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NP opportunities

. Massive star near the end
“S_of its lifetime has an
onion-ike’ structure
| %, just prior to exploding
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Effective Field Theories
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EFT: basic ideas
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EFT: basic ideas
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EFT with short-range interactions
k ~ l/a ~ Mloa 1/R ~ th;

e 2-body: shallow bound state (Ey = h?/ma® + - - -), scaling limit @ LO
RG flow towards a non-trivial fixed point (Birse et al., ...)
la| — oo: unitary limit = no scales (NR-conformal invariance)

e 3-body: correct renormalization requires a 3-body interaction at LO
its functional dependence exhibits a limit cycle

e new paradigm in understanding the Thomas collapse and the
Thomas: V5 range — 0, E5 fixed la| — o0, large n
B3| — oo BTV B 5 e 2m/s0
so ~ 1.00624

* Efimov, Amado and Nobel, Adhikari et al., Minlos and Fadeev, Frederico et
al., Fedorov et al., ...
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EFT and limit cycles: universality

(H.-W. Hammer and R.H., Eur. J. Phys. A 37, 193)
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Recombination length in ultracold atoms

(T. Kramer et al., Nature 440, 315; S. Knoop et al., Nature Physics 5, 227;
M. Zaccanti et al., Nature Physics 5, 586; N. Gross et al., PRL103, 163202)
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- evidence for Efimov states
- universal functions provided by EFT
(E. Braaten and H.-W. Hammer, Phys. Rept. 428, 259)
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pion mass dependence of any

a ('s,) [fm]
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(NPLQCD: Beane et al., PRL 97, 012001 (2006))

(see also Detmold et al., PRL 116, 112301 (2016))

PHYSICAL REVIEW C 86, 054001 (2012)




pion mass dependence of any
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plon Mass dependence Of aNN Magnetic Feshbach resonance Optical Feshbach resonance
— = = _ mup{.rf’g, ”C'id'?”IE ﬁ laser ' laser
= o~ ", channel
2 ol ‘= This work ! \/ = W
W -NLO B " "
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¢ Experiment S| [N [ (N
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= —p
0 ' 200 ' 400 ' 600 3 ! \ ¥
m_ [MeV]

T

NP around the unitarity limit?
(Konig et al., PRL118, 202501)
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halo/cluster EFT: separation of scales

excitation of each cluster \/WE: ~ Mp; (Z my)

binding of the valence nucleons (clusters) ~ M;, < Mp;

extension of the core—treated in perturbation theory

power-counting: modified to account for other effects (resonance/Coulomb)

expansion around the pole: rearrangement of the perturbative series, improved
convergence

Coulomb interactions

(Hammer, Ji, Phillips, J.Phys.G44, 103002)
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potential models vs EFT

Vs EFT
_ Cy
VWS(T) - 1+exp‘(2?lR) ><

bound state

scatt. states
EM

Sch. Eq. for V%, SF/ANC
Sch. Eq. for V"

Op1 = Zoyier Yin(P)

Feynman graphs, resum., Z

Feynman graphs (resum.), a,r
QED
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halo/cluster EFT: & < mg, /mcE}F ~ My,

Physical quantities: k,1/ag ~ M, ro ~ M,;L-l, P~ M,;L.g, -

or k(20 + 1
T = — T (20+1) — P;(cos 0)
p k2t (cot & — i)

P

K cot 8, = —1/a +gk2 +7

ilp V- ilg V2 f f
L=¢ |iO+—|¢t+od [i0+_-——A|d+yg [d PP+ (99) d}—l—---,

4 S

= I 4+ ]+ ] 4 e

10 1
— A + e M;,

A ~ M? —~ 4D = i ~
lO//’l’ d qo_q2/8,u/_A+Z€ MZZO

A~M, — iD=

K- (Bethe's ERE)
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a scattering

Y Massive star near the end
“_of its lifetime has an
X, "onion-like' structure
* just prior to exploding
%, asa supemova

eutron-rich isotopes

. Neutron . Proton 7Y Gamma Ra el B o
Yy ‘

e input for the “reaction of life": 3a — '2C
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d [degrees]

(RH, Hammer, van Kolck, NPA 809, 171)
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] ]
2 3
Eiap [MeV]
3 3
ag (107 fm) ro (fm) Po (fm?)
LO —1.80 1.083 —
NLO —1.92 £ 0.09 1.098 £+ 0.005 —1.46 4+ 0.08
Rasche —1.65 £ 0.17 1.084 + 0.011 —1.76 £ 0.22
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fine-tuning puzzle

(R)  —  A(g) — Aloops) tural
Q,T/ (k) &’_, (natural)

M2 2 M2
uhz ]Wﬂhi th
AW = A(r)—aloors) (fine-tuned like N N)
Mpi Mo i M2
Mg hi
H Mhi i
m
@ = A(r)—Aloors) (fine-tuned to get ER)
M7 2 M2,
Lo Mp —ht
K m n
@ = A(r) —Aloors) (fine-tuned to get I'g)
Mlgo M2, M%Z
Mpin M’” o

~ factor of 1000!!!
(Oberhummer et al., Science 289, 88; RH, Hammer, van Kolck, NPA 809, 171)
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"Li(n.~)3Li

— @lo i | Superk, SNt'J
107 ———
10 P/_,_p‘p\ 3
10w = ®
10 -
+10%
Be "Be

Neutrino Flux
S

1 e
0.1 1] 1 3 10

Neutrino Energy (MeV)

e mirror symmetry: "Li(n,~)%Li

p+ "Be — 3B+~

5 3Be+et 4+ 1,
=> uncertainty on energetic v, flux
= S17(0): low-energy extrapolation
= matter/vacuum oscillations
= direct/inverse hierarchy

non-homogeneous BBN: bridge the A =8 gap
"H(n,v)*H(n, v)°H(d, n)*He(t, v) Li(n, v)"Li

"Li(n, 7)*Li(a, n)"'B(n, v)*B(87)'2C ...
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FE radiative capture

N S0
(b)

S o0
(d)

e gauge invariance: cancellation of divergences (Phillips and Hammer)

O

5, Z k, <ZCMN

2
— (1) (2)
capture — 327TM2 D Qem M ) F(p,’YB,Mc,MN,aO y» A )
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E4 radiative capture
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Davids-Typel: 71 =~ —0.30 fm~!
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E4 radiative capture

1 s
10 EF ~~.::'~
-2 R
10°F NN
— 'BE NN;.::'~
0 10 ; Selte,
- < Imhof A ’59 NSl
° 4l A |mhof B ’59
107 F v Nagai '05 Bt
- @® Blackmon '96
[

10.5E Lynn ‘91 .

Davids-Typel: 71 ~ —0.30 fm—!

Tombrello: r; &~ —0.46 fm~—!

EFT: r; = —1.47 fm~!

(G. Rupak, RH, PRL 106, 222501, 2011; L. Fernando, RH, G. Rupak, EPJA 48, 24, 2012)

ERHRAFITE ?3% N

22



E4 radiative capture
100

- Wang et al. (2009)

m Heil et al. (1998)
— - Huang et al. (2010) A Nagaietal. (1991)
— = Rupak and Higa (2011) o Nagai et al. (2005)
— Best fit (see text) ® Present work

1 100 1000
EC.m.(keV)

(Izsék et al., PRC 88, 0653808, 2013)
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SHe(a, v) "Be

(Gallium | Chlorine IM?
10% : :
101 *
e 3He+a— Be+ny
10 )
- - = TLi4 et + v,

= uncertainty on mid-energy v,

= 534(0): low-energy extrapolation
= matter/vacuum oscillations

= direct/inverse hierarchy
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e Lithium abundance in the universe
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“He(a, v) "Be radiative capture

e "Be: predominant 3He-« cluster

o By (2Py)5) ~ 1.6 MeV, B (2P, ) ~ 1.2 MeV
< S, (~ 5.5 MeV), EX (~ 20 MeV)

_ /M\

S |

> > S — —\_—
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*He(c, v) ‘Be radiative capture
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“He(a, v) "Be radiative capture

07}
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205}
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e LUNAP v Weizmann
s LUNA A o ERNAP
¢ Seattle P o ERNA A
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$0.3¢
0.2
0.1

Next-to-leading order
----- Small range d-wave
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d-wave R Tt
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0.7

Leading order

e LUNAP ---Small range
¢ Seattle P —Large range
Notre Dame

Next-to-leading order

0

250 500 750 1000 1250 1500
E.m(keV)

(RH, G. Rupak, A. Vaghani, EPJA 54, 89)

capture to 500 keV, S-wave scatt to 2.5 MeV
capture to 1000 keV, S-wave scatt to 3.0 MeV

Leading order Next-to-leading order

---Small range
—Large range

« Boykin

I 2 3 4 1 2 3 4
Ecm(MeV) Ecm(MeV)

834 ~ 0.55 keV b
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“He(a, v) "Be radiative capture

0.55f *

AO S0t ---Two-body current
e —No two-body current
> 0.45}
2
<0.40}

0.35F ¢ Seattle P

Notre Dame 17 + FSs&e-t.0 .
0.30¢}

0 250 500 750 1000 1250 1500
E.n(keV)

Strong correlation between two-body currents and renormalization constant (ANCs)

(RH, G. Rupak, A. Vaghani, EPJA 54, 89)
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Efimov spectrum: how to probe?

o EM/En+1) 515, too large!

e however, excited He trimers observed
(Kunitski et al., Science 348 (2015), 551)

e in nuclear physics: virtual states
(Adhikari, Fonseca, Tomio, PRC26, 77;
Yamashita, Frederico, Tomio, PLB 660, 339)

e our work: Rupak, Vaghani, RH, van Kolck, arXiv: 1806.01999 [nucl-th]
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background: doublet nd scattering

— T T T T T ™ T l

e van Oers and Seagrave, PLB 24, 562 (1967)
e Whiting and Fuda, PRC 14, 18 (1976)

e Girard and Fuda, PRC 19, 579 (1969)

e Adhikari and Torredo, PLB 132, 257 (1983)
e Adhikari, Fonseca, Tomio, PRC 26, 77 (1982)

van Oers, Seagrave

van QOers and Seagrave:

2m R
—ik="—r— — A+ BE* — ik
kcotd — i T ey + i
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halo/cluster EFT for nd

e idea: obtain the doublet nd scattering phase shifts from #EFT
e fits to determine the halo EFT couplings

e track the virtual state as v, decreases

FRHRFITE Sk TR
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halo/cluster EFT for nd

e ’-matrix pole structure:

0L pT 2ik o k* + k§
Por T —1/6?3:1];%%’?2/2 ik (k—iri)(k—iko)(k —1ik3)
0

e S-matrix residues:

2 k2

1R = 2k4 il 0 < 0,
(K2 — k1)(K3 — K1)
2 k2
1Ry = —2kKo 2 0 <0,
(K2 — K1) (K3 — K2)

2 kQ

1R3 = 2kj3 2 0 > 0.

(k3 — K1)(K3 — K2)

ko: redundant pole [Ma, PR 71, 195 (1947)]

FRHRFITE Sk TR
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Casimir-Polder interaction between two neutral objects

Casimir
Welton & Weisskopf

Schwinger

FRHRFITE SR TR
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Casimir-Polder interaction between two neutral objects

Feinberg & Sucher, PRA 2, 2395 (1970), Spruch & Kelsey, PRA 18, 845 (1978)

&7y
VCP;z'j(T) — 6 ]ij(r) ;

L (r) = /OOO dw e_ZO‘Owr{ {Ozi(z’w)aj(iw) + &(iw)ﬁj(iw)} Pg(aowr)
+ [ai(iw)ﬁj(iw) + &(iw)ozj(iw)} PM(aowr)} :
Pp(z) =2* +22° + 522 + 62+ 3, Py(x) = —(z* +22° + 27).

neutron-neutron: (Tarrach, Ericson, NPA294, 417 (1978))

Ve pan(r — 00) ~ — [23(047% + B2 - 14%54

4mr?

ERHRAFITE ?3‘2. N
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Our fits:
(J. F. Babb, RH, M. S. Hussein, EPJA 53, 126 (2017))

an(0) (10~ %m?>) | Bn(0) (10~ *fm>)
Set 1 (fit parameter) 13.9968 4.2612

Set 2 (PDG) 11.6 3.7

Set 3 (Kossert et al., 2003) 12,5 2.7
o5 F U 7] 25:""|""|' ]
- Lensky et al. F Lensky et al. ]
! set1 —— ] 20 set 1 E
20 - set2 ------ ] 15k set2 ------ E

set3 - — - set3 - — -

15 |

-
-
-
--------

10 |

; 0} ]
> ¢ ] 5 \_
T T T T T R B R A P ae -

0 50 100 150 200 250 300 0 50 100 150 200 250 300
o, [MeV] oy [MeV]

o, [1 04 fm3]
B, [10™* fm°]

ERHRAFITE ?3‘2. N

36



neutron-neutron Casimir-Polder interaction

0 0
> 2x107° 1 -2x107"
=3
£
L 4x107® | -4x107'®
Set2 -----
Set3 - — -
6x10716 — —L———— 1 gy10718
0 150 200

r (fm)

Thin blue curve: static limit of the polarizabilities (V& p,,,,)

ERHRAFITE ?3‘2. Cusp

37



neutron-neutron Casimir-Polder interaction

0e+00

-1e-06 |

-2e-06 |

appropriate units of fm

Thin continuous lines: arctan parametrization (O'Carroll & Sucher 69, Arnold 73)
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neutron-Wall Casimir-Polder interaction
(Zhou & Spruch, PRA 52, 297 (95).)

@0

00
— ) 2
VCP,nW(T) = —mJnW(T), Jow (r) = /(; dwe QQOWTan(zw)Q(ozowr), Q(x) =2z 4+2x+ 1

Thin blue curve: static limit of the polarizabilities (V¢ip 1)

0 0

3 2107 - 1 -1x107'°

=3

2

o

0 -4x10” |- Set1 —— 1 -2x107°
Set2 -----
Set3 - — -

6x1079 — L1 3y10710
0 150 200

ERHRAFITE ?3‘2. Cusp
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Summary

halo/cluster EFT: systematic way, few-body correlations, EM /W currents

o scattering:

— Coulomb turned off = conformal invariance @LO, Efimov spectrum in 2C
— incredible amount of fine-tuning

— extraction of the ERE parameters with improved errorbars
"Li(n,y)8Li:

— gauge invariance: cancellation of power divergences
— “normalization” is very sensitive to 71 (not well-known from elastic scatt.)

— potential models: not so reliable extrapolations at low energies, uncontrolled
theoretical uncertainties

— excellent agreement with most recent MSU data (CD)

ERHRAFITE ?6% N
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SLi(a, ) "Be:

— lack of scattering data low energies (< 2 MeV)
— lack of improved PWA (TRIUMF proposal)

— reasonable agreement, but capture data sparse

nd scattering:

— two-dimer theory = reproduces van Oers-Seagrave parametrization

— keeps track of the zero in T" and the virtual state

— Efimov nature of the virtual state in a model-independent way

Casimir-Polder interaction:

— dipole polarizabilities - fit to RB-YEFT of Lensky et al. up to the onset of A

= improvement over the arctan param.

— n-Wall and Wall-n-Wall - UCN, confinement in bottles, nanowires, etc.

Perspectives: n-d, p—7Be, 3a, Borromean halos, heavier nuclei, ...

1%
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the n-"Li system

= Bound states:
b2 1 1\\ ° 27 (=2.03 MeV): —=[PP2 +*P3] (p3/2)
5988 . )J“H o 17 (—1.05 MeV): =[P, — 3P3] (p1/2)
h__ ‘Litn 2.03229 = Scattering states:
osos| [ o 55, a'¥ = —3.63+0.05 fm
e 35 agl) = 0.87 4+ 0.07 fm
oL \ e 3Py Ep =0.222 MeV, ' = 0.031 MeV

= Radiative capture:
® °55,°55 — 2+ (E1, 89.4%)
® °55,°S, — 1+ (E1, 10.6%)
o °Py — 2+ (M1)

FRHRFITE Sk TR
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the n-"Li system

\3;2I

2.255

Bound states:
e 27 (—2.03 MeV): %[5P2 + 3Py (p3/2)

Scattering states:
9808] § . o 55, al?) = —3.63+0.05 fm
e 35 a(()l) = 0.87 £ 0.07 fm

267 \h = Radiative capture:
o 755,755 — 2+ (E1, 89.4%)
0.47761 | st

ERHRAFITE ?6% _use_ [



halo/cluster EFT for n-"Li (scatt. states)

— —

VZ 2
Liin = N[0 N+CTid C,
k ot oare | T M
=9
@t g Y
Elnt,s — (/bz Z80—'_ 8,LL \AC,-/
N—— L0

M?2. 1 0
A~ = D) — ~
v s —A+ie M
2
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halo/cluster EFT for n-"Li (bound state)

p-wave: Bertulani, Hammer, van Kolck; Bedaque, Hammer, van Kolck

e two operators at LO!

Lintp = (b(p)T 8 (b(p) [qb(p)TNTP(p)C’JrH C]+ |
no
ol T g —@?Bu—Atic M
t 0 —27
D, = = Z'=_—[D,'] =
P qo—q?/8u—A—6g>L 3%[ p }pole 3(vg+71)

pole: ¢ = 0; g0 = —5/2p

ERHRAFITE ?UQ Cusp
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halo/cluster EFT for nd

—

v2

L=NT
2 M nr

100+ N

1
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2
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HB-xEFT: Hildebrandt et al., EPJA 20, 290 (2004)

v

v

Dty

Fig. 2. Leading-one-loop N continuum contributions to nucleon polarizabilities.

e
L el S e

‘LLL‘. ) ()’J.J '\ﬂ_\%fﬂ '\-\H‘{J_ﬂ
< “ «
! M ! N ! N

Fig. 3. Leading-one-loop Am continuum contributions to nucleon polarizabilities.

T i -\;\ej}{"ﬁ 1\'\'/ one-pion production threshold
_m? +2m.M

Wy = ——
Fig. 4. A-pole and short-distance contributions to nucleon 2(my + M)
polarizabilities.

~ 131 MeV (37)

is therefore not. at the correct location. We correct for

FREHRFTE Sk TR
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HB-xEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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Appendix A. Projection formulae in
Dispersion Theory

In this appendibe, we give the mlevant formmlae to cal-
culate the multipde amplitudes for Compton scaftering
from the invariant amplitudes AF. Following the notation

of mef. [5], we introduce the fullowing dx independent he-  fnaly

lieity amplitudes &40, with A=A, - dy (¥ = X -3
selated to the belieitis of the mitial (funal) photon and
nucleon, A (M) and Ay [ M), respectively,

=g

da =gy,

P Sdha _aa

dy=dpan,

$s =dajaam,

de=duyg g (A1)

The invadant amplitudes AF are connected to the he-

Nelty amplitudes &; by the relations

\f['i—_si[a-mnqs_mJH]
Brys  2ME[MZx —s(z —2)|
wflo — 1)sfa AF — (s - M)A
+2MA AL M? s},
__ v [s—Mp
= Amys dMTYE
sef —2M2a|Ab(s + M*) + AL (s — M7
+udfls - 2)R(s - M) +1},
__avT—a(s— MY
== B oa AMs
f{dMPAT - Af{20s — M%) + 4},
_ Wil — ) (s — MY [2s — M%) +1]
T 8mys MM — s(a - 2]
s[2M® A + AR (s + MY,
&= (1 =)L — o) sis — MT)[2(s — MT) +1]
- &r\fa M[Ma - slo - 2)]
s ).
ay/7 (s — MR
TT{Q[& - MYt
—2Ab(s + M)+ AL|2s - M) +1]}, (A2
where & = —s £ /(s — M¥)? = ain® (9/2).

=

L

The helicity amplitudes lave the following standard
puthlmw decomposition in terms of the reduced ma-
trices d,

daa =3 (2T + 1)k 4 dip418), (A3)
¥
which, by invemsion, gives
i +1
dha= 1_1.1[. doasd o aleos@hdy., (9], (Ad)

With the partial-wave decomposition of eg. [A.3), we
obtain the relations betwesn the multpole am-
plitudes of Compton scattering and the helicity partial
wavES:

in,ﬂ ¢i;l,l':)

ste = i[5 (
W{E (5r2-e) T —oL“"’)] ,

Siiwe = +11;2[11;{°‘"m+ &)
) ()],

o= [ 00)
+aiy (47 477

o= m e - o -4

a:::rln (47-4 m)]
= W[ 2{ ey &..n)

{ mn_oi‘um) %{oisun_o;um)]l

\;—m
fiis=7 5 g [ -3 (#e)
V’;[;.'_g:,{ gy uln} ;{oi;nn+°;um)]_

(A5)

Appendix B. Compton amplitudes to
leading-one-loop order in YEFT

The formulae which empect the amplitudes R discussed
in the test to the A¥ hask wualy wed in xEFT caleu-
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A—xthh_b’e’uﬂz( 1 + 1 )_'_nl'glu:—gu-.-nﬂ

24 wy = Ay wy g TmAM

e e rfost s T (1) 52 (et

o {:wm{:-:—)-wm{%}) —-3 [i [5d - -y (w2 -y
wt(3ra-y)) weos (“G70) 4 L -ow (2 @ ne (Fra-2))
x.m(mII;Hy}))]ﬂag’.m[—zmhm—sanln‘jﬂa——:{ﬁ'ﬁ-

+yfmit (0 —wf BB — )+ + (0 + B +w) = 2y o+ (o —w ) R0 - wx)
e b - TSR0 )y (s St a0

+(cl (51:‘.’+|.?:‘[1 —yF+ %:;— (I-w+t(l-xh{l-y) y)]nﬁtdu —wr(l —yl}+ 1040 lnd

+ci. (sc‘.-ruh’u —WP G tr(l-g (1= —y}y)]nii[&l-rwr[l -y}}.) [1—&]}“:;1.'} . B3

Iations of nucleon Compton seattering wad [7]

W
AR =dr Ry +2Fa),

AF =—4w;}:=.

A =4 (R + R+ 2R+ 2R)

s =&$R‘,

a8 =—4.wz[}i‘+&3.

A = —ary R ®.1)

As discussed in sect. 21 we need to know both the

5 well as the structure-dependent contributions to A7 .
The cm pole ¢ antributions to the Compton ampitudes

Al to AF for the case of a profton target luve been cal-

eulated up to leadingone-loop order in ref. [27). For com-

pleteness, we 1t them here again [k = 2[a:,, +a, 10

2
AP, 5 = - 1 +O(4),

3
A, ) = +00)
3
A = atw (1 +2; -1 +J=:lt3:]
s wii-z)

Tiw Il +:J,...a[1—aj + 0k,

Fwll+x)?

AT, )= — S

+0(Y),
ol _ fwll+nf
AF [W.AF—W
efga o i
T g miiaaiiog TOEh
Ao, = -t
2y w?
8t f2 mi+2w?(l- z]

Ph.lal]y, we pmeaan explicit expresgons for the leading-

dl dent S5E Compton am-
p]ltudm !ududi:.; the kinemsticsl as well as the shart-
distance corrections discussed nosect. 3.2, The threshold
eirrection was done s follbwe fbr each disgram in fig 2:
I the plon propagator i a oop integral exhibite a eut at
W= My, 008 replaces w i that pmopagator by eq. (3.8) in
arder to obtain the phydcally correct schannel cut posi-
Hon st w =w,. The vchannel contrbution s uchanged.
Ve are aware, that this procedure violates crosing sym-
metry, but the crossng violating effects in the u-channel
are quite amall. Formally, the temms comecting for the ex-
act location of the plon threshold start to appear at Op').

+ +00*). (B2)

Bee pquations (B.3) abowe and (B.4)-[B.8)

on the follewmg pages
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A =9 (s os) i+ wep fd:jdwﬂi—y){sd[u—:):
(- am) 0wt a-nsi(Fra-0y)- F(1r0 a-wis (Pt a-n
+=(§+t1—-r):u))+=3(:y+tl—:}l(1—1:u+'ry’}l))wcm:[:M)—dl
*((149) Oy (2 @ e (FrO-2 )+ rur 00 (-7 +w=)))-m[‘@)]
_m,’m[u—:)[:“‘“*,;j,:,““"—“"*;;ﬁ‘”’)n—y}’y(w’:’u—m;unu—:)y)

+ (€ =2 0= @-w+ 0 +0-0) 0=ty (2 1=+ Jeare (1-2)) )

xinR(8s —wr -0+ (G (0= 1-T (1= 9+ 0+ Q-0 (- 0

x{:w’:’ (1-9)+pextt [1—:}y))hﬁtﬂn +...:t1-;.:.)]}+ow) . B4

#e= B (a - ata) v [« o] B[ e

a a
+2":"1 {wmu’f—%) +w.na:uu=(%))+w' (1-z)x(l-g'y (1 -2
ury 1 w (L-y) 1 wax (=1 +y)
*({dd”'m’)’“'”}"dm( i) (G y})]
#4500 ot 4= - )+ (B R )
+2yf-m2+ (Ao —wa)® B4 - wa) - 2y -mE +{ e+ wa) bR twr) -t (1-a) 2oy y (1-27)

(“" "3‘;:,51 ] “”E':J,“ W Cu]nﬁ[z.‘ln—w_r[l—y))+éhﬂ[ﬂu+w:{1—y)}):|}+0{e'). B35

w= S0 (awta) v [ for e B[ L (257)
+£-M[M)]+‘f¢[_clim[a.,_mu-y);.»rim[.a.,ﬂ.:u-y))]}+a[.-). B8

Al 2)= 1;3;’::“[: w l.a., w.:au) teR J’d'rfd"”’[l “')“'{ ‘[ [:cl;d"’ +dwd“‘)
x(L-g) o -y - 3 (-h o [1—::-:[1—3)’x}m(“‘}, 2y

+El (e +w? (1-x) {1 -y} m(@)]

+"”;"“ [é b R - wall-y) - IR+ wr fl-y) - u® -0 l- s

x(“"""éﬂg“i") “”g;[‘ vl _ ]nR[dn —wz(l-y)) + hR[du+w:[1—y})):|}+G[c'}. BT

A 5= —fd:jdw’u y)y{“ [—w’ (3%

+0 (1= 1) x(1- 97) s (V2 4) - L (242 - 9 52-07) ml:w)]

RP. Hikebrandt et ol.: 3ignastures of chiral dynamics m ow-energy Conpton scattering off the nucleon 313

+==_'"d=) a-a2-g's (-4
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In egs. (B.3)(BA) we have used the following sbbre-  introdueed in sect. 2.1, eads

viations: .
eono M B2y (=34 2
Pt s s SEkw) :f:m__hw[ﬂa[ ) (-3++7)
E=d —udat (1 -y)?, HA;'[N,;J{-HEH{2.!.;"[..;,234-1:'[”,;]
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e () Y [y 7. PR . R
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t=(k-Kf=2utz-1),
w=(p—k1 =M 2wV M A 2R

le[Ji'J——

For the isorector Compton strueture amplitudes, one
finds & null wesult to leading-one-loop order:

withi=1,...

Appendix C. Projection formulae for YEFT

The ompection between the Compton structure smpli-

+2.lg’[w.zj)z -1+ &)+ Af(w,2) (1 +;2;]dz

1
Sl =‘{ lﬁfl: w[ﬂf[u.z] (-1+2%)

AT w2 (14 27) +2(AF (o, 9) (1 - %)

A, 1) 22— Al 2) z)]dz .

1|' -13[::3 a*‘u} iy

1
fado = [ ¢t [Aea -2
=1

+AF fw 2) (1 4+ 2) +2(AF w 2) (-1 +27)

16, +j:'[u,z:|z+§§'[u,zjz):|dz,

AT =g oy, B.5

1
750 = [ gy g [R 00 (-1- 3 +as)
-1

+AF (w2 (3 - 02 + 62 + 2 AF (w,2)
% (=12t 4 ety + Al fw, 1) 37

tudes A¥(w,z), i=1,..., & gven in the previous section

and the em Compton multipales f15,.(w), X, X' =

A, +A o, 2) (24— 32) +.Ig'[u.z3{a¢3-c.zj)]dz.
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neutron-Wall Casimir-Polder interaction

e UC neutrons: v, ~ 3-25 m/s

e Fermi pseudo-potential: Vi = pa (2nh?/My) [Ni ~ 252 neV, Al ~ 54 neV]
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