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Dipole-dipole interactions between neutrons

Motivation

Static and frequency-dependent dipole polarizabilities
neutron-neutron Casimir-Polder interaction
neutron-Wall and Wall-neutron-Wall interactions

Summary and outlook
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Casimir-Polder interaction between two neutral objects

e Overbeek, 1940: suspensions of quartz powder = no van der Waals tail

6 7

e Casimir & Polder: =% — r~

(Retardation effects: c finite)

e Niels Bohr: “zero-point energy”
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Casimir-Polder interaction between two neutral objects

Casimir
Welton & Weisskopf

Schwinger




Casimir-Polder interaction between two neutral objects

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

875

Vepij(r) = ——: Ii;(r) ,

I(r) = /OOO dw e_2o‘ow{ {Ozi(iw)aj(iw) + &(zw)ﬁ](zw)} Pg(aowr)
+ [ai(iw)ﬁj(iw) + &(iw)aj(iw)} PM(aowfr)} :
Pp(z) = x* + 22° + 52* + 62 + 3, Puy(x) = —(2* + 22° + 2?).

neutron-neutron:
1

4mr?

Ve b (1 — 00) ~ — [zs(ai +B2) - 14%5”}
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Detour:

van der Waals of the nuclear force
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Detour: van der Waals of the nuclear force
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Graviton physics
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Polarizabilities: induced response to an applied external field

1 1
Hog = —A4Am [50@ E? + 551\4 H2]

Nucleon /nuclear Compton scattering

7 7
- - — TBorn + Tnon—Born

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016
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Polarizabilities: induced response to an applied external field

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016

— /
TA’VAQVAWAN = ’UJMV(P )61/7,# 5:7,V’UJAN(P)

(87V's)p1 = T-1/2-172 = Th1/241)2 5
(87\/s)p2 = T /24172 = Th1/2-1/2 5
(87V/5) 3 = T_1/243/2 =T 11/2-3/2 = 143/2-1/2 = T_3/241/2
(87T\/g)¢4 = T—1/2—3/2 — T+1/2+3/2 — T+3/2+1/2 — T—3/2—1/2,
(87V/s) s = Ty3/243/2 =T _3/2_3/2,
(87Vs)ps = T 3/243/2 = T'y3/2-3/2 -

1 1
Ty(@) = 5 [ d(cos )Ty (w, 0)dy0(6)
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Polarizabilities: induced response to an applied external field

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016

i = 1673 677) w295 (265 —1) 3 (6 )
b, =5 (47 7 o)

e = 2 ok @)+ 7 )]
Ba(w) w? MM MM

our fits:

an(w) = ap(w) = an(0) v/ (mx + a1)(2M, + a2)(0.2a2)”

V(V/ME =2 + a)) (/AMZ — &2 + az) [|w? + (0.2a2)?]

_ ) — Bn(0) — b%w2 + b3 Re(w)
/Bn<w) - BM( ) (w2 2 )2 n |w2F |

(N UST B



Our fits:

an(0) (10~ %tm?>) | 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
25_"" [ttt _ 25:""I""IIIII ]
- Lensky et al. ; F Lensky et al. ;
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HB-xEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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Fig. 2. Leading-one-loop N continuum contributions to nucleon polarizabilities.
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Fig. 3. Leading-one-loop Am continuum contributions to nucleon polarizabilities.

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

Fig. 4. A-pole and short-distance contributions to nucleon T 2(m. + M)
polarizabilities.

~ 131 MeV (37)

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

RF. Hikebrandt ef ol : Signatures of chiral dynamnics in be-energy Compd on scat tering off the nucleon 311

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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HB-xEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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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
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A, a}-—fd:jduuu’u y)y{“ [—w’ f;;, +==_'"d=) a-a2-g's (-4
+w’[1—:}:[1—y}’)m(w)—é(—:}+h?[1—:}:[1—y):)im[:hm):|

+Wﬂ [_Lln&m,-mu-y))», imﬁ[ﬁu +uofl —y)) +w? (1-x) = (1-yf

" (““ -g;dgl v_ +2.=’ 1-v) _ hﬁ[a.. —wr (- émi[au +w:[1—y)})]} +OlY). (B3)

In egs. (B.3)(BA) we have used the following sbbre-  introdueed in sect. 2.1, eads

vistions: .
= [ M2 ey 2
Femdotl-z) -y, fzal) !:16--1«“"[1’[ A=3+5)
d=d® —ulf 1 -p?, ng'[u,z]{—1+22)+{2,{;’[...-,:)+,If[u.-.zj
d=d - m’ftl—ﬂ* _ _
G oz (g &, +2.4;’[u.23}z(-1+z’J+mf[w.zJ{1+z’)]dz
GA= [ao+us[1—yn’ & . MO
slwi= | A, 2) (-3 + 2
o Szl :{a,hw[m 9(-3+5)
wu=M =i, ~AAf (w2 (142 - (- Affw2) + Afffw2)

s=(p+kf = (w+ VAFFLE) +2A{’[w.z3:]z{—1+z’j+-{'."[w.zJ(1+z’)]dz
t=(k-Kf=2utz-1),

w=(p—k1 =M 2wV M A 2R

R[XJ—— 1|' -13[::3 a*‘u} iy

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 .

For the isorector Compton strueture amplitudes, one 1
finds & null result to leading-anelop order: j;a‘[u]=fa_“w[.{f[w.zj(l—zt)
2
A =00y, (B.5) P ) (142 +2(E (w2 -1+
withi=1,...,6. +j:'[u,zjz+§§'[u,zjz)]dz,

1
M-
750 = [ gy g [R 00 (-1- 3 +as)
Appendix C. Projection formulae for YEFT 1
+ A (o, 2) (3 - 92 +624) + 2 A (w, )
The connection betwesn the Compton structure smpli- = {‘ 1-3:% 4 -i_z‘) + A fw, ) 3:*
tudes A¥(w,z), i=1,..., & gven in the previous section

and the em Campton multipales f25,.(w), X, X' = E, M, +AF o, 2) (22— 32) + A (w,2) (62 -&J)]dz-
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o, [10™ fm°]

HB-yEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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B, [10™ fm°]

HB-yEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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neutron-neutron Casimir-Polder interaction

I(r) = Oodw e 20U 3y (w) e (iw) + Bi(iw) B (iw) | Pe(cowr)
/ { |

()8 i) + Bi(i)0 (i) | Par(ewr) }

e 7 <20 fm = (2a0 x 20fm) ™! ~ 670 MeV
o r ~50fm = (209 x 50fm)~! ~ 270 MeV ~ wn

e 7 2> 100 fm = (2ag x 100fm)~! ~ 135 MeV ~ m,

b
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neutron-neutron Casimir-Polder interaction

0 0
> 2x107® 1-2x107
=
£
L 4x107® | -4x107'®
Set2 -----
Set3 - — -
6x10718 — ————— 6x10'®
0 150 200
r (fm)
Thin blue curve: static limit of the polarizabilities (V& p,,,,)
1%
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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'°
=
2
o
S -4x107 1 -2x1071°
6x109 L—— bl ———L ] 3490710
0 200

> LU
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neutron-Wall Casimir-Polder interaction

appropriate units of fm

0.0e+00
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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]

A yse |
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Wall-neutron-Wall

t
oo ¢2 cosh (2tz/L) agl
L3 Jo sinh (%)

2
o o0 o0
—l-—O/ dww2a(z’w) dt .e
0 aOLw sinh (t)

il e (i) | gy e (Fr) -]
= — u“dua |1 - v cosh | —uv ) —e
oz07rL4 0 agL 1 sinh(uv) L

L
2

VC’P,WnW(Z> L)=- dwa(iw)

—t

< <
Z |
P P 2

Zhou & Spruch, PRA 52, 297 (95).
Kharchenko, Babb, Dalgarno, PRA 55, 3566 (97), for Na atoms.
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appropriate units of fm

Wall-neutron-Wall
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Tetraneutrons and nn VDW/CP interaction?

8He + *He — 4n + %Be — 4n + *He + *He

K. Kisamori et al. Phys. Rev. Lett. 116, 052501 (2016)
K. Hebeler et al., Constraints on Neutron Star Radii Based on Chiral
(Effecti)ve Field Theory Interactions, Phys. Rev. Lett. 105, 161102
2010).
J.P. Schiffer and R. Vandenbosch, Search for a Particle-Stable Tetra
Neutron, Phys. Lett. 5, 292 (1963).
F. M. Marqués et al., Detection of Neutron Clusters, Phys. Rev. C
65, 044006 (2002).
Steven C. Pieper, Can Modern Nuclear Hamiltonians Tolerate a
Bound Tetraneutron?, Phys. Rev. Lett. 90, 252501 (2003),




Experiment indicates existence of 4n resonance cluster
Modern theory with usual inputs can not reproduce experiment

@ Proton
# Neutron

Would the addition of nn VDW/CP interactions in the
theory alter the impasse?

1=
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Summary

Casimir-Polder interactions: retardation effects, alters the van der Waals tail,
zero-point energy

Dipole polarizabilities: existence of a dipole-dipole dispersive interaction between
neutrons [book of Rauch and Werner, Neutron Interferometry (Sec. 10.11)]

Same book: neutron through a wire = topological quantum phase

Dipole polarizabilities: fit to RB-yYEFT of Lensky et al., up to the onset of A
= Improvement over the arctan parametrization

neutron-Wall and Wall-neutron-Wall: UCN, confinement in bottles, wires, etc.

better modeling/extraction of dipole polarizabilities, magnetic
moment interactions, quadrupole polarizabilities, Fermi pseudo-potential, etc.

N
I use



Our fits:

an(0) (10~ 4m?)

a1 (MeV) | ag (MeV) | Br(0) (10~ *fm>) | by (MeV) | by (MeV) | wa (MeV) | T'p (MeV)
Set 1 13.9968 12.2648 1621.63 4.2612 8.33572 22.85 241.484 66.92 65
Set 2 11.6 2.2707 2721.47 3.7 8.67962 24.2003 241,503 68.3009
Set 3 12.5 5.01153 2118.79 2.7 9.27719 26.328 241.821 70.8674
1%
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