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Electromagnetic currents

In chiral effective field theory

Outline

® Introduction

@ Exchange currents at leading-loop order

@ Exchange currents and the deuteron form factors
@ Exchange currents and deuteron photodisintegration
@ Pion photoproduction off light nuclei
e Summary & outlook




The roadmap: QCD —» Chiral Perturbation Theory — hadron dynamics

NN interaction is strong, resummations/nonperturbative methods needed...

Simplification: nonrelativistic problem (|p; | ~ M, < my) —» the QM A-body problem Weinberg ‘91
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e unified description of &,
nN and NN

e consistent many-body
forces and currents

e systematically improvable

e bridging different reactions
(electroweak, n-prod., ...)

e precision physics with/from
light nuclei




Electromagnetic currents

(one-photon exchange approximation)

can be systematically derived

/\ in chiral EFT

//

for Compton scattering see talks by Harald GrieBhammer and Winfried Leidemann



Order e~ ' : 11+-«» <»§«| &—— well known since decades Chemtob, Rho, Friar, Riska, Adam, ...

oo e O - K XX

® First ChPT calculations
Park, Min, Rho ’95; Park, Kubodera, Min, Rho; Song, Lazauskas, Park, Min, ...

Application to np — dv at threshold: o,y =306.6 mb — !5 2N = 334

to be compared with oy, = 334.2 £ 0.5 mb

® More recent calculations, general kinematics w ~ M?/m, |7| ~ M,
TOPT: Pastore, Schiavilla, Girlanda, Viviani; UT: Kélling, Krebs, EE, MeiBner

Notice: 3N diagrams do not yield 1 - $1 {
currents at this order... i
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Method of unitary transformation (Taketani, Mashida, Ohnuma, Okubo, EE, Gléckle, MeiBner, Krebs, Kolling)

® Canonical transformation & quantization: L.x — H.n = 4+ _¥_ + ...
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Method of unitary transformation (Taketani, Mashida, Ohnuma, Okubo, EE, Gléckle, MeiBner, Krebs, Kolling)

® Canonical transformation & quantization: L,y — H.n = 4+ _¥_ + ...
| /. 0
® Nuclear forces via UT (Fock space): 7 — H = Ut .. U = 0

® ,Minimal“ UT computed perturbatively H = >2°,(1/A)"H "
® Only H,,, is needed below the pion production threshold

® We employ all additional UTs possible at a given order in the expansion

® Renormalizability ——» unambigous results for 4NF & (static) 3NF upto N3LO
EE ’06,’07; Bernard, EE, Krebs, MeiB3ner ‘08
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Method of unitary transformation (Taketani, Mashida, Ohnuma, Okubo, EE, Gléckle, MeiBner, Krebs, Kolling)

Iy

(Ti} - - ,’//’ s
------ —> |Ct—t = + |t L.
i
‘ 1 h hould derec
2 n-exchange shou time-ordered graphs
X 1/ Ws factorize out
Ve=..= /d3l1d3125(l1 - ) [}
w? + w3 8 w1 +w 2 2
Erribrribs b ) |
4. 4 2 2 2, 14 3,3, .3 4 2 2 4
Wiwsw;  wiwiws wiwsw; wjwiws(wp tws) wiwsws(ws+ws)

N . . ' r122 + M2
=y cannot renormalize the potential ! Vo g

Solution (E.E.’06)

Nuclear potentials are not uniquely defined. Employing additional UTs in Fock space, it
was (so far) always possible to maintain renormalizability at the level of the nuclear
Hamiltonian. Same problem emerges for the current operators...
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Method of unitary transformation (Taketani, Mashida, Ohnuma, Okubo, EE, Gléckle, MeiBner, Krebs, Kolling)

® Canonical transformation & quantization: L,y — H.n = 4+ _¥_ + ...
| /. 0
® Nuclear forces via UT (Fock space): 7 — H = Ut .. U = 0

® ,Minimal“ UT computed perturbatively H = >2°,(1/A)"H "
® Only H,,, is needed below the pion production threshold

® We employ all additional UTs possible at a given order in the expansion

® Renormalizability ——» unambigous results for 4NF & (static) 3NF upto N3LO
EE ’06,’07; Bernard, EE, Krebs, MeiB3ner ‘08
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Method of unitary transformation (Taketani, Mashida, Ohnuma, Okubo, EE, Gléckle, MeiBner, Krebs, Kélling)

® Canonical transformation & quantization: L,y — H.n = 4+ _¥_ + ...
® Nuclear forces via UT (Fock space): 7 — H = Ut .. U = 0
Hiyest

® ,Minimal“ UT computed perturbatively H = >2°,(1/A)"H "
® Only H,,, is needed below the pion production threshold

® We employ all additional UTs possible at a given order in the expansion

® Renormalizability ——» unambigous results for 4NF & (static) 3NF upto N3LO
EE ’06,’07; Bernard, EE, Krebs, MeiB3ner ‘08

@ Effective current operator

8‘671'N'y e a'C‘er’y
80, A | BA,

® ,Bare“ current J#(x) = 0,
j}r:ucl

@ Effective hadronic current J, — J, = U' l. U =

® Need additional, .4,,-dependent UTs nU'n

=10 enforce renormalizability
=




. ne-plon eXChange cu rrent Kolling, EE, Krebs, MeiBner ’11

Loop diagrams with £} -vertices

- T fffff + fffff + fffff % fffff $ ®+ T fffff ¥ fffff }% }& All UV divergences must
¥ R be absorbed in d's and

renormalization of the
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Koélling, EE, Krebs, MeiBner ’11
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Notation: (p1' p2'| éf)mplete D1 p2) = 0(py + Py’ — P — pa — E) [J* + (14 2)]

Current density

A - B Sy L - a3 O [
Jir = q% +M7% [Ch X Q2] [7'2 fl(]f) + 71T f2(k7)] + [7'1 X 7'2] qg +M§{k X [Q2 X 01] fg(k’)

—

% — — — — k (71 5-)1 q_i — =
+ kX [‘h X 01] f4(k) +01-q (ﬁ - m) f5(k) + {q% +M7%Q1 - Jl}fﬁ(k)}

fik) = 2iehds, fo(k)=2ieTady, fi(k) = —ie T [ g% (2L(K) — 1) + 32F2n%dy | .

P2 P2 64Fin?
_ . 94 2 2 AN 2
fi(k) = 4F2 by Ty (4) = e [2(4M7r + K2 L(k) + (6[6 3) k SMW] |
f6 (k‘) = —’ieﬁMzdlg,
Charge density pi, = qg:—.q]\;QT;[ -k @k fr(k) + 5’1-q_’2f8(/<:)] + 1/my-corrections (tree level)
2 us
_ gﬁl M7r - 4M7% A(k)
B0 = egiie A+ M0
4
fok) = e 49];‘47r [(4M2 + B)A(k) — M,]
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Notation: (p1' p2'| éﬁ,mplete D1 p2) = 0(py + Py’ — P — pa — E) [J* + (14 2)]

Current density

A - B Sy L - a3 O [
Jir = q% +M7% [Ch X Q2] [7'2 fl(]f) + 71T f2(/€)] + [7'1 X 7'2] q% +M§{k X [Q2 X 01] fg(k)

+ R X @ X G fak) + 5 (ﬁ— q1+M2) o)+ |y — | )}

) = 2 @) fa) =2 E) S (k) = —ieg s[4 QLK) - 1)+ 32F2e{d).

™

_ - QA 2 2 7 §> 2 2]
falk) = 4F Al S () = 38472 [2(4M"+k JL(k) + (@ 5) K BML]
hk) = —ieA Low-energy constants: lg, dis (fairly) well known; ds, dg, da1, das- less
° F? > well known (can, in principle, be fit to z-photoproduction data...)
. 09+ (s -, - S o :
Charge density pi, = q22+—q]\;2¢§’[ k gk fr (k) + 01'QQf8(k)] + 1/my-corrections (tree level)
2 s
4 2
o gA Mﬂ' - 4M7r A(k)
4
_ 9ga 2 2
fs(k) = eq; Fix [(4M2 + k) A(k) — M,]



Koélling, EE, Krebs, MeiBner ’11

Notation: <ﬁ1/ﬁ2/"]§)mplete D1 p2) = 0(py + Py’ — P — pa — E) [J' 4+ (1 < 2)]

Current density

- o 52@ - - 3 = = - - 13 52@2 7 — =
Jix = m (1 % o] [7'2 fi(k) + 7 - f2(k?)] + [11 X 7] 2 +M§{k x |G x 71] f3(k)

—

+ kx|[q xd1] fak)+1-q@ <k2 7z +M§) f5(k) + 7z +M7%q1 71| fo(k)

fi(k) = 2@‘6%‘@) fz(k:):%el’; do h(k;):-mﬁ[gi (2L(k)—1)+32F3w@,

™

2 )
o . gA 7 . ga 2 2 PR A P 2
fulh) = e i) gy (k) = —iegg i [2(4M7r L) + (@ §> - SMW] ,

fo(k) = —iedA N Ds Low-energy constants: l_6, dis (fairly) well known; Jg, czg, ng, dag- less
° F? J  well known (can, in principle, be fit to m-photoproduction data...)

Low-energy constants:
ls = 16.5(1.1) (pion charge radius) Gasser, Leutryler ‘84

dis = 0.4 GeV~? (Goldberger-Treiman discrepancy)

The LECs dg, dy, and 2ds; — dys Ccan be - N 5T = T = = 5
determined from pion photoproduction dg GeV” | dg GeV™ | dy GeV™ | (2da1 — dpp) GeV
Fearing, Hemmert, Lewis, Unkmeir "00, 3.35 —0.06 0.61 0.05
Gasparyan, Lutz '10
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Notation: (p1' p2'| éﬁ,mplete D1 p2) = 0(py + Py’ — P — pa — E) [J* + (14 2)]

Current density

A - B Sy L - a3 O [
Jir = q% +M7% [Ch X Q2] [7'2 fl(]f) + 71T f2(/€)] + [7'1 X 7'2] q% +M§{k X [Q2 X 01] fg(k)

+ R X @ X G fak) + 5 (ﬁ— q1+M2) o)+ |y — | )}

) = 2 @) fa) =2 E) S (k) = —ieg s[4 QLK) - 1)+ 32F2e{d).

™

_ - QA 2 2 7 §> 2 2]
falk) = 4F Al S () = 38472 [2(4M"+k JL(k) + (@ 5) K BML]
hk) = —ieA Low-energy constants: lg, dis (fairly) well known; ds, dg, da1, das- less
° F? > well known (can, in principle, be fit to z-photoproduction data...)
. 09+ (s -, - S o :
Charge density pi, = q22+—q]\;2¢§’[ k gk fr (k) + 01'QQf8(k)] + 1/my-corrections (tree level)
2 s
4 2
o gA Mﬂ' - 4M7r A(k)
4
_ 9ga 2 2
fs(k) = eq; Fix [(4M2 + k) A(k) — M,]
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Notation: (p1' p2'| éf)mplete D1 p2) = 0(py + Py’ — P — pa — E) [J* + (14 2)]
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A - B Sy L - a3 O [
Jir = q% +M7% [Ch X Q2] [7'2 fl(]f) + 71T f2(k7)] + [7'1 X 7'2] qg +M§{k X [Q2 X 01] fg(k’)

—

% — — — — k (71 5-)1 q_i — =
+ kX [‘h X 01] f4(k) +01-q (ﬁ - m) f5(k) + {q% +M7%Q1 - Jl}fﬁ(k)}

fik) = 2iehds, fo(k)=2ieTady, fi(k) = —ie T [ g% (2L(K) — 1) + 32F2n%dy | .

P2 P2 64Fin?
_ . 94 2 2 AN 2
fi(k) = 4F2 by Ty (4) = e [2(4M7r + K2 L(k) + (6[6 3) k SMW] |
f6 (k‘) = —’ieﬁMzdlg,
Charge density pi, = qg:—.q]\;QT;[ -k @k fr(k) + 5’1-q_’2f8(/<:)] + 1/my-corrections (tree level)
2 us
_ gﬁl M7r - 4M7% A(k)
B0 = egiie A+ M0
4
fok) = e 49];‘47r [(4M2 + B)A(k) — M,]
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Notation: (p1' p2'| &mplete D1 p2) = 0(py + Py’ — P — pa — E) [J* + (14 2)]

Current density

Jiw = ——r k : k k k
e = e B < B[ ) T )] + R < AP 2 R < 2 )

—

k k : _——— k — k
+ kx|[q x o] fa(k) +31-q <k2 q%+M§) fs(k) + q%—i—M?Ch 1| fe(k)

fLlk) = 22'6% ds, fo(k) = QZeﬁ dy, f3(k) = —ieﬁ (g4 (2L(K) — 1) +<3:32F737T2J2;) |

. 9> , )
fi(k) = 4F2 T, fo () = —ieggins PAMZ 1 )L (6 I — §> - 8M§] ,
fo (k) = _ieﬁ M2 dys, Comparison with Pastore et al., PRC 80 (09) 034004
agree,
Charge density pi, = qg:—.q]\;QTQ‘Q’[ -k @k fr(k) + 6’1-q_'2f8(/<:)] + 1/my-corrections (tree level)
2 T
4 2
o gA Mﬂ' - 4M7r A(k)
B0 = egiie A+ M0
4
g
fsk) = eg Z;j‘% (4022 + ¥ A(K) — M|
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Notation: (p p2/|J&mp1ete D1 p2) = 0(py + Py’ — P — pa — E) [J' 4+ (1 < 2)]

Current density

= 022G L, o 3 L L a3 OB (7 4 L
Sy = Z+ M2 (71 X o] [7'2 fi(k) + 71 - 7 f2(/€)] + [71 X T3] 2 Mg{k X [qo X 1] f3(k)
7 - - LS E 1 G- q L .

+ kx| xa] fa(k) +01- G (ﬁ - §I%+—M73) f5(k) + [q% +M7%q1 _0-1:|f6(]€)}

fi(k) = «22’6% ds | fo(F) :2@'6% dy ) fs (k) = —ieﬁ (g4 (2L(K) — 1) +<32F37T2J2;),

- "
gy g , ' ;00
fr(k) = Tieggm doo ! f5 (k) = —ieoes 1%# 2(4M7 + k*)L(k) (6 lg — 3) L2 SM};] ,
fo (k) = _ieg_f; M2 dyg, Comparison with Pastore et al., PRC 80 (09) 034004:
Fr agree, ,slightly“ disagree,
- 5: : 7 - 7= 7 — — o
Charge density pi, = (fi—q]\}@?’ [Jl-kz Gk fr(k) + 01'QQf8(k)] + 1/my-corrections (tree level)
2 s
4 2
o gA Mﬂ' - 4M7r A(k)
4
_ 9ga 2 2
fs(k) = “GaFin (4MZ + k) A(k) — M|
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Notation: (p p2/\J&mplete D1 p2) = 0(py + Py’ — P — pa — E) [J' 4+ (1 < 2)]

Current density

= 022 . a7 3 . L B TN I
Jir = q% +M7% [Ch X Q2] [7'2 fl(]f) + 71 -T2 f2(k7)] + [7'1 X 7'2] q% +M§{k X [Q2 X 01] fg(k’)
7 5 o o S5 k 1 Fio@ - o

+ kx| xa] fa(k) +01- G (ﬁ - §I%+—M§) f5(k) + [q% +M7%q1 _0-1:|f6(]€)}

fLlk) = -1\22‘6% ds ) fo (k) :gie% dy ) fs (k) = —ieﬁm (‘2L(k:)—1)>’g2£’f7r252;),

e N .
= 2 '
fo (k) = /"\ _ié% M2 dig )7 Comparison with Pastore et al., PRC 80 (09) 034004:
N oo agree, ,slightly“ disagree, completely disagree
. 09+ (s I S :
Charge density pi, = (121—?\;2723 [Jl-k‘ ok f7(k) + 01'QQf8(k)] + 1/my-corrections (tree level)
2 s
A M, — AM? A(k
A(k) + ———3~

= e—
64F3m | k2 absent in

Pastore et al., PRC 80 (09) 034004

_9A (a2 432 _
= Gy (AM2 + k) A(k) — M|

S




2 g7
'e"_"- J = e W |:V10 [Tl X T2] +2 [VIO X 02} Tl} 5($20) x—%o
4 7T
. gh M’ > L - 4 -\ Ko(2z10)
(——-—- J = - em <3V§0 — 8) [Vw (71 % 72]3 +2 [Vw X 02] Tﬂ 6(Z0) Tt
4 g7
ga My 15 21 3= Ki(2210)
€ qpaipg (V0 X P ) =
. M7 3 = - Kg(l’lo + Z9g +$12)
51274 F4 (71 % 7] (Vio ) (10 @20 T12) (T10 + T20 + T12)

T — J =0
Jo e Mg
= e (Vo= V)

« Ky (210 + 220 + 212)

(5310 Z20 5512)

[7_"1 X 7_"2]3 612 : ﬁzo - 27'135’2 : [612 X 620}]

’

v parameter-free
v (almost) complete agreement

with Pastore et al.

4 277
gA Mﬂ_ — —
“S1amirg (V10 = V)
« T10 + T2o + T12

X10 T20 T12

f = [7_"1 X 7:5]3 612 : 610 612 . 620 + 47’23(_fl : [612 X 610} 612 : 620]

Ko(x10 + 20 + 712) ,




v parameter-free

v nonvanishing 2-body density
even in the static limit (!)
v results agree with Pastore et al.

S 2 7 —2x
é’ s . gaMy o 5 2 e e
l‘ %‘ T/ﬁ::} P = anomp 1 O (Vie =2 T
ga M

_ = 3 2
g 2e10 p = —¢€ 25672 F1 0(%20) {71 <2V10 - 4)

2 7
Y gaM: .
B p=egi T 6(T) (Vig — 2)

e—————
,/'®’ ,/'/ 2567‘(-2}7’;_1 6—2$10

T10
3 = — — = 3= —
/ TR Vo Vi _7201.02] o7
10
& M} e 20

------------ ® . ga M - 3 2
_________ s ::><::\ e — ¢ 12872 F 4 0(T20) 73 (3V10 B 11) T10
¥

ga My 3.3\ (9. .9 9. . v, v, v v
----- - Q- - o 8 p = =€ 51273 [(7'1 + 7'2)<V12 *VioVig - Voo + Vi - [Vlo X 01] Vig - [Vzo X U2D
®' N RN —x10 —I20 —x12
Q-4 - ( . . - - - - R e (& e
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Current density

—

T L . L L. Lo Lo
Jeontact = 61—6[71 XTQ]3 {(02—1-304-1-07) Q1—(—02+C4+C7) (01'02) G+ C7 (02 101+ 01'61102)]

C Z - — — . 4 ~. L. ) 5 % 7]
o 8) 1+ 5 ¢ e (5 20 x bl (72— )

Charge density peoniac = Cr7i |61 k&2 - k fo(k) + 1 - 52 fro(k)]

. 2 M, — AM? Ak 2
with  fo(k) = 632*3% (A(k)+ = ( )> . folk) =e 3291% (M — (4M2 + 3K%) A(k))



Current density
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T L . L L. Lo Lo
Jeontact = 61—6[71 X72]3 {(02—1-304-1-07) Q1—(—02+C4+C7) (01'02) G+ C7 (02 101+ 01'61102)]

— e~ (1 = ) (5 + B2) X @+ LU (61— 52) X K+ idLafer — ) X
Two new LECs Lj,2 (Ci's are the same as in the potential)

Charge density peoniac = Cr7i |61 k&2 - k fo(k) + 1 - 52 fro(k)]

with o) = 632%% (A(k)+ M”“‘é‘f“(k)) e = e T (M - (4M2 4+ 38) A(K))



Current density

—

T L . L L. Lo Lo
Jeontact = 61—6[71 XTQ]3 {(02—1-304-1-07) Q1—(—02+C4+C7) (01'02) G+ C7 (02 101+ 01'61102)]

— e~ (1 = ) (5 + B2) X @+ LU (61— 52) X K+ idLafer — ) X
Two new LECs Lj,2 (Ci's are the same as in the potential)
Pion loop contributions differ from the ones by Pastore et al.

Charge density peoniac = Cr7i |61 k&2 - k fo(k) + 1 - 52 fro(k)]

with o) = 632%% (A(k>+ M”“‘é‘f“(k)) e = e T (M - (4M2 4+ 38) A(K))



Exchange currents
and the deuteron form factors

-0

for more applications see talks by Sonia Bacca, Tae-Sun Park and Saori Pastore




qrrents and the adeuteror

MeiBner, Walzl, Phillips, Kolling, EE, ...

® FFs of the deuteron:

1

= —2n‘e|m§(<0lp!0>—<1\pll>), Ge = L(<1]p|1>+<0|p\0>+<—1|p1—1>)

G =
M 3e|

1
— 1]J7|0 G
\/%|€|< ‘ | >7 Q

® Using exp. data for 1N FFs as input allows to probe nuclear structure effects Phillips 03

® Most of the exchange current/charge operators are isovectors. The only relevant isoscalar

pieces are:
g . . gA 7 = — 0_32'q_)2q41 X q—)2
J17T—2’L€F—7?d97'1'7'2 q§+MT2r
2 — 7 — — — — — —
€9 A 5 o = 01-k 0y @a 5 01°4202 G2 _, >
p=—A 7.7 |(1-2 235 — 1 &

—

Jcontact - 7:6[/2 [(51 + 62) X (71]

® The constants 58,9 parametrize the unitary ambiguity & have to be chosen consistently
with the potential Friar '80, Adam, Goller, Arenhével ‘93, EE, Glockle, MeiBner ‘04

® The LECs d,, L, contribute to the magnetic FF
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Phillips 07

0 PSRRI T F] T B [0 G Gk W e Aetagag 0 pFERrEesco § MLRARLED [FFTET Tt TR nr T LR
L 4.0
A %
3.0 Nl
107" 1 'N? =
E i <
G i g 2.0 _—_:__
CT &) e
' S, I Y
2| |~ NNLO:104-105 GO 1.0F - NLO:001-003 =
10°F |- NLO:001-003 — NNLO:102-104 =
- |-~ OPEP + R=1.5fm — NLO:225 =,
- |— CD-Bonn — Nijm93 g ——
- |— Nijm93 0.0F — cD-Bom SRk K K K Kk kS
= -~ OPEP +R=1.5 fm —
: OPEP + R=2.5 fm E=
10-3 ................................... = 1.0Bc PR PP .Y f
0.0 200 0 400 0 600 0 800.0 i '8_0 200 0 400.0 600 0 800 0
q (MeV) q (MeV)

(from Phillips, J. Phys. G 34 (2007) 365)

® G.: parameter-free prediction; G-/G,: 1 short-range term fitted to the quadrupole moment;
® In both cases 1N FFs used as input...




grrent - ne aeu
Kélling, EE, Phillips '12

Deuteron magnetic form factor IA and exchange current contributions
1) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
] IA ]
;z > B M/ .
= = | ///L2 |
g o)

= | _
5 0l 5 Olf . K .
o - -
s = - _//77’ = -
< ZZ - dy v ’
a E ________—_~——‘ .......... g -
NLO L T T T == N A
- |— NNLO v i NLO v

— NNLO

0,01 llllllllIllllllllllllllllllllllllllll 001 llllllllllllllllllllllllllllllllllll

® 1N form factors from Belushkin, Hammer, MeiBner '07

® d,, L, fitted to the deuteron magnetic moment and FF for g < 400 MeV:

dg = —0.01...0.01 GeV™2 Ly =0.28...0.48 GeV~* (NNLO WF)
Pion photoproduction: dy = —0.06 GeV~* Gasparyan, Lutz '10



2m-exchange current
and ?H / °He photodisintegration
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Rozpedzik, Golak, Koélling, EE, Skibinski, Witala, Nogga ’11

Sensitivity of the total cross section to the 2x-exchange current

3000 - - - - - - - - 3000— r
600 - - 750

450
300

2000
= 150} - 2000F
= 1500} o - ‘
gé 30 60 90 S
1500}
1000}
=00l 1000}

17 (LO)

JIN + o

20

Jin + J21§(LO) + J%f{
54 6 8 10 12 14 16 18 20 S00=——7——%6 "8 0 12 14 16
E'Y E'Y

0

short-range & (subleading)1n-exchange terms still to be included
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Cross section and photon analyzing power at E, =30 MeV
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large sensitivity to MEC; short-range & 1n-exchange terms still to be included
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Cross section and photon analyzing power at E, =20 MeV

0.007 : 15 .
0.0061- F i+ e )+ IR
_ 10F
T 0.005} i
gr | ©
£ 0.004f S
= ol :
0.003} -
% | 5 0.\
& 0.002F :
jo
i sl
0.001} _
05 80 120 180 105 0T T80
®cm [deg] Ocm [deg]
Spin correlation coefficients
5 v T T T T 5 T T
0 |
: /1
/]
>
5|
T 3 P
_'10_ ,///////77/ ]
. . . E -15¢ . . . ) _ E
0 60 120 180 0 60 120 780
®cm [deg] Ocm [deg]

large sensitivity to MEC; short-range & 1n-exchange terms still to be included



Coherent pion photoproduction
off 3He

Lenkewitz, EE, Hammer, MeiBBner ’11,’12




Motivation

e Testing chiral EFT (2NF + 3NF + currents)

e Use reactions 7 d — nny and dy — nnr" to extract nn scattering length
Gardestig, Phillips ’06; Lensky, Baru, EE, Hanhart, Haidenbauer, Kudryavtsev, MeiBner 07

® Pion production off light nuclei and the neutron amplitude.

Pion electroproduction amplitude off a - -
spin-1/2 particle at threshold: My = 2i By (Exr - S) + 20 Loy (Ex1 - 5)

ChPT predictions at g* (in units of 107> M_!):  ET? = —1.16, Efr = +2.13
Bernard, Kaiser, MeiB3ner '96,’01 Lgip _ _1.35, Lgi" — 941

Pion photo- and electroproduction off 2H explored theoretically and experimentally
Theory: Beane, Bernard, Lee, MeiB3ner, van Kolck '97, Krebs, Bernard, MeiBner '04; Experiment: Saclay, Saskatoon

SHe as an effective neutron target: order-g* calculation Lenkewitz, EE, Hammer, MeiBner 11, '12

e No 3N currents at order g* '
+ ¢+ el 4
® 2N currents purely long-range §

and parameter free leading order (g?) next-to-leading order (q%)

e Use Monte-Carlo integration to compute convolution integrals with the chiral 3He WF



Individual contributions to the three-nucleon multipoles

3He 1N (g%) 2N (¢®) | 1N-boost | 2N-static (g*) | 2N-recoil (g*) total
Eoy [1073/M+] | +1.71(4)(9) | —3.95(3) | —0.23(1) | —0.02(0)(1) | +0.01(2)(1) | —2.48(11)
Loy [1073/M,.] | —1.89(4)(9) —3.09(2) = —0.00(0) | —0.07(1)(1) | +0.07(7)(0) | —4.98(12)

3H 1N (g% 2N (g®) | 1N-boost | 2N-static (g*) | 2N-recoil (g*) total
Eoy [1073/M,+] | —0.93(3)(5) | —4.01(3) = —0.35(1) | —0.02(1)(1) | +0.01(2)(0) | —5.28(7)
Lo; [1073/M,+] | —0.99(4)(5) = —3.13(1) | —0.02(0) —0.07(0)(1) +0.07(7)(0) | —4.14(10)

- small g* 2N terms, reliable nuclear corrections

- a large sensitivity of the S-wave threshold
photoproduction cross section
k| do

S L B — E7r03He2
“ gl =T

q=0

to the elementary multipole g7/"

- Our prediction E7, *"¢ = —2.48(11) versus
(model-dependent) extraction from the Saclay
measurement ET, ¢ — 9.8+ (.2

Argan et al. ’80, ‘88
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E.m. exchange current & charge density

@ worked out at leading loop order (ready-to-use expressions available)

® 1m-exchange terms depend on a few LECs (some of which are poorly known),
2n-exchange terms parameter-free, short-range currents depend on L1 2

Converged? To be done: subleading 1-loop contributions and/or chiral EFT with A

Elastic form factors of the deuteron
@ good agreement with the data (provided 1N FFs are used as input)
® the extracted value of dg consistent with other determinations
To be done: extension to the 3N and 4N systems (to probe isovector currents)

2H/3He photodisintegration
@ the best place to test the currents, seems to be sensitive to individual terms
To be done: complete analysis including 1& and short-range contributions

Neutral pion photoproduction off SHe
@ large sensitivity to the neutron multipole, nuclear corrections well under control
@ prediction for 3He, experiments called for!
To be done: extensions beyond threshold, check of convergence, heavier nuclei, ...




