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Nuclear reaction theory relies
on reducing the many-body
problem to a problem with
few degrees of freedom:
optical potentials.

2 body

Effective interaction
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Nuclear reaction theory relies on reducing the many-body
problem to a problem with few degrees of freedom:
optical potentials.

Phenomenological Microscopical

Unfortunately, currently used Existing microscopic optical
optical potentials for low- potentials are usually

energy reactions are developed in an high-energy
phenomenological, and regime (= 100 MeV)

primarily constrained by elastic and not applicable for lower

scattering. energy reactions.
Unreliable when extrapolated

beyond their fitted range in No fitting
energy and nuclei
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Nuclear reaction theory relies on reducing the many-body
problem to a problem with few degrees of freedom:
optical potentials.

The optical potential has the form: U(r) = V(r) + iW(r)

—

. The real part of the optical potential explains the scattering

Phenomenological

Unfortunately, currently used surface)

optical potentials for IOW- 3. Theradial dependence is rather flat in the inner region
energy reactions are
phenomenological, and
primarily constrained by elastic

(Woods-Saxon form)

2. The imaginary part provides absorption (stronger at the

of the nucleus, falls off rapidly at the nuclear surface
4. A spin orbit term is also included which also peaks near
the surface.

5. For a charged projectile a Coulomb term is also necessary.

scattering.
Unreliable when extrapolated

e . V(r) = =Vgrfr(r)—iWyfy(r)

beyond their tte.d range in - day DV fu pr) + diaw b fu o(r)

energy and nuclei A2 f i -
+ 7” VSO%fvso(T) + iWSO%fWSO(T) 0 -1

© F. Nunes and |. Thompson, Nuclear Reactions for Astrophysics
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Nuclear reaction theory relies on reducing the many-body
problem to a problem with few degrees of freedom:
optical potentials.

= . AN VN
o 3
§-lo» Existing microscopic optical

potentials are usually

Paris
potential -

developed in an high-energy
regime (= 100 MeV)

and not applicable for lower
energy reactions. No fitting
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V 4+ VGo(E)T

N

Green Function propagator

all two nucleon interactions Go(E) = 1
A 0 E — Hgy + e
V = Z Voi where
1=1
Hy=ho+ Hxp

HA ‘(DA> _ EA ‘(I)A> target

Hamiltonian

A kinetic term
0 of the projectile
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The general goal when solving the scattering problem of a nucleon from a

nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V +VGo(E)T

0
Nucleons
Single Scattering

+
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V +VGo(E)T

2 Active

Spectator expansion 0 Nucleons
two nucleon interaction T = Z 1h; Single Scattering

dominates the scattering 1

process " 3Active

Nucleons

TOz' — Vp; T+ UOiGo(E )T, Double Scattering

Toi = voi + v0;Go(F) Z 1o; .
J

4 Active
Nucleons

= Vo; + UOZ'GO(E)TOZ' + UOiGO<E) Z TOJ

B Triple Scattering

= v + v0;Go(F) ZTOj

+
J7 .
L]

toi + t0iGo(E) 27; To;- Watson multiple scattering
JF1
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V +VGo(E)T

Spectator expansion 0 eoloons
two nucleon interaction Stngle Scattering
dominates the scattering

process

3 Active
Watson multiple scattering

T()i — tOi —+ tOiGO ( E ) Z TO] Double Scattering
J 71

toi = voi + vo;Go(E)to;

Nucleons

4 Active
Nucleons

— to; — toj)

+ Z (tiﬂf — 135 — tik — i + T + o5 + tOk:) + ...
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12
The general goal when solving the scattering problem of a nucleon from a

nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V +VGo(E)T
~

Let’s introduce the optical potential U

3 pram1

T =U+UGy(E)PT Go, PI=0

In the case of elastic scattering,
P projects onto the elastic channel

Pa) (Pa
V4 VGO(E)QU a (Pa[Pa)
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V +VGo(E)T

transition amplitude T for elastic scattering

Ta =(PUP+ PUPG(E)T

t»we need to calculate PUP

I\ g |
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The general goal when solving the scattering problem of a nucleon from a

nucleus is to solve the corresponding Lippmann-Schwinger equation for the
elastic amplitude T

Tel—PUP—I—PUPG()( ) el
U 2)@+ 2:

1,J 71 1,J 71,kF1,]

7i = voi + v0;Go(E)Ti
<(I)A|TZ"(I)A> — <(I)A‘7A'7;’(I)A> — <(I)A|7A'z"q)A> — T0o; -+ TOiGO(E)P%Oi-

|
X d Z(I)
(E— Ex) — ho 1 ic \2AlTilPa)
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the

elastic amplitude T

Tel—PUP—I—PUPG()( ) el

U 2{:717+- j{:

1,J 71 1,J 71,kF1,]

T;
L_, (@a|7i|Pa) = (Pa|Ti|Pa) — (Pa|7s|Pa)

|
X d Z(I)
(E—EA)—hO+7je< AlTi[®4)

1

Expanding the propagator Gi(E) = FE— T —ho—h,—W. 1 ic

e ot

7 = vo; + 0o Gi (E)T; = to; + toigiW:G;(E)T;

IMPULSE APPROXIMATION T4 ~ T0;

: OPTICAL‘POTENTIALS FROM CHIRAL FORCES

vo; + vo;Go(E)7T;
T0i + ToiGo(E) PTy;.

free NN t matrix

toi = Vo; + Voigito;

M‘ ______________
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First-order optical potential

Kerman, McManus and Thaler, Ann. Phys. 8 (1959) 551 and many others

Uk k;w) = (A—1) (K, ®4lt(w)|k, D) N

q
1
q=k' -k, KE§(I€/—|—I€)
¢ 67 7
A—1 ) K K
Ulg, K;w) = —— n(q, K)
- - Optimum
A+1 P
X Z tpN | q, il K:w| pn(q) factorization
N=n,p i A _ factor
Moller factor ") =

N

Eproj (k') Eproj (—kK') Eproj (k) pI‘OJ( K)
Eoroj(K') Eproj (=4 — ) Eproj(k) Eproj (5 — %)
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First-order optical potential

Ug, K;w) = q,K;w)+%0-qX@(q,K;w)

pn (q)
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NN transition matrix

M(k', k,w) = (K'|M(w)|K) = =471 (K']t(w) | k)

Relevant components for 0+ nuclei
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Matter densities

Typel and Wolter , Nuc. Phys. A 656 (1999) 331
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szfV L FROH + ??I A A 2Fp,v F T. Niksi¢, D. Vretenar, P. Finelli and P. Ring

Phys. Rev. C 66 (2002) 024306
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Scattering observables

N 0Q

///\\%‘
afpeasy

ppn
’ '/% o(0) = 2 ~ (K| Ul

¢A/ . — — N

W) N (g ) a0 k

N 9%

\/

o(+0)

o(+60)—o(—0)
o(+0)+o(—0)

It can be measured by sending a beam of polarised
protons along +y and measure the total cross-section
at angles 8 and -0 in the scattering plane

| o(-6)
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Scattering observables

Spin-flip amplitude

M(ko,@) — A(ko,@) + O - NC(]CQ,H)

A(0) = % i (L +1)F (ko) + LF; (ko)| Pr(cos6)

A
FLJ(ko) = _A — 147T2/L(/€0]€0,k0;E)

Differential cross section

do
—qld)=14 (0" +1C(0)]

Spin rotation
~ 2Im[A(0) C*(0

£

JA@)] + |C(9)

- OPTICAL‘POTENTIALS FROM CHIRAL FORCES

)
|

L=0

_ 2_ Z 7 (ko) — Fy (k)] PL(cos6)

Analyzing power

ORe[A*(0) C(6)]
AO)]* + |C(6)]

Ay(‘g) —

Rotation of the spin vector in the scattering plane, i.e.
protons polarised along the +x axis have a finite
probability of having the spin polarised along the £z
axis after the collision
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Inclusion of the Coulomb potential

Combine phase shifts from Coulomb and nuclear

or, =arg|L+ 1+ in(ko)|

The central amplitude include a Coulomb component

A(ko, 0) :@+ % i e 7t (L + 1)Ff (ko) + LFy (ko)| Pr(cos6)

c —n(ko) exp [27;00 —in(ko) In(1 — cos ‘9)] Sommerfeld

Fpt(k()? 9) — ko(l — COS (9) parameter

- pla

o) = [L(L+ D L2 _E)] wr(r) n(k) = —
ur(r) ~Cf(Hp , Hf) Do not add
nuclear and

Coulomb

separately!

;\ @” |
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Numerical details

used to construct the three-
dimensional NN t matrix

Partial waves of the NN potential

23

Gaussian quadrature |

y=f(x)

Linear
transformation

(Y =

'r‘g'

A

: OPTICAL‘POTENTIALS FROM CHIRAL FORCES

t}g,,:LOiT:1 180, Dy, Gy, M, K
ti:i’}jil 3P0,3F2,3H4,3J6,3L8
ty o 3P, 3Fs,%Hs, % J;
tiiiffl 3P273F473H673J8
t}g,,:LOLT:O 'p YRy Y H
tiiiﬁjLO 3D ,3G3,3I5,3K7
tizliT 0 3D ,3G4,31673K8
tiii:ffo 351,3D3,3G5,3[7

/ f sz x;) 150-200 points for tnn and ~ 100 for tna
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Chiral potentials: why?

Chiral potentials Phenomen. potentials

I. QCD symmetries are I. QCD symmetries are not
consistently respected respected

|I. Lorentz covariance
2. Chiral symmetry
3. Gauge invariance

25
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Chiral potentials: why?

Chiral potentials Phenomen. potentials

I. QCD symmetries are not
respected

2. Expansion determined by
phenomenology (add whatever
you need). A lot of freedom

I. QCD symmetries are
consistently respected

2. Systematic expansion (order
by order you know exactly the
terms to be included)

3. Theoretical errors
3. Errors can’t be estimated

Order by order in a power Higher orders of
expansion, the 51 G2, S1a(F), Sia(@), L- 5, (£-5)? 2
uncertainties are of order How to choose what

O(kF/AX)n to include?
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Chiral potentials: why?

Chiral potentials Phenomen. potentials

I. QCD symmetries are I. QCD symmetries are not
consistently respected respected

2. Systematic expansion (order 2. Expansion determined by
by order you know exactly the phenomenology (add whatever
terms to be included) you need). A lot of freedom

3. Theoretical errors

4. Two- and three- body forces 3. Errors can’t be estimated

belong to the same framework 4. Two- and three- body forces
are not related one to each

other

Many-body!
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Chiral potentials: why?

Chiral potentials Phenomen. potentials

I. QCD symmetries are I. QCD symmetries are not
consistently respected respected

2. Systematic expansion (order 2. Expansion determined by
by order you know exactly the phenomenology (add whatever

terms to be included) you need). A lot of freedom
3. Theoretical errors

4. Two- and three- body forces 3. Errors can’t be estimated
belong to the same framework 4. Two- and three- body forces

are not related one to each
other

Difficult (hard calculations) Easy (not always...)

) [i:‘\n v “ :\‘
OPTICAL POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA




Chiral potentials: why?

Chiral potentials Phenomen. potentials

Two-body data may be
sufficient; many-body forces
as last resort

Many-body data needed and
many-body forces inevitable

Exploit divergences (cutoff

Avoid (hide) divergences
dependence as tool)

Power counting determines

diagrams and truncation Choose diagrams by

intuition

© Adapted from R.
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How to build a chiral potential
Problems with nucleons: cutoffs

Usually one regulates the integrals and then removes the
dependence on the reqularization parameters (scales, cutoffs) by
renormalization. In the end, the theory and its predictions do not
depend on cutoffs or renormalization scales.

In contrast, EFTs are renormalized by counter terms (contact
terms) that are introduced order by order in increasing numbers.
In the nuclear case the potential has validity only for momenta
smaller than the chiral symmetry breaking scale Ay ~ 1GeV.
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How to build a chiral potential

Following Machleidt

1. Identify the soft and hard scales, and the degrees of freedom (DOF) appropriate
for (low-energy) nuclear physics. Soft scale: () ~ m , hard scale: A, ~m, ~ 1
GeV; DOF': pions and nucleons.

2. Identity the relevant symmetries of low-energy QCD and investigate if and how
they are broken: explicitly and spontaneously broken chiral symmetry (sponta-
neous symmetry breaking generates the pions as Goldstone bosons).

3. Construct the most general Lagrangian consistent with those symmetries and
symmetry breakings, see Ref. [13].

At first order ) (B @) s
Loy =N (W“Du —m + %Av“%uu) N M, o T,
N ——f— N —m—
w, = iut (9,0 = =2 ?M“ L O(x%) e g
DN = (8, +T,)N, with T, = % (!B + wdyul ) = 4%27 . x O + O(mh)
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How to build a chiral potential

Following Machleidt

4. Design an organizational scheme that can distinguish between more and less
important contributions: a low-momentum expansion, (¢/A, )", with v deter-
mined by ‘power counting’.

Q - Soft scale (pn, Mx)
A

X\ Hard scale (A~4nf,; Mn)

Contrary to the pion mass, the nucleon mass
does not vanish in the chiral limit and introduces

an additional hard scale in the problem

: OPCAL POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA



33

How to build a chiral potential

Following Machleidt

4. Design an organizational scheme that can distinguish between more and less

important contributions: a low-momentum expansion, (¢/A, )", with v deter-
mined by ‘power counting’.

— a 1%
Sy = Y50,

2N Force 557012[ = N[iv-D+gau-S|N
1 _ _ _ _
>< cO = - SCs(NN)(NN) +2Cr(NSN) - (NSN)
T

2
—> u:o+2(1+§—z):0

RN\ gl |
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The nuclear force at large distances is governed by the exchange
of one or multiple pions. In the chiral limit of vanishing quark
masses one is expanding around, these contributions would have
an infinitely long range. This long-range part of the nuclear force
is strongly constrained by the chiral symmetry of QCD and can
be rigorously derived in chiral perturbation theory.

Potential

Medium-range

Long-range

Veff:Z{

74

ong—range

~——
X-symm. constrained

DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA



The nuclear force at large distances is governed by the exchange

of one or multiple pions. In the chiral limit of vanishing quark
LO masses one is expanding around, these contributions would have

an infinitely long range. This long-range part of the nuclear force

is strongly constrained by the chiral symmetry of QCD and can
be rigorously derived in chiral perturbation theory.

(Q/A)

NLO ><

(Q/AY)°

The short-range part of the
nuclear force is driven by
physics not resolved
explicitly in reactions with
typical nucleon momenta
of the order of Mc. It can
be mimicked by zero-range
contact interactions with

Short-rang

Potential

an increasing number of
derivatives. Chiral

Medium-range

symmetry of QCD does not
provide any constraints for
contact interactions except
B for their quark mass

,S dependence.

Long-range

(v)
Vet = Z [V;hort range T Vong range}

v ' —~
parametrized X-symm. constrained

: OPTICAL‘POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA
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How to build a chiral potential

2N Force
LO
0
anmy X

(0) g3 01402 q

Vory = T1 -T2+ Cs+ Croy -0
2N 2 =9 9 1 2 S TO1 2

AF2 2 4+ M2
One-pion exchange Contact terms
(pure nucleonic term)
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LO
(Q/A)

NLO
(Q/A)°

—_

2N Force

A
PN P
e \ ’/
3 q
\ 4 RS
~N_7 S
—————— g
S o N ’
~ N v
~ N/
_ /N
- ’ N
Phe 4 N
—————— L

How to build a chiral potential

Contact terms

V@, D) = Ci >+ G I+ (C3q> + C4k?) G1 - G2 + Gs (—i§ (g x Tc))

+Cs(G1-9) (B2 G) 4+ Cr (51 - k) (5a - k).

Two-pion exchange

Vp',p) = Ve+ 11 - TaWe + [ Vs + 11 - T3 Ws] a1 - 02 + [ Vis + 71 - T2 Wis] (—ig'(ZIXﬁ))
‘|‘[VT‘|‘71'72WT]81'682'a+[V0L+71'TZWUngl'(ZI)Xk))B'Z'(E])XE),

L(q) 2 (£ 4 2 2 9a g4 2 48g4m5
c= _384712f;‘ [4mn (5g, —4g; — 1) +q°(23g, — 10gy — 1) + 3
v Ly ~ 3g;L(g)
P T an2fa

L(q)z%lnw+q wz\/4m§+q2

2M,;

DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA
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How to build a chiral potential

2N Force 3N Force

(QI;KJO ><

Two-pion exchange

NNLO PN PR ,/» ‘L\\
y /7 \ /7 N /z S o
RS - 3 [ ¢
X R 3l (Q/AX) .\ ’ \ /. ‘\\ _ -
N , SO N _7 N _7 S o P
NLO S T h ) [ 2
QA o [p
X RN . ¥y S
: //—\\ /// /// ///
// -~ ”~ ”~
S o 1 ol £ £
' ?

NNLO +H] H| ]
(Q/A) +><>‘< 2SN PAON O N O
+... '

. 2 2
Bg,i gj m751 2 2 3g§ ~2 1 gAA(q) 1 2 gA 2 2
— _ _ _ Wr=——Ws; = — 4+ — ) w"— ——(10m2 + 3 ,
Ve 167f? {16MNw2 2m:;(2c1 —¢c3) —q° | 3+ T6My ) | w°A@Q) ¢ , T 7 S 327 f4 4 My 8MN( ™ q-)
2 3 417)2A( )
_ &a 2.5 2 [1m2 2 2042 217 772 Vie — %A q
c= 1287 M {3gzmw [4m? + 2¢° — gi(4mZ + 3¢°)| W*A(g)}, s oMyt
Vi = —— Ve = M Wi = ‘MwZA(q)
T @ T s12nMyfE 327 My f2 ’

N\ A
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How to build a chiral potential

2N Force 3N Force

(QI;Z()O ><

NLO >< |
(Q/A)° [| ...... l

""""

NNLO
(Q/AL)°

Three-body forces
naturally arise
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How to build a chiral potential

2N Force 3N Force
LO
ey X1
Two-pion exchange
@i 7 = —%
Contact term
NNLO ]
me b
. T MWW 2,
: P, 0, W
Th reev body forces LA -;éz/ 0
naturally arise =) - D

One-pion exchange
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How to build a chiral potential

2N Force 3N Force
LO ><
0
(Q/AX) *r--@--- - ---
NLO X | Two-pion One-pion Contact
(Q/AX)2 [| ------ exchange exchange term

NNLO +’ +J
(Q/A)

| — —

2 RS 4cm® 2c5 L L Cs L.
Vape = (g—A) ! > (013 9) _ pob parp Fgh =" [— I+ qj] + 2> €™ 1 Gy [Gi x gj]
Yo ) 2 G @ +m) g +my) CERE G

8A 0j - Gj o o
Vi = —D = (ti - 7j)(0i - qj)
Bf7 ;ﬂ g +ms

1
A 3NF __
e V' =E 2 ) 7T
> @‘% QZ‘ j#k

' \g |
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How to build a chiral potential

2N Force 3N Force 4N Force

LO
amr X1
NLO >< |:¥

(Q/A)? [ | ------ l

——————

SR S,

|
X

N°LO ><|| H H *H
QA A 2l i
ENI S S +... +
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How to build a chiral potential

Chiral expansion of the 2N force: V,\ = Vi +Viu+ Voo + Vin + ...

@ LO: H ><<_2LECS
cwo JTHHH- XXX X H M

renormalization of Im-exchange 7 LECs renormalization of contact terms leading 2r-exchange

@ N2LO:

‘ << renormalization of Im-exchange ,5‘+\ ,{ *1] << subleading 2r-exchange

t
@ N3LO: f
1

et G-t 8- : L
) oo \ (\ /
renormalization of Im-exchange I5LECs  renormalization of contact terms
HER i S A S 1 IV
sub-subleading 2r-exchange 3r-exchange (small)

Nz EEe © E. Epelbaum, Lectures at Ecole Juliot Curie
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How to build a chiral potential

Three-body
» NLO: does not contribute M S N M
Weinberg '91; Coon & Friar '94; van Kolck '94; --
Aotz . >

E.E. etal, ’98’. 1/m corrections reducible
w» N2L0: first nonvanishing contributions HJ N >< N >K
van Kolck '94; E.E. et al. ‘02 T /
D E

v N3LO: work In progress

Bernard, E.E., Krebs, Meifsner '07
Ishikawa, Robilotta ‘07

— chiral symmetry plays
essential role

— no free parameters ¢:

>
I
s
<
>
>
>

B X::: + X:<: + X_-_-_‘ + X::> + X::; + h

© E. Epelbaum, Lectures at Ecole Juliot Curie
DIP. FISICA B ASTRONOMIA - UNIVERSITA DI BOLOGNA




How to build a chiral potential

NUMBER OF PARAMETERS
for the np potential

Nijmegen CD-Bonn NLO N°LO N°LO

PWA93  “high Q> Q* Q°
precision” (NNLO) (N“LO)
1So 3 4 2 4 6
38, 3 4 2 4 6
36,-°D, 2 2 1 3 6
lp 3 3 1 2 4
3Py 3 2 1 2 4
Py 2 2 1 2 4
Py 3 3 1 2 4
SPy-3F, 2 1 0 1 3
D, 2 3 0 1 2
3D, 2 1 0 1 2
3D, 2 2 0 1 2
3Ds 1 2 0 1 2
3D3-3G4 1 0 0 0 1
1Ry 1 1 0 0 1
SF, 1 2 0 0 1
3
3111:3 ; i g 8 i Then add parameters for
3F,->H, 0 0 0 0 0 three-body forces:
e 1 0 0 0 0
3G 0 1 0 0 0 C2,C3,C4,CE,CD
3Gy 0 1 0 0 0
3G 0 1 0 0 0
35 38 9 24 50

© R. Machleidt

DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA
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How to build a chiral potential
Phase shifts & potential

/\

ve - e

- L - 0018

oé A free available code to solve the phase-shifts problem can be found
.72 http://folk.uio.no/mhjensen/manybody/phase.tar.gz

- OPTICAL‘POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA



Phase shifts

4N

OPTICAL POTEN'TIALS FROM CHIRAL FORCES

© R. Furnstahl, talk at Schladming,

How to build a chiral potential

1S0 351
80 & I l 1507,_ | T -
o >
40+ o | 100 @, .
¢
. ° . 50 © o _
EZ oL ° o 4
40 I I 1 I
0 01 0.2 0.3 0 0.1 0.2 0.3
3P0 1D2
80 | T 12 | |
&
- o _
40 | { 8 .
&
0&0 © 4 o o _ 4 - © =
© ¢ O
I I 0@0 I I
0 01 0.2 0.3 0 0.1 0.2 0.3
3D3 3G5
6 T T
T . "9 o P 0&0 o @
© o o ©
0o @ 4 04} -
_6 | _ '08 — -
12 F -
-12 ] ] | |
0 0.1 0.2 0.3 0 01 0.2 0.3
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Phase shifts

Zg © R. Furnstahl, talk at Schladming,
oPTICAL POTEN'TIALS FROM CHIRAL FORCES

How to build a chiral potential

150 351
L ' 150 | u -
" 1 100 .
¢ o 50
" u _
¢ 3 \‘6\‘5“3——

0 %

| | | |

01 0.2 0.3 0 0.1 0.2 0.3
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Phase shifts

Qv 17 21 4N

2 zg © R. Furnstahl, talk at Schladming,
oPTICAL POTEN'TIALS FROM CHIRAL FORCES

How to build a chiral potential

1S0 351
80 k____ | | 150 T T -
40 %o 1 100 -
o4 o 50
o - -
0 ® 3 T
0 %
-40 1 l l 1
0 01 0.2 0.3 0 0.1 0.2 0.3
3P0 1D2
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Phase shifts

How to build a chiral potential

150 351

Qv 17 21 4N

Q° %L *:L;;::_:iiii (1)

o Zg © R. Furnstahl, talk at Schladming,
CERY o &)
oPTICAL POTEN'TIALS FROM CHIRAL FORCES
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How to build a chiral potential

Machleidt (N3LO) ; Epelbaum (N3LO)
Lippmann-Schwinger cutoff

V(k, k') % Vik, k') (kK

fA — exp (—(k’/A)%’;— (k/A)zn) with n=2,3

cutoff the short-range pa'rt of the 2PE contribution
dimensional : spectral
regularization function

{A,A} = {450,500}, {450,700},
{550,600}, {600, 600},
{600,700}

A = 450, 500, 600

OPTICAL POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA
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How to build a chiral potential
Phase Shifts R. Machleidt et al,

Chiral effective field theory and nuclear forces, Phys. Rep. 503 (2011)

| ] ' | ] 50 C | | ]
R it £
—_ = — —_ ¢ e
Phase shifts of s ™. So 3 |
ase shifts of np g & g o] . -
o .‘.n,. e ¥
1 = 40 e Tra,, - = £
scattering as calculated z QYo 5 et
o o, W o o e @ .
: & N @ Qg
from NN potentials at £ ol ~ e g 3p N e
o e o 0 NN
. - o - -25 | -
different orders of ChPT. “ | NG | | .
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0'.‘ | ] | ] | 3 | =
o
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) ° 1 e o Y. 1
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How to build a chiral potential
Phase Shifts R. Machleidt et al,

Chiral effective field theory and nuclear forces, Phys. Rep. 503 (2011)

" T I T I I_ F o I =
) 60% 130 7 5 10 #*Ng 3P0 .
A N 1 3 ? \. ] Neutron-proton phase
£ 40 ¢ = & . .
s | W 2 ¢ ‘\. | parameters as described by
° . . .
& 20} N, - a | = various chiral potentials at N3LO
£ Ny i < o
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OPTICAL POTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA



54

How to build a chiral potential
Phase Shifts R. Machleidt et al,

Chiral effective field theory and nuclear forces, Phys. Rep. 503 (2011)

12 | ' | ' ] 16 ' | | ' ]
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different orders of ChPT. € A7 e 2 A
2 Lgege . 2 > 2o
— v M g o 4 - () - . —
2 0@ -~ | S _
E ", “.‘pf ---------------
| | . | . | 0 02— | . | . |
0 100 200 300 0 100 200 300
Lab. Energy (MeV) Lab. Energy (MeV)
LO . . . . .
® o0 0 0 0 0 0 0 0 40_3| | 5 60—3' | -
s | %D, s Py -
Q 30 _| (V] e
= - S a0 / -
B B B BN N N NLO £ - (L M £ Vs
£ ( ) £
» 20 - Y CLLLLTTV - 7 /
] i e b [ /
: f g 208 or=or®|
& 10 . o o O™
a ® o o
NNLO W - - GO
0e L | 0@nmnmmm =TT IR
0 100 200 300 0 100 200 300
Lab. Energy (MeV) Lab. Energy (MeV)
I I I I T I I
5 i
5 g 0% €2 )
o - A
= e 4L |
£ AR -
© () N
e s -2 7 S
o a N i)
< 2 \.%’\xfn@
a1 '>—< .3 — b s —
E r ’bb "
1 _4 1 | 1 N s e - |
0 100 200 300 0 100 200 300
Lab. Energy (MeV) Lab. Energy (MeV)

AL“I’OTENTIALS FROM CHIRAL FORCES DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA



55

How to build a chiral potential

o
P h ase s h |ft S R. Machleidt et al,
Chiral effective field theory and nuclear forces, Phys. Rep. 503 (2011)
6 - T I T I T H T I T I T I_
1";": § o) ol & 01
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How to build a chiral potential
EprOit the CUtOffs ;:5:::;::::;::"NuclearForces, Rev. Mod. Phys. 81 (2009) 1773-1825

| I I I I I I 0 I | I I I I I I | I
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http://arxiv.org/find/nucl-th/1/au:+Epelbaum_E/0/1/0/all/0/1
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How to build a chiral potential
Exploit the cutoffs

E. Epelbaum et al,
Modern Theory of Nuclear Forces, Rev. Mod. Phys. 81 (2009)
1773-1825
LO
NLO
NNLO
N3LO
Nijmegen

© o
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Results
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NN amplitudes - 100 MeV
M(K', k,w) = (&'|M(w)|K) = —4m%u (K'[t(w) k)

R— 2L + 3 1
a P (cos [2L+ ME5=0 Cony = Pl(cos [<—> ALt1S
pN prW Z r(cos @) |( 1) Mp; pN fonr? 2 L, (cos ¢) I+ 1 LL
+ (2L +1) Mf’LS—l + (2L + 3) M H5= C(2L41 N\ psa (2L-1Y ) io1sa
L(L i 1) LL L LL
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NN amplitudes - 200 MeV
M(Fa’, k,w) = (KM (w)|k) = —4n°p (&' [t(w)|K)
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NN amplitudes - convergence (200 MeV)
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Scattering observable - convergence Oxygen 16
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Scattering observable

analysis of the contributions

do/dQ [mb/sr]
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t-off
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SFR cut-off = 600 MeV

~

1 I 1 I 1 I 1
LS cut-off = 600 MeV
SFR cut-off = 700 MeV |

— AP +ICP
Al
== |cI

DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA




Future

DIP. FISICA ED ASTRONOMIA - UNIVERSITA DI BOLOGNA

66



67

Go to N4LO

Epelbaum, HK, MeiBBner, arXiv: 1412.4623

0 20
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R=0.9 fm NLO —— N2LO —— N3LO —— N4.O

New renormalisation technique in the coordinate space 5\ 6
with the cutoff R being chosen in the range of R=0.8... 1.2 fm. f (1) _ [1 — exp (_r_)]
~ For contact interactions, they use a non- local Gaussian R?

R
. regulator in momentum space with the cutoff A = 2R’
‘mv VA el )
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SRG - Similarity Renormalization Group6

 Unitary transformation designed to decouple
low- and high-energy states

 All observables preserved

e No relevant changes to low energy observables
even when high momenta are removed

» Natural hierarchy of many-body forces
maintained

k (fm™)
0 1 2

[' 84 05 [
0 -
3 A,
4
1 -05
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Medium effects - G matrix

Ui (k3 kr) = D ( 3k —ka)|9,;, o (e(k) + e(ka))

a<ep
L o (' |a,m @] %) = @VIR) + [z & vi&")
X §(k o ka) ? ><)\~ (R";w;kp(R))
><<F€" g . ~](02)"_5> ,
NM Q(Py;P_;kp)

AL (@ w; kp) = : ,
p (@5 w5 hr) w +1in — e(Py; kp) — e(P-; k)

..could be easily extended with
the inclusion of three-body
force (with equivalent two-body
density dependent)

102 E = 80 MeV

Arellano, Brieva and Love, Phys. Rev. C 52 (1995) 301
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Include three-body forces

2N Force 3N Force
LO
(Q/A)” >< U; = vo; +v0:Go(E)QU ,
Uij = voij + v0i Go(E)QU ,
xo X
(Q/Ax)2 [| [] L A 1 Aj A\
T r U — Z U’L —I— 5 >4 >4 U’Lj
1=1 1=1 7=1
JF0
any  FAF]
@y T
' +... 9@] — V013 =+ UOijGO (E)Qezg
A A
Upi 4+ 0;;Go(E)Q > Uy
él; A 1 A A
i=1 i=1 j=1
JF£t
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Isotope chains - micro vs. pheno
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The general goal when solving the scattering problem of a nucleon from a
nucleus is to solve the corresponding Lippmann-Schwinger equation for the
many-body transition amplitude T

T =V 4+ VGo(E)T

W) = [pa) + [Win)
P+Q=1
H(P+Q)|¥) = E(P +Q)|¥)

(Go, P| = 0

D) (P4l
P= e 64)

T=U+UGyE)PT

E— PHP|[¢pa) = PHQ|Vip)
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