
LN = N †

[

iD0 +
D2

2M
+

e

2M
(κ0 + κ1τ3)σ · B

]

N, (2.30)
Ls = −s†a

[

iD0 +
D2

4M
− ∆s

]

sa − ys

[

s†aN
T P (1S0)

a N + H.
.] , (2.31)6This means, of 
ourse, D0 = ∂0 + ieA0 and D = ∇− ieA.
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Lt = −t†i

[

iD0 +
D2

4M
− ∆t

]

ti − yt

[

(t†iN
T P

(3S1)
i N + H.
.]

− Csd√
Mρd

T (sd)
ij,xy

[

t†i (N
TOxy,jN) + H.
.]

− CQ

Mρd

t†i [iD0,Oij ] tj , (2.32)
Lst =

eL1

M
√

r0ρd

[

t†is3Bi + H.
.] . (2.33)The one-nu
leon Lagrangean LN 
ontains � aside from the kineti
 term� the intera
tion with a magneti
 �eld B = ∇ × A via the isos
alar andisove
tor magneti
 moments of the nu
leon,
κ0 =

1

2
(κp + κn), κ1 =

1

2
(κp − κn), (2.34)where the magneti
 moments of proton and neutron in nu
lear magnetonsare

κp = 2.79, κn = −1.91. (2.35)
Ls and Lt are the Lagrangeans for the dibaryon �elds in the 1S0 and 3S1
hannels, sa and ti, respe
tively (the index i = 1, 2, 3 indi
ates the polariza-tion of the spin-triplet state). The se
ond terms des
ribe the formation andbreakup of a dibaryon, where the proje
tion operators are (see App. B fordetails):

P (1S0)
a =

1√
8
σ2τ2τa, P

(3S1)
i =

1√
8
σ2σiτ2. (2.36)In the triplet 
hannel, transitions between S- and D-wave are 
overed by thethird and fourth terms of Lt (2.32). The 
orresponding operators read

T (sd)
ij,xy = δixδjy −

1

3
δijδxy, (2.37)

Oij = −
(

DiDj −
1

3
δijD

2

)

, (2.38)
Oxy,j = −1

4

(←
Dx

←
Dy P

(3S1)
j + P

(3S1)
j

→
Dx

→
Dy −

←
Dx P

(3S1)
j

→
Dy −

←
Dy P

(3S1)
j

→
Dx

)

.(2.39)The arrows in (2.39) indi
ate the dire
tion in whi
h the operators a
t. Alloperators are 
onstru
ted in su
h a way that gauge invarian
e is guaranteed.The 
oe�
ient Csd will be determined from the experimental value of the
SD mixing parameter ηsd, while CQ will be �xed by the quadrupole moment(see Chapter 3.1.3).



2.3. LAGRANGEAN AND POWER COUNTING 17
Lst a

ounts for a transition between the 1S0 and 3S1 
hannels 
aused bya magneti
 �eld a
ting on a dibaryon. Again there is an unknown 
oe�
ient,

L1, whi
h has to be determined by mat
hing to data. This will be done inChapter 3.2 by 
onsidering the 
ross se
tion for radiative neutron 
apture bythe proton.A 
ompilation of the Feynman rules that 
orrespond to the above La-grangean is given in Appendix A. Most of the power 
ounting rules havealready been set up and are now summarized. The basi
 low-energy quanti-ties s
ale as follows:
|p| ∼

√

Mp0 ∼ γ ∼ 1

ρd

∼ 1

r0

∼ 1

a0

∼ Q. (2.40)Hen
e the wave fun
tion renormalization fa
tor s
ales as Z ∼ 1. For thenu
leon-propagator
1

q0 − q2

2M

∼ Q−2, (2.41)and for the dibaryon propagators (2.23, 2.25)
Ds ∼ Dt ∼ Q−2. (2.42)Ea
h NN-dibaryon vertex � proportional to ys,t � brings a fa
tor Q1/2 by
ombining (2.22/2.24) with (2.40). SD mixing is suppressed by Q2 with re-spe
t to pure S-wave amplitudes be
ause of the two derivatives in (2.32);thus the 
oe�
ient Csd√

Mρd
is of the same order as ys,t ∼ Q1/2. The denomina-tors of Csd√

Mρd
and CQ

Mρd
are 
hosen su
h that Csd ∼ CQ ∼ 1 are of natural size.Likewise, the 
oe�
ient of Lst in (2.33) is written in a way that L1 is alsonatural. Besides we note that the isove
tor magneti
 moment κ1 = 2.35 isnumeri
ally mu
h larger than the isos
alar one κ0 = 0.44; the latter is there-fore treated as higher order and is negle
ted in the following (see dis
ussionin Se
t. 3.2.3). Sin
e a spa
e (time) derivative of a nu
leon or dibaryon �eldgives p ∼ Q (p0 ∼ Q2), a minimally 
oupled photon should also s
ale as

A ∼ Q, A0 ∼ Q2, (2.43)and the 
orresponding verti
es as A0 ∼ p · A ∼ Q2.Now the tools for 
al
ulating the response of a two-nu
leon system to anexternal ele
tromagneti
 �eld are at hand. We dis
ussed NN s
attering insome detail and wrote down the terms relevant in the following, where theywill be examined further.



Chapter 3Appli
ationsBefore we 
ome to the main part of this work, let us 
onsider some appli
a-tions of EFT(/π), i. e. reprodu
e some results that have been derived before.This is done for several reasons: to get familiar with the theory by 
onsider-ing relatively simple pro
esses �rst; to show some of its su

esses; and � mostimportantly � to determine some unknown 
oe�
ients in the Lagrangean by
omparing the results to data. In the following, we 
al
ulate the ele
tri
 formfa
tors of the deuteron, and in Se
t. 3.2 the radiative 
apture pro
ess of slowneutrons by protons.3.1 Ele
tri
 Form Fa
tors of the Deuteron3.1.1 Elasti
 Ele
tron-Deuteron S
atteringThe di�erential 
ross se
tion for elasti
 ele
tron-deuteron s
attering
dσ

dΩ
=

dσ

dΩ

∣

∣

∣

∣Mott [A(q) + B(q) tan

(

θ

2

)] (3.1)is the Mott 
ross se
tion (des
ribing ele
tron s
attering o� a pointlike par-ti
le) times a 
orre
tion given by the form fa
tors A(q) and B(q) that 
anbe written in terms of the 
harge-, magneti
- and quadrupole form fa
tors ofthe deuteron, FC(q), FM(q) and FQ(q), respe
tively:
A(q) = F 2

C(q) +
2

3
ηF 2

M(q) +
8

9
η2F 2

Q(q), B(q) =
4

3
η(1 + η)F 2

M(q), (3.2)where η = q2

4M2

d

. 18
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(a) (b)Figure 3.1: LO diagrams 
ontributing to the deuteron 
harge form fa
tor.In the following, we reprodu
e the analyti
 expressions for the ele
tri
form fa
tors as given e. g. in [11℄. A deuteron is 
hara
terized by its four-momentum pµ and polarization ve
tor ǫµ with pµǫ

µ = 0. The basis of po-larization ve
tors 
an be 
hosen so that ǫµ
i = δµ

i . Deuteron states are thendenoted by |p, i〉 ≡ |p, ǫµ
i 〉 and ful�ll the normalization 
ondition 〈p′, j|p, i〉 =

(2π)3δ3(p − p′)δij . In terms of these states, the nonrelativisti
 expansion ofthe matrix element of the ele
tromagneti
 
urrent up to NNLO is
〈p′, j|J0em|p, i〉 = e

[

FC(q)δij +
1

2M2
d

FQ(q)
(

qiqj −
1

3
q2δij

)

](

E + E ′

2Md

)

,

〈p′, j|Jkem|p, i〉 =
e

2Md

[

FC(q)δij(p + p′)k + FM (q)(δk
i qj − δk

j qi)

+
1

2M2
d

FQ(q)
(

qiqj −
1

3
q2δij

)

(p + p′)k
]

. (3.3)3.1.2 Charge Form Fa
torThe LO 
ontributions to the ele
tri
 
harge form fa
tor FC of the deuteronare depi
ted in Fig. 3.1. The matrix elements are (from (A.1) and (A.2))
〈p′, j|J0(a)|p, i〉 = eZ

4

qρd

arctan

(

q

4γ

)

δij , (3.4)
〈p′, j|J0(b)|p, i〉 = −eZ, (3.5)where the wave-fun
tion renormalization fa
tor Z is given by (2.27). Com-paring this to the de�nition of the 
harge form fa
tor in (3.3), we �nd

F LO
C (q) = Z

[

4

qρd

arctan

(

q

4γ

)

− 1

]

, (3.6)whi
h ful�lls the 
onventional normalization FC(0) = 1.
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Figure 3.2: Comparison of the 
harge form fa
tors 
al
ulated to LO andNNLO.It is interesting to 
ompare the LO result to that obtained in the NNLO
al
ulation in [22℄ (Fig. 3.2).1 The latter in
ludes the 
ontribution from thenu
leon mean-square 
harge radius 〈r2
N〉 as well as relativisti
 
orre
tions.We see that the deviation between the two results indeed be
omes very smallfor low momenta. The good 
onvergen
e of the theory in this appli
ation
an also be demonstrated by looking at the mean-square 
harge radius of thedeuteron whi
h is de�ned via an expansion of FC(q) = 1 − 1

6
〈r2

d〉q2 + ... inpowers of q2, 〈r2
d〉 = −6dFc

dq2 (q = 0). The LO result is
〈r2

d〉LO =
1

1 − γρd

1

8γ2
= 3.92 fm2, (3.7)while at NNLO one �nds

〈r2
d〉NNLO =

1

1 − γρd

1

8γ2
+ 〈r2

N〉 +
1

32M2
= 4.55 fm2. (3.8)This is very 
lose to the experimental value 〈r2

d〉 = 4.538 fm2.1Note that in [22℄ a di�erent power 
ounting s
heme is used, in whi
h Z is not exa
tlyreprodu
ed at LO.
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Figure 3.3: Diagrams for the NN s
attering amplitudes in the S-to-S-waveand D-to-S-wave 
hannels. The open 
ir
le denotes the D-to-S transitionand involves two spatial derivatives (see Feynman rule (A.6)).3.1.3 SD Mixing and Quadrupole Form Fa
torThe deuteron quadrupole form fa
tor is non-zero be
ause the deuteron wavefun
tion has a D-wave 
ontribution, mentioned in Se
t. 2.2.1. In the 
oupled

3S1 � 3D1 
hannel, the analog to (2.1) is
S = 1 + i

pM

2π

(

A[SS] A[DS]

A[DS] A[DD]

)

=

(

e2iδ̄0 cos 2ǭ1 iei(δ̄0+δ̄2) sin 2ǭ1

iei(δ̄0+δ̄2) sin 2ǭ1 e2iδ̄2 cos 2ǭ1

)

,(3.9)where the 
onventions of the phase shifts are de�ned in [23℄. The Lagrangeanthat des
ribes the mixing at LO is the third term in Lt (2.32), 
ontaining theunknown 
oe�
ient Csd, whi
h will now be determined by the empiri
allywell-known quantity ηsd = 0.0254 [24℄, the asymptoti
 ratio of D- and S-wave
omponents of the deuteron wave fun
tion.The NN s
attering amplitudes for the S-to-S-wave and D-to-S-wave
hannels are represented by the diagrams in Fig. (3.3). A[SS] was givenin (2.9), while
iA[DS] = i

Csd√
Mρd

3

4

√
πρd

p2

−γ + 1
2
ρd(p2 + γ2) − ip

. (3.10)
D-to-D transitions � involving four derivatives � are suppressed by two morepowers of Q and 
an be negle
ted here. Then the asymptoti
 D-S ratio isgiven by

ηsd = −1

2

tan 2ǭ1

sin(δ̄0 − δ̄2)

∣

∣

∣

∣

p=iγ

= − A[DS]

A[SS]

∣

∣

∣

∣

p=iγ

=
Csd√
Mρd

1

6
√

π
M

√
ρdγ

2, (3.11)and Csd is thus �xed:
Csd =

6
√

πηsd√
Mγ2

= 2.31 fm5/2. (3.12)
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(a) (b) (c)Figure 3.4: Diagrams 
ontributing to the deuteron quadrupole form fa
torat LO (a,b) and at NLO (
). The shaded square represents the operatorproportional to CQ (
f. Feynman rule (A.10).

This is almost equal to 1/m
5/2
π , i. e. 
learly of natural size.Now that the 
oe�
ient for SD mixing is determined, we 
an 
al
ulatethe LO 
ontributions to the quadrupole form fa
tor shown in Fig. 3.4 (a) and(b). The matrix element of the sum of both is

〈p′, j|J0(a+b)|p, i〉 = 2eZyt
Csd√
Mρd

M2

∫

d3l

(2π)3

lilj − 1
3
l2δij

l2 + γ2 − iǫ

1

(l + q

2
)2 + γ2 − iǫ

= e(qiqj − 1

3
q2δij)Zyt

Csd√
Mρd

M2

32πq3

×
[

−4γq + (16γ2 + 3q2) arctan

(

q

4γ

)]

. (3.13)The integral is evaluated in the Appendix (D.10).In addition to that, the quadrupole form fa
tor has a 
ontribution atNLO, arising from the fourth term in Lt (2.32) and shown in Fig. 3.4 (
):
〈p′, j|J0(c)|p, i〉 = e(qiqj − 1

3
q2δij)Z

CQ

Mρd
. (3.14)EFT(/π) goes beyond ERT here, sin
e this operator is not present in ERT.Combining the LO and NLO results, we �nd for the quadrupole form fa
torfrom (3.3):

FQ(q)

2M2
d

= Z

{

yt
Csd√
Mρd

M2

32πq3

[

−4γq + (16γ2 + 3q2) arctan

(

q

4γ

)]

+
CQ

Mρd

}

.(3.15)This reprodu
es the expression given in [22℄ (when applying our power 
ount-ing rules). The usual normalization 
ondition is
1

M2
d

FQ(0) = µQ. (3.16)
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Figure 3.5: The quadrupole form fa
tor, normalized to µQ: The solid
urve is obtained by �tting Csd to the quadrupole moment at LO, whilethe dashed 
urve is the NLO result of (3.15) .If we �t
1

M2
d

FQ(0) = 2Z

[

yt
Csd√
Mρd

M2

32π

2

3γ
+

CQ

Mρd

] (3.17)to the empiri
al value for the ele
tri
 quadrupole moment µQ = 0.2859 fm2,we �nd CQ = −1.703 fm2. This is indeed O(1), i. e. of the order of 1/mπ
2,so the naturalness assumption is 
on�rmed.For the quadrupole moment at leading order, i. e. setting CQ ≡ 0, weget µLO

Q = 0.566 fm2. Thus the NLO 
ontribution is about −50 % of theLO one. One 
ould, however, �t Csd dire
tly to the quadrupole momentat LO (eq. (3.17) without the CQ-term), obtaining C
(LO)
sd = 1.17 fm5/2; theresulting quadrupole form fa
tor is plotted in Fig. 3.5, 
ompared to the NLOone of eq. (3.15). We observe a rather large NLO 
ontribution. Therefore,it is more a

urate to �t Csd not to the quadrupole moment but to ηsd, andreprodu
e µQ at NLO. In 
al
ulating the ele
trodisintegration pro
ess, wewill use (3.12) for Csd.
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(a) (b) (c)Figure 3.6: Diagrams 
ontributing to the M1V amplitude at LO (a,b) andat NLO (
).3.2 Radiative Capture np → dγNext we examine the radiative neutron 
apture by the proton. The 
rossse
tion for this pro
ess at very low energies E < 1 MeV is important for theunderstanding of big-bang nu
leosynthesis, sin
e it is needed as an input for
al
ulations of the abundan
es of deuterium and other light elements. There-fore it has been studied in great detail within EFT(/π) (see [25, 26, 27, 19℄).We repeat it here to determine one more parameter, L1 of eq. (2.33), andbe
ause the amplitude is very similar to the one for deuteron ele
trodisinte-gration � the reverse pro
ess with the real photon being repla
ed by a virtualone. This gives us an additional 
riterion (besides power 
ounting) to deter-mine whi
h diagrams are important and whi
h 
an be negle
ted in the latterpro
ess. In the energy range of interest, the 
ross se
tion is dominated byisove
tor magneti
 transitions M1V and isove
tor ele
tri
 transitions E1V ,whi
h will be 
al
ulated in the next two Subse
tions, followed by a 
ompar-ison of these two and other possible 
ontributions.3.2.1 Magneti
 TransitionsThe isove
tor magneti
 transition from the 1S0 isove
tor 
hannel2 to the 3S1isos
alar 
hannel at LO is determined by the isove
tor magneti
 momentof the nu
leon (κ1-term in (2.30) and Feynman rule (A.2)). At NLO theoperator in (2.33) and (A.11) enters, where a magneti
 photon 
ouples toa dibaryon; its 
oe�
ient L1 will be �xed by the experimental value of the

np → dγ 
ross se
tion for thermal neutrons. The 
orresponding diagramsare depi
ted in Fig. 3.6. In the 
enter-of-mass frame, the in
oming nu
leonshave momenta ±p. Momentum and energy of the outgoing real photon are
q and q0 = q = |q|, respe
tively, and we work in Coulomb-gauge, where thepolarization ve
tor ful�lls q · ǫ∗(γ) = 0 (besides ǫ∗0(γ) = 0). The amplitude 
an2The spin-singlet state 1S0 must be an isospin-triplet be
ause of the Pauli prin
iple.
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iA = ieǫijkǫ∗i(d)q

jǫ∗k(γ)(N
T
n σ2Np)XM1V

, (3.18)where Nn and Np are the neutron and proton spinors3. The sum of thediagrams in Fig. 3.6 gives
XM1V

= i
2

M

√
Z

1

−1
a

+ 1
2
r0p2 − ip

[

κ1

γ − 1
a

+ 1
2
r0p

2

p2 + γ2
+

L1

2

] (3.19)whi
h reprodu
es the expression in [19℄. In obtaining this result, the nu
leonpropagator was approximated as
(

p2

2M
− q − (p± q)2

2M

)−1

≈ −1

q
, (3.20)i. e. we negle
ted terms that are suppressed by a fa
tor Q/M (whi
h is evenmu
h smaller than the usual expansion parameter Q/Λ). Besides we applied

q ≈ p2+γ2

M
from energy 
onservation. In this approximation, the di�erential
ross se
tion is (see e. g. [28℄)

dσ(M1V )

dΩ
=

p2 + γ2

16π2p

∑

spin

|A|2, (3.21)with
∑

spin

|A|2 = e2ǫijkǫ∗i(d)q
jǫlmnǫl

(d)q
m1

4
Tr[σ2σ2]

(

δkn − qkqn

q2

)

|XM1V
|2

= e2q2|XM1V
|2. (3.22)The resulting 
ontribution of M1V transitions to the total 
ross se
tion,

σ(M1V ) =
α(p2 + γ2)3

pM2
|XM1V

|2 (3.23)(with the �ne stru
ture 
onstant α = e2

4π
), is now �tted to the experimentalvalue for thermal neutrons σ(E = p2

M
= 1.264 ·10−8 MeV) = (334.2±0.5) mb[29℄, �xing the 
oe�
ient L1 = −4.41 fm.4 The justi�
ation for this pro-
edure will be given later, when we will see that at this energy the 
ross3Be
ause of this spe
i�
ation we drop the τ -matri
es that would proje
t on the appro-priate isospin state of the two nu
leons.4This value is bit larger than expe
ted by the naturalness assumption, but we 
an stilltreat it as O(1).
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(a) (b)Figure 3.7: Diagram (a) shows the LO 
ontribution to the E1V amplitude;diagram (b) vanishes.se
tion is by far dominated by the M1V -amplitude. Again the term aris-ing from a four-nu
leon-one-photon operator plays an important role (as forthe form fa
tors in the previous se
tion), sin
e the LO terms would give

σ(L1 = 0) = 501 fm, whi
h is about 1.5 times larger than the experimentalvalue. We 
an expe
t that this NLO term is important for ele
trodisintegra-tion as well.3.2.2 Ele
tri
 TransitionsThe se
ond important 
ontribution to np → dγ 
omes from isove
tor ele
tri
transitions E1V from the isove
tor P-wave to the 3S1 
hannel. The onlyoperator that enters at LO is obtained from gauging the kineti
 term ofthe nu
leons, and the diagram is depi
ted in Fig. 3.7 (a). The amplitude
orresponding to the se
ond diagram vanishes be
ause it is proportional to
q · ǫ∗(γ) = 0. Thus the LO amplitude is

iA = e(NT
n σ2σ · ǫ∗(d)Np)p · ǫ∗(γ)XE1V

, (3.24)where
XE1V

= −i
2

M

√
Z

1

p2 + γ2
, (3.25)again in a

ord with [19℄. Hen
e the di�erential 
ross se
tion for E1V tran-sitions is (from (3.21))

dσ(E1V )

dΩ
=

p2 + γ2

16π2p
e2|XE1V

|23

2
p2(1 − cos2 θ), (3.26)where θ is the angle between p and q, and the 
ontribution to the total 
rossse
tion is

σ(E1V ) = αp(p2 + γ2)|XE1V
|2. (3.27)
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Figure 3.8: Comparison of individual 
ontributions to the np → dγ 
rossse
tion. The M1S and E2S 
ross se
tions are taken from [27℄.3.2.3 Comparison of Individual ContributionsComparing the 
ross se
tions for M1V (3.23) and E1V (3.27), we see that atvery low energies magneti
 transitions dominate over ele
tri
 ones. For ther-mal neutrons, the E1V 
ross se
tion is only σ(E1V ) = 5 · 10−6 mb, 
omparedto σ(M1V ) = 334.2 mb. This justi�es that L1 was �xed by the experimentalvalue of the 
ross se
tion. With in
reasing energy, however, ele
tri
 transi-tions be
ome more important and eventually dominate by about two ordersof magnitude, as 
an be seen in Fig. 3.8, where the di�erent 
ontributions tothe 
ross se
tion are plotted as fun
tions of the nu
leon 
enter-of-mass mo-mentum p. Apart from the M1V and E1V parts 
al
ulated above, two other
ontributions are shown: isos
alar magneti
 transitions M1S and isos
alarele
tri
 transitions E2S from the 3S1 
hannel. The 
orresponding 
ross se
-tions are taken from [27℄ and have been in
luded here to show that theyare several orders of magnitude smaller than the dominating parts. We 
anexpe
t this behavior also for deuteron-ele
trodisintegration, sin
e the ampli-tude is very similar to that for np → dγ.



Chapter 4Deuteron-Ele
trodisintegrationNow we 
ome to the main part of this work. In this Chapter, the 
al
ulationof the 
ross se
tion of deuteron-ele
trodisintegration is presented. After in-trodu
ing the formalism and kinemati
 relations, we 
al
ulate the amplitudefor ele
tri
 transitions at LO, whi
h gives the dominant 
ontribution, as ex-pe
ted from the previous se
tion. Then we 
onsider the major 
orre
tionsto this, namely SD mixing whi
h is the only NNLO 
ontribution to ele
tri
transitions, and magneti
 transitions (up to NLO). We 
on
lude this Chap-ter with a dis
ussion of possible higher order terms that are left out in the
al
ulation. The results for the 
ross se
tion will be shown and dis
ussed inthe next Chapter.4.1 Kinemati
s and Formalism4.1.1 Kinemati
sWe begin by introdu
ing the kinemati
 variables that des
ribe the disin-tegration pro
ess d(e, e′p)n illustrated in Fig. 4.1. There are two framesof referen
e that are used 
onventionally: the laboratory frame � identi�edwith the deuteron rest frame � whi
h will have a supers
ript �lab�, and the
enter-of-mass frame of the outgoing nu
leons (and of photon and deuteron),denoted by �
m�. The transformation between them is given by a boost alongthe three-momentum transfer q by whi
h we de�ne the z-dire
tion. Anotherframe of referen
e is the 
enter-of-mass frame of the whole pro
ess, i. e. ofthe in
oming ele
tron and deuteron, where the analysis of the experiment inRef. [9℄ is said to be 
arried out. There are, however, some mis
on
eptionsregarding their 
hoi
e of referen
e frame; we will 
ome ba
k to this problemat the end of this Subse
tion. Here we list only the relevant variables in28
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Figure 4.1: An illustration of the deuteron-ele
trodisintegration pro
ess:The ele
tron kinemati
s refers to the lab frame, while the proton variablesare de�ned in the 
m frame of the two-nu
leon �nal state.the �rst two referen
e frames. Thus, �
m frame� will always stand for theproton-neutron 
m frame, unless expli
itly stated otherwise.Energies and momenta of the ele
trons are given in the lab frame as thenatural frame for the experimental determination of 
ross se
tions: (Elab
0 ,klab)for in
oming ele
trons and (Elab

e ,k′lab) for outgoing ones. The angle between
klab and k′lab is Θlab

e . The transferred energy and momentum are then
ωlab ≡ Elab

X = Elab
0 − Elab

e , qlab = klab − k′
lab

. (4.1)For the 
al
ulation it is 
onvenient to swit
h to the 
m frame. The reasonwill be
ome 
lear in the next subse
tion: The hadroni
 part of the pro
ess,
γ∗d → pn, 
an be separated from the leptoni
 part and is then easier to 
al
u-late in its own rest frame. So the outgoing proton (neutron) has momentum
p ≡ pcm (−p) and total energy Ep(n) ≡ Ecm

p(n) = M + p2

2M
, sin
e nu
leons 
analways be treated non-relativisti
ally at the energies of interest. (We denotethe absolute value of a three-momentum |p| ≡ p.) The spheri
al angles of pare Θp ≡ Θcm

p and Φp ≡ Φcm
p ,1 i. e. p · q = pq cos Θp and p · (q× k) ∝ sin Φp.The boost parameters for the transformation between the two frames are1In the following, p, Θp and Φp are always meant to be in the 
m frame, and we dropthe supers
ript �
m�. Likewise, all other variables without a supers
ript refer to the 
mframe.
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β =

qlab

Md + ωlab
, γ =

1
√

1 − β2
, (4.2)where Md = 2M − B is the deuteron mass. Hen
e the quantities de�ned inthe lab frame in (4.1) 
an be transformed to the 
m frame as follows:

ω ≡ ωcm = γωlab − βγqlab, (4.3)
q ≡ qcm = βγMd. (4.4)There are �ve independent variables for this pro
ess. We 
hoose theenergies Elab

0 , Elab
e (or equivalently Elab

X = Elab
0 − Elab

e ) and the s
atteringangle Θlab
e of the ele
trons in the lab frame, and the proton emission angles

Θp and Φp in the 
m frame. The total energy of the deuteron in the 
m frameis Ed = Md + q2

2Md
; thus from energy 
onservation we 
an write the protonmomentum as

p =

√

(ω − B)M + q2
M

2Md

. (4.5)Finally, we write down the involved momentum ve
tors:
klab = (sin Θlab

0q , 0, cos Θlab
0q )klab, (4.6)

k′
lab

= (sin Θlab
eq , 0, cos Θlab

eq )k′
lab

, (4.7)
qlab = (0, 0, 1)qlab, (4.8)

q ≡ qcm = (0, 0, 1)q, (4.9)
p = (sin Θp cos Φp, sin Θp sin Φp, cos Θp)p, (4.10)with

cos Θlab
0q =

klab − k′lab cos Θlab
e

qlab
, cos Θlab

eq =
klab cos Θlab

e − k′lab

qlab
(4.11)de�ning the angles between the ele
trons (in
oming and outgoing respe
-tively) and the photon. The ele
tron momenta are given by klab2

= Elab
0

2−m2
eand k′lab

2
= Elab

e
2 − m2

e, and the ele
tron mass is me = 0.511 MeV.The quantity we want to 
al
ulate is the triple-di�erential 
ross se
tion
d3σ

dElab
e dΩlab

e dΩp
, (4.12)where the spheri
al angles are given by Ωlab

e = (Θlab
e , Φlab

e ≡ 0) and
Ωp ≡ Ωcm

p = (Θp, Φp). The expression in terms of kinemati
 fa
tors and the
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attering amplitude di�ers from the usual single di�erential 
ross se
tion fora two-parti
le-to-two-parti
le rea
tion su
h as the photodisintegration pro-
ess. In Appendix C we derive
d3σ

dElab
e dΩlab

e dΩp

=
k′labpMdM

2

8(2π)5(M + p2

2M
)
√

(MdElab
0 + qlab · klab)2 − M2

dm2
e

|A|2.(4.13)This 
ross se
tion 
an be split into the 
ontributions of di�erent stru
turefun
tions. This de
omposition 
an be written as
d3σ

dElab
e dΩlab

e dΩp
=

d3

dElab
e dΩlab

e dΩp
(σL+σT +σLT cos Φp+σTT cos 2Φp). (4.14)A separation of the longitudinal-plus-transverse 
ross se
tion σL + σT andthe interferen
e terms σLT and σTT 
an simply be made by varying Φp:

σL + σT =
1

2
[σ(Φp = 45◦) + σ(Φp = 135◦)], (4.15)

σLT =
1√
2
[σ(Φp = 45◦) − σ(Φp = 135◦)], (4.16)

σTT =
1

2
[σ(Φp = 0◦) + σ(Φp = 180◦)]

−1

2
[σ(Φp = 45◦) + σ(Φp = 135◦)]. (4.17)The de
omposition (4.14) is valid either in the lab- or in the 
m frame ofthe outgoing nu
leons; sin
e the transformation between these two frames isgiven by a boost along q, it does not a�e
t the azimuthal angle Φp. However,in the experiment whi
h we would like to reprodu
e [9℄, the proton emissionangles Θp and Φp are de�ned in the �
enter-of-mass frame�, whi
h one 
ouldinterpret as the 
m frame of the whole pro
ess, i. e. of the in
oming ele
tronand deuteron. In this latter system, (4.14) 
annot be applied be
ause thetransformation to the lab frame is not parallel to q, but depends on Φp.Furthermore, we 
he
ked by expli
itly 
al
ulating the full triple-di�erential
ross se
tion in the ele
tron-deuteron 
m frame that a large dis
repan
y tothe data exists, if Θp and Φp indeed refer to this frame. Thus, we assumethat in [9℄ the hadroni
 variables are also de�ned in the proton-neutron 
mframe.Now all relevant kinemati
 relations have been determined and what re-mains is to 
al
ulate the amplitude A.
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(ω = Ex, ~q)

d(−~q)

e(~k)

n(−~p)

p(~p)

e′(~k′)

Figure 4.2: De
omposition of the s
attering amplitude: The ele
trons arerepresented by the leptoni
 
urrent and will be left out in all followingdiagrams.4.1.2 FormalismIt is 
onvenient to organize the 
al
ulation of the s
attering amplitude for
d(e, e′p)n as follows: A 
an be split into a leptoni
 and a hadroni
 part(Fig. 4.2). It 
an be written as (see e. g. [31℄)

A = lµD(γ)
µν Jν , (4.18)where lµ and Jν are the leptoni
 and hadroni
 
urrents, respe
tively,

D(γ)
µν =

1

qρqρ

(

gµν −
qlab
µ qlab

ν

qρqρ

) (4.19)is the photon propagator and qlab
µ = klab

µ − k′µ
lab is the transferred four-momentum.The 
al
ulation of the hadroni
 
urrent Jµ will be 
arried out in the nextse
tions. The absolute square of the amplitude in
ludes the hadroni
 tensor

Hµν =
(

Jµ†Jν
)

avg
, (4.20)where the subs
ript �avg� refers to spin-average, and the leptoni
 tensor

Lµν =
(

lµ†lν
)

avg
. (4.21)The latter is the same for every diagram and 
an be 
al
ulated easily: Theleptoni
 
urrent reads in terms of the ele
tron Dira
 spinor u(klab) and theele
tron 
harge −e:

lµ = −eū(k′
lab

)γµu(klab). (4.22)
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Lµν = e21

2
Tr[γµ(/k

′lab
+ me)γ

ν(/k
lab

+ me)]

= 2e2(k′µ
lab

kν lab + k′ν
lab

kµlab − gµν(klab
ρ k′ρ

lab − m2
e)). (4.23)One 
an readily 
he
k that 
urrent 
onservation is ful�lled:

qlab
µ Lµν = 0. (4.24)This means that we 
an repla
e the photon propagator (4.19) by 1

q2
µ
gµν . Hen
ethe amplitude be
omes

A =
1

qνqν
lµJµ, (4.25)and

|A|2 =
1

(qρqρ)2
LµνHµν

=
2e2

(ω2 − q2)2
(k′µ

lab
J†µk

ν labJν + k′ν
lab

Jνk
µlabJ†µ − (klab

µ k′µ
lab − m2

e)J
†
νJ

ν).(4.26)Thus the leptoni
 part of the ele
trodisintegration pro
ess is 
ompleted.In the following Se
tions, the hadroni
 
urrent will be determined from thevarious Feynman diagrams up to a given order. The 
ross se
tion is thengiven by (4.13) and (4.26).4.2 Ele
tri
 Transitions at LOThe rules for 
al
ulating the hadroni
 
urrent have already been derived: TheLagrangean is given in (2.29) and the Feynman rules are listed in AppendixA. In Se
t. 3.2, the reverse pro
ess with a real photon was examined, andwe found that for p & 20 MeV, E1V -transitions give the dominant 
ontribu-tion to the 
ross se
tion (see Fig. 3.8). Therefore, we �rst 
al
ulate ele
tri
transitions at LO.There are three diagrams 
ontributing at order Q0 (Fig. 4.3). All hadroni

urrents for ele
tri
 transitions have the following stru
ture:
Jµ = ie

√
Z

1√
8
(N †pσ

iσ2N
∗
n)ǫj

(d)J
µ
ij , (4.27)where we have spe
i�ed proton and neutron spinors Np/n and thus no isospin-proje
tors (i. e. τ - and Q-matri
es present in (2.29)) appear; this has to be
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(1) (2) (3)Figure 4.3: LO diagrams for ele
tri
 transitions. Only the hadroni
 partis shown.
orre
ted by identifying the appropriate symmetry fa
tors. For example,diagram (1) has only a symmetry fa
tor 2 instead of 4 be
ause the photon
ouples only to the proton. (The fa
tor 2 
omes from the dNN vertex.) Thuswe �nd

J
0(1)
ij = −2ytDpδij , (4.28)
J

(1)
ij = J

(1)
0

2p− q

2M
, (4.29)where the proton propagator is given by

iDp =
i

p2

2M
− ω − (p−q)2

2M

=
i

−ω + p·q
M

− q2

2M

; (4.30)it should not be approximated as in (3.20) (where ω = q for real photons),sin
e now ω 
an be of the same order as q2/M . The se
ond diagram gives
J

0(2)
ij = 2ytDtδij , (4.31)
J

(2)
ij = −J

(2)
0

q

4M
, (4.32)with the dibaryon propagator of (2.25),

iDt =
Mρd

2

i

γ − ρd

2
(γ2 + p2) + ip

. (4.33)Diagram (3) 
ontains a nu
leon loop, and after integrating over l0 one �nds
J

0(3)
ij = −2ytDty

2
t M

2

∫

d3l

(2π)3

1

l2 + (−p2)

1

(l + q

2
)2 + γ2

δij

= −2y3
t DtM

2I
(2)
0 (−p2, γ2)δij , (4.34)

J
(3)
ij = 2ytDty

2
t

M

2

∫

d3l

(2π)3

q + 2l

l2 + (−p2)

1

(l + q

2
)2 + γ2

δij ,

= 2y3
t Dt

M

2

(

I
(2)
0 (−p2, γ2) +

2

q2
A1(−p2, γ2)

)

qδij. (4.35)



4.2. ELECTRIC TRANSITIONS AT LO 35The integrals in (4.34) and (4.35) 
an be found in Appendix D (as all otherloop integrals used in this work), and −p2 is understood to be −p2 − iǫ,i. e. √−p2 = −ip, where p is the proton momentum.To get the spin- and polarization-averaged absolute square of (4.27), weuse
∑

(N †pσ
iσ2N

∗
n)(NT

n σ2σ
jNp) = Tr[σiσ2σ2σ

j ] = 2δij , (4.36)
1

3

∑

ǫiǫ∗j =
1

3
δij , (4.37)and �nd

(

J†µJν

)

avg
= e2Z

1

12
J†ijµ J ij

ν . (4.38)Thus (4.26) be
omes
|A|2 =

(4πα)2

(ω2 − q2)2

Z

6

×
(

k′µ
lab

J†ijµ kν labJ ij
ν + k′ν

lab
J ij

ν kµlabJ†ijµ − (klab
µ k′µ

lab − m2
e)J
†ij
ν Jνij

)

,(4.39)with the �ne stru
ture 
onstant α = e2

4π
≈ 1

137
. The result is plotted as afun
tion of Θp in Fig. 4.5, 
ompared to the NNLO result derived in the nextSe
tion. The dependen
e on the proton emission angles Θp and Φp stemsentirely from diagram (1). This diagram is responsible for the non-vanishing

σLT - and σTT terms (de�ned in (4.16) and (4.17)) at LO; only diagrams with�nal-state intera
tion2 
an in�uen
e these interferen
e terms.In (4.24), we showed that the leptoni
 tensor Lµν is gauge invariant. Sin
ethe Lagrangean of EFT(/π) (2.29) is gauge invariant, the hadroni
 tensor Hµνmust also have this property; this means that the hadroni
 
urrent satis�esthe 
ontinuity equation:
qcm
0 J0 − qcm · J = 0. (4.40)Thus, we 
ould have spe
i�ed a 
ertain gauge, e. g. ǫ0

(γ) = 0, and 
al
ulatethe zero-
omponent of the 
urrent by employing (4.40). We 
hose not to usea spe
ial gauge 
ondition but 
al
ulate J0 and J dire
tly from Feynman dia-grams. This allows us to 
he
k our results with respe
t to gauge invarian
e:(4.40) is indeed ful�lled for the sum of all LO 
urrents.2We regard the 
oupling of a photon to a nu
leon after the break-up also as �nal-stateintera
tion.
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(sd1) (sd2)

(sd3) (sd4) (sd5)
(sd6) (sd7) (sd8)Figure 4.4: SD-mixing diagrams that 
ontribute at order Q2.

4.3 Ele
tri
 Transitions at NNLO: SD MixingNext we 
al
ulate the 
orre
tions to the LO (Q0) result. At order Q there isno diagram; the �rst 
orre
tion 
omes from the third term in the Lagrangean(2.32), whi
h in
ludes two derivatives and is therefore suppressed by twopowers of Q. The 
oe�
ient of this term that is responsible for SD mixinghas been determined in (3.12), and the 
orresponding Feynman rules aregiven in (A.6)-(A.9). Figure 4.4 shows the diagrams that 
ontribute to thedisintegration pro
ess. By simply 
ounting powers of Q, one 
an estimatethe size of the NNLO 
ontribution: If Q/Λ ≈ 1
3
, then SD mixing should
ontribute about (1

3

)

2 ≈ 11 % of the LO terms. The error one makes bytrun
ating the series at this order should be (1
3

)

3 ≈ 4 %.The hadroni
 
urrent is again given by (4.27), with Jµ being the sum of
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ontributions:
J

0(sd1)
ij = −1

2

Csd√
Mρd

Dp

(

rirj −
1

3
r2
)

, (4.41)
J

(sd1)
ij = J

(sd1)
0

r

2M
, (4.42)where we have de�ned r ≡ 2p− q;

J
0(sd2)
ij = 2

Csd√
Mρd

Dt

(

pipj −
1

3
p2
)

, (4.43)
J

(sd2)
ij = −J

(sd2)
0

q

4M
. (4.44)The loop integrals in diagram (sd3) are the same as in diagram (3) of Fig.4.3:

J
0(sd3)
ij = −2

Csd√
Mρd

Dty
2
t M

2I
(2)
0 (−p2, γ2)

(

pipj −
1

3
p2δij

)

, (4.45)
J

(sd3)
ij = 2

Csd√
Mρd

Dty
2
t

M

2

(

I
(2)
0 (−p2, γ2) +

2

q2
A1(−p2, γ2)

)

×
(

pipj −
1

3
p2δij

)

q. (4.46)The 
ombination of the next two diagrams is
J

0(sd4+sd5)
ij = −2

Csd√
Mρd

Dty
2
t M

2

×
∫

d3l

(2π)3

[

1

l2 − p2

1

(l + q

2
)2 + γ2

+
1

l2 + γ2

1

(l + q

2
)2 − p2

]

×
(

lilj −
1

3
l2δij

)

= −2
Csd√
Mρd

Dty
2
t M

2
[

B2(−p2, γ2) + B2(γ
2,−p2)

]

×
(

qiqj −
1

3
q2δij

)

, (4.47)
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J

(sd4+sd5)
ij = −2

Csd√
Mρd

Dty
2
t M

2 1

2M

×
∫

d3l

(2π)3

[

lilj − 1
3
l2δij

l2 − p2

−q − 2l

(l + q

2
)2 + γ2

+
lilj − 1

3
l2δij

(l + q

2
)2 − p2

2l

l2 + γ2

]

= 2
Csd√
Mρd

Dty
2
t M

[

1

2
B2(−p2, γ2)

(

qiqj −
1

3
q2δij

)

q

+[A3(−p2, γ2) − A3(γ
2,−p2)]

(

qiδjk + qjδik − 2

3
qkδij

)

+[B3(−p2, γ2) − B3(γ
2,−p2)]

(

qiqjqk − 1

3
q2qkδij

)]

. (4.48)The fun
tions B2(a, b), A3(a, b) and B3(a, b) are de�ned in (D.9), (D.12) and(D.13), where the loop integrals are evaluated. Here we set D = 3 be
ausein the �nal result all µ-dependen
e (stemming from D = 2) drops out. Thelast three diagrams 
ontribute only to the ve
tor-
omponent of the 
urrent:
J

(sd6)
ij,k =

Csd√
Mρd

(

−piδjk +
(

− pj +
1

2
qj

)

δik +
2

3

(

pk −
1

4
qk

)

δij

)

, (4.49)
J

(sd7+sd8)
ij,k =

Csd√
Mρd

Dty
2
t

M

2
[I

(1)
0 (γ2) − I

(1)
0 (−p2)]

(

1

2
qjδik +

1

2
qiδjk −

1

3
qkδij

)

.(4.50)Again, we �nd that (4.40) is ful�lled, so that the NNLO amplitude isalso gauge invariant. Figure 4.5 shows a 
omparison of the LO and NNLOresults for the squared amplitude. We see that only around Θp ≈ 70◦ doesthe NNLO amplitude di�er signi�
antly from the LO one, whi
h be
omesvery small in this angular range. The smallness of the NNLO 
ontributionis rather surprising (note that the proton momentum is as large as 78 MeVfor the kinemati
s 
hosen). This means that the 
onvergen
e is better thanestimated and 
orre
tions beyond O(Q2) 
an be negle
ted to a good approx-imation.
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 plot of the squared amplitude for deuteron-ele
trodisintegration at LO and up to NNLO, 
al
ulated at Elab
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e = 40◦, Φp = 45◦.
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1S0(M3) (M4)Figure 4.6: Diagrams for magneti
 transitions at LO (M1-M3) and NLO(M4).4.4 Magneti
 Transitions up to NLOIn Se
t. 3.2, magneti
 transitions were found to give a signi�
ant 
ontributionto the 
ross se
tion for np → dγ at very low energies. Now the 
orrespondingamplitude for the disintegration pro
ess is 
al
ulated. The relevant parts ofthe Lagrangean are given in (2.30) and (2.33), and the Feynman rules in(A.2) and (A.11). The LO and NLO diagrams are depi
ted in Fig. 4.6.The hadroni
 
urrents for these diagrams 
an be written in the form
Jk = e

√
Zǫijkǫi

(d)

1√
8
(N †pσ2N

∗
n)J j. (4.51)Thus, averaging over the deuteron polarizations and summing over the nu-
leon spins gives

(

J†kJn

)

avg
=

1

3

∑

e2 Z

8
ǫijkǫ∗i(d)(N

T
n σ2Np)J

†jǫlmnǫl
(d)(N

†
pσ2N

∗
n)Jm

= e2 Z

12

(

δjmδkn − δkmδjn
)

J†jJm, (4.52)
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|A|2 =

(4πα)2

(ω2 − q2)2

Z

6

(

δjmδkn − δkmδjn
)

×
(

k′n
lab

J†jkk lab
Jm + k′k

lab
JmknlabJ†j + (klab

µ k′µ
lab − me

2)J†jJmδkn
)

.(4.53)For the LO diagrams we �nd
J j(M1) = −ytDp

κ1

M
qj , (4.54)

J j(M2) = −ytDn
κ1

M
qj, (4.55)

J j(M3) = −2ytDsy
2
sκ1MI

(2)
0 (−p2, γ2)qj. (4.56)The propagator for the neutron (with momentum −p),

iDn =
i

−ω − p·q
M

− q2

2M

, (4.57)di�ers from Dp de�ned in (4.30) by a minus-sign in the denominator, andthe dibaryon in the intermediate state is now in the 1S0 state, with thepropagator Ds given by (2.23):
iDs =

Mr0

2

i
1
a0

− r0

2
p2 + ip

. (4.58)The loop integral I
(2)
0 (a, b) is 
al
ulated in (D.2).The only NLO 
ontribution is proportional to L1, whi
h was determinedin Se
t. 3.2.1. The 
orresponding 
urrent is

J j(M4) = −2ysDs
L1

M
√

r0ρd
qj . (4.59)In Fig. 4.7 we show |A|2 for magneti
 transitions at LO and NLO. Wedis
over the same feature as for the neutron 
apture: The vertex where amagneti
 photon 
ouples to a dibaryon redu
es the amplitude largely, al-though it is formally NLO. Compared to the ele
tri
 amplitude (Fig. 4.5),the magneti
 one is mu
h smaller (ex
ept for the vi
inity of Θp = 70◦) in thisenergy regime. At smaller energies, magneti
 transitions be
ome dominant(as demonstrated in Fig. 4.8). This is what we expe
ted from the np → dγpro
ess. It is important to note that the only angular dependen
e in themagneti
 amplitude 
omes from the p · q -terms in the nu
leon propagators.Thus there is no Φp-dependen
e, and therefore magneti
 transitions at thisorder do not 
ontribute to the σLT and σTT interferen
e terms de�ned in(4.16) and (4.17) (see also Se
t. 5.2).
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e of |A|2 for magneti
 transitions at LO andNLO for Elab
0 = 50 MeV, Elab

e = 41 MeV, Θlab
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Figure 4.9: One of the N3LO diagrams: The shaded square represents theoperator proportional to CQ (Feynman rule (A.10)).4.5 Other Possible ContributionsThe 
ross se
tion for deuteron-ele
trodisintegration has been 
al
ulated inthe previous se
tions up to NNLO for ele
tri
 transitions, and up to NLOfor magneti
 transitions. The estimated error is about 4 % and 11 %, re-spe
tively, of the LO 
ontributions. This should be su�
iently a

urate fora meaningful 
omparison to data (see Chapter 5). What is more, the 
onver-gen
e for ele
tri
 transitions seems to be even better than estimated, be
ausethe SD mixing terms (NNLO) were found to give a very small 
ontributioneven at relatively high momentum transfers. For magneti
 transitions thereis a large 
ontribution at NLO; but sin
e we are mainly interested in theintermediate momentum range between 30 and 100 MeV where ele
tri
 tran-sitions are dominant, we 
an negle
t higher order terms here as well.Nonetheless, we brie�y dis
uss some higher-order 
ontributions to showthat they are indeed negligible. First, one might think of the CQ-term (2.32)whi
h was found to have a 
onsiderable impa
t on the quadrupole form fa
tor(see Se
t. 3.1.3). It enters at N3LO, and the 
orresponding diagram is shownin Fig. 4.9. The 
urrent that is in
luded in (4.27) is

J0
ij = −2ytDt

CQ

Mρd

(

qiqj −
1

3
q2δij

)

. (4.60)However, it turns out that its 
ontribution to the 
ross se
tion is negligible.For example, for the kinemati
s 
hosen in Fig. 4.5, the di�eren
e betweenthe NNLO result and the one in
luding (4.60) is less than 0.5 % even atthe minimum around Θp = 70◦. The reason why this term is important forthe quadrupole form fa
tor but not for e + d → e′ + p + n is that in thelatter pro
ess, there are not only two SD mixing diagrams (sd4 and sd5 inFig. 4.4) as for FQ (Fig. 3.4 a,b), but several other diagrams that give a larger
ontribution. Not only is the full triple-di�erential 
ross se
tion pra
ti
allyun
hanged by in
luding (4.60), but its 
ontribution to the interferen
e terms
σLT and σTT is even vanishing, sin
e (4.60) is independent of Φp.
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Figure 4.10: An example for a diagram in
luding P -wave �nal state inter-a
tion. The square denotes a P -wave operator of (4.61).Another set of diagrams 
ontributing to ele
tri
 transitions in
ludes P -wave nu
leon-nu
leon �nal state intera
tions, des
ribed by the Lagrangean[25℄

LP =
(

C(3P0)δxyδwz + C(3P1)[δxwδyz − δxzδyw]

+C(3P2)[2δxwδyz + 2δxzδyw − 4

3
δxyδwz]

)

×
(

NTO(P )
xy N

)† (
NTO(P )

wz N
)

, (4.61)with
O(P )

ij =
←
Di P

(P )
j − P

(P )
j

→
Di, (4.62)and the proje
tor on the iso-triplet, spin-triplet 
hannel is

P
(P )
i =

1√
8
σ2σiτ2τ3. (4.63)One example of a diagram arising from LP (4.61) is depi
ted in Fig. 4.10.Although there are only two derivatives involved (like in the SD diagramsof Fig. 4.4), it enters at order Q3. The reason is that there are no �ne-tunedhigh-energy s
ales in the P -
hannel, so the naturalness assumption tells usthat the 
oe�
ients C(3Pi) s
ale as Q0. This was 
on�rmed in Ref. [25℄ bymat
hing the P -wave phase shifts for NN s
attering to the values given bythe Nijmegen phase shift analysis. In 
ontrast, the presen
e of an unnatu-rally large length s
ale must be taken into a

ount for S-
hannel s
attering(Chapter 2). SD mixing therefore enters at a lower order than P -wave inter-a
tions, although both involve two derivatives of nu
leon �elds. Thus we donot 
al
ulate the P -wave diagrams expli
itly but trust our power 
ountingestimation whi
h states that they 
ontribute even less than SD mixing.An example for a relativisti
 e�e
t negle
ted in our 
al
ulation is the
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tion, represented by the following Lagrangean [35℄:
Lso = N †i

[(

2κ0 −
1

2

)

+

(

2κ1 −
1

2

)

τ3

]

× e

8M2
σ · (D × E− E ×D)N, (4.64)where E = −∇A0 − ∂0A is the ele
tri
 �eld. This term is suppressed by

Q/M relative to the magneti
-�eld term in LN (2.30). The 
orrespondingFeynman rule (negle
ting the κ0-term) is:
p p′
q

= −
(

2κ1 −
1

2

)

τ3
e

8M2
ǫijkσi(p + p′)jqkA0

+

(

2κ1 −
1

2

)

τ3
e

8M2
ǫijkσi(p + p′)jωAk. (4.65)The diagrams for the spin-orbit intera
tion are similar to the ones formagneti
 transitions (Fig. 4.6), with only the photon-nu
leon vertex givenby (4.65). They are depi
ted in Fig. 4.11. The ve
tor-
omponent of thehadroni
 
urrent has the same stru
ture as (4.51), and the zero-
omponent
an be written as

J0 = e
√

Zǫijkǫi
(d)

1√
8
(N †pσ2N

∗
n)J jk. (4.66)The 
ontributions of the di�erent diagrams are:

J
0(so1)
jk = −ytDp

2κ1 − 1
2

4M2
(2p− q)jqk, (4.67)

J
(so1)
j = ytDp

2κ1 − 1
2

4M2
(2p− q)jω, (4.68)

J
0(so2)
jk = −ytDn

2κ1 − 1
2

4M2
(−2p− q)jqk, (4.69)

J
(so2)
j = ytDn

2κ1 − 1
2

4M2
(−2p − q)jω, (4.70)

J
0(so3)
jk = 2ytDsy

2
s

2κ1 − 1
2

4

(

I
(2)
0 (−p2, γ2) +

2

q2
A1(−p2, γ2)

)

qjqk,(4.71)
J

(so3)
j =−2ytDsy

2
s

2κ1 − 1
2

4

(

I
(2)
0 (−p2, γ2) +

2

q2
A1(−p2, γ2)

)

qjω. (4.72)In Fig. 4.12 we see that these terms give only a small 
orre
tion to the NLOresult for magneti
 transitions, as expe
ted. Although the spin-orbit termsare Φp-dependent, they are so small in the energy range of interest (note thatmagneti
 transitions themselves are very small here) that their 
ontributionto the LT interferen
e term is de�nitely negligible.
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Chapter 5Results and Dis
ussionThe 
al
ulation of the triple-di�erential 
ross se
tion for deuteron-ele
trodis-integration was 
arried out in the previous Chapter. Now we 
ompare theresults to data taken at S-DALINAC [9, 36℄ and to potential model 
al
ula-tions. The latter have been performed by H. Arenhövel et al., using a Bonn
r-spa
e potential and in
luding meson ex
hange 
urrents, isobar 
on�gura-tions, and (in our 
ase negligible) relativisti
 e�e
ts [8, 36, 37℄. First, we lookat the energy- and angular dependen
e of the triple di�erential 
ross se
tion,and then at its de
omposition into di�erent stru
ture fun
tions, where adis
repan
y between model 
al
ulations and data was reported.5.1 Triple-Di�erential Cross Se
tionFirst, a few notes on the kinemati
s used in [9℄ should be made. At the endof Se
t. 4.1.1, we already argued that the �
enter-of-mass� frame to whi
h thehadroni
 variables refer should be the 
m frame of the outgoing proton andneutron, and not that of the whole e+d → e′+p+n pro
ess. Another questiono

urred regarding the frame in whi
h the transferred energy EX is de�nedin the experiment. In [9℄, EX is said to be obtained �after transformationto the 
enter-of-mass system�, but we are in 
ontinuing dis
ussions with theauthors about this. To motivate this issue, the triple-di�erential 
ross se
tionas a fun
tion of Θp is shown in Fig. 5.1 (this quantity will be dis
ussed inmore detail below). Good agreement with data and with the result of thepotential-model 
al
ulation mentioned above is observed only if EX refers tothe lab frame; Ecm

X = 9 MeV would 
orrespond to Elab
X = 10.6 MeV (wherethe 
ross se
tion is smaller, see below), and the resulting 
urve would deviatelargely from the data. We therefore interpret EX in [9℄ as Elab

X , de�ned inthe rest frame of the target deuteron.47
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Figure 5.1: The triple-di�erential 
ross se
tion for di�erent values of EX ,
ompared to data and to Arenhövel's result: The solid line is the result for
Elab

X = 9 MeV, while dashed line refers to Ecm
X = 9 MeV (whi
h 
orrespondsto Elab

X = 10.6 MeV). The dotted 
urve is the double-di�erential 
rossse
tion per MeV, obtained by integrating between Elab
X = 8 and 10 MeV;the di�eren
e to the solid line is almost not visible. The other kinemati
parameters are: Elab

0 = 85 MeV, Θlab
e = 40◦, Φp = 45◦.

A se
ond issue is demonstrated in Fig. 5.1: In the experiment, the double-di�erential 
ross se
tion, integrated over an EX-range of 2 MeV, was mea-sured. Sin
e the result should be twi
e as large as the 
al
ulated triple-di�erential one, we assume that the data have been divided by a fa
tor oftwo; thus we 
ompare the triple-di�erential 
ross se
tion for a �xed value of
Elab

X to the double-di�erential one per MeV. The di�eren
e between integrat-ing over the 2 MeV-range and taking the mean value of Elab
X is irrelevant, asshown in the plot, and will be negle
ted in the following.Now we examine the energy dependen
e of the triple-di�erential 
rossse
tion for �xed angles. In Fig. 5.2, it is shown as a fun
tion of the transferredenergy Elab

X for two di�erent in
oming ele
tron energies Elab
0 . Of 
ourse,

Elab
X must ex
eed a 
ertain threshold energy, so that the deuteron 
an breakup into two nu
leons. This minimal value is formally determined by the
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Figure 5.2: Energy dependen
e of the triple-di�erential 
ross se
tion for�xed angles Θlab
e = 40◦ and Θp = 0◦.requirement that the proton momentum pcm (4.5) is real, i. e.

(ω − B)M + q2 M

2Md
≥ 0. (5.1)This is ful�lled for Elab

X ≥ 2.53 MeV at Elab
0 = 50 MeV, and for Elab

X ≥
3.10 MeV at Elab

0 = 85 MeV. Above the threshold, the 
ross se
tion in
reasesrapidly and rea
hes a maximum whose lo
ation is shifted to higher Elab
X atgrowing Elab

0 . In the energy range of interest, Elab
X > 8 MeV, both 
urves inFig. 5.2 fall monotoni
ally and 
an be approximated by a straight line withina 2 MeV interval. (This is, of 
ourse, the reason why integrating over theinterval and multiplying by the mean value gives pra
ti
ally the same result.)A 
omparison of our results to the data and to the potential model 
al
u-lation mentioned above is shown in the �rst part of Fig. 5.3 for Elab

0 = 50 MeVand Elab
X = 9 MeV (all measurements were 
arried out at an ele
tron s
at-tering angle Θlab

e = 40◦). The 
urve denoted by �EFT� is the sum of the
ontributions of ele
tri
 transitions up to NNLO and magneti
 transitionsup to NLO, as 
al
ulated in the previous 
hapter. The EFT(/π) result agreeswith H. Arenhövel's very well. Moreover, the data are reprodu
ed reasonablywell.In the se
ond graph of Fig. 5.3, a de
omposition of the di�erent 
ontribu-tions is shown. The LO ele
tri
 transitions are dominant for almost all values



50 CHAPTER 5. RESULTS AND DISCUSSIONof Θp; only in the region around the minimum at about Θp = 70◦, NNLO
ontributions and magneti
 transitions play a signi�
ant role (
f. Fig. 4.5).The fa
t that the LO 
al
ulation reprodu
es both data and potential modelresults so well is very interesting: It means that by taking into a

ount onlyminimal 
oupling of photons to nu
leon- and dibaryon �elds, the disintegra-tion pro
ess 
an be des
ribed highly a

urately within EFT(/π). The reasonis that SD mixing, being the only 
orre
tion up to NNLO, 
ontributes lessthan estimated by naive power 
ounting, as dis
ussed already in Se
t. 4.3.This good 
onvergen
e allows us to be 
on�dent that our results are reliable,sin
e less well-known short-distan
e 
ontributions play a very minor role.The 
orresponding plots for Elab
0 = 85 MeV are depi
ted in Fig. 5.4.Here additional data at large Θp are available; a small deviation from thetheoreti
al predi
tions is not very signi�
ant sin
e the 
urves lie more or lesswithin the error bars. Again EFT(/π) and potential model results mat
h verywell, and the LO 
ontribution dominates to the same extent as in Fig. 5.3.This is not surprising, be
ause the size of the SD diagrams in Se
t. 4.3 isgoverned by the proton momentum pcm (sin
e it is larger than qcm), whi
h iseven smaller for Elab

0 = 85 MeV (see insets in Figs. 5.3 and 5.4).Even at a relatively large energy transfer of Elab
X = 15 MeV, the a

ord ofour results with Arenhövel's and with data is rather good (Fig. 5.5). This isastonishing, as for external momenta as large as pcm = 106 MeV, our theoryshould rea
h the limit of appli
ability. However, it demonstrates on
e againthat the NNLO terms are smaller than estimated. The good 
onvergen
e inEFT(/π) � even for momenta 
lose to the breakdown s
ale � was found alsoin other appli
ations, e. g. in the three-nu
leon se
tor (see [18℄).If one takes a 
loser look at Fig. 5.5, one sees both a slightly more pro-noun
ed deviation from the potential model result (espe
ially at large Θp),and a larger NNLO 
ontribution around Θp = 70◦, 
ompared to Fig. 5.4.This is what one expe
ts qualitatively, but not to su
h a small degree. Ad-ditional plots for Elab

0 = 85 MeV and Elab
X = 11 and 13 MeV are presented inFig. 5.6; the agreement is as good as in the plots shown above.So far, we observed relatively good agreement of EFT(/π) predi
tions anddata, but a 
loser look at the presented plots already reveals some dis
repan-
ies. These are elaborated in the more detailed analysis of the next Se
tion.
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5.2 De
omposition into Di�erent Stru
tureFun
tionsThe main goal of the experiment [9℄ was a de
omposition of the 
ontributionsof di�erent stru
ture fun
tions, introdu
ed in (4.14)-(4.17): the longitudinal-plus-transverse (L+T) 
ross se
tion and the LT- and TT-interferen
e parts.However, σTT is obtained by a subtra
tion of large numbers measured atdi�erent Φp (see (4.17)); the un
ertainties of the data turned out to be toolarge for a meaningful 
omparison to theory. Studying the interferen
e termsprovides information about the impa
t of �nal-state intera
tion, sin
e onlydiagrams with �nal-state intera
tion 
an be Φp-dependent. The 
ontributionsof the L+T, LT and TT terms are shown separately in Figs. 5.7 - 5.10, again
ompared to data (available only for σL+T and σLT ) and to the potential-model result, for Elab
0 = 85 MeV and four di�erent values of Elab

X .All 
urves and data are normalized to d3(σL + σT )/(dEedΩedΩp) at
Θp = 0◦ to make the 
omparison independent of the absolute normaliza-tion of the data.1 A general observation is that σL +σT is the dominant part,whereas σLT and σTT are one and two orders of magnitude smaller, respe
-tively. However, the interferen
e terms be
ome more relevant with in
reasingenergy transfer; this re�e
ts the growing impa
t of �nal-state intera
tion.The results of taking into a

ount only LO ele
tri
 transitions are alsoshown in ea
h diagram. The degree to whi
h they dominate over other 
on-tributions � already dis
ussed in the previous Se
tion � is even more strikingfor σLT . Magneti
 transitions do not 
ontribute at all to the interferen
e 
rossse
tions, sin
e the amplitude 
al
ulated in Se
t. 4.4 is independent of Φp (seedis
ussion in Se
t. 4.4). The impa
t of SD mixing is slightly in
reasing with
Elab

X , but small for σL + σT and σTT and almost negligible for σLT .Generally speaking, our results are again in good agreement with thoseof H. Arenhövel; espe
ially σLT is essentially identi
al in both 
al
ulations.Only in the very small quantity σTT 
an a signi�
ant deviation be dete
ted.The a

ordan
e of σLT with the data, however, is 
onsiderably worse; this isexamined in more detail in the following.
1The error of the value to whi
h the data are normalized has been taken into a

ountin all error bars. 55
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Figure 5.8: The same plots as in Fig. 5.7, but for Elab
X = 11 MeV.
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Figure 5.9: The same plots as in Fig. 5.7, but for Elab
X = 13 MeV.
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60 CHAPTER 5. RESULTS AND DISCUSSIONNot only the 
al
ulated longitudinal-transverse interferen
e 
ross se
tiondeviates by about 30% from the measured one (as pointed out in [9℄), butalso σL + σT at large Θp. In parti
ular, it is remarkable that the latter isover-predi
ted at Elab
X = 9 MeV, but under-predi
ted at Elab

X = 15 MeV.Therefore, we look at the energy dependen
e of σL + σT at Θp = 180◦ inFig. 5.11. The upper diagram shows the normalized values (as in Figs. 5.7- 5.10). The dis
repan
y is very striking: The larger Elab
X , the more weunder-predi
t the data. However, if one does not normalize the values, itlooks mu
h less dramati
 (see Fig. 5.11 in the middle). Thus, normalizing to

Θp = 0◦ seems to deteriorate the a

ord of 
al
ulations and data � althoughit avoids a

ounting for the absolute normalization of data. The reason forthis 
an be seen by 
omparing the se
ond and third plots in Fig. 5.11 (thelatter shows the values to whi
h we normalize). Both display a relativelysmall deviation, whi
h go, however, in di�erent dire
tions: The theoreti
alresult e. g. at Elab
X = 15 MeV is a bit too small for Θp = 180◦, but too largefor Θp = 0◦; in dividing these two values, the dis
repan
y in
reases, of 
ourse.In any 
ase, there is a signi�
ant di�eren
e in σL + σT between data on theone hand, and the agreeing theoreti
al predi
tions of EFT(/π) and Arenhövelon the other hand.Now we turn to the longitudinal-transverse interferen
e 
ross se
tion σLT .In Figs. 5.7 - 5.10, we see that the angular dependen
e of the normalizedvalues is reprodu
ed qualitatively, but there is a dis
repan
y of about 30%(or even more at Elab

X = 9 MeV). We examine the energy dependen
e like for
σL + σT ; in Fig. 5.12, σLT at the minimum around Θp = 35◦ is plotted as afun
tion of Elab

X .The upper graph shows the values normalized to σL +σT at Θp = 0◦. Weobserve that they are systemati
ally overestimated by 30%. Again, the situ-ation be
omes slightly better when looking at the absolute values (lower plotin Fig. 5.12). However, a 
lear deviation remains, and surprisingly be
omeslarger at de
reasing Elab
X .In Se
t. 4.5, we dis
ussed some short-distan
e 
ontributions entering athigher orders and found that they 
an be negle
ted to a very good approxi-mation. If, in spite of that, some higher order 
ontributions (like e. g. fromthe P -wave) were important for σLT , they would 
ontribute more at higherenergies, so that this would not explain the behavior seen in Fig. 5.12. Fur-thermore � as mentioned above � magneti
 transitions have at this order noimpa
t on σLT ; thus 
orre
tions to them whi
h are independent of Φp 
annotbe responsible either. Then
e EFT(/π) o�ers no explanation for the observeddis
repan
ies in 
omparison with the data. Moreover, we would like to pointout on
e again that 
al
ulations within the di�erent framework of a poten-tial model yield essentially the same results as EFT(/π), espe
ially for σLT .
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Figure 5.11: Elab
X -dependen
e of σL+σT at Θp = 180◦, normalized to Θp =

0◦ (top), and the absolute values (middle). Bottom: σL + σT at Θp = 0◦(to whi
h other values are normalized). All graphs refer to Elab
0 = 85 MeV,

Θlab
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Figure 5.12: Elab
X -dependen
e of σLT at the minimum around Θp = 35◦,normalized (top) and absolute values (bottom), both for Elab

0 = 85 MeV,
Θlab

e = 40◦.The disagreements with data remain as an open question and suggest a re-analysis of the experiment [38℄. If the dis
repan
ies are 
on�rmed, this wouldpose a non-trivial problem to nu
lear theory. It would be interesting to havemore data for the deuteron-ele
trodisintegration pro
ess near threshold andat low momentum transfers, parti
ularly 
on
erning the de
omposition intothe 
ontributions of di�erent stru
ture fun
tions.One earlier experiment examined this at a slightly higher momentumtransfer [39℄. There, good a

ord between data and a potential model 
al-
ulation was reported, also for the normalized σLT .2 We 
ompare therefore2Those 
al
ulations were also performed by H. Arenhövel et al., using a Paris potential;the di�eren
e to the Bonn potential we are referring to should not be relevant here.
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Figure 5.13: Comparison to the data of Ref. [39℄ for the L+T and LT partsof the triple-di�erential 
ross se
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 variables!) and normalized to σL+T at Θp = 0.the EFT(/π) result to these data, although the involved proton momentum
pcm = 117 MeV is near the breakdown s
ale of this theory; we are en
our-aged by the good agreement with Arenhövel's results at momenta that arenot mu
h smaller (e. g. Fig. 5.5). In Fig. 5.13, we observe a very good agree-ment for the normalized values of σL+T and σLT . It is remarkable that ourresult reprodu
es the data so well at su
h a high momentum transfer, butdeviates signi�
antly from the more re
ent data at lower momenta.



64 CHAPTER 5. RESULTS AND DISCUSSION5.3 Proposed Experiment at ThresholdA deuteron-ele
trodisintegration experiment dire
tly above threshold isplanned at S-DALINAC, where the ele
tron s
attering angle is almost 180◦.It is important to get experimental information about d(e, e′p)n at very lownu
leon momenta, sin
e from that one 
an infer the 
ross se
tion for np → dγ.This is a 
ru
ial input for 
al
ulations 
on
erning big-bang nu
leosynthesis(as mentioned in Se
t. 3.2) and is not well-known experimentally in this en-ergy regime. H. Arenhövel et al. have again provided theoreti
al predi
tionsbased on the Bonn-potential model for the proposed experiment. We wantto 
ompare the EFT(/π) result to these predi
tions.The experiment will be 
arried out at in
oming ele
tron energies between
Elab

0 = 20 and 30 MeV, s
attering angle Θlab
e = 178.5◦ and transferred en-ergies starting from the value at threshold, whi
h is Elab

X = 2.6 MeV for
Elab

0 = 20 MeV. At the very low momentum transfers 
orresponding to thesevalues, magneti
 transitions are expe
ted to give the dominant 
ontributions.Unfortunately, no azimuthal dependen
e 
an be measured for this kinemat-i
s, sin
e the 
oin
iden
e 
ross se
tions are too small [40℄.At these low energies, it is important to take the non-vanishing ele
tronmass into a

ount; its e�e
t has been negligible at the energies relevant inthe previous Se
tions. In Figs. 5.14 and 5.15, the Θp-dependen
e of thetriple-di�erential 
ross se
tion is shown for Elab
0 = 20 MeV and four di�erentvalues of Elab

X : Dire
tly above threshold, it is pra
ti
ally 
onstant for all
Θp, and ele
tri
 transitions are suppressed by about four orders of magni-tude. For Elab

X = 3 MeV, a small Θp-dependen
e is observed, and magneti
transitions are still largely dominant. For Elab
X = 7.6 MeV, magneti
 andele
tri
 
ontributions are of 
omparable size, while the latter are dominantfor Elab

X = 12.6 MeV.The agreement with the potential model result is reasonably good in allgraphs; magneti
 transitions have been 
al
ulated only up to NLO, so one
annot expe
t a better a

ordan
e. Future work will improve the a

ura
yof the EFT(/π) result.The Elab
X -dependen
e for two di�erent values of Θp is plotted in Fig. 5.16.For Θp = 90◦, we observe an almost perfe
t agreement with Arenhövel'sresult. Furthermore, the energy-dependent 
ontribution of magneti
 transi-tions 
an be seen 
learly: They dominate only below about Elab

X = 5 MeVfor this kinemati
s. We dete
t a larger deviation for Θp = 0◦, where ele
tri
transitions are negligible over the whole energy-range shown (
f. Fig. 5.15).
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Figure 5.14: Comparison of EFT(/π)- and potential model results, dire
tlyabove and 
lose to threshold, respe
tively.
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Figure 5.16: Elab
X -dependen
e for Θp = 90◦ and Θp = 0◦, respe
tively. The
ontribution of magneti
 transitions alone is also shown.



68 CHAPTER 5. RESULTS AND DISCUSSIONThe proposed experiment is interesting parti
ularly be
ause it is sensitiveto magneti
 
ontributions whi
h are almost negligible for the kinemati
s usedin [9℄. We are looking forward to see whether the predi
tions of EFT(/π) willbe 
on�rmed in this se
tor. Besides we hope that the 
ontributions of thedi�erent stru
ture fun
tions will be re-examined experimentally in the future.A dis
repan
y as large as the one dis
ussed in the previous Se
tion shouldgive rise to more e�ort both from the experimental and from the theoreti
alside; after all, it 
on
erns a quantity of rather fundamental importan
e � theresponse of the nu
leon-nu
leon system to ele
tromagneti
 probes.



Chapter 6SummaryIn this work, the triple-di�erential 
ross se
tion for deuteron-ele
trodisintegra-tion at low energies has been 
al
ulated. We have employed an e�e
tive �eldtheory (EFT(/π)) that was 
onstru
ted to des
ribe few-nu
leon systems atenergies below the pion mass ([22℄ and referen
es there), as an extension ofE�e
tive Range Theory [10℄. The existen
e of unnaturally large length s
alesin the two-nu
leon se
tor requires a modi�
ation of the naive power 
ount-ing s
heme [15℄. Nu
leon-nu
leon intera
tions are 
onveniently des
ribed byintrodu
ing expli
it dibaryon �elds [13℄ in the Lagrangean of EFT(/π). ThisLagrangean is 
onsidered up to NNLO for ele
tri
 transitions and up to NLOfor magneti
 ones. The unknown 
oe�
ients that enter at these orders aredetermined by examining the ele
tri
 form fa
tors of the deuteron and the
ross se
tion for the radiative 
apture of thermal neutrons by protons (see[11℄ for a review of these appli
ations).The LO ele
tri
 transitions give the dominant 
ontributions to the 
rossse
tion for d(e, e′p)n at moderate energy- and momentum transfer. The �rst
orre
tions arise from the mixing of S- and D-states and enter at NNLO;their 
ontribution is smaller than estimated by power 
ounting. This meansthat minimal 
oupling des
ribes the pro
ess highly a

urately. The impa
tof magneti
 transitions is also small in this energy regime; it be
omes moreimportant with de
reasing momentum transfer.Compared to a potential-model 
al
ulation [8℄, the EFT(/π) result is invery good agreement. Data taken at S-DALINAC [9℄ are also reprodu
edrather well for the full triple-di�erential 
ross se
tion, but for its de
omposi-tion into the 
ontributions of di�erent stru
ture fun
tions, we observe somedis
repan
ies. This is remarkable, sin
e not only do the potential-model pre-di
tions agree with our result but also an earlier experiment [39℄ 
arried outat a slightly higher momentum transfer.We also 
ompared the EFT(/π) predi
tion to the one of a potential model69



70 CHAPTER 6. SUMMARYfor a proposed experiment dire
tly above the breakup threshold, where mag-neti
 transitions are dominant. Relatively good agreement is found again. Itwill be interesting to see the results of this experiment, although it will notbe able to resolve the 
ontributions of the di�erent stru
ture fun
tions. Thislatter issue � where there are signi�
ant dis
repan
ies between 
al
ulationsand data � should be re-examined by future experiments. If the existingdata are 
on�rmed, this would pose a non-trivial problem to nu
lear theory,
on
erning a very fundamental se
tor, the two-nu
leon system.



Appendix AFeynman RulesIn this Chapter, all Feynman rules applied in this work are summarized.They follow from the Lagrangean (2.29).
LN (2.30) yields the following two NNγ verti
es:

p p′
= −ieQA0 + i

e

2M
Q(p + p′) · A (A.1)simply from minimal substitution, and

q

= ± e

2M
κ1τ3ǫ

ijkσiqjAk; (A.2)only the isove
tor magneti
 
oupling proportional to κ1 is shown here, rep-resented by the solid 
ir
le. The κ0-term is left out be
ause it is numeri
allymu
h smaller (κ0 = 0.44 << κ1 = 2.35). The plus- and minus-signs refer toan outgoing and in
oming photon, respe
tively.The NN-dibaryon verti
es for the 1S0 and 3S1 
hannels read
1S0

= −iysP
(1S0)
a ǫa

I , (A.3)
3S1

= −iytP
(3S1)
i ǫi. (A.4)

ǫa
I 
hara
terizes the isove
tor state of sa, while ǫi is the polarization ve
torof the 3S1-dibaryon. Minimal 
oupling in both 
hannels gives the dibaryon-photon vertex

p p′

= ieA0 − i
e

4M
(p + p′) · A. (A.5)71



72 APPENDIX A. FEYNMAN RULESThe following four verti
es represent sd-mixing:
= −i

Csd

4
√

Mρd

×
{

P† · (pα − pβ)(pi
α − pi

β) − 1

3
P †i (pα − pβ)2

}

ǫi, (A.6)
= −i

Csd

4
√

Mρd

×
{

P · (pα − pβ)(pi
α − pi

β) − 1

3
Pi(pα − pβ)2

}

ǫ∗i, (A.7)
= −ie

Csd

4
√

Mρd

{

(−pα + pβ − 1

2
q) · [Q,P†]δik

+(−pi
α + pi

β +
1

2
qi)[Q, P †k] +

1

2
q · P†δik +

1

2
qiP †k

−2

3
(−pk

α + pk
β)[Q, P †i] − 1

3
qkP †i

}

ǫiAk, (A.8)
= ie

Csd

4
√

Mρd

{

(pα − pβ +
1

2
q) · [Q,P†]δik

+(pi
α − pi

β − 1

2
qi)[Q, P †k] +

1

2
q · P†δik +

1

2
qiP †k

−2

3
(pk

α − pk
β)[Q, P †i] − 1

3
qkP †i

}

ǫ∗iAk. (A.9)The open 
ir
le indi
ates the 
oupling of a deuteron to two nu
leons in ad-wave. The operator Pi is understood to proje
t on the 3S1-
hannel: Pi ≡
P

(3S1)
i . (A.8) and (A.9) are the verti
es for in
oming photons. The last termin (2.32) gives rise to the vertex

= −ie
CQ

Mρd

(

qiqj − 1

3
δij

)

A0. (A.10)Finally, the 
oupling of a 1S0 and a 3S1 dibaryon to a magneti
 photon(2.33) is denoted by
3S1

1S0

= ± eL1

M
√

r0ρd

ǫijkǫiqjAk, (A.11)where the plus (minus) sign again 
orresponds to an in
oming (outgoing)photon.



Appendix BProje
tion OperatorsTo proje
t onto a given spin-isospin state of the two-nu
leon system we haveused the operators de�ned in (2.36),
P (1S0)

a =
1√
8
σ2τ2τa, P

(3S1)
i =

1√
8
σ2σiτ2, (B.1)where the Pauli matri
es σ and τ a
t on spin- and isospin spa
e, respe
tively,and read in the standard representation:

τ1 =

(

0 1
1 0

)

, τ2 =

(

0 −i
i 0

)

, τ3 =

(

1 0
0 −1

)

. (B.2)The proje
tors in (B.1) di�er from the �traditional� ones 
omposed of theoperators
PS =

1

4
(1 − τ (1) · τ (2)), PT =

1

4
(3 + τ (1) · τ (2)) (B.3)whi
h proje
t onto singlet- and triplet states, respe
tively. The isospin ofparti
le i is t(i) = 1

2
τ (i), and that of the two-nu
leon system is T = t(1) + t(2)with T2 = T (T + 1) = 0 for the singlet and T2 = 1 for the triplet.In the following, we show that the operators in (B.1) also proje
t onto the
orre
t states, i. e. that NT P

(1S0)
a N represents two nu
leons in a spin-singletand isospin-triplet state (and vi
e versa for NT P

(3S1)
i N). This 
an be easilyseen by 
omputing

NT τ2N = (p, n)τ2

(

p
n

)

= i(np − pn) (B.4)whi
h 
orresponds to the isospin-singlet, and
NT τ2τ3N = (p, n)τ2τ3

(

p
n

)

= i(np + pn) (B.5)73



74 APPENDIX B. PROJECTION OPERATORSwhi
h is the proton-neutron state in the isospin-triplet. Linear 
ombinationsof NT τ2τ1N and NT τ2τ2N represent the proton-proton- and neutron-neutronstates. Analogously, σ2 proje
ts on the spin-singlet and σ2σi on the spin-triplet.Now we still have to motivate the normalization of P
(1S0)
a and P

(3S1)
i .This is 
arried out in [41℄: To 
onsider the s
attering of two nu
leons withmomenta k/2 ± p in the 
enter-of-mass frame, we de�ne two-nu
leon statesby

|NN(s;k, p)〉 =
p√
4π

1

(2π)3

∫

dΩp[NT (k/2 + p)P (s)N(k/2 − p)]†|0〉, (B.6)where s = 2S+1LJ . These states are normalized su
h that averaging overpolarizations gives
∑

pol. avg.

〈NN(s′;k′, p′)|NN(s;k, p〉 = δ3(k′ − k)δ(p′ − p)δs′s. (B.7)This is ful�lled if the proje
tion matri
es satisfy
∑

pol. avg.

Tr[P (s)P (s)†] =
1

2
, (B.8)whi
h is true for the normalization used in (B.1).



Appendix CKinemati
s for theTriple-Di�erential Cross Se
tionIn the following, we derive the expression (4.13) for the triple-di�erential 
rossse
tion d3σ
dElab

e dΩlab
e dΩp

, where all variables 
on
erning ele
trons are de�ned inthe lab frame, while the quantities of the �nal np-state refer to the �nal-state
enter-of-mass frame. The initial state 
onsists of an ele
tron with four-momentum kµlab = (Elab
0 ,klab) and a deuteron with pµ

d
lab = (Elab

d ,−qlab),and in the �nal state we have an ele
tron with k′µlab = (Elab
e ,k′lab), a protonwith pµ

p = (Ep,p) and a neutron with pµ
n = (En,−p). The �ve independentvariables that des
ribe the kinemati
s 
ompletely are Elab

0 , Elab
e , the ele
trons
attering angle Θlab

e and the angle between proton and photon momenta Θpand Φp.We start with the well-known formula for a multiple di�erential 
rossse
tion found e. g. in [30℄, whi
h in our 
ase reads:
dσ =

1

4
√

(kµlabplab
dµ )2 − Md

2m2
e

|A|2 d3k′lab

(2π)32Elab
e

d3pp

(2π)32Ep

d3pn

(2π)32En

×(2π)4δ4(k′
µlab

+ pµ
p + pµ

n − kµlab − pµ
d
lab

)(2Md)(2M)2. (C.1)Integrating over the neutron three-momentum gives
dσ =

1

4
√

(Elab
d Elab

0 + qlab · klab)2 − M2
dm2

e

|A|2 d3k′labd3pp

(2π)58Elab
e EpEn

×δ(Elab
e + Ep + En − Elab

d − Elab
0 )8MdM

2. (C.2)Then we apply d3k′ = k′2dk′dΩe = k′EedEedΩe and d3pp = ppEpdEpdΩp, and75



76 APPENDIX C. KINEMATICS FOR THE CROSS SECTIONrewrite the δ-fun
tion as
δ(f(Ep)) =

1

|f ′(E0
p)|

δ(Ep − E0
p), (C.3)whose argument is f(Ep) = 2Ep+Elab

e −Elab
d −Elab

0 (sin
e En = Ep = M+ p2

2M
)and be
omes zero at E0

p = 1
2
(Elab

d + Elab
0 − Elab

e ). Thus we get
dσ =

1

4
√

(Elab
d Elab

0 + qlab · klab)2 − M2
dm2

e

|A|2k′labdElab
e dΩlab

e pdEpdΩp

(2π)5En

×MdM
2 1

2
δ(Ep − E0

p), (C.4)and after the Ep-integration we arrive at (4.13)
d3σ

dElab
e dΩlab

e dΩp
=

k′labpMdM
2

8(2π)5(M + p2

2M
)
√

(MdElab
0 + qlab · klab)2 − M2

d m2
e

|A|2.(C.5)



Appendix DUseful IntegralsIn this Appendix, all loop integrals used are 
al
ulated. The integrationover the zero-
omponent of the loop four-momentum lµ is not shown here;divergent integrals are evaluated in D spa
e-dimensions and regularized inthe PDS s
heme (Se
t. 2.2.2).In (2.12) we already employed the following result:
I

(1)
0 (a) =

(µ

2

)3−D
∫

dDl

(2π)D

1

(l + q

2
)2 + a

=
(µ

2

)3−D

(4π)−D/2Γ

(

2 − D

2

)

a
D−2

2PDS
=

1

4π
(µ −

√
a) (D.1)(see [1℄, or [32℄ for a detailed derivation). We often needed (e.g. in (3.4)) theintegral (see e. g. [33℄)

I
(2)
0 (a, b) =

∫

d3l

(2π)3

1

l2 + a

1

(l + q

2
)2 + b

=
1

2πq
arctan

(

q

2(
√

a +
√

b)

)

. (D.2)The following more 
ompli
ated integrals 
an be expressed in terms of (D.1)and (D.2), using the method of tensorial redu
tion:
I

(1)i
1 (a) =

∫

dDl

(2π)D

li

(l + q

2
)2 + a

= −qi

2
I

(1)
0 (a); (D.3)77



78 APPENDIX D. USEFUL INTEGRALS
I

(1)ij
2 (a) =

∫

dDl

(2π)D

lilj

(l + q

2
)2 + a

=

∫

dDl

(2π)D

(li − qi

2
)(lj − qj

2
)

l2 + a

=

∫

dDl

(2π)D

lilj + qiqj

4

l2 + a

= − 1

D
aI

(1)
0 (a)δij +

1

4
I

(1)
0 (a)qiqj (D.4)(for the last step, see e. g. [34℄), whi
h implies

∫

dDl

(2π)D

(q · l)2

(l + q

2
)2 + a

=

(

q4

4
− aq2

D

)

I
(1)
0 (a).Furthermore,

I
(2)i
1 (a, b) =

∫

dD

(2π)D

li

l2 + a

1

(l + q

2
)2 + b

= A1(a, b)
qi

q2
(D.5)with

A1(a, b) =

∫

dD

(2π)D

l · q
l2 + a

1

(l + q

2
)2 + b

=

∫

dD

(2π)D

1

l2 + a

[

1 − l2 + q2

4
+ b

(l + q

2
)2 + b

]

= I
(1)
0 (a) − I

(1)
0 (b) −

(q2

4
+ b − a

)

I
(2)
0 (a, b). (D.6)With two loop-momenta in the numerator:

I
(2)ij
2 (a, b) =

∫

dDl

(2π)D

lilj

l2 + a

1

(l + q

2
)2 + b

= A2(a, b)δij + B2(a, b)qiqj, (D.7)



79where
A2(a, b) =

1

D − 1

[

δij −
qiqj

q2

]
∫

dDl

(2π)D

lilj

l2 + a

1

(l + q

2
)2 + b

=
1

D − 1

∫

dDl

(2π)D

l2 − (l·q)2

q2

l2 + a

1

(l + q

2
)2 + b

=
1

D − 1

∫

dDl

(2π)D

[(

1 − a

l2 + a

)

1

(l + q

2
)2 + b

+
l · q
q2

(

1 +
q2

4
+ b − a

l2 + a

)

1

(l + q

2
)2 + b

]

=
1

D − 1

[

1

2
I

(1)
0 (b) − aI

(2)
0 (a, b) +

q2

4
+ b − a

q2
A1(a, b)

]

,(D.8)
B2(a, b) =

1

1 − D

1

q2

[

δij − D
qiqj

q2

]
∫

dDl

(2π)D

lilj

l2 + a

1

(l + q

2
)2 + b

=
1

1 − D

1

q2

∫

dDl

(2π)D

l2 − D (l·q)2

l2

l2 + a

1

(l + q

2
)2 + b

=
1

1 − D

1

q2

[

2 − D

2
I

(1)
0 (b) − aI

(2)
0 (a, b) + D

q2

4
+ b − a

q2
A1(a, b)

]

.(D.9)It follows from (D.7) that
∫

dDl

(2π)D

lilj − 1
D

l2δij

l2 + a

1

(l + q

2
)2 + b

= B2(a, b)

(

qiqj − 1

D
q2δij

)

. (D.10)Finally, we �nd for three loop-momenta in the numerator:
I

(2)ijk
3 (a, b) =

∫

dDl

(2π)D

liljlk

l2 + a

1

(l + q

2
)2 + b

= A3(a, b)(qiδjk + qjδik + qkδij) + B3(a, b)qiqjqk (D.11)



80 APPENDIX D. USEFUL INTEGRALSwith
A3(a, b) =

1

3(D − 1)q2

[

qiδjk + qjδik + qkδij − 3

q2
qiqjqk

]

I
(2)ijk
3 (a, b)

=
1

3(D − 1)q2

∫

dDl

(2π)D

1

l2 + a

1

(l + q

2
)2 + b

[

3(q · l)l2 − 3

q2
(q · l)3

]

=
1

(D − 1)q2

[
∫

dDl

(2π)D

q · l
(l + q

2
)2 + b

(

1 − a

l2 + a

)

− 1

q2

∫

dDl

(2π)D

(q · l)3

l2 + a

1

(l + q

2
)2 + b

]

=
1

(D − 1)q2

[

−q2

2
I

(1)
0 (b) − aA1(a, b) − 1

q2
Â3(a, b)

]

, (D.12)
B3(a, b) =

D + 2

D − 1

1

q6

[

qiqjqk − 1

D + 2
q2(qiδjk + qjδik + qkδij)

]

I
(2)ijk
3 (a, b)

=
D + 2

D − 1

1

q6

∫

dDl

(2π)D l2 + a

1

(l + q

2
)2 + b

[

(q · l)3 − 3q2

D + 2
(q · l)l2

]

=
D + 2

D − 1

1

q6

[

Â3(a, b) − 3q2

D + 2

(

−q2

2
I

(1)
0 (b) − aA1(a, b)

)]

, (D.13)
Â3(a, b) =

∫

dDl

(2π)D

(q · l)3

l2 + a

1

(l + q

2
)2 + b

=

∫

dDl

(2π)D

(q · l)2

l2 + a

(

1 − l2 + q2

4
+ b

(l + q

2
)2 + b

)

= −aq2

D
I

(1)
0 (a) −

∫

dDl

(2π)D

(q · l)2

(l + q

2
)2 + b

(

1 +
q2

4
+ b − a

l2 + a

)

= −aq2

D
I

(1)
0 (a) −

(

q4

4
− bq2

D

)

I
(1)
0 (b)

+

(

q2

4
+ b − a

)

dDl

(2π)D

(q · l)
(l + q

2
)2 + b

(

1 +
q2

4
+ b − a

l2 + a

)

= −aq2

D
I

(1)
0 (a) −

(

q4

4
− bq2

D

)

I
(1)
0 (b)

+

(

q2

4
+b −a

)[

−q2

2
I

(1)
0 (b) +

(

q2

4
+ b −a

)

A1(a, b)

]

. (D.14)



81We see from (D.11) that
∫

d3l

(2π)3

1

l2 + a

1

(l + q

2
)2 + b

(

liljlk − 1

D
l2lkδij

)

= A3(a, b)

[

qiδjk + qjδik + qkδij − D + 2

D
qkδij)

]

+B3(a, b)

[

qiqjqk − 1

D
q2qkδij

]

. (D.15)
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