
Pion-Nucleus Interactions +

Gerald A. Miller 
University of Washington

S. Dytman:
Workshop on Neutrino-Nucleus Pion Production in the Resonance Region. Goal to bring 

physicists together to 
discuss models and concepts. We seek a few talks on the history  of the subject especially 

Delta excitation and propagation
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1. Pion-nucleus phenomenology - cross sections -most 
2. Meaning of a resonance
3. Two general remarks based on reading NEUT PRD 99,052007
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History 
Los Alamos Meson Physics Facility

1970-1995
Pion beams 100-600 MeV
made by 800 MeV protons

TRIUMF 1970-
500 MeV Protons low

energy pions
chaos detector

SIN now PSI
pions from 10 to 500 MeV/c

 

Many experiments of relevance
 to neutrino physics 

~1960 pion: fundamental particle of strong interaction -need beam, 
constructed

~1975 gluon: fundamental particle of SI-gluon not pion beam needed
~1990 pion (chiral symmetry, EFT): fundamental particle of strong interaction-need 

beam



Pion Nucleus Interactions:
Memories of a Misspent Youth 
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Focus of this talk:  pion nucleus interactions 
Brief intro: how are pions made in neutrino

nucleus interactions?
(a) resonance production

,�
<latexit sha1_base64="U6C1KHnxCMEjmYLCFMnWxYyknCg="></latexit>

 b) Quasi-elastic scattering followed by pion emission

Neutrino physics makes  pions great  again

In either case, pions move through the nucleus 



Making pions
x = 1, ⌫ = 1M, Q

2
= 2M

2
M is nucleon mass ! 1
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Nucleon energy is ideal for making a � in

NN ! N�. Then � ! N⇡ Resonance production

Now have three particles in the final state
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FIG. 4.12. (a) Schematic picture of the pion rescattering amplitude for NN--+ 
NNz. (b) Schematic picture of the 27r exchange amplitude, the imaginary part of 

which describes the inelasticity in NN scattering. 

ing to the P 11  pion-nucleon channel, has to be removed in order to avoid 
double counting of one-pion exchange which has already been incorpor-
ated into the two-nucleon wave function. 

The information contained in the inelasticity is complementary to 
that from the gd NN reaction. With the exception of the threshold 
region this latter process represents only a small fraction of the overall 
inelasticity, the major part coming from NN7t continuum states. 

Let us consider now the NN inelasticities in more detail. For each 
NN partial wave, they are expressed in terms of the inelasticity parameter 

cos R defined by  = nN e2i Re 6 .  

Here SN is the  NN-3  NN S-matrix and (5 is the corresponding phase shift 
in a given partial wave. For laboratory kinetic energies TLab  :5- 1 GeV, the 
NN inelastic channels are dominated by single-pion production. Unitarity 
requires that 

1 - ISN I 2  = 1 - cos2R = I.4t(NN—> NN7r)I 2  x (kinematical factors) (4.61) 
where Al is the  NN-*  NNr production amplitude. In peripheral partial 
waves, one expects that It is dominated by the OPE rescattering 
contribution as illustrated by Fig. 4.12(a). At intermediate energies, the 
NN- > NA NNz process dominates, so that the first-order approxima-
tion to .41(NN—> NN7r) is essentially given by the p-wave rescattering 
mechanism discussed in Section 4.6.3. 

At a more elaborate level, one can use dispersion relation techniques 
to evaluate the inelasticity. For that purpose, consider the two-pion 
exchange amplitude in Fig. 4.12(b), where the shaded region represents 
the a- N amplitude without the nucleon pole contribution. This amplitude 
is referred to as At Zlastic• Below the threshold for multiple-pion produc-
tion, it can be related to the NN inelasticity by unitarity as follows 
I./ANN-4 NN2r)1 2 = (kinematic factor) x Im (NNI AlVastic  INN). (4.62) 

In the practical evaluations of X p:relastic, one employs dispersion theoreti- 

Many ways to make 
 final state

 
blob is �

<latexit sha1_base64="41jkvbBVHLsOAbOpeczi5Hsm7IU="></latexit><latexit sha1_base64="41jkvbBVHLsOAbOpeczi5Hsm7IU="></latexit><latexit sha1_base64="41jkvbBVHLsOAbOpeczi5Hsm7IU="></latexit><latexit sha1_base64="41jkvbBVHLsOAbOpeczi5Hsm7IU="></latexit>

⌫
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Relevant off-peak region Is this pi production or fsi? 

These diagrams to be added first and then squared.
Could be big effect

QE R

+

⌫
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+

2p-2h Nucleon-nucleon correlations
dominated by np

µ
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NN⇡µ
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What does pion do in nucleus?
most  of  remaining talk

Oxford Press 1988 Ericson & Weise = EW

Lee & Redwine Ann. Rev. Nucl. Part. Sci. 52, 23 (2002)
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What does ⇡ do?
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FIG. 2.2. Total cross-sections for z+p and 7r -p scattering as a function of the 
total c.m. energy W and the pion lab momentum k iab . 

The 7EN scattering lengths and scattering volumes defined in eqn 
(2.36) have the following empirical values: 

200 

150 

100 

50 

a l  = 0.173(3)m 1 ; 

a 11  = —O. 081(2)m; 3 ; 
am  = —0.045(2)m 3 ; 

a 3  = —0.101(4)mV. 

a 13  = -O. 030(2)m; 3 ; 
a 33  = 0.214(2)m 3 . 

(2.37) 

The threshold parameters for d- and f-waves are also empirically known. 
The d-wave parameters are very small, of the order 5 x 10-3m,-5 , and the 
f-wave parameters are even less important. They do not significantly 
influence nuclear pion physics and will be neglected in the following. 

In view of the dominance of s- and p-waves at low and intermediate 
energies it is useful to express the aN scattering amplitude in the general 

Strong Pi-A FSI, Delta dominates

EW
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Figure 1 Pion-nucleus total cross sections averaged over the pion charge. The
curves are from empirical fits to the data assuming a Breit-Wigner resonant shape.
The results are from Reference 1.

and absorption, where no pion emerges. Double charge exchange and absorption
have no analog with most other traditional nuclear probes. They allow the pion to
probe special nuclear properties and interactions.
The most fundamental question in the study of pion-nucleus interactions is how

each of these reactions contributes to the total cross sections shown in Figure 1.
This question could not be answered before the meson factories started to produce
high-precision data for each reaction channel. Earlier pion-nucleus experiments
suffered from the low intensity of pion beams and poor energy resolution. The
separation of nuclear final states was often difficult. With the extensive data from
meson factories, we nowhave a good understanding of the dynamical content of the
pion-nucleus total cross section. For example, the energy dependence and nuclear
mass (A)–dependence of each of the reaction channels have been measured, as
shown in Figures 2 and 3. This review includes pedagogical discussions of our
current understanding of each reaction channel.
This article does not cover ⇡N and ⇡NN interactions; we refer the reader to the

review by Garcilazo &Mizutani (2). The earlier work on pion-nucleus interactions
was well reviewed by Koltun (3). In this review, we focus on the advances since
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A.S. Carroll PRC 14,635

Peak shifts down in energy, gets broader as A goes up 
Fermi motion,Multiple scattering &absorption

Free interactions not accurate
Delta physics dominates in given energy region

Nucleon vs Nucleus

7



D. Ashery  et al
PRC 23,2173(81)
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Figure 2 Decomposition of the ⇡+ 12C total cross sections (Tot.) into the contribu-
tions from elastic scattering (El.), inelastic scattering (Inel.), absorption (Abs.), and
single charge exchange (Scx.). T⇡ is the pion kinetic energy. The results are from
Reference 180. The curves are only for guiding the eye.

the meson factories started to operate in the mid 1970s. There have been several
noteworthy reviews of this and related areas of pion physics (4–7).
The very extensive list of publications on pion-nucleus interactions cannot all

be cited in this short article. We include only the references most closely related
to our discussions here.
In Section 2, we review the theoretical models of pion-nucleus reactions that

have been applied to interpret the experimental data. We discuss pion-nucleus
elastic scattering in Section 3, and inelastic scattering, including charge-exchange
processes, in Section 4. The important pion absorption reactions are discussed in
Section 5. In Section 6, we address issues related to current research.

2. THEORETICAL MODELS

Most theoretical work on pion-nucleus interactions is based on extensions of the
well-established nuclearmany-body theory to include⇡ and1 degrees of freedom.
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Figure 3 Nuclear mass (A)–dependence of pion-nucleus interaction cross sections
at 165 MeV. The labels for displayed data are identical to those in Figure 2. The data
are from Reference 180. The curves are only for guiding the eye.

In this review, we focus on the results obtained through approaches based on either
multiple scattering theory (8, 9) or the 1-hole model (10–13). The approaches
based on semiclassical formulations (such as those given in References 14–17)
are not discussed.
It is instructive to begin by enumerating the basic one-nucleon and two-nucleon

mechanisms of all possible pion-nucleus reaction channels indicated in Figures 2
and 3. The most economical way to account for the 1-resonance excitation is
to introduce a vertex interaction h⇡N$1 that can convert a ⇡N state into a 1,
as illustrated in Figure 4a. This vertex interaction can generate ⇡N scattering
via the ⇡N ! 1 ! ⇡N transition. The ⇡N scattering can also be due to the
non-1 interaction v⇡N , such as the one-particle-exchange mechanisms illustrated
in Figure 4b. To account for pion absorption, the excited 1 must be allowed to
interact with the surrounding nucleons. The lowest-order absorption mechanism
is due to a 1N ! NN transition, as illustrated in Figure 4c. Pion absorption can
also be due to the non-1 mechanism F⇡NN$NN, as illustrated in Figure 4d.
In the following two subsections,we briefly describe how themultiple scattering

formulation and the1-holemodel accomodate the reactionmechanisms illustrated
in Figure 4.

2.1. Multiple Scattering Formulation

The multiple scattering approach is based on a Hamiltonian of the following form:

H = K⇡ + HA +

X

i
V⇡N (i), 1.
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for positive and negative pion absorption are about
equal, i.e., the effects compensate for each other,
while for medium heavy nuclei w absorption is
larger. At 165 MeV, the effect of Coulomb attrac-
tion is relatively smaller and 7I' absorption in the
heavy neutron rich nuclei is stronger than for m .

D. Decomposition of the cross section
(mb)

77 - C CROSS SECTIONS

TOT.

By combining the results of the present work
with measurements of total cross sections and
with calculations and measurements of elastic
scattering cross sections, it is possible to de-
compose the total pion-nucleus cross section into
its major channels. This decomposition can help
in better understanding the reactive content of the
pion nucleus interaction. An illustration of this
decomposition is given in Fig. 9, where the elas-
tic scattering, inclusive inelastic scattering, and
true absorption cross sections are plotted against
the nuclear mass number for a fixed bombarding
energy. Also shown are the estimated cross sec-
tions for the single charge exchange reaction.
The cross sections are seen to lie on straight lines
in the log-log plot, which represents an A depen-
dence through power laws. It appears to be useful,
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FIG. 11. Decomposition of the total x'-carbon cross

section. The lines are drawn to guide the eye.
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FIG. 10. Exponents of least squares fits to power
laws for the cross sections as a function of A and of
N&& as a function of Z for positive pions. The lines
are drawn to guide the eye.

then, to parametrize the cross sections through
power laws of the type

q„=p (gg~m&s& .
The values of the exponents q (E}obtained by a

least-square fit to the data are shown in Fig. 10.
It can be noted that between the two major reaction
channels —the inclusive inelastic scattering and the
true absorption —the latter always takes a much
steeper A dependence with an exponent of about
twice that of the former. This may be interpreted
as reflecting geometrical effects due to the dif-
ferent regions in the nuclear volume and surface
where the reactions take place. Alternatively, this
effect may be related to the interpretation of the
inelastic scattering as an interaction with single
nucleons compared to the absorption process which
is involved with nucleon pairs. It is expected that
these power-law parametrizations wiQ be useful
both as a guideline for understanding the reaction
mechanisms and as a practical way for perform-
ing interpolations. Also shown in Fig. D are the
exponents for N« P(E}Z'+~. This sh-—ould be use-
fu) since at backward angles we have

= iq „x[o(s+p }+ o(s+s}] .(dQ

2182 D. ASHER Y et al.

for positive and negative pion absorption are about
equal, i.e., the effects compensate for each other,
while for medium heavy nuclei w absorption is
larger. At 165 MeV, the effect of Coulomb attrac-
tion is relatively smaller and 7I' absorption in the
heavy neutron rich nuclei is stronger than for m .

D. Decomposition of the cross section
(mb)

77 - C CROSS SECTIONS

TOT.

By combining the results of the present work
with measurements of total cross sections and
with calculations and measurements of elastic
scattering cross sections, it is possible to de-
compose the total pion-nucleus cross section into
its major channels. This decomposition can help
in better understanding the reactive content of the
pion nucleus interaction. An illustration of this
decomposition is given in Fig. 9, where the elas-
tic scattering, inclusive inelastic scattering, and
true absorption cross sections are plotted against
the nuclear mass number for a fixed bombarding
energy. Also shown are the estimated cross sec-
tions for the single charge exchange reaction.
The cross sections are seen to lie on straight lines
in the log-log plot, which represents an A depen-
dence through power laws. It appears to be useful,

I I 1 I I
I I I I I I I i I I I I

IOO-

%EL

EL.

ABS.-

SCX.
M
(EST.)-

50 I00 I50 200 250 300
E„(Mev)

REACTIONS POWE R LAW S
FIG. 11. Decomposition of the total x'-carbon cross

section. The lines are drawn to guide the eye.

x g (A)
L ~~(A)

O ~tot (4)
~ ~Inc) (A)

s~ (z}

I.O-

09-

Oi

r
x&

0.8-

0.7-
tot

0.6-

0.5-

0,4-

~$

II
~ ~

I.
200

E (MeV)

I i i i I i i

IOO 300

FIG. 10. Exponents of least squares fits to power
laws for the cross sections as a function of A and of
N&& as a function of Z for positive pions. The lines
are drawn to guide the eye.

then, to parametrize the cross sections through
power laws of the type

q„=p (gg~m&s& .
The values of the exponents q (E}obtained by a

least-square fit to the data are shown in Fig. 10.
It can be noted that between the two major reaction
channels —the inclusive inelastic scattering and the
true absorption —the latter always takes a much
steeper A dependence with an exponent of about
twice that of the former. This may be interpreted
as reflecting geometrical effects due to the dif-
ferent regions in the nuclear volume and surface
where the reactions take place. Alternatively, this
effect may be related to the interpretation of the
inelastic scattering as an interaction with single
nucleons compared to the absorption process which
is involved with nucleon pairs. It is expected that
these power-law parametrizations wiQ be useful
both as a guideline for understanding the reaction
mechanisms and as a practical way for perform-
ing interpolations. Also shown in Fig. D are the
exponents for N« P(E}Z'+~. This sh-—ould be use-
fu) since at backward angles we have

= iq „x[o(s+p }+ o(s+s}] .(dQ

• � physics is dominant

• Elastic about 1/3 of total

• Reaction = Inelastic+absorption+charge exchange

• absorption means pion disappears: ⇡ + NN ! NN .

• inelastic is mainly quasielastic knockout - ⇡-nucleon elastic in medium

• all partial �’s rise with A, absorption rises faster than total

• at 300 MeV, �el / A. Most you can get A4/3
so not strong absorption

<latexit sha1_base64="+FJn51POAaojRBfffR90VOhnfXA="></latexit>

Partial Cross Sections
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• (a) Feel mean field potential 

• (b) Width increases due to pion absorption- 2 N intermediate on-
shell

• (c) Multiple scattering

• (d) Width decreases due to Pauli blocking

• Effects of absorption and Pauli blocking tend to cancel

devel opment and sect . 3 t he numer i cal r esul t s. We achi eve an excel l ent descr i pt i on
of a+ el ast i c scat t er i ng. Usi ng our l ocal , ener gy dependent t r eat ment of i s we
achi eve an excel l ent descr i pt i on of ~r + el ast i c scat t er i ng f r omal l t he nucl ei and
ener gi es consi der ed. At t he l ower ener gy of 114 MeVour t heor y i s mor e successf ul
i n descr i bi ng angul ar di st r i but i ons t han i s t hat of r ef s. s. t s) . Thi s i s due t o a sl i ght l y
di f f er ent par amet er i zat i on of t heaNscat t er i ng dat a. The f i t t ed val ues of par amet er s
VandMar e di spl ayed i n f i g. 2 and ar e i ndependent of A. We al so consi der ~r -
el ast i c scat t er i ng: wi t h sui t abl e Coul omb modi f i cat i ons we obt ai n r esul t s qual i t a-
t i vel y si mi l ar t o t hose f or ~r + scat t er i ng. I n cont r ast wi t h f i xed scat t er er cal cul at i ons
[ e. g . , r ef . t e) ] , our comput ed angul ar di st r i but i ons do depend on t he choi ce of Tr Nd
f or mf act or . Physi cal ar gument s f or t he r easonabl eness of our choi ce ar e pr esent ed.
Det ai l ed compar i sons bet ween our wor k and t he i sobar - hol e cal cul at i ons of Hi r at a
et a1. 3) ar e made. Sect . 4 cont ai ns a summar y and di scussi on of our r esul t s .

I n t hi s sect i on we der i ve t he r esonant cont r i but i on URt o t hepi on- nucl eus opt i cal
pot ent i al . Thi s i s depi ct ed i n f i g. 3a. The ef f ect s of d- r ecoi l and t he d- nucl eus
i nt er act i on ar e i ncl uded i n t hed- pr opagat or of t hi s f i gur e . Exampl es of t er ms whi ch
i ncor por at e t he speci f i c ef f ect s of t r ue pi on absor pt i on ( f i g . 3b) , l ocal - f i el d cor r ec-
t i ons ( f i g . 3c) , and Paul i bl ocki ng ( f i g . 3d) ar e al so shown. Al l of t hese ef f ect s ar e
i ncl uded i mpl i ci t l y i n t he d- nucl eus i nt er act i on of f i g. 3a, and so we do not eval uat e
t he t er ms of f i gs . 3bß.

To eval uat e URf r omf i g. 3a one needs t o know t he nucl ear wave f unct i on, t he
~r Nd i nt er act i on, and t he d- pr opagat or . I n t hi s wor k we consi der onl y nucl ei f or
whi ch densi t y- dependent Har t r ee- Fock ( DDHF) cal cul at i ons of t he nucl ear gr ound
st at e ~~) have been per f or med. I n t hese cal cul at i ons ~~h) i s a si ngl e Sl at er det er -
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2. Theor et i cr i l devel opment

( o)

 

( b)

 

( c)

 

( d)
Fi g. 3. ( a) Resonant cont r i but i on URt o t hepi on- nucl eus opt i cal pot ent i al . Thef ul l d- nucl eus i nt er act i on
i s depi ct ed by t he wavy l i ne. ( b) At er mcont r i but i ng t o URwhi ch i ncor por at es t r ue pi on absor pt i on .
( c) At er mcont r i but i ng t o URwhi ch i ncor por at es l ocal - f i el d cor r ect i ons . ( d) At er m cont r i but i ng t o
URwhi ch i ncor por at es Paul i bl ocki ng of t he decay of t hed. Thehat ched nucl eon l i ne r ef er s t o occupi ed
st ât es i n t he nucl eus : t he mi nus si gn denot es t hat d- decay t o t hese nucl eon st at es must be subt r act ed

f r omt he d- pr opagat or i n f r ee space, wher e t her e i s no Paul i bl ocki ng.

(a)      (b)             (c)              (d)

� made in the nucleus ⇡
What does � do?

What is mass and width of � in the nucleus?

<latexit sha1_base64="JKQRrzi26XYDzted3sSaW4rDqoY="></latexit>

9

Near resonance energies
Delta propagates in nucleus
Correct degree of freedom



Literature: Delta in Medium
• Kissinger & Wang PRL 30, 1071, Ann. Phys. 99,374 Introduces Delta as Deg. Of Freedom-crude 

approximation - mainly shifts width but Delta kinetic energy ignored

• Oset & Weise PL B82, 344; Nucl. Rhys A319,477, 4He. Pauli plus  central potential gives -15 MeV, positive 
energy dependent

• Lenz, Moniz, Hirata, Koch  PL B70, 281 (1977); Ann.Phys. 120, 205, 16O   

• Freedman, Henley, Miller, PL B103, 397; Nucl. Phys. A389, 457 (1982) used local potential fit Pb see below

• D. Dreschel et al NPA 660,423 

• Idea is the same: Delta propagates in medium, but many technical differences
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Fr om. ( 1. 4) and ( 1. 5) , Xer t sat i sf i es
[ M+w- Me+Zi Te( M+w) - y( M+w) l e- ~e] Xax( r ~ k~~ w)

_~x( r ) exP ( ~~ ' ~) ~

 

( 1. 7)

The sol ut i on of t hi s equat i on i s si mpl i f i ed consi der abl y by t he assumpt i on t hat ~e
i s wel l r epr esent ed by a l ocal i nt er act i on. Many ef f ect s cont r i but i ng t o ~e ar e
non- l ocal ( Paul i bl ocki ng, t r ue absor pt i on, et c. ) z- 5) , so t hat i t may appear t hat
non- l ocal i t y i s an essent i al f eat ur e of ~e. However , a si mi l ar si t uat i on appl i es f or
t he nucl eon- nucl eus i nt er act i on, whi ch never t hel ess i s wel l descr i bed by a l ocal
pot ent i al . Al ocal pot ent i al r epr esent at i on of ~e may be an equal l y good appr oxi ma-
t i on. Thi s pot ent i al , f or N=Z nucl ei , i s t aken t o be pr opor t i onal t o t he nucl ear
densi t y wi t h cent r al val ue V+i W. We t r eat Vand Was f r ee par amet er s wi t h
val ues chosen t o f i t bot h t he gl obal f eat ur es of t heexper i ment al angul ar di st r i but i on
i n pi on el ast i c scat t er i ng as wel l as exper i ment al t ot al cr oss sect i ons . [ I ncl usi on of
a d- nucl eus spi n~r bi t pot ent i al i s i mpor t ant i n mai nt ai ni ng t he ener gy i ndepen-
dence of V+i Wand i n i mpr ovi ng t he f i t t o dat a at hi gher ener gi es above t he Tr N
r esonance 13) : we do not use such a pot ent i al , however . Thi s i s di scussed f ur t her
bel ow. ] The ul t i mat e j ust i f i cat i on of our pr ocedur e l i es i n i t s abi l i t y t o descr i be t he
af or ement i oned dat a wi t h val ues of Vand Wt hat ar e i ndependent of t he t ar get ,
as wel l as i n our abi l i t y t o make meani ngf ul compar i sons wi t h t he r esul t s of ot her
wor ker s.

I n r ef . 19) we st udi ed ~r + el ast i c scat t er i ng f r om 160, ZBSi and °° Ca at a pi on
l abor at or y ki net i c ener gy T =163 MeV. I n t hi s paper we gi ve a mor e compl et e
account of our t heor y and i t s appl i cat i on t o sever al t ar get nucl ei ( 160, ao~~ aeCa
and 2°BPb) at pi on ener gi es f r om114 t o 240MeV. Sect . 2 cont ai ns t he t heor et i cal
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Fi g. 2. Dependence of t he cent r al st r engt h V+i Wof t he d- nucl eus pot ent i al on pi on l abor at or y ki net i c
ener gy TVal ues det er mi ned by f i t s t o exper i ment al dat a ar e denot ed by poi nt a wi t h er r or bar s .

1982 Width ~unchanged 
due to cancellations

Delta less massive in medium
Some energy dependence
from many nuclei incl. Pb

10/31

Coherent � +A ! ⇡0
+A to get ��A interaction

<latexit sha1_base64="NngJrrNmeKCITAc/QCADp64xL94="></latexit>

V��A = 19� 33i MeV no Pauli

<latexit sha1_base64="VmPNKYJU9kWgWFP65sjvJxHuBrU="></latexit>

V��A = �15 + 15i MeV
<latexit sha1_base64="Cu5u63BOH0PaPnYbswL3D4Y+4uU="></latexit>

V��A = �8� 42i MeV plus Pauli -55 MeV central
<latexit sha1_base64="ky5IVI7cp0lAoqxmQLQGsfeLtxk="></latexit>

Attractive nature of real part seems established 
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Fig. 15. Differential re-'tHe cross section calculated at various energies with full isobar-hole interaction and 
all self-energy corrections. Experimental data are from ref. 29). 
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correlation parameter have been chosen to be identical (f~p/x/~ = 4.1, Ap = 2.5 
GeV, qc = m,o = 783 MeV) with the parameters in the isobar-hole interaction 
and consistent with the nd absorption. 

The combined effect of all self-energies (Hartree together with Sp and 2~A) is 
presented in the "total" curves of fig. 10 and shows a partial cancellation between 
Pauli and absorption plus reflection terms, as far as the widths are concerned. The 
downward shift of the peaks in "total" with respect to "free A" would have been 
about 20 MeV less, if the isobar Hartree potential had been set to zero. 
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Fig, 11. Effects of  medium corrections on differential cross section for ~t-*He at 160 MeV. For 
explanation of curves see fig. 10. 

Fig. 11 presents an example of how various medium corrections affect the dif- 
ferential cross section. All partial waves up to 6- have been summed up in the 
scattering amplitude. These corrections become increasingly important under 
backward angles. On the other hand, because of the sensitivity with respect to input 
parameters (cutoffs, coupling constants) especially in the real parts of self-energies, 
it would be premature to draw firm conclusions. 
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ISOBAR-HOLE DESCRIPTION OF PION ELASTIC SCATTERING 
AND THE PION-NUCLEAR MANY-BODY PROBLEM 

E. OSET t and W. WEISE 
Institute ~[ Theoretical Physics, Universi O' ~[~ Re.qenshur,q, D-8400 Re,qenshur.q, W. German)' 

Received 7 August 1978 
(Revised 12 October 1978) 

Abslra¢t: A calculation of the pion-nuclear T-matrix is performed within the framework of the isobar- 
hole model. The emphasis here is on a consistent microscopic treatment of A-isobar self-energy 
and particle-hole interactions. This approach allows incorporating medium corrections (Pauli and 
binding effects together with absorption and reflection contributions) in a non-phenomenological 
way. The effects of various medium corrections are discussed for the case of  g-~He scattering. 

1. Introduction 

Pion-nucleus scattering in the (3, 3) resonance region has for a long time been 
subject to simple (and often surprisingly successful) multiple scattering treatments, 
frequently treating the nucleons as infinitely heavy objects. More recent investi- 
gations of the many-body aspec.~ of pion nuclear-elastic scattering both in the 
resonance region 1-6) and at low energy 7 9) have pointed out that the apparent 
success of such simple approximations is misleading. It has been emphasised that 
higher order medium corrections to first order optical potentials are important, 
although there is partial cancellation between various effects. 

Several authors have pointed out the relevance of so-called "true-absorption" 
channels. In fact, a major fraction of the reaction cross section below resonance is 
due to true absorption 10). The absence of such reaction channels in most of the 
simple fixed scatterer treatments is hard to justify. The purpose of the present paper 
is to incorporate what is commonly called Pauli and binding effects, together with 
absorption and reflection contributions, into a many body description of the scattering 
amplitude. This is appropriately done in a picture which describes pion-nucleus 
scattering in terms of an excitation and propagation of A-isobar-hole states 1.4-6). 
In such a model, many-body effects appear through self-energy modifications of the 
A-isobar Green function 2,~), or through vertex corrections ~,9), which can be 
understood as a generalised form of the Lorentz-Lorenz correction 11.12). Altogether, 
the many-body corrections contribute to the energy dependent shifts and widths of 
the relevant isobar-hole doorway states ~ 3.1, z). 

Up to now, absorption and reflection terms have been included into isobar-hole 
models on a purely phenomenological basis 1,2): The isobar is assumed to move in 

* On leave from University of  Barcelona. 
477 

496 01 .  

[rob] 

150 

100 

50 

i ~ ~ ~ ~ 

- - - - - - " f r e e "  A 
- - -  - -  Pauti ÷ 

Binding 
. . . . . . . .  Absorpfion. 

Refiechon / ~ ,  

/ 
I 0  I I I I 

5 100 150 200 250 

Tv [HeV] 

0 2 - 

[mb] 

150 

100 

50 

i i 

. . . . .  f ree"A 
- - - - - P a u l i +  

Binding 
. . . . . . . .  Abs orpfi on + 

Reflection 

fofal 

// 

S0 100 

/ \  

1~0 2~o 2'50 

T~ (HeV] 
Fig, 10. Effects of various medium corrections on partial cross sections of dominant ~-4He isobar-hole 
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binding effects, Coulomb differences, and nucleon hole widths are explored. We stress 
that these pieces of the physics are not free to be varied. Each effect is well defined 
and is calculated directly within the shell model framework. Binding effects and 
nucleon recoil will prove very important for describing properly the peripheral partial 
waves, and neglect of such effects in various calculations is simply a shortcoming 
which limits the accuracy of such approaches for providing a meaningful description 
of angular distributions. This is in contrast to the Q-space coupling, which at present 
has been included only through very simple models (for example, our spreading 
potential). We shall see that the physics summarized crudely by the spreading potential 
is crucial for describing the central and semi-peripheral partial waves. The hope is 
that experiment will be able to teach us something about these higher order effects in 
the pion-nucleus interaction, but it will be seen that extraction of such information 
from present data is in fact quite difficult. 

IV. I. Comparison with the Data 

The total cross section for &J60 scattering is shown in Fig. 3. The data are from 
references [17, 181. The isobar-hole + and r- results and the PIPIT r+ results are 
given. The latter are considerably too large; this is a well-known shortcoming of such 

FIG. 3. Total cross section for vJ~O scattering. The solid and dot-dash lines connect the isobar- 
hole n+ and n- results, respectively; the dashed line indicates the PIPIT n+ results. The data are 
from References [17] and [18]. 

calculations, especially at energies below the res0nance.l The isobar-hole approach 
does much better because the spreading potential is used to fit the forward amplitude. 
At 79 MeV and 343 MeV, the total cross section data are not available, so that the 
results emerge from fitting the angular distribution (to be discussed later in the 
chapter). The total cross section data are supplemented by small angle measurements 
(Coulomb-nuclear interference) of the r* differential cross sections [ 191 at the energies 
159-155 MeV, 185-180 MeV, and 213 MeV; these are shown in Fig. 4. The spreading 
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We describe and apply the isobar-hole approach to intermediate energy pion-nucleus 
reactions. Pion propagation, nucleon and isobar binding, Pauli restrictions and d propaga- 
tion are calculated explicitly within a shell model framework. Intermediate coupling to 
multihole channels, for example through pion absorption, is treated phenomenologically 
through an isobar spreading potential. We find strongly collective d-hole states, leading to 
a reformulation of the approach in an extended schematic model. This entails systematic 
construction of a d-hole doorway state basis within which the d-hole propagator is evaluated. 
We find that this doorway space can be truncated at very low dimensionality while pre- 
serving accuracy, thereby simplifying the calculations appreciably. We make a detailed 
comparison between the theoretica results and recent data for ?r+ - I60 scattering in the 
pion energy range 5&340 MeV. Nonresonant trN interactions and the n-nucleus Coulomb 
interaction are inchrded in the calculations. The data is reproduced quite well both below 
and in the resonance region, and we discuss in detail the role of various dynamical mechan- 
isms. Above the resonance, the calculations are far less successful. We discuss possible 
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FIGURE 7 (continued) 

to nonresonant pion interactions; binding effects and a second order repulsive 
potential improve greatly agreement with the data. Above the resonance (Fig. 8), 
the 240 MeV data are poorly described. Here the PIPIT results appear better, but this 
does not justify the conclusion that the first order calculation is to be preferred. For 
example, the fit to the differential cross section appears to be improved by incorrect 
treatment of the peripheral partial waves, which have a strong bearing on the shape 
of the differential cross section. Such features are revealed in examination of the 
partial wave amplitudes. The Argand diagram which summarizes our results for the 
partial wave amplitudes in r+ elastic scattering is given in Figure 9; the trajectories 
as a function of energy are shown for each partial wave. We turn now to a detailed 
discussion of the partial wave amplitudes. 
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the 240 MeV data are poorly described. Here the PIPIT results appear better, but this 
does not justify the conclusion that the first order calculation is to be preferred. For 
example, the fit to the differential cross section appears to be improved by incorrect 
treatment of the peripheral partial waves, which have a strong bearing on the shape 
of the differential cross section. Such features are revealed in examination of the 
partial wave amplitudes. The Argand diagram which summarizes our results for the 
partial wave amplitudes in r+ elastic scattering is given in Figure 9; the trajectories 
as a function of energy are shown for each partial wave. We turn now to a detailed 
discussion of the partial wave amplitudes. 
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dat a ar e f r omI ngr ai n et al . as) .

Acompar i son bet ween our wor k, t he t heor y of Hi r at a et al . 3) , and t he r esul t s
of PI PTT i s made i n f i g. 9 . The PI PI T cal cul at i on, whi ch i ncl udes none of t he
dynami cs of t he d i n t he nucl ear medi um, f ai l s t o achi eve a good f i t t o t he dat a.
The di f f er ence bet ween our r esul t s and t hose of Hi r at a et al . ar i ses i n par t f r om

TABLE 1

Compar i son of t heor et i cal i nt egr at ed cr oss sect i ons wi t h exper i ment

Al l t heor et i cal val ues ar e wi t h t he best - f i t val ues of Vand W; t hose f or - r r - scat t er i ng i ncl ude t he
mass and wi dt h shi f t s of eqs . ( 2 . 12) and ( 2. 13) . The exper i ment al val ues ar e t aken f r omAsher y et al . Z~.

Scat t er i ng
pr ocess T( MeV)

Qr o~( mb)

exp t hi s wor k

~r o~( mb)

exp t hi s wor k

, ~+- i sD 114 743t 20 752 263t 26 263
, ~+ ao~ 115 1487t 60 1370 516t 52 533
~±~Ca 116 1704t 70 14t ï 8 585t 58 579
a+- i sp 163 806t 10 809 277t 28 306
~a- - i sp 163 815t 10 864 305f 30 337
, ~+ ao~ 163 1469t 60 1418 542t 54 563
~a-4° Ca l f i 3 1477t 60 1603 633f 63 656
a+?°8Pb 162 3940 t 300 3312 1500 t 300 1417
,m+ 40~ 180 1442 t 60 1447 597t 60 591
,R+ as~ 1g0 1636 t 70 1619 686t 69 723
~+- i ep 240 672t 10 f i 80 240t 24 281
, ~+ so~ 241 1268 t 50 1352 519f 52 632

3
10

, ~+- I cb
T, r " 163MeV

10 V" - 55MeV,
W" - 5MeV

w 10
- - - - - V- 0, W" 0

. Dat a ( SI N)
E

Fi g. 13. Di f f er ent i al cr oss sect i on f or a~4°Ca el ast i c scat t er i ng at T=163 MeV. Sol i d cur ve: t hi s
wor k, wi t hbeat - f i t val ues of V=- 55MeV, W=-5MeVas det ermi ned f r oma+- i s0scat t er i ng . Dashed

cur ve: PI PI Tcal cul at i on. The dat a ar e f r omI ngr amet al . zs) .

BC. m. ( degr ees)

ea. m. ( degr ees)

- - Thi s wor k
DE=- I 2. 4 N~eV
DI = 9. OMeV=

______"PI PI T" _

Fi g. 14. As f or f i g . 12, but f or a- -4°Ca el ast i c scat t er i ng at T4=163MeV. Thel ar ger el ect r omagnet i c
mesa shi f t of t he d r esul t s f r omt he l ar ger val ue of Z.
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E

E

ba

Fi g. 16. As f or f i g. 15 but f or sr+48Ca el ast i c scat t er i ng at T=180MeV. No i sovect or d- nucl eus
i nt er act i on i s i ncl uded .

va
E

É

v

Bc . m. ( degr ees)

8 ( degr ees)c . m.

V~ =0, Wi ~0'
- - - - - Vi - 6 MeV

W~ = - I MeV
. Dat a ( LANL)

Fi g. 17. Ef f ect of i sovect or d- nucl eus pot ent i al on cal cul at ed di f f er ent i al cr oss sect i on f or sr +48Ca
el ast i c scat t er i ng at T =180MeV. Sol i d cur ve: no i sovect or pot ent i al . Dashed cur ve: wi t h i sovect or

pot ent i al . Thedat a ar e f r omt he LANLr Uni ver si t y of Texas gr oup 2~.

t he f i t r esul t s f r omi ncl udi ng an i sovect or d- nucl eus pot ent i al . Because t he agr ee-
ment bet ween t heor y and exper i ment i s qui t e good wi t h Vt = Wt =0 ( whi ch al so
hol ds at ot her pi on ener gi es, as descr i bed bel ow) , i t woul d be di f f i cul t t o r el i abl y
det er mi ne t he val ues of Vt and Wl f r om ~r +- ° BCa el ast i c scat t er i ng al one. We
t her ef or e per f or mno f ur t her cal cul at i ons wi t h a non- zer o i sovect or d- nucl eus
pot ent i al .

Our f i nal cal cul at i on i n t hi s ener gy r ange, shown i n f i g. 18, i s a+?° BPb el ast i c
scat t er i ng at Tn =162MeV. Thi s i s t he f ast r epor t ed cal cul at i on i n t he i sobar - hol e
model of pi on scat t er i ng f r omsuch a heavy nucl eus. As i n t he pr evi ous exampl es
at 163 MeV, t he val ues V=- 55 MeV, W=- 5 MeV det er mi ned f r om ~+- t e0
scat t er i ng wer e used, wi t h no i sovect or d- nucl eus pot ent i al . An excel l ent f i t i s
obt ai ned t o t he posi t i on of t he f i r st mi ni mumand t he second maxi mumof t he
di f f er ent i al cr oss sect i on. Our t heor et i cal r esul t s ar e i n gener al much i mpr oved
over t he PI PI T cal cul at i on. I n par t i cul ar we have not f ound i t necessar y t o var y
t he nucl ear r adi us t o f i t t he dat a, as was done i n t he f i xed- scat t er er cal cul at i on of
r ef . 31) : t he r equi si t e change i n t he ef f ect i ve nucl ear r adi us occur s r at her as an
aut omat i c consequence of i ncl udi ng t he quant um- mechani cal r ecoi l of t he d i n our
cal cul at i on.

Because of t he l ar ge neut r on excess of z°BPb ( ( N- Z) / A~0. 61) , one mi ght
expect t he i sovect or par t of t he d- nucl eus i nt er act i on t o be r at her mor e i mpor t ant
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l i g. 18. Di f f er ent i al cr oss sect i on f or ~+BPb el ast i c scat t er i ng at T4 =162 MeV. Sol i d cur ve: t hi s
wor k, wi t h best - f i t val ues of V=- 55 MeV, W=- 5 MeVas det er mi ned f r oma+- ' 60 scat t er i ng . Dashed

cur ve: PI PI T cal cul at i on . The dat a ar e f r omOl mer et al . s' ) .
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ec . m. ( degr ees)

T, =241 MeV
Thi s wor k

______" PI PI T"
" Dat a ( SI N)

7

a

Fi g. 25. Di f f er ent i al cr oss sect i on f or zr +4°Ca el ast i c scat t er i ng at T =241 MeV. Sol i d cur ve: t hi s
wor k, wi t h best - f i t val ues of V=- 70 MeV, W=+10MeVas det er mi ned f r om ~r +- i e0 scat t er i ng .

Dashed cur ve: PI PI T cal cul at i on. The dat a ar e f r omI ngr ai n et al . i 3)
.

f i g. 2. The cent r al val ues of t he r esul t s may be par amet er i zed by
( V+i W) / TR=a +b( T, ~/ T~+c ( T, ~/ T~Z ,

 

( 3. 7)
wher e T i s t he l abor at or y ki net i c ener gy of t he pi on and TRi s a r ef er ence val ue
of Tn. Wi t h t he choi ce TR=180 MeV, we f i nd

c =0. 47- i 0. 47 . ( 3 . 8c)
I n pr esent i ng t hese r esul t s wewar n t he r eader t hat Vand War e badl y det er mi ned
at t he hi gher ener gi es .

The most st r i ki ng f eat ur e of f i g. 2 i s t he i ncr ease of Wwi t h ener gy and t he
cor r espondi ng decr ease of V. Si mi l ar t r ends i n t he r ange 114 MeVt o 163 MeV
wer e f ound by Hi r at a et al . s) f or t hei r spr eadi ng pot ent i al V, .r . . Hor i kawa et al , l s)

have f ound t hat t he spr eadi ng pot ent i al can be made i ndependent of ener gy at t he
expense of addi ng a d- nucl eus spi n- or bi t pot ent i al .

R. A. Fr eedman et al . / I sobar dynami cs

 

487

ec . m. ( degr ees)

T, =241 MeV
Thi s wor k

______" PI PI T"
" Dat a ( SI N)

7

a

Fi g. 25. Di f f er ent i al cr oss sect i on f or zr +4°Ca el ast i c scat t er i ng at T =241 MeV. Sol i d cur ve: t hi s
wor k, wi t h best - f i t val ues of V=- 70 MeV, W=+10MeVas det er mi ned f r om ~r +- i e0 scat t er i ng .

Dashed cur ve: PI PI T cal cul at i on. The dat a ar e f r omI ngr ai n et al . i 3)
.

f i g. 2. The cent r al val ues of t he r esul t s may be par amet er i zed by
( V+i W) / TR=a +b( T, ~/ T~+c ( T, ~/ T~Z ,

 

( 3. 7)
wher e T i s t he l abor at or y ki net i c ener gy of t he pi on and TRi s a r ef er ence val ue
of Tn. Wi t h t he choi ce TR=180 MeV, we f i nd

c =0. 47- i 0. 47 . ( 3 . 8c)
I n pr esent i ng t hese r esul t s wewar n t he r eader t hat Vand War e badl y det er mi ned
at t he hi gher ener gi es .

The most st r i ki ng f eat ur e of f i g. 2 i s t he i ncr ease of Wwi t h ener gy and t he
cor r espondi ng decr ease of V. Si mi l ar t r ends i n t he r ange 114 MeVt o 163 MeV
wer e f ound by Hi r at a et al . s) f or t hei r spr eadi ng pot ent i al V, .r . . Hor i kawa et al , l s)

have f ound t hat t he spr eadi ng pot ent i al can be made i ndependent of ener gy at t he
expense of addi ng a d- nucl eus spi n- or bi t pot ent i al .

Strength of central Delta-Nucleus potential

Nucl ear Physi cs A38 (1982) 45791
QNor t h-Hol l andPubl i shi ng Cômpany

I SOBAR DYNANI I CS ANDPI ON-NUCLEUS
ELASTI C SCATTERI NG

ROGERA. FREEDMAN, GERALDA. MI LLERand E. M. HENLEY
I nst i t ut e f or Nucl ear T9uor y andDepar t ment of Physi cs FMI 5, Uni ver si t y of Washi ngt on,

Seat t l e, Washi ngt on 98195, USA

Recei ved 21 Apr i l 1982

Ahst r act : Anewf ormal i sm i s devel oped f or st udyi ng pi on- nucl eus scat t er i ng i n a model whi ch t akes
i nt o account t he dynami cs of t he ( 3, 3) pi on- nucl eon r esonance, or d i sobar . Thi s t r eat ment i s
used t o cal cul at e a+ el ast i c scat t er i ng f r omi 60, ao~ ae~and 2°BPb at ener gi es f r om114 t o
240MeV. Some resul t s f or a- el ast i c scat t er i ng ar e al so gi ven. Fr omf i t s t o a+ scat t er i ng dat a i t
i s f ound t hat t he d- nucl eus i nt er act i on i s wel l descr i bed by a spher i cal l ocal compl ex pot ent i al
pr opor t i onal t o t he nucl ear densi t y . Thecent r al st r engt h of t hi s pot ent i al depends on ener gy but
not on nucl ear mass number . Some di f f i cul t i es i n det ermi ni ng t he par amet er s of t hi s pot ent i al
f r omel ast i c scat t er i ng ar e di scussed.

1. I nt r oduct i on
The use of i nt ermedi at e- ener gy pi ons as pr obes of nucl ear st r uct ur e has become

wi despr ead i n r ecent year s . For a var i et y of r easons i t has been a l ong- st andi ng
hope t hat pi ons woul d pr ovi de i nf ormat i on about t he nucl eus compl ement ar y t o
t hat obt ai ned f r omel ect r on or pr ot on scat t er i ng.

Or i gi nal l y i t had been i nt ended t hat a knowl edge of t he pi on- nucl eon ( orN)
i nt er act i on i n f r ee space woul d be adequat e t o ext r act nucl ear st r uct ur e i nf ormat i on
f r ompi on- nucl eus scat t er i ng exper i ment s . However , st udi es of pi on- nucl eus el ast i c
scat t er i ng at ener gi es near t he J =i , T=z [ or ( 3, 3) ] aN resonance have shown
t hat t he dynami cs of t hi s r esonance i n t he nucl eus must be account ed f or i f t he
physi cs of t he scat t er i ng pr ocess i s t o be cor r ect l y descr i bed t om) . The dynami cal
ef f ect s of i mpor t ance i ncl ude t he mot i on of t he i nt er act i ng ~rNsyst emt hr ough t he
nucl eus' ) , Paul i bl ocki ng of t he decay of t he ( 3, 3) r esonance, l ocal - f i el d cor r ect i ons
t o t he pr oper t i es of t he r esonance [ e. g . , r ef s . a. 9) ] , and t he i nf i uence of t r ue pi on
absor pt i on [ e. g. , r ef . t ° ) ] . I n or der t o come t o an under st andi ng of t hese ef f ect s,
sever al t heor et i cal gr oups have exami ned pi on scat t er i ng f r omcl osed- shel l nucl ei
whose st r uct ur e i s wel l under st ood f r omot her t ypes of scat t er i ng exper i ment s . The
hope i s t hat f r omst udyi ng t hese " known" nucl ei one can i sol at e t he ef f ect s i n pi on
scat t er i ng due t o t hedynami cs of t he i nt er act i ng arNsyst em. The knowl edgegai ned
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Fr om. ( 1. 4) and ( 1. 5) , Xer t sat i sf i es
[ M+w- Me+Zi Te( M+w) - y( M+w) l e- ~e] Xax( r ~ k~~ w)

_~x( r ) exP ( ~~ ' ~) ~

 

( 1. 7)

The sol ut i on of t hi s equat i on i s si mpl i f i ed consi der abl y by t he assumpt i on t hat ~e
i s wel l r epr esent ed by a l ocal i nt er act i on. Many ef f ect s cont r i but i ng t o ~e ar e
non- l ocal ( Paul i bl ocki ng, t r ue absor pt i on, et c. ) z- 5) , so t hat i t may appear t hat
non- l ocal i t y i s an essent i al f eat ur e of ~e. However , a si mi l ar si t uat i on appl i es f or
t he nucl eon- nucl eus i nt er act i on, whi ch never t hel ess i s wel l descr i bed by a l ocal
pot ent i al . Al ocal pot ent i al r epr esent at i on of ~e may be an equal l y good appr oxi ma-
t i on. Thi s pot ent i al , f or N=Z nucl ei , i s t aken t o be pr opor t i onal t o t he nucl ear
densi t y wi t h cent r al val ue V+i W. We t r eat Vand Was f r ee par amet er s wi t h
val ues chosen t o f i t bot h t he gl obal f eat ur es of t heexper i ment al angul ar di st r i but i on
i n pi on el ast i c scat t er i ng as wel l as exper i ment al t ot al cr oss sect i ons . [ I ncl usi on of
a d- nucl eus spi n~r bi t pot ent i al i s i mpor t ant i n mai nt ai ni ng t he ener gy i ndepen-
dence of V+i Wand i n i mpr ovi ng t he f i t t o dat a at hi gher ener gi es above t he Tr N
r esonance 13) : we do not use such a pot ent i al , however . Thi s i s di scussed f ur t her
bel ow. ] The ul t i mat e j ust i f i cat i on of our pr ocedur e l i es i n i t s abi l i t y t o descr i be t he
af or ement i oned dat a wi t h val ues of Vand Wt hat ar e i ndependent of t he t ar get ,
as wel l as i n our abi l i t y t o make meani ngf ul compar i sons wi t h t he r esul t s of ot her
wor ker s.

I n r ef . 19) we st udi ed ~r + el ast i c scat t er i ng f r om 160, ZBSi and °° Ca at a pi on
l abor at or y ki net i c ener gy T =163 MeV. I n t hi s paper we gi ve a mor e compl et e
account of our t heor y and i t s appl i cat i on t o sever al t ar get nucl ei ( 160, ao~~ aeCa
and 2°BPb) at pi on ener gi es f r om114 t o 240MeV. Sect . 2 cont ai ns t he t heor et i cal
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Fi g. 2. Dependence of t he cent r al st r engt h V+i Wof t he d- nucl eus pot ent i al on pi on l abor at or y ki net i c
ener gy TVal ues det er mi ned by f i t s t o exper i ment al dat a ar e denot ed by poi nt a wi t h er r or bar s .Qualitative agreement  with Hirata et al

Again - Delta interactions
 in medium are important

13/31



Photoproduction

Medium modification of
Delta

Medium modification of Delta reduces cross section by a factor of 2

Says same parameters as Hirata et al, but not so 14



Summary: Delta in Medium

15/31

• all authors agree that � is the correct degree of freedom

• all authors agree that � is modified in the nucleus by its interactions with
the medium

• Only one work treated heavy nuclei with N 6= Z: Freedman, Miller &
Henley NP A389 (1982) 457

• Freedman, Miller & Henley NP A389 (1982) 457: Best fit in energy
range, most nuclei, simplest parametrization of interaction. best to use in
neutrino-nucleus codes?
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Elastic Pi-Nucleus-caution

PHENOMENOLOGY OF ELASTIC SCATTERING  229 

Tr - NUCLEUS 
ELASTIC SCATTERING 
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FIG. 7.5. Angular distributions for elastic scattering of 162 MeV Jr-  by Si, 58Ni, 
and 208Pb. The solid curves result from an optical model calculation including 
Coulomb interactions; they nearly coincide with results obtained using the 
diffractive formula (7.36) with R = roili and ro ----- 1.3 fm. (From Zeidman et al. 

1978.) 

This is the familiar diffraction law according to which the minima 
correspond to phase differences of Jr. The average exponential decrease 
is also immediately obvious from Fig. 7.5. 

Outside the resonance region the diffractive character of the angular 
distributions is still apparent but less pronounced (see Fig. 7.6). In 
particular, the minima are systematically more shallow both above and 
below the resonance. This reflects the influence of the non-vanishing real 
part of the JrN amplitude in this region, as opposed to the diffractive 
structure with deep minima caused by the purely imaginary amplitude at 
resonance. 

Black disk 
scattering

a(z -  7Li) — cr(a--6Li) 
a(z+ 7Li) — a(z+  'Li) R = (7.35) 

228  PION-NUCLEUS SCATTERING AND REACTIONS 

systematically shifted downward with nuclear mass number A by an 
amount (5ER  = —15 Ai MeV. This shift is partly of kinematical origin and 
partly due to the modified propagation of the A(1232) inside the nucleus. 
The width of the resonant structure in ato, considerably exceeds the decay 
width of the free A(1232) resonance. This spreading increases systemati-
cally with nuclear mass number. It is mainly due to multiple-scattering 
effects. In addition it reflects the Fermi broadening and the coupling of 
the A(1232) to reaction channels specific to the nuclear many-body 
system. These effects will be discussed in Section 7.4. 

The short pion mean free path at resonance suggests that the gross 
behaviour of the total cross-section in the peak region corresponds to 
scattering from a black disc with atot =2,7rR2  cc Ai, where R is the nuclear 
strong interaction radius. This is confirmed by the data. 

At a more specific level the role of the A-resonance is particularly 
apparent in the isospin dependence of the total cross-sections in light 
nuclei. As an example, consider the difference between the 6Li and 7Li 
cross-sections for .7r +  and Jr -  scattering. If 7Li  is thought of as a 6Li core 
plus a valence neutron, this difference is basically due to the extra 
neutron, with corrections due to multiple-scattering and absorption 
effects. The ratio 

minimizes such corrections and should therefore be determined by the 
valence neutron alone. The experimental mean value for this quantity in 
the resonance region is g? = 0.36 ± 0.05, in good agreement with the free 
neutron value g? = i at resonance (Wilkin et al. 1973). 

7.3.2 Angular distributions for elastic scattering 
The short mean free path of the pion in the A-region produces 
pronounced Fraunhofer diffraction patterns in the elastic scattering from 
nuclei. This appears clearly from Fig. 7.5. In the region close to the 
maximum of o-,,,, the angular distributions have a characteristic shape 
reminiscent of the scattering from a black disc 

do-  2  
dS2 — R  

Ji (qR0) 
 0 

2 

e -AB ,  (7.36) 

where R is an effective strong interaction radius and J i (z) is a cylindrical 
Bessel function. The exponential damping factor is a general feature of 
the standard black-disc formula for systems with a diffuse surface. A 
series of deep minima occurs at angles 0, with a regular spacing such that 

qR(O ni+i — 0,0-- z.  (7.37) 

10 Oct 2002 10:42 AR AR172-NS52-02.tex AR172-NS52-02.sgm LaTeX2e(2002/01/18) P1: IKH
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Figure 5 Differential cross sections of ⇡� elastic scattering from 28Si, 58Ni, and
208Pb. The data are fromReference 53. The dashed curves are from the optical potential
calculations of PIPIT (22, 27). The solid curves are obtained (53) from using smaller
radii for nuclear density distributions and including an energy shift in evaluating the
⇡N scattering amplitude.
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EI.ASTIC AND INELASTIC SCATTERING OF I62 MeV PIONS. . .
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FIG. 6. Angular distributions for the elastic scatter-
ing of 162 MeV x' by Si, ~ Ni, and Pb. The curves
result from optical-potential calculations using the
programputT and the radius, Coulomb energy, and
binding energy corrections (solid lines), the radius and
Coulomb energy corrections (dotted lines), the radius
and binding energy corrections (dot-dashed lines), and
the radius correction alone (dashed lines).

mental studies of weakly and strongly absorbing
projectiles emphasize different reaction sensiti-
vities, they many not be directly comparable.

IV. INELASTIC SCATTERING
One of the most important expectations from

studies of pion inelastic scattering is the antici-

10~ I i 1, I, I I

20 40 60 80 100 120
ec.m.

FIG. 7. Angular distributions for the elastic scatter-
ing of 162 MeV z by Si 58Ni and 20 Pb. The curves
result from optical-potential calculations using the pro-
gram p~pn and the radius, Coulomb energy, and binding
energy corrections (solid lines), the radius and Coul-
omb energy corrections (dotted lines), the radius and
binding energy corrections (dot-dashed lines), and the
radius correction alone (dashed lines).

pated ability to extract proton and neutron nuclear
structure information from comparisons of m' and
inelastic scattering. This is accomplished, at

present, by obtaining the deformation probabilities

Olmer PRC 21,254
Dashed -decrease 

nuclear radius by about 0.1fm
Solid -includes binding correction
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PION-NUCLEUS INTERACTIONS 41

Figure 9 Pion spectra from inclusive (⇡, ⇡ 0) scattering on various nuclei for various
laboratory angles (✓L ) of the outgoing pion, as functions of the outgoing pion’s kinetic
energy (T⇡+ ). The data are fromReference 88. The arrows indicate the quasi-free peaks
expected from assuming that there is no medium effect on ⇡N scattering amplitudes.

Deeper insights into the scattering mechanisms have been obtained from an-
alyzing inclusive (⇡±, ⇡±0) scattering from 3He and 4He (37, 93–96). The sim-
plicity of these few-nucleon systems allows detailed theoretical calculations of
quasi-free mechanisms. In particular, at 180 MeV, where the ⇡N scattering is al-
most completely determined by the I = 3/2 1 channel, the ratio 3He(⇡+, ⇡+)/
3He(⇡�, ⇡�) = 1.73 is expected from the isospin factors and the numbers of
neutrons and protons in 3He. This ratio is indeed observed at the quasi-free peaks.
But it quickly deviates from this prediction in the regions away from the quasi-
free peaks. The deviation can be qualitatively understood if one assumes that the
scattering pions can be more easily absorbed by a np pair than by a pp pair. This is
consistentwith the data frompion absorption reactions (see Section 5).Byusing the
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This result should be kinematically corrected for the fact that the :TN 
and z—nucleus centre-of-mass do not coincide. The corresponding angle 
transformation (7.17) is identical to the one familiar from elastic 
scattering with bc, = 0. It is accounted for by the replacement 

cos 0 cos 0   M + co . (7.105) 

Consequently, doldS2 for transitions with AS =0 has in this ap-
proximation a characteristic minimum at an angle 

co 
cos Omin  —  (7.106) M + 

Such minima are frequently observed in many natural parity excitations 
in lighter elements as exemplified in Fig. 7.19 for 2 +-excitations in 12C 
and in 14C. The observed minima occur near the value Ofnin  --- 76° 
expected from eqn (7.106) in the resonance region. Attenuation and 
distortion of the in- and outgoing pion waves modify the impulse 
approximation result. However, both detailed calculations and data 
demonstrate that the proportionality of the cross-sections to cos2 0 and 
sin2 0 persists as a general feature. 

The structure of the cross-section (7.104) suggests that AS = 0 and 
AS = 1 transitions can be identified by their cos20 and sin2 0 
proportionality. This is difficult at fixed energy, since the squared form 
factors 1.4t(Q)1 2  and  192(Q) 1 2  vary rapidly with angle and distort the simple 
pattern. This problem can be eliminated by varying the energy at fixed 

1214 C (R,Tt)ANGULAR DISTRIBUTIONS AT T, =164 MeV 
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80°  
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FIG. 7.19. Inelastic differential cross-sections for 12C(n + , a ± ') 12C(4.4 MeV) and 
14C(.71-- , .T - ') 14C(7.0 MeV). The solid curves represent distorted wave calcula- 

tions. (From Dehnhard 1982.) 

Much smaller cross section than inclusive 
Inelastic (~1 mb/sr ) is dominated by quasi free (200 mb total)

 

NPA 374, 377c
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completely dominated by the r -3  behaviour of the AN NN tensor 
force. There is no problem of convergence at this point, but the 
calculation based on eqn (4.58) using the OPE interaction (4.59) with 
point-like N and A overestimates a(ed—> pp) by a rather large factor 
(see Fig. 4.11), although the shape of the cross-section already has the 
correct behaviour. 

It is well known from the discussion of the nucleon—nucleon 
interaction that one-pion exchange with point-like nucleon sources alone 
grossly overestimates the tensor force at intermediate and short dis-
tances, as discussed in Section 3.10.8. For example, the isovector tensor 
force at a distance r = 0.9 fm is about a factor of two weaker than the 
OPE tensor force with point-like sources. There are several reasons for 
this. First, isovector two-pion exchange (the p-meson channel) contrib-
utes to the tensor force with opposite sign as compared to OPE. Second, 
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FIG. 4.11. The absorption cross section cr(ed—> pp) as described by the OPE 
A-model compared to results of a rescattering approach with a realistic tensor 
interaction and including the s-wave rescattering and the impulse approximation 

contributions. (From Riska et al. 1977; Maxwell et al. 1980.) 
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7.7.2 Total absorption cross-sections 

Total pion—nuclear absorption cross-sections have been measured as a 
function of energy for selected nuclei throughout the resonance region 
(Fig. 7.31). The results at these energies are supplemented by selected 
low-energy data (Fig. 7.3) and by the threshold information obtained 
from absorptive widths of pionic atoms. In the threshold region, the 
exothermic absorption channels dominate the Tr—nucleus total cross-
section. Even outside this region Cabs  is important, in particular for heavy 
nuclei, for which it becomes about one-third of the total cross-section at 
the  L\-resonance energy. The cross-sections for light nuclei with A 30 
show the typical Li-resonance behaviour familiar from the zd absorption 
process, but this feature is nearly absent for heavy elements. 
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FIG. 7.31. Pion absorption cross-section for various nuclei as a function of 
incident kinetic energy L. (From Ashery et al. 1981b.) 

The ratio of aabs  to the inelastic cross-section increases systematically 
from light to heavy nuclei as seen in Fig. 7.22. This suggests that the basic 
absorption process in heavy elements is preceded by one or more 
quasifree scattering steps. 

7. 7.3 Implications of two-nucleon absorption models 
Since pion absorption by a single nucleon is strongly suppressed, the 
leading process involves at least two nucleons. The prototype two-body 

confirmed 12C
Phys. Rev. C 95, 045203 (2017)

Ashery et al PRC 23, 2173

Shape changes in 
nuclei, peak position
shifts and broadens

Deuteron A  >5
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function of energy for selected nuclei throughout the resonance region 
(Fig. 7.31). The results at these energies are supplemented by selected 
low-energy data (Fig. 7.3) and by the threshold information obtained 
from absorptive widths of pionic atoms. In the threshold region, the 
exothermic absorption channels dominate the Tr—nucleus total cross-
section. Even outside this region Cabs  is important, in particular for heavy 
nuclei, for which it becomes about one-third of the total cross-section at 
the  L\-resonance energy. The cross-sections for light nuclei with A 30 
show the typical Li-resonance behaviour familiar from the zd absorption 
process, but this feature is nearly absent for heavy elements. 
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FIG. 7.31. Pion absorption cross-section for various nuclei as a function of 
incident kinetic energy L. (From Ashery et al. 1981b.) 

The ratio of aabs  to the inelastic cross-section increases systematically 
from light to heavy nuclei as seen in Fig. 7.22. This suggests that the basic 
absorption process in heavy elements is preceded by one or more 
quasifree scattering steps. 

7. 7.3 Implications of two-nucleon absorption models 
Since pion absorption by a single nucleon is strongly suppressed, the 
leading process involves at least two nucleons. The prototype two-body 

Mechanisms for pion absorption

• ⇡+
+ np ! np

• ⇡+
+ np ! np followed by final state nucleon-nucleon knockout

• ⇡ + multi� nucleon ! multi� nucleon needs all nucleon close together

-needs theory to separate

• pion multiple scattering in initial state followed by absorption on 2 or

more nucleons (ISI)
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4 nucleons in final state

⇡
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Strong pion final state interactions
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Pion back scatters, loses energy, sometimes knocking a nucleon out of the nucleus
this could happen several times (red pions are real) 

and then . . .

Pi-nucleon elastic

Pion is absorbed on at least 2 nucleons
This mechanism is called initial state interaction, ISI

More than two nucleons are involved

(3,3) resonance is
P-wave in piN cm
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Pion absorption LADS detector
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Fig. 1. A schematic view of
the LADS detector

70, 118, 162 and 239 MeV. The data were analyzed for
signatures of ISI and FSI processes.

II Experiment

The measurements were performed with the Large Ac-
ceptance Detector System (LADS) [16], which was built
at the Paul Scherrer Institute (PSI) in Villigen, Switzer-
land to investigate multi-nucleon pion absorption (Fig. 1).
With the solid angle coverage of more than 98% of 4⇡ and
the low proton threshold of about 20 MeV, a large frac-
tion of the phase space was accessible to LADS even at
low incident pion energies.

The detector consisted of a plastic scintillator cylinder
divided into 28 �E �E �E sectors, each 1.6 m in active
length. The ends of the cylinder were closed by end-caps,
each consisting of 14 �E � E plastic scintillator sectors.
The scintillators stopped normally incident protons of up
to 250 MeV. The trajectory information for charged par-
ticles was provided by two coaxial cylindrical multiwire
proportional chambers (MWPCs) inside the plastic cylin-
der. Their angular resolution was about 1� FWHM. The
target was a high pressure (up to 100 bar) gas cylinder of
25.7 cm length and 2 cm radius with carbon-fibre/epoxy
walls of only 0.5 mm thickness to keep background and
particle thresholds low. A multi-coincidence trigger logic
allowed specific final states of interest to be emphasized
according to their charged and neutral multiplicities.

The ⇡+ beam was defined by a set of plastic scintilla-
tion detectors that counted the individual pions and re-
moved particles in the beam halo. About 5% of the typical
incident flux of about 3⇥106 momentum-analyzed pions
per second was finally accepted by a 2 cm diameter scin-
tillator placed about 50 cm upstream of the target centre.

For the three target nuclei studied, N, Ar, and Xe, the
target gas pressure was 40 bar, 28 bar, and 13 bar, respec-
tively. The target temperature and pressure were moni-

tored during the experiment and stayed constant within
less than 1% throughout each specific target/beam run.

III Data analysis

A Data treatment

The vertex of each event was reconstructed with the
trajectory information measured by the MWPCs. Only
events with track information for at least two charged
particles, and thus with a well-defined vertex, were ac-
cepted. The spatial vertex resolution of less than 1 mm
FWHM allowed a very e�cient elimination of background
events originating in the target walls (see Fig. 2). The nar-
row peaks at -11 cm and +14 cm in Fig. 2 correspond to
events originating in the target walls, the plateau between
represents events from the Ar target, and the background
outside the peaks consists of events from air. Only events
inside a volume of 100 mm upstream and downstream of
the target centre and 15 mm around the beam axis were
used in the data analysis. In order to estimate the remain-
ing background from the target walls, data taken with an
empty target were analyzed in the same way as was the
full target data. For the 3p final state the empty target
background was very small (e.g. 0.3% at 239 MeV). To
eliminate events near the edge of the detector acceptance
the polar angular range of the data was limited between
15� and 165�. With this cut the solid angle covered was
reduced slightly to 96.6% of 4⇡.

The data from each individual scintillator channel were
calibrated to have the same gain and timing. A direct
calibration of the heavy target data was not possible due
to the lack of a well-resolved excitation spectrum line, and
so the calibration constants obtained from 2H and He data
were used [14]. A total energy resolution of about 3%
FWHM was achieved.

For the separation of protons from other charged parti-
cles, such as pions and deuterons, conventional E�dE/dx

Covered multi-particle final states at PSI
First article - ISI in (⇡+, 3p) is small

except for 40% at T⇡ � 250 MeV

⇡ independent of nucleus for A � 4
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Table 5. Partial cross-sections (in mb) for the Ar(π+, X) pion absorption reaction. The results are acceptance corrected and
for 0MeV threshold.

Tπ(MeV) 70 118 162 239 330

6p – – – – 0.13±0.04

5p – – 0.25±0.20 0.64±0.13 0.20±0.04

5pn – – – – 1.6±0.3

4p – 2.1±1.0 4.9±1.2 5.1±1.0 3.2±0.6

4pn – – 3.9±1.3 7.4±1.8 3.7±1.0

4p2n – – – – 6.1±1.2

3p 11.8±3.6 35.3±8.1 47.±10. 28.4±4.0 14.5±2.6

3pn ≤1.7 13.2±3.2 31.8±8.0 33.2±7.5 16.0±3.9

3p2n – – – ≤3.2 13.5±4.4

3p3n – – – – 5.4±2.3

2p 94.±23. 110.±28. 79.±16. 43.6±5.2 14.3±2.7

2p1n 40.±12. 91.0±21. 123.±23. 75.±10. 31.9±5.4

2p2n – – ≤10. 21.±8. 26.4±8.4

2p3n – – – ≤1.0 9.1±2.1

3pdn – – 2.2 ±1.0 6.3 ±1.3 17.6±3.3

2p2d – ≤2. ≤2. 2.4 ±0.5 3.9±1.0

3pd – 2.4±1.0 3.8 ±1.0 5.5 ±1.1 1.8±1.0

p2dn – ≤2.2 ≤2.4 3.6 ±1.0 6.4±1.1

p2d ≤2.1 2.5±1.0 ≤2.2 0.7 ±0.2 –

2pdn ≤1.1 8.3±2.2 12. ±3.2 19.±4. 24.8±4.4

2pd 5.5±1.9 15.±3.5 12. ±2.4 7.9 ±1.4 –

pd 18.±5. 18.±4.3 6.4 ±1.7 4.2 ±1.0 ≤2.2

pdn 8.3±2.9 18.±5.0 16. ±4. 10.6±2.5 –

pd2n – – – 6.0 ±1.5 20.3±4.5

2d ≤3.5 ≤2.8 ≤1.2 ≤0.1 –

2dn ≤2.2 ≤3.7 ≤2.8 ≤2.7 ≤3.6

sum 180±43 320±65 351±40 283±28 225±17

nately, in general, there is no simple procedure to deter-
mine this uncertainty. For the three channels (3p, 2p1n
and 2p) where more than one MC model was employed,
a procedure similar to the one from our previous publica-
tions was used [16]. After the optimal ratio of the various
MC models was established, the analysis was repeated us-
ing the PS models only. The error was estimated to be
equal to the difference between the full (ISI, FSI, QFA)
and the PS only results. For example the 3p partial cross-
section at Tπ = 239MeV obtained with the PS model was
equal to 25.0mb (compared to 28.4mb) which resulted
in a 3.4mb error. For other channels, where only the PS
models were used, the model relative errors were set to
be about equal to those of the three channels mentioned
above.

The maximum excitation energy of the residual nu-
cleus could only be determined with an accuracy of
about ±20–30MeV. To estimate the magnitude of the
excitation-energy error, results were also obtained at the
upper (+30MeV) and lower (−30MeV) limits. Half of the

difference between the two sets of results was used as the
error estimate.

3.7.3 π0 subtraction and charged pion contamination

The single charge exchange subtraction has been discussed
in more detail in section 3.2. The uncertainty associated
with this correction is assumed to be equal to a quarter of
its magnitude. This error depends on the pion beam mo-
mentum and the absorption final state. It varies between
7% (at high pion energy and low multiplicity final states,
e.g., 2p state at 330MeV) and 1% (for most other cases).

Contamination of absorption events with events hav-
ing a charged pion in the final state was estimated by
MC. It was found that π2p events with an undetected
pion contaminate 2p events at a level of 2%. Similarly π2p
events with a pion mis-identified as a proton contaminate
3p events at a level of less than 1%. This is consistent with
an evaluation done using pion absorption data on light tar-
gets [15] where the pion contamination was found to vary
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with this correction is assumed to be equal to a quarter of
its magnitude. This error depends on the pion beam mo-
mentum and the absorption final state. It varies between
7% (at high pion energy and low multiplicity final states,
e.g., 2p state at 330MeV) and 1% (for most other cases).

Contamination of absorption events with events hav-
ing a charged pion in the final state was estimated by
MC. It was found that π2p events with an undetected
pion contaminate 2p events at a level of 2%. Similarly π2p
events with a pion mis-identified as a proton contaminate
3p events at a level of less than 1%. This is consistent with
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     pp  only 23 % of total absorption    2pn is  35  %
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 by available phase space 

dashed curves
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Fig. 10. Comparison of 2N (two particle), 3N, 4N, 5N and
6N cross-section fractions for the π++ Ar pion absorption re-
action as a function of pion kinetic energy. The plot shows
cross-sections divided by the sum of all measured partial cross-
sections. The solid lines connect the data points for a given
multiplicity to guide the eye. The dashed lines are calculations
with the simple phase space model of appendix A.

was around 2. This “preference” for neutrons over pro-
tons is also evident in fig. 9. However, the behaviour of
the 2p2n channel is rather anomalous. Here it should be
noted that the absolute cross-sections are small, as are
the multi-neutron detection efficiencies, so that the total
number of events is not large. As noted earlier there is
no reliable way to distinguish between 4-body 2p2n and
5-body 2p3n states, so that it cannot be excluded that
the rise in the 2p2n cross-section at higher pion energies
is due to an undistinguished 2p3n contamination beyond
the level of the assigned error.

Some simple conclusions can be drawn from looking at
the three figs. 7–9. The energy at which the cross-sections
peak moves from lower to higher values with the increase
of the number of particles in the final state. Cross-sections
for channels which include neutrons are typically larger
than the ones with charged particles only. Deuteron chan-
nels typically have a strength between 10%–20% of a cor-
responding nucleonic channel.

4.3 Particle multiplicities

In order to present the final results in a more compact
form we add the cross-sections corresponding to the same
number of particles in the final state, again with deuterons
counted as a single particle. The ratios of partial cross-
sections divided by the sum of all partial cross-sections
for the 2N-6N final states are plotted in fig. 10 for the Ar
target at the five pion energies. One sees an increase of
the particle multiplicity with pion energy. The 2N frac-
tion of the absorption cross-sections, which dominates at
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Fig. 11. Comparison of 2N (two particle), 3N, 4N and 5N
partial cross-section fractions at Tπ = 239 MeV as a function
of target mass. The definition of the plotted quantities is the
same as in fig. 10. The data for 3He and 4He are taken from
references [20,24]. The solid lines connect the data points for
a given multiplicity to guide the eye.

the lowest energy, decreases in importance and becomes
weak at the highest energy while the 3N fraction peaks
around 160MeV. Higher multiplicities gain strength with
increasing pion energy.

The observed increase of the particle multiplicity with
pion energy can be compared with an estimate from a
simple phase space-based model, outlined in appendix A.
This model contains four parameters, whose values are
obtained by a simultaneous fit to all the data in fig. 10.
The results are included in the figure, where it can be seen
that the agreement is fairly good, especially in view of the
strong energy dependence of the underlying πN and NN
cross-sections.

The values of the parameters of the phase space model
derived from the fit, 25MeV for the mean binding energy,
(36+0.1×Tπ)MeV for the mean residual excitation energy
and 9.8 fm for the scale parameter R, are all physically
reasonable values. The parameter R determines the rela-
tive strength of the different multiplicities and the value
determined can be related to an effective knock-out cross-
section of the order of 100mb, which is a reasonable scale
for both πN and NN cross-sections. This suggests that the
agreement between the data and the phase space model
in fig. 10 is not accidental and that the final-state mul-
tiplicities are consistent with rescattering processes, with
the yield being limited by the available phase space.

In fig. 11 similar ratios are plotted as a function of
the target mass at one pion energy (239MeV). To have a
better overview data points for 3He and 4He from earlier
LADS publications [20,24] have been included. A notable
feature in this plot is that the fraction of the pion ab-
sorption cross-section going to the 3N final state hardly

Model: 
All fsi cross sections  =100 mb
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What else can pion do?
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FIG. 7.22. Inelastic, absorption, and single-charge exchange (SCE) cross-sections 
for 165 MeV .7r +  reactions with various nuclei as a function of nuclear mass 
number A. The SCE cross-sections are semi-empirical estimates. The total 

cross-section at°, is shown for comparison. (From Ashery et al. 1981b.) 

resonance region. The dominant quasifree nature of the single-charge 
exchange process is experimentally established, although not as systemat-
ically as for inelastic scattering. 

On closer scrutiny one finds various modifications of the simplest 
kinematical picture. The momentum distribution of the bound nucleons 
causes a broadening of the quasifree peak. In addition, the nucleon has 
an effective mass M*  < M  in the nuclear medium, so that its recoil energy 
increases as Q2 

AEfree < AE — 2M* .  (7.109) 

Finally, the .7rN scattering amplitude for the bound nucleon is modified, 
in particular by the coupling to absorptive channels. These many-body 
effects are systematically included when the  A'—hole model is used to 
describe the process. The comparison with data such as in Fig. 7.21 
demonstrates that all the main features of the energy loss spectrum are 
generally well accounted for in the quasifree region. 

7.6 Charge exchange reactions 

7.6.1 General features 
The isospin t = 1 of the pion permits two types of charge exchange 
reactions on nuclei.161 

Single 
charge ex SCE change

⇡+n $ ⇡0p
⇡+n ! �+

⇡�p $ ⇡0n
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SCE is small.  DCE is even smaller.
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Summary of pion-nucleus interaction

Total cross section is roughly equal parts: Elastic, quasi-free 
knockout, absorption

Absorption involves more than 2 nucleons 77% probability
Detailed mechanism not established

Cross section do not generally vary as A2/3

Delta physics very important

24



More direct source of pions is

⌫ +N ! resonance! N⇡, or N⇤⇡, etc.
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What is a resonance - is it a three quark state?

NO

� has width thus
|�i = Z(�0 + |N⇡i+ · · · )
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� is resonance in ⇡-nucleon scattering
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Pionic corrections to the MIT bag model: The (3,3) resonance
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By incorporating chiral invariance in the MIT bag model, we are led to a theory in which the pion field is coupled
to the confined quarks only at the bag surface. An equivalent quantized theory of nucleons and 6 's interacting with
pions is then obtained. The pion-nucleon scattering amplitude in this .model is found to give a good fit to
experimental data on the (3,3) resonance, with a bag radius of about 0.72 fm.

I. INTRODUCTION

The problem of understanding pion-nucleon
(wN) scattering in the energy region of the (3, 3)
resonance has had a long and fascinating history.
Chew" showed that a field theory which involves
pions and nucleons interacting via a Yukawa
coupling could be used to explain the appearance
of this resonance in mN scattering. The Chew
theory consisted of summing (within the static
model) the series of graphs of Fig. 1. Chew and
I ow' showed that a resonant scattering amplitude
could also be obtained by solving a nonlinear inte-
gral equation (the Low equation) that was the fore-
runner of dispersion relations (e.g. , Refs. 4 and
5). An expansion of the Low equation in powers of
the coupling constant is the same as summing the
series of Fig. 1, but it was also pointed out that
there are an infinite number of solutions of the
I ow equation. ' There has been much recent in-
terest in pion-nucleus scattering as a probe of
nuclear structure. The consequent need to under-
stand ~N scattering in a very precise fashion has
led to a recent series of very sophisticated appli-
cations and modifications of the original Chew-
I ow theory. "
Shortly after the work of Chew and I,ow a vast

number of mN resonances and other new par'ticles
were discovered. In order to find some order
among all the particles Gell-Mann and Ne'eman'
introduced the eightfoM way. In this model the
mN P33 resonance is essentially a stable particle
(the &), which consists of three quarks. The
corresponding wN t matrix can be calculated by
defining Fig. 2(a) to be a K matrix. In this way
the t matrix includes all the self-energy graphs
of Fig. 2 with an on-energy-shell pion. There have
been several recent calculations" "of ~N scatter-
ing using models of this kind.
The observed rN resonances can therefore be

"explained" either in terms of pions and nucleons

(Fig. 1), or in terms of 4's that consist of quarks
(Fig. 2). In the present work we unify these ap-
parently contradictory views of the (3, 3) reso-
nance.
In our model, as in the work of Chodos and

Thorn, "the Stony Brook group, ""and Jaffe,"
the baryon is regarded as consisting of three
quarks confined in a bag that is surrounded by a
cloud of pions (hence the name cloudy bag). We
use the MIT bag model, ""which has been very
successful in describing hadronic structure.
In its simplest form the MIT bag model gives a

degenerate nucleon and &, consisting of three
massless up or down quarks moving freely in a
spherical region of space of radius A, called a
bag. 'The confinement of the quarks is guaranteed
by demanding that no color-electric or -magnetic
fields penetrate the surface of this region, that
the quark wave functions are zero outside the bag,
and that the pressure exerted by the quarks on the
bag surface is balanced by an external pressure.
The radius of the MIT bag is typically of the order
of 1.2 fm, which yields an average nucleon and 4
mass of about 1.1 GeV. This degeneracy is re-
moved by including the color-magnetic interaction
between the quarks —essentially a spin-spin force.
For a summary of the many achievements of this
model we refer to several recent review arti-

17y 19' 22 2&

The MIT bag model raises a number of fascina-
ting problems when looked at in the context of
nuclear physics. In particular, there has been
little effort to include the coupling of the pion to
the nucleon in the MIT model, even though it is
well established that the long-range part of the
N-N force is given by one-pion exchange. " Even
given some NN~ coupling, it is rather difficult to
see how two nucleon bags in a nucleus, which
would be touching, could easily interact through
pion exchange. There is also the controversial
question of the stability of nuclear matter against

2838 1980 The American Physical Society
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FIG. 2. The 6 model. The wiggly line is the bare h.

FIG. 1. The Chew series. Nucleons are represented
by solid lines and pions by dashed ones.

percolation" if the nucleon bag h6,s the MIT radi-
us.
In an attempt to overcome these objections,

Brown and Rho (BR) showed how the ideas of
PCAC (partial conservation of axial-vector cur-
rent) and the "Princeton bag"" could be used to
derive an NNw coupling. They obtained an equiva-
lent Yukawa theory in which the parameters. of the
nucleon and the ENw vertex could be related to the
bag-model parameters. At large internucleon
separation, this automatically yields the usual
one-pion-exchange force. In an earlier report"
we extended the BR model by observing that the
equivalent Yukawa theory should include both nu-
cleon and & bag states, and the appropriate inter-
action vertices.
In the present work we derive (Sec. II) the cloudy

bag model in a much more rigorous way, by im-
posing chiral invariance on the MIT bag model.
One advantage of the new derivation is that one
obtains exact expressions for the NNn, ANn, and
44m vertex functions and coupling constants in a
very straightforward manner.
In Sec. III formal expressions are obtained for

the nucleon wave function and the mN scattering
amplitude. The complete renormabzation pro-
cedure is also discussed in some detail. An ex-
plicit expression for the wN scattering amplitude
in the P» channel, based on this formalism, is
obtained in Sec. IV.
Numerical results are presented and discussed

in Sec. V. There are two parameters in our mod-
el: R, the bag radius, and ~, the difference be-
tween the renormalized ~ and nucleon masses.
The quantity u~ is not necessarily the resonance
energy (293 MeV) because the terms of Fig. 1 con-
tribute to nN scattering. We find that the best fit
to experimental data is obtained with R = 0.72 fm
and ~~= 294 MeV. With these parameters the ef-
fects of the pionic terms are relatively small:
the 4 terms contain about Sly of the strength of .

the resonance. However, the pionic terms do
contribute a non-negligible background. If they
are completely neglected, but otherwise the same
parameters are used, the position of the calculated
resonance is shifted upward by 50 MeV.
Our results are summarized and plans for fu-

ture work are discussed in Sec. VI.

As demonstrated by Chodos and Thorn, "it is
possible to incorporate both the Dirac equation
for massless quarks and the two-boundary condi-
tions of the MIT bag model in a single Lagrangian
density

S= d4xS x (2 2)

be invariant under the variations of the fields and
bag surface

q, (x)-q, (x)+ 5q, (x),
q, (x)-q, (x)+ 5q, (x),
8„-8„+&4,,
&,-&, -Cn &&, ,

(2.3a)
(2.3b)
(2.3c)
(2.M)

(where n" is an outward normal to the bag sur-
face), we find

iyq, (x)= 0, x cV
iy nq, (x)=q,(x), x cS

(I = -—n I(~ tT.(x(q.(x})=P, E ES(
( a

(2.4a)
(2.4b)

(2.4c)

(where Pn is the Dirac Pressure exerted on the
bag surface).
The first boundary condition (2.4b) guarantees

that there is no current flow through the bag sur-
face, and the nonlinear relation (2.4c) expresses
conservation of momentum at the bag boundary.
Taking the static limit fn= (O, r)], we find that Eq.
(2.4b) leads in the familiar way"'" to a set of
quantized energy levels for the quarks, and (2.4c)
provides a relation between 8 and R.

A. Chiral symmetry

Thus far we have been able to confine the quarks
and guarantee energy and momentum conservation.
Unfortunately, the necessary reflection of the
quarks at the bag boundary violates chiral invari-
ance, and the axial current associated with (2.1) is
far from being conserved. Formally, this is
equivalent to the observation that under the global
chiral transformation

Z(x) = —Q q, (x) 8'q, (x) B-8„--,' Q q, (x)q, (x)&, .
(2.1)

In this equation q, (x) is the usual Dirac field
(color a), 9 a phenomenological energy density,
8„afunction which is one inside the confinement
volume and zero outside [8„=8(R -r) in the static
case], and finally &, is a surface 5 function. By
demanding that the action

Early work by Chew
obtained resonance 

peak without any
three-quark state
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FIG. 1. The Chew series. Nucleons are represented
by solid lines and pions by dashed ones.

percolation" if the nucleon bag h6,s the MIT radi-
us.
In an attempt to overcome these objections,

Brown and Rho (BR) showed how the ideas of
PCAC (partial conservation of axial-vector cur-
rent) and the "Princeton bag"" could be used to
derive an NNw coupling. They obtained an equiva-
lent Yukawa theory in which the parameters. of the
nucleon and the ENw vertex could be related to the
bag-model parameters. At large internucleon
separation, this automatically yields the usual
one-pion-exchange force. In an earlier report"
we extended the BR model by observing that the
equivalent Yukawa theory should include both nu-
cleon and & bag states, and the appropriate inter-
action vertices.
In the present work we derive (Sec. II) the cloudy

bag model in a much more rigorous way, by im-
posing chiral invariance on the MIT bag model.
One advantage of the new derivation is that one
obtains exact expressions for the NNn, ANn, and
44m vertex functions and coupling constants in a
very straightforward manner.
In Sec. III formal expressions are obtained for

the nucleon wave function and the mN scattering
amplitude. The complete renormabzation pro-
cedure is also discussed in some detail. An ex-
plicit expression for the wN scattering amplitude
in the P» channel, based on this formalism, is
obtained in Sec. IV.
Numerical results are presented and discussed

in Sec. V. There are two parameters in our mod-
el: R, the bag radius, and ~, the difference be-
tween the renormalized ~ and nucleon masses.
The quantity u~ is not necessarily the resonance
energy (293 MeV) because the terms of Fig. 1 con-
tribute to nN scattering. We find that the best fit
to experimental data is obtained with R = 0.72 fm
and ~~= 294 MeV. With these parameters the ef-
fects of the pionic terms are relatively small:
the 4 terms contain about Sly of the strength of .

the resonance. However, the pionic terms do
contribute a non-negligible background. If they
are completely neglected, but otherwise the same
parameters are used, the position of the calculated
resonance is shifted upward by 50 MeV.
Our results are summarized and plans for fu-

ture work are discussed in Sec. VI.

As demonstrated by Chodos and Thorn, "it is
possible to incorporate both the Dirac equation
for massless quarks and the two-boundary condi-
tions of the MIT bag model in a single Lagrangian
density

S= d4xS x (2 2)

be invariant under the variations of the fields and
bag surface

q, (x)-q, (x)+ 5q, (x),
q, (x)-q, (x)+ 5q, (x),
8„-8„+&4,,
&,-&, -Cn &&, ,

(2.3a)
(2.3b)
(2.3c)
(2.M)

(where n" is an outward normal to the bag sur-
face), we find

iyq, (x)= 0, x cV
iy nq, (x)=q,(x), x cS

(I = -—n I(~ tT.(x(q.(x})=P, E ES(
( a

(2.4a)
(2.4b)

(2.4c)

(where Pn is the Dirac Pressure exerted on the
bag surface).
The first boundary condition (2.4b) guarantees

that there is no current flow through the bag sur-
face, and the nonlinear relation (2.4c) expresses
conservation of momentum at the bag boundary.
Taking the static limit fn= (O, r)], we find that Eq.
(2.4b) leads in the familiar way"'" to a set of
quantized energy levels for the quarks, and (2.4c)
provides a relation between 8 and R.

A. Chiral symmetry

Thus far we have been able to confine the quarks
and guarantee energy and momentum conservation.
Unfortunately, the necessary reflection of the
quarks at the bag boundary violates chiral invari-
ance, and the axial current associated with (2.1) is
far from being conserved. Formally, this is
equivalent to the observation that under the global
chiral transformation

Z(x) = —Q q, (x) 8'q, (x) B-8„--,' Q q, (x)q, (x)&, .
(2.1)

In this equation q, (x) is the usual Dirac field
(color a), 9 a phenomenological energy density,
8„afunction which is one inside the confinement
volume and zero outside [8„=8(R -r) in the static
case], and finally &, is a surface 5 function. By
demanding that the action

another model

Can also obtain 
resonance peak
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FIG. 3. The physical nucleon Ifrom Eq. (3.16)].

Equation (3.16) is illustrated in Fig. 3. To the
stated order, there is a probability Z,

SNNVNN+ Q ~V 4Ng-j y k k k k 3 ]7
(m~+ (k)2, —m2()

that the physical nucleon is a. bare three-quark
state. In addition, there is some probability that
the nucleon looks like either a nucleon or a & bag
with a pion "in the air. "
Finally we note that the mass shift can be ob-

tained by considering the matrix element
(NiHz iN), which is zero because

(NiH, iÃ)=(NiH H, iN-& (3.18a)
—o- &N iH1 —6m„iN&, (3 18b)

where the last equation is obtained from (3.5).
The use of the relation (N iN) =Z'~' in (3.18a) then
gives

FIG. 4. Nucleon and 6 self-energy terms.

The boundary condition is imposed by writing

(3.22)iN, k&. = a', iN&+ iX&. ,

where
i X), has only outgoing waves in the asymp-

totic region. As usual this amounts to letting E
become (E+iz) and taking the limit e- 0+.
By following analogous steps to those in Sec.

IIIA, one can find an integral equation for iNk&, :

iN, k), = a', iN)+ (m„+(d, + iq -H) g V, () iN& .
0' e 06 Qr ~ 4 )

(3.23)
For ingoing boundary conditions we simply re-
place +i& by -ie, so that the S matrix is
S(N'k', Nk) = (N'k' iNk),

-2vttt(tv -tv, ) (N'2' QV, ,').
(3.24)

6m„=Z-'~'&N
To the lowest order in H~, we find

(3.19) Therefore the exact expression for the ~N t ma-
trix in the CBM is

g(vt"eP* vt'vt"'
) (3.20) t(N k'Nk)= (N', 'k', Q V;t N). (3.25)

which corresponds to the first two self-energy
diagrams shown in Fig. 4(a).

'The operator g () V~~ is simply related to the pion
current, i.e. ,

B. Pion-nucleon scattering [H, a', ]—(u, a', =Q V", a, = (3.26)

Following Wick,"we suppose that the scattering
wave function for a pion (k) incident on a. nucleon
leading to outgoing scattered waves is iN, k)..
For this case the Schrodinger equation is

To obtain the Low equation for any other model
simply replace Jk by the corresponding operator
for the other model. Equation (3.25) is used to
obtain the mN phase shifts in Secs. IV and V.

H
i
N, k).= (m„+&,)

i
N, k).. (3.21)

C. The Low equation

If we now use the integral equation for (N'k'i in Eq. (3.25) we find

t(N k ,Nk) (¹ QV t '.'N)v(N =Q(V ) (vt 'v .— tt) ' QNvV "N), (3.27)

where the relation [J~,a~.]= 0 has been used. To simplify the quantity a„,iN) consider Ha~. iN&:
H a, .iN) = a, ,m„iN)+ [H, a~.] iN) .

Using the definitions of H (2.35) and V~N" [(2.42) and (2.43)] we find

a, ,
i
N) = (mN —&~ —H) ' Q (V', . ) iN& .

(3.28)

(3.29)

Using (3.29) in Eq. (3.27) gives

+ HC  - Cloudy Bag Model Hamiltonian
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& '=[I+X' '(m)+Z' '(m)] ' (4.15b) t(E)=(v +U )+(v „+5)G,(E)t(E). (4.17)
Once again Z, is the probability that the physical
nucleon looks like the three-quark bag. (Techni-
cally it also includes the possibility that the nu-
cleon looks like a bag with mo~e than one virtual
pion, but, by assumption this is small. )

Here vcL (CL=Chew Low) is the Chew driving
term of Fig. 9(a), and v~ involves formation and
decay of a n bag [Fig. 9(b)],

(keg(o&(E)g (k) (4 18

with
The 6 S«&(E)= [E—m", & —Z„'o(E)]-&. (4.19)

As we have defined it, the phys'ical & is a reso-
nance in the wN P33 scattering amplitude. Thus
we are led to consider the series of diagrams
generated by the perturbative expansion of the
exact scattering amplitude (3.25). This is done by
using the formally exact expression for the wave
function ~N'k'), m'" = m'')+ Z'0 5 HOs (4.20)

As the higher-order & self-energy terms
[&»&o(E)—see e.g. , Figs. 8(g) and 8(h)] contain
many virtual pions, they should be essentially in-
dependent of energy in the low-energy region.
Thus we can define

(X k) =a', ~l&t)Z"'+, a, ~zk) .
(4.16)

and hence

5 (o&(E) (E m&»&)-& (4.21)

As Eq. (3.25) represents the solution to the Low
equation, the correct solution of the linear equa-
tion (4.16) along with a solution of Eq. (3.10) for
the physical nucleon must yield a solution of the
Low equation. As we discuss below, our t matrix
is indeed a solution of the Low equation.
Some terms of order coupling constant to the

fourth (or lower) are shown in Fig. 8. Note that
the nucleon mass renormalization is assumed
done, in the manner described above.
By the criterion suggested by Chew for treating

low energy pion-nucleon scattering, all of the
graphs in Fig. 8 [except Fig. 8(g)] are formally
of order coupling constant squared. That is, all
those with four vertices, except Fig. 8(g), have
one pion which can be on shell in an intermediate
state. Terms like Fig. 8(g) can easily be retained
as an essentially energy-independent shift in the
bare-& mass. If apart from such higher-order
self-energy graphs we adopt Chew's one-meson
approximation, the rN t matrix is easily seen to
be the solution of effectively a two-potential pro-
blem

Although we could solve Eq. (4.17) as it stands,
the problem is greatly simplified by using the ap-
proximation"" for the nucleon propagator in v«
[Fig. 9(a,)]:

(E —m„-cu» —(u», ) ' = (u —&u» —&u», ) '

(~ —~»)(~ —~» )+ y~»~»' ~»~»'(~ —~» —~» )
(4.22)
(4.22')

Note that the correction term in (4.22) vanishes
when either the incident or outgoing pion is on
shell. For fully one-shell kinematics our crossed
Born term is proportional to Il~». , and gives the
pole term of the Low equation (3.34). In the usual
Chew model, Eq. (4.22') leads to the standard
Chew-Low effective range formula. " Kith this
approximation 'Ucz, ls also separable, and t is the
solution of the Schrodinger equation for a rank-2
separable potential, which can be written analy-
tically. "
In fact, with the usual Chew-Low normalization

conventions, "
»»(k', k; ~) = 4'„u»(k',k; &u), (4.23)

(o)

/A/VW
(e)

(c) with P» the usual projection operator, "and
)
k'u»(k')u»(k)k f~, (,&( ) (4 24)(2(d»i2co»)&i 3m,

(4.25)
The potential gc„with approximation (4.22) is

vcL(k', k; ~)= 4»P„vc„(k',k; (u),

(g)

FIG. 8. Terms of Eq. (3.25) after renormalization. FIG. 9. Born terms of Eq. (4.17).
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FIG. 12. A possible higher-order vertex correction to
the NN~ coupling constant obtained in this work.

As we have emphasized our model keeps both
pionic and 6 terms. One may investigate the rela-
tive importance of the two kinds of effects by set-
ting f„,or f „,equal to zero T.his is shown in
Fig. 11. If f„„,=0, the position of the calculated
resonance peak moves up by about 50 MeV. Thus
pionic terms are important. If f~„,=0 the calcu-
lated resonance goes away; hence, 4 terms are
much more important than pionic terms.

50—

0 IOO 200
T A~) (MeV )

VI. CONCLUSION

By incorporating chiral invariance in the MIT
bag model, we obtain a theory in which the pion
field is coupled to the confined quarks only at the
bag surface. This leads us naturally to a theory
of bare (bag-state) nucleons and 6's interacting
with a quantized pion field. Renormalization of

FIG. 11. Best fit in the cloudy bag model (dashed
curve) to the experimental P33 total cross section (solid).
The dash-dotted line shows the effect of arbitrarily setting
fez, (f&z,) to zero, with all other parameters unchanged.

200

ticular, the inclusion of crossing and inelasticities
would probably increase the size of the source
somewhat. From our experience with the Chew-
Low model, this could increase R by as much as
20'~/~. Thus if forced to quote some estimate of the
possible systematic error in the determination of
A in the CBM, we would guess 0.72 + 0.14 fm.
%e also note that the NNm coupling constant for

the CBM solution is about 10%%u, lower than the ex-
perimental value f„„,2=0.06. [Recall that f „,is
given in terms of f~„,, by demanding that (f~„,/f„,)' be '2. ] Since we do not claim better than
perhaps 20/o accuracy in the determination of the
bag radius, this level of agreement is acceptable
for the moment. Future work may involve the ex-
plicit calculation of vertex corrections like Fig.
12.
The essential feature of the CBM is that one

must keep both couplings f~, and f„„,nonzero.
Nevertheless, it is interesting to turn one of these
off to obtain either an elementary 6 model or an
equivalent Chem-I ow model. In both cases only
one good solution could be found. For the ele-
mentary 6 model" ~ was 265 MeV, and R was
0.16 fm. In the effective Chew-Lom ease, R was
0.22 fm. These two cases 'are shown in Fig. 13.

I50—

IOO—

50—

20050 l00 l50
T(LAB) (MeV

FIG. 13. Best-fit calculations using the CBM form
factor but retaining only the delta graphs (dash-dot-dot
curve, R = 0.16fm), or only Chew-type graphs (dot-dash,
R = 0.22 fm)—the solid line is the experimental result,
and the dashed curve is the full CBM curve of Fig. 11.

mainly Delta

3 quark Delta is 80 % of physical state 
Delta is simplest resonance!

|�i = Z (|3 quarki+ |N⇡i) , Z = 0.9
<latexit sha1_base64="QjedTIAJ9ME8xbXf4V5Otb6P39Y="></latexit>



Delta is simplest  resonance others 
are more complicated

|N⇤
(1440)i = Z(|3 quark radial excitationi+ |N⇡⇡i+ |�⇡i) + · · ·

<latexit sha1_base64="L7Ez7P8q8BGUYizuTKl3oEaK06k="></latexit><latexit sha1_base64="L7Ez7P8q8BGUYizuTKl3oEaK06k="></latexit><latexit sha1_base64="L7Ez7P8q8BGUYizuTKl3oEaK06k="></latexit><latexit sha1_base64="L7Ez7P8q8BGUYizuTKl3oEaK06k="></latexit>

Resonance structure affects pion production cross sections
Use data instead of theory

But
Worry:

Different reaction mechanisms can reach the same final state
In that case have quantum interference

Must add amplitudes and then square

Once pion is made it can do all the things discussed previously

28



General remark 1 
NEUT PRD 99,052007 says: In nuclei neutrino energy 

reconstruction is smeared by the initial state nucleon momentum ” 
What is the probability that a nucleon at a position R has a momentum p?

Answer - Wigner distribution f(R,p)

Density matrix ⇢(R+ s/2,R� s/2) ⌘ hA| †
(R+ s/2) (R� s/2)|Ai

f(R,p) ⌘
R

d3s
(2⇡)3 ⇢(R+ s/2,R� s/2)eip·s

⇢(R) =

R
d3p f(R,p), n(p) =

R
d3Rf(R,p)

Example Fermi gas of neutrons

⇢(R+ s/2,R� s/2) = ⇢0
3j1(skF )

skF

n(p) = Const⇥(kF � p) as expected

hp2i =
R
d3p2n(p) = 3

5k
2
F as expected

In general hp2i =
R
d3Rd3p p2f(R,p)

For models of ⇢(R+ s/2,R� s/2). Google ‘density matrix expansion’

<latexit sha1_base64="2MbirCDxDQPld6gBxGgXA/J84oQ="></latexit>

Can get good model of probability that nucleon at given position has given momentum



General remark 2 
NEUT PRD 99,052007 says: steps in space are 

dx =RN/100, RN (Carbon) =6.1, dx=0.06 fm! 

2

migrate events from one topology to another. Hadronic
interactions inside (FSI) and outside (SI) the target nu-
cleus are related, as discussed in Refs [11–14], although
the relationship is not trivial. FSI and SI are among the
nuclear effects that dominate systematic uncertainties for
long-baseline neutrino oscillation analyses.

In this work, we describe the tuning of the ⇡

±–A scat-
tering model used in NEUT [15]—the primary interac-
tion simulation package used by the T2K and Super-
Kamiokande experiments—to the world dataset and de-
scribe its relation to the intranuclear semi-classical cas-
cade models for FSI and SI. Although this work focuses
on a single model, as it was motivated by the needs of
the T2K experiment, the methods and the general con-
clusions developed herein are applicable to other cascade
models [12, 16–18]. Comparisons are made between the
results from this tuning and various other models, in-
cluding the GiBUU simulation package—which goes be-
yond the semi-classical approximations made by cascade
models [19]. The procedures used to evaluate the im-
pact of these cascade model uncertainties are described
elsewhere [10, 20] and will not be discussed here. The up-
dates to the NEUT cascade model described have been
incorporated in recent T2K analyses [21].

Section II provides an overview of the NEUT cascade
model and the parameters used in this tuning work. Sec-
tion III provides a summary of the external scattering
data sets. Section IV describes the fit strategy and meth-
ods. Section V presents the best fit values for the FSI
parameters and their correlation matrix. Section VI pro-
vides an overview and set of comparisons to other models
for ⇡

±–A interactions. Finally, Section VII presents our
conclusions and outlook.

II. NEUT CASCADE

Pion FSI are simulated in NEUT using a semi-classical
intranuclear cascade model [15, 20]. After a neutrino
interaction occurs, the starting positions of the interac-
tion products are chosen randomly from a nuclear den-
sity profile in the form of a three-parameter Fermi model
(Woods-Saxon potential) described in Equation 1 and
shown in Figure 1:

⇢(r)

⇢0
=

1 + w

r2

c2

1 + exp

�
r�c
↵

�
, (1)

where r is the distance from the center of the nucleus, c is
the nuclear radius, ↵ is the surface thickness, and w mod-
ifies the shape of the potential. The parameters c,↵ and
w were determined from an analysis of electron-scattering
measurements [22]. Note that the mass number (A) de-
pendence of the model is encoded in these parameters.
In the case of oxygen, the two-parameter Fermi model
is used (w = 0). The initial kinematic information of
outgoing particles is taken directly from the neutrino in-
teraction simulation and is fed into the cascade model.

r [fm]
0 2 4 6 8 10

0ρ/ρ

0

0.5

1
Pb

Fe

O

C

FIG. 1. The normalized three-parameter (two-parameter)
Fermi model nuclear potentials shown for various nuclei (oxy-
gen). Reproduced from Ref. [20].

µ- 

π+ 
νµ 

π+ 

FIG. 2. Cartoon illustrating the effect of FSI in the intra-
nuclear cascade model.

The initial interaction products are propagated “clas-
sically”, in finite steps within the nuclear medium. The
steps are in space and were chosen as dx = RN/100,
where RN is the size of the nucleus and is defined such
that ⇢(RN)/⇢0 ⇡ 10

�4, which for carbon is ⇠2.5 times
the nuclear radius from Ref. [22]. The step spacing was
chosen such that the probability of two or more inter-
actions at each step was negligible. RN acts to stop
the cascade once the nuclear density, and thus the re-
interaction probability, becomes negligible. The prob-
abilities for each interaction type is calculated at each
step and a random number generator is used to deter-
mine which, if any, interaction takes place. The cascade
continues until the particle is absorbed or its position ex-
ceeds RN. Particles produced through inelastic FSI are
also included into the cascade model from the relevant
production point(s). The particles are propagated in-
dependently and are only subject to the potential from
the nucleus, not from other nucleons and pions. Figure
2 shows an example cartoon of the intranuclear cascade

Internucleon spacing is about 1.7 fm
Radius of proton is 0.84 fm

28 steps inside the proton???

3

First observe that the uncorrelated ⇢UC
pp , calculated us-

ing either the VMC point-proton density or experimental
charge distribution [35], coincides with the VMC pp den-
sity for large distances (r & 3 fm). Then note that the
uncorrelated pp density including the Fermi statistic ⇢Fpp
describes (as expected) the full ⇢pp density for r & r0
reasonably well. For smaller separations the contact re-
lation, Eq. (1), using the AV18 potential, is seen to agree
with the VMC calculations for r . r0. Most importantly,
one can see that around r0 ⇡ 0.9 fm both the contact and
the ⇢Fpp expressions seem to describe the value of the full
⇢pp reasonably well.

The Fermi momentum is calculated via its relation to
the proton density. For infinite nuclear matter kpF =
(3⇡2⇢p)1/3. For finite nuclei, ⇢p depends on the location.
In the local density approximation, the Fermi momentum
at the pair’s center of mass R is given by

kpF (R) = (3⇡2⇢p(R))1/3. (5)

We can use this expression of the proton Fermi momen-
tum kpF (R) for evaluating Eq. (3), or instead we can use
the weighted average value

kpF =

R
dr kpF (r)⇢p(r)R

dr ⇢p(r)
. (6)

In the calculations presented in Fig. 1, we have used this
last relation resulting in a numerical value of kpF ⇡ 1.05
fm�1 for 40Ca. Another possible choice for kpF is to use
the value of ⇢p(r) at the center of the nucleus, i.e. r = 0,

kpF = (3⇡2⇢p(0))
1/3. (7)

In any case, we only need to know the proton density
⇢p(r) to obtain kpF . We will use below Eq. (6) for the
calculation of the Fermi momentum. We note that the
following results are not sensitive to the exact value of
kpF , and are almost unchanged if Eq. (7) is used instead
of Eq. (6).

We now use these results to extract the value of the pp
contact for any nucleus using only its charge distribution.
Since ⇢pp should be well described by ⇢Fpp for r > r0 ⇡ 0.9
fm and by the contact expression for r < r0, we can
extract the value of C0

pp by only requiring the continuity
of ⇢pp at r = r0. This gives the relation

C0
pp =

⇢Fpp(r0)

|'0
pp(r0)|2

, (8)

which is our new relation that connects the charge distri-
bution and the pp contact. We recall that for calculating
⇢Fpp we only need to know the point-proton density ⇢p(r)
(or the charge distribution), and that '0

pp is simply calcu-
lated by solving the two-nucleon Schroedinger equation.
The ratio of pp contacts of two nuclei, X1 and X2, is then
given by

C0
pp(X1)

C0
pp(X2)

=
⇢F,X1
pp (r0)

⇢F,X2
pp (r0)

. (9)
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FIG. 1. The pp density for 40Ca. The red line shows the full
pp density ⇢pp of the VMC calculations [38]. The blue lines
show the calculated ⇢UC

pp , based on Eq. (2), using the one-
body point-proton density of the VMC calculations (solid)
or the experimental charge density (dashed), using the three-
parameter Fermi model [35]. The green lines show the cor-
responding uncorrelated pp density with the Fermi-statistic
correction, using Eq. (4). The black line shows the contact
expression for the pp density, using the AV18 potential and
the contact value extracted in Ref. [30] by fitting to the VMC
data in coordinate space. The blue, green and red lines are all
normalized to the number of pp pairs. The vertical magenta
line shows the location of r = 0.9 fm.

where ⇢F,X
pp is the uncorrelated pp density of nucleus X,

with Fermi corrections. The universal two-body func-
tions cancel in taking the ratio so that this contact ratio
is independent of the model of the nucleon-nucleon po-
tential.
The calculations shown in Fig. 1 imply that this new

relation can be used to extract the value of the 40Ca pp
contact C0

pp using its charge distribution. Inspecting the
figure we see that the VMC results are well reproduced
by the contact expression for r  1 fm and by ⇢Fpp for
r � 2 fm. In between we see a discrepancy of about 10-
20% which we attribute to the contribution of ` 6= 0 chan-
nels neglected here and to three-body correlations. The
use of the infinite nuclear-matter approximation might
also have some contribution to this di↵erence. We thus
expect our error to be of the order of 10%. To get a more
concrete estimate for the uncertainties in C0

pp we vary r0
between 0.8 fm to 1 fm.

We next use Eq. (8) to extract the pp contacts of di↵er-
ent nuclei. For nuclei up to A = 40, we can use the VMC
calculations for the point-proton density, or the experi-
mental data [35]. For heavier nuclei, only experimental
data is available. Using this new method, the extracted
pp contacts for various nuclei, ranging from 4He to 208Pb,
are presented in Fig. 2, as a function of the number of
nucleons A, in log-log scale. One can see that the flexi-

Weiss et al PLB 790,484 (201) ⇢pp(r) : probability that two protons are separated by distance r.

The full result is the red curve

<latexit sha1_base64="F2T3e8YgXAgWXyOz4AWqRQ51dvg="></latexit>

Caveat -based on ANL V18 potential -model dependent

Need to take granularity of nuclear density into account
30/31

40Ca



Summary

• Pions can be made from resonance decay or quasi-elastic & fsi

• A resonance is a complicated object - medium modifications are 
complicated

• Pion-A total cross section: equal parts  elastic, inelastic (quasielastic pi-N 
scattering) and absorption

• Absorption leads to 3 or more particles in the final state 77% of the time

• The Wigner distribution gives probability of nucleon having given 
momentum and position

• Take granularity of nuclear density into account


