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3N basis states in momentum space

In the 3N system we need two relative (Jacobi) momenta

3

2

and use states | pgP myv, m,v, m3V3>

with individual spin (m;) and isospin (v;) magnetic quantum numbers

N Y A I
p=§(pz—p3), Q=§(p1—§(pz+p3)j, P=p,+P,+ P

ey
I

’*Y“ JAGIELLONTAN UNTVERSITY =
FAY IN KRAKOW S
UNIVERSITY



Instead of | ﬁ q P myv, m,v, ms V3> one can use states of the total 3N spin and isospin:

b q 5(5%}5 |\/|S> (t%)T MT>,

where the 2N subsystem (iso)spin is coupled with the (iso)spin of the third nucleon)

|(s%)8 MS> Zc(s% S;m,, M, MS)\st
1 1 1
| (tij MT>:Zc(t,E,T;mt,I\/IT —mt,I\/ITj\tmt> >
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We introduce partial waves, eigenstates of the two (relative) orbital angular momentum operators

and build the states of the TOTAL angular momentum of the 3N system:

pq (M)LML>:ZC(I’/I’L;m|’ML_mliML)‘ pIm)|gAM —m;)
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They are normalized as
(P |pa(IA)LM ) =—— ; )Y.zML(r)',a'),

where

YlZML ZC I A Lim, M mI’ML)YIm,(rj’)YiML—ml (CAI’)

p)=5°(p'-p) and (§'|q)=5°(d -q)
(1I2)LM )=

Slo = _
(p 2 p) (q 2 . )é]l'gil' 5LL' 5|v|L|v|L.
and P q

Together wih < P’

we get also <p,q (|%')L |\/|

|+A L

L=[l-4] M, =—L

IDIND3 Idpp jdqqz\pq(lﬁ)Lm ) pa(lA)m, |=1.
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1
Next from the product states ‘ pq (I2)LM L> (S Ej S I\/IS>

we build eigenstates of the TOTAL 3N angular momentum operator J:

o

pq(l 1)L (s;jS(LS)JM> =>"¢c(L,S, ;M ,M-M_,M)|pg(I2)LM)

. o 1
Multiplying these states with the isospin states '[E T |\/|T :

we get the final form of basis states in the LS-coupling:

| DQﬂ>E| pq(l A)L (s%js (LS)JM>| (t%)T |v|T>
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1 1
The 3N partial waves pq (I A)L (35)5 (LS)IM > (tEJT MT>,

have a definite parity: 7 = (_1)'”

Condition  (— :]_)'+S+t — 1,

guarantees that the states are antisymmetric with respect to the exchange of nucleons 2 and 3

Rotational invariance and parity conservation allows us to solve the Faddeev equations SEPARATELY for
each total 3N angular momentum J and its projection M and given parity 1 !

We have two continuous variables (p and q) and about 100 combinations of discrete quantum numbers
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States in the so-called jl coupling ‘ pqa> = pq (l S)j (/’t %) 1 (j1)JIM > (t %)T I\/IT> ,

formed from the eigenstates of the total angular momentum of subsystem (23) and nucleon 1

9j recoupling

coefficient
The relation between the two types of 3N partial waves is following: /
1 os o0 1
‘pq(ls)j Ezijl(jl)JM> = JEL+D@S+)2j+)2I+1) 4 1/2 1 pq(m)L(sEJS(LS)JM>
L,S
’ L S J
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3N bound state

The Faddeev equation for the 3N bound state:

v) =Gyl +V )L+ P)ly)
- \
2N potential Plz P23 + P13 P23

part of 3N potential
symmetric under the
exchange (2<3)

Faddeev
component

free 3N
propagator

Another form of the Faddeev equation:

W) =Gyt Ply) + (1+G,t)G, VP (1+P) |w)

2N
t=V+V GO t — Lippmann-Schwinger equation for t-matrix
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The full 3N wave function ‘\P> = (1-|- P) ‘W>

is expanded as ‘\P> :;J‘dp pzjdq qzwﬂ(p’q)‘ pq,3>

o |W)=3"[dpp*[daa’y,(p.q)| paa)

Components _
of the wave function ‘ LIJ > T ‘ LII > | =0 + ‘ \P > | =1 + ‘ \P > | =2
S-wave P-wave D-wave)

(dominant) (tiny)

GGGGG
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Principal S-state of He

PS
‘ LIjm> = ‘ ¢S >‘ ga m> - totally antisymmetric spin-isospin part
/
totally symmetric 1 {20 1 T 1 _1 1 S _ 1
momentum part ‘gam>=ﬁ — ’E —E S = ,E _E

{azr-g] oo

The principal S-state is a part of ‘\Pm>LZO and ‘¢s> = <§a m ‘ \Pm>L:0
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‘¢S>:

In LS-coupling

§) = (&,m|¥m), Zjdppquq £m|pag) _,v,(p.q)

(£.m|pag), .= pl l)oo%(aslam ~5,06,)

1
J dp p*[daq® | pq(11)o0) T[ Y afed): (o%);(pﬂ) Vol

2

T
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Expansion amplitudes for the principal S-state

v (p,q)=(pas|¥m)" =(pap|ds)|&m) =35, b, ¢.(p,q)%(5sl5to ~3,,0,)

for 1=0,2,4,...

¢I(p’q)5\;—— l//“0111 01 1(p’q) _'7””0011 11 1(p’q)

AWCHEY noloz )7 (12);

symmetry Ps [%] Ps [%] Ps [%]

Bonn B PA\VARS! AV18 + Urbana IX

0 totally symmetric 91.6 89.9 89.3
0 totally antisymmetric 0 0 0
0 mixed 1.18 1.53 1.24
1 0.05 0.07 0.14
2 7.17 8.40 9.19

o .

X
Re8
4,
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+[n+), [ p), | p),

(%’%j00>12] l” SHe ~ 1 (90 %)

In the principal S-state spins of two protons couple to zero !

SR :
The total angular momentum of 3He is carried by the neutron ! Can we use that fact ? YES |
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3N bound state in three dimensions

Our starting pointis the operator form of 3H
(see |. Fachruddin et al., Phys. Rev. C 69, 064002 (2004)),
although other possibilities exist

(see S. Bayegan et al., Phys. Rev. C77, 064005 (2008))

The Faddeev equation for the 3N bound state reads:

w =G, tPy +(1+G,t)G,VP(1L+P)y,

where

¥ — Faddeev component,

t — 2N t-matix,

G, — free 3N propagator,

P=P,,P,; + P;3P,; (permutation operator),

V@ - part of 3N force symmetric under the exchange (2<3)
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It is possible to work with the 2N force V and not to use t !

w=G,V(1+P)y +G,VO(1+P)y.

The full 3N wave function is given as

¥ =(1+P)y.

Three possible isospin states in °H

o38) b33 (233

are used to expand the Faddeev component

et

71) =

&‘Y“ JAGIELLONTAN UNIVERSITY
FAY IN KRAKOW GHENT
UNIVERSITY




We need two (relative) momenta to represent the Faddeev component:

1, 21,
p==(p, - Py). q=§(p1—§(pz+p3))

2

The operator form for the Faddeev component:

8 . .
<ﬁ1q‘WtT — Zﬂ}(ﬁ’q’)ol(6l’62’63i rj’q)
=1

N 0Y6,,6,,6, p.0)=1,
25 5 5 Bd)e L s .5 . 1. .
O (Gl,az,ag,p,CI)—ﬁGZQ,'Ul, 02355(0'2_03)
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Note that ¢'.; are scalar functions !

i =~ _ | A A
¢ (P,d) = (p,a,x = p-4)
Using the steps outlined in W. Glockle et al., Few-Body Systems 47, 25 (2010),
we can write schematically the Faddeev equation as

-1 I -1
¢6=C(D+D')p + Cl'L¢
. ~ J —— —
term with P term without P
A huge eigenvalue problem after discretization (p;,;,X):

¢ has 3 x 8 x N; X Ny x N, components !

At present we keep only the total isospin T=1/2,
so ¢ has only 2 x 8 x N, x N, x N, components.

16 x 40° = 1024000

We solve this equation by iterations, employing the Lanczos method.
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Like in the deuteron case, also for 3H we need several sets of scalar coefficients

and more if we include the 3N force.

Of course all done (easily !) with Mathematica ®
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The full wave function ' = (1+ P)y .

We have to consider the isospin, spin and momentum spaces:
4= 1 (1) Dt
8l
r'},-' > — (}TTFPttIT — (}TTFFttIT(Psm S’.-‘Tl + ( )t—l_t P.S‘m Sm) .

! I
=" Fur (P3P + (=) PSP ) dur
t)‘

v =

(v

( .I‘.“r..
!

(PqI PR Pas™ [P G ) = 0(p — Pi(p.q)o(qd — QD ) PiaPas .

(PqI P3Py |p ) = 0(p — Pa(p.q))o(q — Qa(P. @) PrsPas
P75 _ 1.5 ﬁ(*j_lﬁ_§ﬁ T
1(p,ffj—§p+ifj, 2\P> 4 _QP 49', spin space
S N > I operators
Qi(p.q) =P~ ;7. Q2P 7) = —P — 54

o
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Uer(P,q) = (P (VY = (Pq]der) Z% 0, q) OiX™) .
(Pq|(v| P, —Z& (P.q) Oilx™) \
\

expansion
coefficients

3 8
i (7.0) = 3 Fur Y Cok 07.57) Y {Wu (p7. By ) ér (P, Oy )
t! k=1
2) b (PoGa) } -

Chi (ﬁffﬁfﬂ :Z< \Ok(f—m) 0(2) 0(3) P. @O (0(1) 0(2) 5(3) th >

T

Wi (ﬁtﬁ PlQl) = —= Z "Ok(G1). 0(2), 0 (3), P. q)

Oi(E{QJ:E(S):U(l)aPth)(1+J(23) a)IX™)
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L ('ﬁﬂi -P‘ZQQ) = — = ‘Ok "—7(1) '7(2) ( )3 p,g?)

Oi(3(3). 5(1): 0 (2) ﬁ (Qy) (1= 3(23) - F))X™) -

and we write
5 N
U = Z/d3pfd3q g | Z H(z) (P, q) O; (5(1}35(2):5(3)aﬁ? ff) X"
1=1
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Normalisation condition:
L= W) =@A+P)|[(A+P))=3{|V¥)
requires that

2=3% [ & [ & > 60 (5.4) B9 (5.0) Ry (57.57)

1,7=1
where
Rij (P7.pq) = ) (X m|OT( 0(2), 0(3): D ) O; (C_f . 0(2), 0(3): D- Q) X™)
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0.06

0.05
0.04
0.03
0.02
0.01

1

p [1/fm] 5

0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

T
o [1/fm] 2. .

t=1, x=-0.73 Several tests passed:

(1) Eigenvalue 1 for the
binding energy E

(2) expectation values of
the kinetic and potential
energy operators sum
upto E

(3) two formulations give
equivalent results

oA
Ry

4 »
4,
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Factorization of the total transition amplitude
under the one-photon approximation

e (k)

e +3He —» e + 3He
e+3He »e+p+d

e+3He>e+p+p+n

QED (known analytically)

p

4 »
4,
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The crucial (nuclear) matrix element

=< ‘ ' ‘ >
Final 3N state. Can be
bound (elastic case) or Initial 3N bound state
scattering (describes

either two-body or three-
body break-up of 3He)

3N electromagnetic
current operator

- ———
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Reference frame given by the electron arm

k and k’ span the x-z plane !

<<

4

KxK &

’

AN A
X | X
XX

(quantization axis)

©O* and ®* define
the direction
of the initial *He spin

o .

X
'
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General formula for the (exclusive) cross section

Based on three assumptions:

(1) one-photon approximation L
(2) nuclear current conservation oN°=Q-N—E 3N =_—N°
(3) final electron helicity is not measured ‘ ‘

O = Z —|— A h the only dependence on
\ the initial electron

helicity !

X = O Mott (’ULRL +vp Ry + vpp Rypp + ‘UI‘LRTL) P,

A p— Uﬂj(}'tt (rU-'I‘.FRl‘F _|_ rUI"LfRI'LF) p'\
2 be

¥ (3()82‘( 5 ) phase space factor

P (kinematical factor)
472 SlIfl ( 0 ) Mott cross section
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Kinematical factors v,

212
S (223 |
1 q° L0,
vp = —5@—1—1':@11 5
1 q*
vrr = 55?
1 q? qQ N 1/2
VU = \/iQQ[ Q2+tan 2} ,
0, o’ 0, 1/2
vt = ‘rcm— {—@ + tan” —] :
wﬂz%gw%
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Dynamical quantities (response functions) Ri

They still carry information about the polarizations of the nuclear fragments in

the final state !

RT L

Ry

INTI7,

NP+ [N,
2Re(N 1 N*,),
—QR,B(NH(N_H — N_l)*) )
[Nia|” = [N,
—2Re(N"(Ny1 + Noy))

=7 (N,+iN,) - (N ~iN, )

\ /

spherical components
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Allwe needis ... N, =<¥| ], | ¥; >

Also for photodisintegration processes !

General strategy in the few-nucleon physics:

Ab initio calculations that

* use the basic dynamical ingredients (2N and 3N potentials, current operators)

« solve the dynamical equations (Schrodinger equation, Lippmann-Schwinger
equation, Faddeev equations)

« give properties of the bound states and reaction observables

o
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Two-body break-up of 3He: e +He > e +p + d

7O N
Nna = — | =
S
S p) 8 plane wave impulse
: ™ ? ™ 8 N\ approximation (symmetrized)
+| |+ |+ - ) ' PWIAS
L VRS / ( ¢ J
¢
IR I
+ ( £ |+ T | | + 4 more terms
\ 2RIV, /
S ¢
¢ N -
+ \) < |+ j<’} | + 10 more terms
\. (J NN
Y (3
+ . | + 23 more terms
N N
+.

2N t-matrix in the 3N space
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Three-body break-up of 3He: e +3He - e+p+p+n

¢
Nin = —/e\u—\ =
- S N N |
£ C plane wave impulse
+ " ( \ + () A approximation (symmetrized)
- J | ¢ PWIAS

FSI-23 S S ;

) + 6 more terms

" 7 ’ N
+ K) \ + '\> \4- <): \:: \ + 15 more terms

e .

+ \\x) ) 35 more terms Note: the diagrams neglect
many-nucleon currents

and three-nucleon forces !

2N t-matrix in the 3N space
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How to getN, ?

— N| RESCATT PWIAS
N,=N, + N,

/ \ calculated

directly
calculated in two steps

(1) Solve an auxiliary equation for the | U, > state

U, )=|tG, + %(1+ PV (1)60(1+t60)}(1+ P)i, %)

+|tG,P + %(1+ PV (1)60(1+tGO)P}‘Uﬂ>

(2) Get N RESCATT by quadratures

(@ \P‘Uﬂ>, 2BB

NRESCATT — -
g (@4 [1G,(L+P)j,|¥) +(Dgy P|U, ) +(®oy tG,P|U, ),  3BB

GHENT
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Very efficient approach !

1) |U,>=|U(2Q) _>fo_r given j,
(2) The same equation is solved for 2BB and 3BB

Basis states | pqa > are used to solve the equation on |U >

The bulk of predictions obtained with the AV18 2N force, the UrbanalX 3N force,
the single nucleon current supplemented with 11- and p-like 2N currents linked to AV18 (no 3N currents)

a'o
a'0

Mo |
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set of spin
magnetic quantum
numbers in the
final state

What we calculate (keep in mind: a(h,§,{mf} = 2(§,{mf})+ hA(§,{mf})

S D =Ly (S ) 2 S qm )

2{mf}

(1) Unpolarized cross sections

> (9.4 3)-=( 9.4m,3)
) )

(2) Target analyzing power Ay _ im}
> (Z(g.4m 3)+2(- 9.{m,}
{m¢}
h=15, ~olh=-15,
(3) Spin dependent ~ {%}(G( {mf}) 6( {mf}))
helicity asymmetries A( )

S (olh =15 {m 3+ olh =-1,5 {m,})

{m;}

T
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Inclusive electron Scattering J. Golak et al. / Physics Reports 415 (2005) 89—205

™ = Gypoe (V R™ +V; R —h(v;. R c0s 6" + 2v,. R™sin @ cosg™)) R™=R"™ (w‘@‘)
FSI

with o FSI23 PWIA | 1
MEC \ FSIwith MEC and 3NF - R"™ [MeV ] 3H
Y | ! | T 1 | T ] 0.012
Q=200 MeV/e N |
0.02 Q=300 MeV/c a
— 0.008
0.01 .
—1 0.004
0.00 - f | | | ’:1' | —— - [-_ :'.l _ 0.000
10 20 30 40 ‘SE_I' 40 80 120 160
@ [MeV ]
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J. Golak et al. / Physics Reports 415 (2005) 89—205

FSI with MEC and 3NF

FSI
VI\\/IIiI’[EhC FSI-23 PWIA
\ = R [MeV™] 3H
0.008 |||||||||||||D-[}10
n |k ;. _ | |
- 95 Q=300 MeV/e __
0.006 — | AV 0.008
0.004 — ] |
0.002 — /' .
0.000 e
10
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J. Golak et al. / Physics Reporis 415 (2005) 89-205

°[MeV ] 3k

T T T T [ T T T T [ I [ T T T 15 | T T ——
= - 3 = — 0.004
0.003 | 3 E NS | -

— o AN -

— . — kN —1 0.003
0.002 - 4 E .

= J = — 0.002
0.001 — — E E

— #. - — 0.001
0.000 F ”.;" Q=200 MeV/c i —

b3 B o o T 0000

10 20 30 40 50 40 a0 120 160

@ [MeV]
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R™[Mev™'] 3H

J. Golak et al. / Physics Reports 415 (2005) 89—-205

EI'.DEI'D_||HI|||||||||||||_ _D.DD{}

— "l.. -.x S ] B
-0.002 Q=200 MeV/e - |

= = — -0.002
-0.004 S — C N

- N = I — -0.004
-0.006 — A P — 1‘ |

— , -~ . - / -

B pE 4 A =300 MeV/c
-0.008 R e < =YY — 0,006
:I L1 | L1 | | | [ 1 1 I: I | | | | I [ 1 | | | I
10 20 30 40 50 40 &0 120 160
@ [MeV]
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J. Golak et al. / Physics Reports 415 (2005) 89—205

FSI
with FSI-23  pwia  FSIwith MEC and 3NF
MEC
in —
R/ _
0.04 —10.02
0.02 —0.01
0.00 Fu 4 ().00
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0.012

0.008

0.004

0.000
1

J. Golak et al. / Physics Reports 415 (2005) 89—-205

SHe

RI™ [MeV ]

0.012

10.008

o .

X
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J. Golak et al. / Physics Reports 415 (2005) 89—205

R [MeV ]

L0 L0 JNN o e e s e e e A
0.001 = - [
0.000 — =4 B
C g R =
0001 - ¥ Q=200 MeV/c =
—1 1 I 1 | L1 11 | | 1 1 1 | | I B
10 20 30 40 50 40 R0 120 160
@ [MeV]
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Spin dependent _ {;}(G(h =1 S’{mf})_ G(h
helicity asymmetries A(S)

"1’§y{an}')
S (olh =15 {m 3+ olh =-1,5 {m,})

{m;} magnetic
neutron

Under PWIA A = A(&’* =0, ¢* = OO)E Ap. o (G,(',l )7 e
approximation electric
A, = Alg*=90°,¢*=0°)= A oc G} GI «— neuren

formfactor

Question: Can we use inclusive asymmetries to obtain information about GI(‘/I and GE ?

Answer: YES for Gy, NO for GE 1
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W. Xu et al., Phys. Rev. Lett. 85, 2900 (2000)

% o

BI'U.IDS et aI 19925, ‘H
n et al. 1998k2H
| Xu et aI (2000, H(—t

Markowitz et al. (1993, ZH
3t e ng94 i
Gho et af. (1994.8, "He) S -
<

0.4 0.6 0.8 1

Q* [GeV?/c?]

our results

N
Ry
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Analysis of a Mainz experiment,

where the ejected neutron was measured
in coincidence with the outgoing electron

0.1 T T

Herble_rg et al. dH e

Passchier ef al. {(?H) —<—

Becker ef al. { He) —<—
0.075 Rohe et al. (*He) 4 _|
£ g5 | % X |
0.0256 ]

0 | L 1 |
0 0.15 0.3 0.45 0.6 0.75
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our result

J. Golak et al., Phys. Rev. C 63, 034006 (2001)
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Exclusive e + SHe —»

e + p +d reaction

Usually electron and
hadronic

planes coincide !

Two-nucleon kinematics,
provided the ,electron arm” is fixed

k Q>
- b b
Eqy = a)_‘E3He +‘E2H‘_6_m

internal energy
of the 3N system
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o [fm? / (MeV sr?)]
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J. Golak et al. / Physics Reports 415 (2005) 89—205

o =113 MeV, Q = 250 MeV/c
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FSI is important for all proton angles !
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J. Golak et al. / Physics Reports 415 (2005) 89—205

o = 107 MeV, Q =431 MeV/c
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FSI less visible in the proton knockout kinematics,
MEC do not play any important role
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J. Golak et al. / Physics Reports 415 (2005) 89—205

Deuteron knock-out cross section as a function of the missing (proton) momentum
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J. Golak et al. / Physics Reporis 415 (2005) 89—-205

Deuteron knock-out cross section for the ,paralel kinematics”
as a function of the missing (proton) momentum
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Semi-exclusive 3He(e,e’p)pn and 3He(e,e’n)pp reactions

Target analyzing power J. Bermuth et al. / Physics Letters B 564 (2003) 100-204

Table 1

Results of A for the 3He(e, e'n) and 31-_IELE‘, e'p) reactions. The
experimental data at QE =0.37 (GeV/ c*}z are compared to results
of a complete Faddeev calculation. For (e,e'n) the effects of
dropping different contributions in the calculation are also shown

0* (GeV/c)? 0.37 0.67

3He(e, e'n):

Experiment 0.144 £0.034 0.028 +0.010
Theory 0.178

Theory without MEC 0.186

Theory with Gep = Gpp =0  0.004

3He(e. e'p):
Experiment —0.025 = 0.005 —0.016 = 0.005
Theory —0.017
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S Eur. Phys. J. A 21, 335-348 (2004)

Spectral function

7 inthe FS23 | 1 A N
5 approximation can be obtained S(E.k) = B) 1 pas (Gr)? dpas Ry (FSI23)
® \l both from R and R; { 52
/ . :
= = dpoq R (FSI23
52 ) 5 T P23 QE(GU}E/ pasRr( )
E=—2, k= P, —Q /
m
\ nucleon  relative momentum
momentum mass of nucleons 2 and 3

of nucleon 1

What do we get for other dynamical pictures ?

1

.E' k,)FSI =S Eﬂl;ﬂgg (CE)E / dpggRLl[FBI}
1 2m? .
E k,)FSI — Eﬂl;ﬂgj QE[GU}E /dngRT(FSI)

’y" JAGIELLONIAN UNIVERSITY

FAY IN KRAKOW GHENT
UNIVERSITY



Proton knock-out
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Proton knock-out
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Proton knock-out
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Proton knock-out
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Proton knock-out
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Neutron knock-out
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Neutron knock-out
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Neutron knock-out
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Some remarks

For a realistic situation we deal with some acceptances, which means that we
need to integrate over exclusive cross section 2..

e jdEjd@jdEjdf ZZZ (6*(E,0.,E").¢*(E,0.,E))

Note that we deal here with two types of integrations. First three integrations
are for the ,electron arm”. Their ranges decide how many equations for | U, >
have to be solved !

The integral marked as | df’ is meant for the ,hadronic arm”. Here we may
deal with two- and three-body break-up of 3He, different angles and energies
of the nuclear fragments but for fixed ,electron arm”. All vectors and angles in
the ,hadronic arm” have to calculated with respect to the system of reference
given by the ,electron arm”.

Alot of , ] df’ ”can obscure physics !
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Summary and outlook

1.

B wn

We have at our disposal a universal nonrelativistic framework to investigate several
electromagnetic (electroweak) processes on ?H and 3He below the pion production
threshold

We work with AV18, UrbanalX and related current operators

We can learn about basic reaction mechanisms and verify popular approximations
Observables provide information about EM properties of the nucleon, momentum
distributions in 3He, nucleon-nucleon correlations, ...

The same framework can be applied also to other processes with 3N (muon capture on
3He, neutrino scattering on A=2,3 nuclei, non-mesonic and mesonic weak decays of the
hypertriton, non-radiative and radiative pion capture, ...)

Some references:

Phys. Rept. 415, 89 (2005),

Eur. Phys. J. A25, 177 (2005),

Phys. Rev. C 72, 054005 (2005),
Phys. Rev. Lett. 101, 022303 (2008),
Phys. Rev. Lett. 103, 152501 (2009)
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Summary and outlook

w N

We have at our disposal a universal nonrelativistic framework to investigate several
electromagnetic (electroweak) processes on 2H and 3He below the pion production
threshold (Limitations: nonrelativistic character and lack of Coulomb force in the 3N
continuum)

We can learn about basic reaction mechanisms and verify popular approximations
Observables provide information about EM properties of the nucleon, momentum
distributions in 3He, nucleon-nucleon correlations, ...

The same framework can be applied also to other processes with 3N (muon capture on
3He, neutrino scattering on A=2,3 nuclei, non-mesonic and mesonic weak decays of the
hypertriton, non-radiative and radiative pion capture, ...)

Some references:

Phys. Rept. 415, 89 (2005),

Eur. Phys. J. A25, 177 (2005),

Phys. Rev. C 72, 054005 (2005),
Phys. Rev. Lett. 101, 022303 (2008),
Phys. Rev. Lett. 103, 152501 (2009)
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Summary and outlook (cont.)

6. To make better predictions we need improved models of the nuclear forces and current
operators (special role played by the Chiral Effective Field Theory).

7. We need very good tools to deal with many spin-isospin structures that appear in the 2N
forces, 3N forces (even 4N forces) and in the current operators.

8. New (,3D") approach - expansion in independent operators to work with scalar functions
(already done for the deuteron, NN scattering, electroweak processes in the 2N system, 3N
bound state). Work in progress for Nd scattering states as formulated in Eur. Phys. J A43,
339 (2010).

9. LENPIC (Low Energy Nuclear Physics International Collaboration) to coordinate few-
nucleon and many-nucleon calculations

http://www.lenpic.org /\

“to understand nuclear structure and
reactions with chiral forces”
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a2 [(GeV/c)?]

Summary and outlook (cont.)

10. precision measurements are badly needed for various reactions in the kinematical regimes,
where chiral predictions are applicable (MESA — a new linear accelerator in Mainz can be
very important)
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Expected MESA parameters (E= 150 MeV, E' > 20 MeV, 6, > 10 deQ)
ideal to study few-nucleon dynamics within the nonrelativistic framework with the input
from ChEFT !
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From Abhay Desphande’s lectures at National Nuclear Physics Summer School held at MIT in July 2016

1816 EIC Lecture 1 at NNPSS 2016 at MIT 9
e The EIC Machine parameters:
pol
B For e-p/n collisions:
- Polarized e, p, deteron or *He beams
4 A - Electron beam energy ~ 5-20 GeV
- Proton beam energy up to ~50 - 250 GeV (RHIC exists!)
- Luminosity L~ 10334 cm~sec
,What are you doing here ?” - Center of mass energy ~ sqrt( 4 x E; x E.) ~ 30 — 140 GeV

For e-A collisions: (use the same collider ring...)
- Wide range in Nuclei (proton-to-Uranium)

- Luminosity per nucleon (scaled) by the one for e-p
- Variable CM energy (scaled by A)
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Thank you for your attention !

GHENT
UNIVERSITY



.

5 .

A,

JAGIELLONIAN UNIVERSITY
IN KRAKOW

GHENT
UNIVERSITY



