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Overview

o Precision measurements available for elecktronic
% muonic H, 2H, 3He, “He atoms & lons

o sensitive to precise predictions, e.g. Lamb shift, but
interpretation complicated by contributions from

nucleus (plus possibly unknown short-distance
Fkvsiﬁs?)




Overview

o Extensive effort to compute nuclear effects

o Includes use of EFTs (Lilke NRQED) designed
to exploit scale hierarchies - eq p/mc = Zo
- often used to develop systematic
expansion in powers of 1/m and 1/M

eq Lo = ’SSCh(w) S ESch(X) | ]\32 (Qﬂ*w)(x*x) [Eienis 3t



Overview

o In this tallke: do NOT use nucleon EFT;
instead use EFT for entire nucleus (4He)

@ Do so u,st 15%*(1%&&\&2'.@& {:rameworlf

| %0 = 2sa)+ Zsen0) + 7. IO

would become

i Left = Lscn(¥) + /dT [—M ZeA, i + gR2(* ) + - } 54z — y(7)] - - -

I exact qu&s«&um equévatev\&e within single-nucleus sector



Overview
o Why EFT for entire nucleus?

o Give up on predicting nuclear contributions, but
gain model-independent parameter count

3 ka the 1sE-quaME£z.ed framework?

o Natural framework used elsewhere for systems for
which 1/R << M (eq the Earth, or non-H nuclei)

o Wish not to prejudge nonrelativistic Limik for near-
nucleus behaviour when Zo/R ~ m

o watches haturally Schrodinger @M calculations, such
as for nuclear charge distributions



o Work to order m+ R3 (Zo)* for nuclear
shixf&s n utHer+ [and m3 R2 (Zo)e {:or 4+He+ ]

OEf = \Zo {A<r2> — B(Zoz)m(r?’)(z? I (Zo ) [C<r2> = Darel .+ Eln(m?(r?)) + - } e }

nS




o Find conkbributions to this order
captured by makching to single quantity,

VA B(Zoé)m@“?’}(g? +(Za)? [Cr?) + Daal + Eln(m2(r?) -]+

n3

T ohe parame&er: Ex

OB, i ki L {Ae; + Eln(m®e)) + -+ - |




Qutline
o Background
o PPEFTs and boundary conditions
o PPEFTs, atoms and relativistic effects
o Atowms
o Energy shifts in 4Her and ptHer

o wnucleus-free combinations



EFTs & aktoms

o In Primtipte aompuﬁe A QED wikh
nucleons (or nuclel) & leptons

1 4
L= —2FuF*" — 4y D+ m)g+ £

@ Seel Faoi.@;s LA agpropria&e correlakors

((x)x(x)v(y)x(y))



EFTs & atoms

o Precision calculakions rei.:j O expamsiom
LA small quah&i&ms: Zo, m/M, R/aes = mRZo
1 §

L= 47 u FH w('D‘Fm)ng

D2
—~)"Dip — "+

o Different EFTs optimized to exploit
different expansions e.g. NRRED p/mc = Zo



EFTs & aktoms

o When treating nucleus as field influence of
substructure arises through effective interactions

K" * D2
I LBy =-iX"Dex — X 5rx + Lint
Lint = 9 (X" x) (i) + de( X xJEE 1 - -
charge radius potariz.abii.&j

o More complicated effective couplings have
dimension of higher powers of nuclear size
R: (9 ¥ R2, deg ¥ R3, etc)



PPreErTs

o PPEFT approach: use 15&*qu&h&z.&d
nucleus instead of 2nd-quantized nucleus

) == [ ar[M Zeadyoli b ]t )

o Completely equivalent dynamics as using
nucleus field if restricted to dynamics of
CM motion of single nucleus

o QM of 3(1) captures kinematics of recoil



o PPEFT approach: what about nuclear
substructure and civmami;ﬂs (eg Pot&rizabai&jﬁ

Line =g (X X)(Y7Y) + dE(E Gl

18 /Mm @r 4 o } . .

o Similar to 2nd quantized framework effective
couplings come i increasing powers of
nuclear size R: (g ¥ R?, de ¥ R3, eke)



PPEFTs

o Effective couplings in PPEFT action
influence surrounding physics bv changing
boundary conditions in near-nucleus Limit

e.q. for simplest cases:

08,
=5

47T7“28T¢‘T:€

where A< ek a




PPEFTSs

o Eq electromaqgunetic field:

inkeraction: £y = Ze Ay 53(@

gives delta-function source
ViA§—=Ze s> ()
implying be:
47T7"237~AO|T,:€ = Je

higher derivs give mu&ipai.es




PPEFTSs

o Eq Schrodinger field:

tnkeraction:
y = —g @Y )6’ (z)

gives delta-function potentl
D4

2m

1Dy = Fg6°(z) Y

implying be:
Amr2 0,1 (r = €) = 2mg Y(r = €)




PPEFTs

o Technicality: fields diverge as r > © and so
sek bc;}m\cio\rv condikions ak a reqularization
scale ¢

o Effective couplings 9(e)
d@.pe_a«d on & i Just the
way required to ensure
Fhvsicai observables do
nok depend\ on ¢ abk all




PreErTs

o Example: for Schrodinger field and delta
potential boundarv condition fixes
inkteqration constant for radial equation

%D(Ta 6)7 ¢) =3 RK(T) Yvééz (6)7 ¢)

nonzero
RK(T) sk Crl 7“6 02 T—f—l when 9
nonzero
p d
lim |47r? ¥ F2mgy| = 0

r—0 5’7“



PPEFTs & atoms

o Renormalize g give q = g(e) an implicit e
c&epemd@.ma‘e o cancel expti;ai,& £ d@.pemd@\t@.
of R(e) (wikth C2/C1 held fixed)

2 OY

}i_rg% _477/“ 3, - 2myg w_ =0
impi.i,es
2mg O\ 1 3
2T € Oy ( )



PPEFTs

o Integration constants C:/Ci depend only o
R<r Unvariant combinations, Like ex

2mg

2TT€

Describes
crossover from
rl ko r-l-1

behaviour




Her enerqy shifts

o Treat lepton relativistically (Dirac eq)

1 &
£=—7FEuF* —(y - D+m)p + Ly

o Rotational and parity tnv interactions to
dimension (length)?
Sy = —/dT M = Ze A,
+cs P +icy Yy 9 + h PO  F
‘Hdi gy Dy + dy gy VDo

1
+5(ds + da)i* i Fur B> + Jda Fu PP + -



Her enerqy shifts

o In nuclear rest-frame these become

SN:—/dt {M—ZGAQ
e, VY Ficy, Yy —hV - E

i — 1 1
+ids 1 Doty + dy 9 voDotp + §dEE2 . §dBB2 e }



Her enerqy shifts

o In nuclear rest-frame these become

Sy = — / dt { M — Ze Ag Redundant inkeractions

+Cs¢¢+i0v¢%¢
| g
+zd SdsE? + SdpB2+ |



Her enerqy shifts

o The modified EM bou,nciarv condition gives

7 5
Ao(r) = =25 L 76® (1) 4

A1r

e 7
(477)2; fe(r)

where V. =4nr 53(1')

o For spinless nuclel magnetic counterpart
vanishes to the order of inkerest,



Her enerqy shifts
o Solutions to Lep&cm Dirac equ&&iaw

- ( fi(r)UE (6,) + ige(r) UF (6, 9) )
fL(r) U5 (6, 0) — ige(r) U (6, 9)

with near-nucleus bouv\dar:j condikion

(QZn O;) (ds + dy)(meZa) = 4me? (%) i

/ /
Cs —l_ Cfu tot

/ il
C, e (27;) (ds — dy)(meZa) = dre? <§>T€
A S,V i dEZ
C;,v e (Za)ds, Cot e ) 2

€ 3€



Her enerqy shifts

@ Fermioh bcmmdarv condition mei.ies evolubion

§ Are? 2[R e ol A5l 1
/ / 2 *
C: i =are” \7- (€)= T - K
S v, tot ( ) 7 : C(G/G*)QC—:_ :
A" P R 8n? + 1 vl 4n? | 9 L\ 2
yoes (ds +dy) = — 3 (Za) — 8n A" — (Zoz - (8n* — 2n + 1)(Za)> )
YA An? 8n? - 8n i3 i
o — (i P - Za)(A7)?
ire? b e e
where




Her enerqy shifts

o The RG invariant e« modifies the enerqies bj

2(n? — 1)
8Enp, 3 = . m>(Za)*e? (1 e )
and
4m? (Zo)%ex 12n° —n—9
5En5’1/2 R ( 3 ) {2 | 5
n - 2n4(n+ 1)

2me, 4 ]
—21n< e &>—2Hn+1—27+4 (Za)2+...}




Her enerqy shifts

o This shift in energy makches non QED calculations
in the Literature for appropriate choices for R:

e = (2808 (R% MR Za) + Ry (mdolise Rs( Jais R4](\j&) | ) 7

o We include all conbributions we find ko this
order, such as finikte-size corrections ko QET,
higher Zemach moments, recoil effects, nuclear
polizability ete.

o Corrections give &« more accurately, rather than
introducing new PPEFT effective parameters



Her enerqy shifts

Total nuclear contribution to energy differences
given by above plus nuclear contributions to QED
corrections

AEEM Ls point-nucleus resulk (Dirac+QED); AET?
s calculation above; AEPPRED are nuclear
conkbributions to QED corrections.

SEFT QED (muons) = 477( )muoz(Zoz)2 v%u

(1) S
SETF QED (electrons) = 4n m3a(Za)e

*6

') = (8In2 — 10) —~



Her enerqy shifts

o Because A, ., is parameterized only bv the
single parameter e« it is possible to eliminate it
to derive nucleus-independent combinations.
(More useful for electronic case)

eq for “4Her

i 9 il
AEoP, 10=0Py 5 — 1—6(204)2AE251/2—2P1/2 +0[(Za)"]




Sum MATY

o First-quantized EFTs provide alterhate way to
exploit hierarchies of scale.

o Particularly useful when 1/R << M

o Allows reto&iveiv simpi.@. translation to existing
energy-shift calculations

o Using EFT for entire hucleus find single RG
tvariant parameter captures nuclear effects (for
4Her)

o suggests fewer independent nuclear parameters



