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Global Perspective
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I look at several different reactions each with its own 
halo/cluster EFT.

Uncertainty quantification is system specific. 

Still, what are the essential inputs for EFT?

Review articles:
Hammer, Ji, Phillips, JPG 44, 103022 (2017)
Hammer, König, van Kolck, RMP 92, 025004 (2020)

Origin:
Bertulani, Hammer, van Kolck, NPA 712, 37 (2002)
Bedaque, Hammer, van Kolck, PLB 569, 159 (2003)



One Slide on Effective Field Theories
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Linteraction = c0O
(0) + c1O

(1) . . .
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O
(i)

• : low-energy particle at momenta ! ∼ #
• hides short distance physics at momenta $≫ #

• Expansion in !" … which is system dependent

Important: EFT is an expansion in energy/momentum 
not number of particles. 

Weinberg’s 3rd law of progress in Theoretical Physics :

You may use any degree of  freedom  you like to 

describe a physical system ,but if you use the wrong 

one, you will be sorry.

Platter and Phillips talks



Anatomy of a Capture Reaction

!p2 = −!p !p4 = −!k

!p1 = !p !p3 = !k
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h B |OEM | ii

Initial state: Phase shifts provide a model independent description

Final state:   Again, phase shifts (affects overall normalization) 

EM currents: One-body, two-body

These  are  the 3 sources  of  errors (in  EFT).
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EFT and Phase Shift

= + + . . .

−iTSC =

iD(p0,p) =
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T (l)
SC = �2⇡

µ

e2i�l

p cot �l � ip
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1

2i⌘
� ln(i⌘),

The numerical values of the scattering parameters &! , '! , etc. , affect the 
perturbation and so the uncertainty estimates.
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Hamilton, Overbö, Tromborg, NPB 60, 443 (1973)
Higa, Rupak, Vaghani; EPJA 54, 89 (2018)



Bound State Normalization

p-wave bound states are a little subtle :
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Need both binding energy and effective momenta at LO. Small change in (!
can affect cross section by large amount
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µ
ZAsymptotic Normalization Constant (ANC)
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Z(⇣)
=

@

@p0
[D(⇣)(p0;p)]
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���
p0=p2/(2µ)�B

Connection to ab initio calculation  Zhang, Nollett, Phillips, PRC 89, 024613 (2014)

Higa, Premarathna, Rupak, arXiv:2010.13003

Rupak, Higa, PRL 106,222501 (2011)
Higa, Premarathna, Rupak, arXiv:2009.09324
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Z(⇣) / 1

⇢(⇣)1 � f(kC , �)



EM currents
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1-body currents obtained from minimal substitution and 
magnetic moments

2-body currents are a source of uncertainty, usually subleading

<latexit sha1_base64="UPzUXpFGdbSPUEtDaQhZrLNFuEk=">AAACI3icbVA9SwNBEN2LXzF+nYqVzWIQrMKdRLQM2FhGMB+QC2Fub5Ms2d07dveUcOTHWNjoT7ETGwt/h62b5AqT+GDg8d4MM/PChDNtPO/LKaytb2xuFbdLO7t7+wfu4VFTx6kitEFiHqt2CJpyJmnDMMNpO1EURMhpKxzdTv3WI1WaxfLBjBPaFTCQrM8IGCv13BOZBIoNhgaUip9wFAxACOi5Za/izYBXiZ+TMspR77k/QRSTVFBpCAetO76XmG4GyjDC6aQUpJomQEYwoB1LJQiqu9ns/Ak+t0qE+7GyJQ2eqX8nMhBaj0VoOwWYoV72puJ/Xic1/ZtuxmSSGirJfFE/5djEeJoFjpiixPCxJUAUs7diMgQFxNjEFrZo+9SQRguPZKGYlGxS/nIuq6R5WfGvKt59tVyr5pkV0Sk6QxfIR9eohu5QHTUQQRl6Rq/ozXlx3p0P53PeWnDymWO0AOf7F1CApVg=</latexit>

np ! d�

<latexit sha1_base64="+nQyX/CsyHIBJaAfDvyyZIC9o5E=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoMgCGFXInoMePEYwTwgWcLsbG8yZmZ2mZkVwpJ/8OBFP8WbePUH/BKvTpI9mMSChqK6m+6qIOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUUWjSmMeqExANnEloGmY4dBIFRAQc2sHodtpvP4HSLJYPZpyAL8hAsohRYqzU6skUX4T9csWtujPgVeLlpIJyNPrln14Y01SANJQTrbuemxg/I8owymFS6qUaEkJHZABdSyURoP1s9u0En1klxFGsbEmDZ+rfjYwIrccisJOCmKFe7k3F/3rd1EQ3fsZkkhqQdH4oSjk2MZ5axyFTQA0fW0KoYvZXTIdEEWpsQAtXtDU1hHDBSBaISckm5S3nskpal1Xvqure1yr1Wp5ZEZ2gU3SOPHSN6ugONVATUfSIntErenNenHfnw/mcjxacfOcYLcD5+gWYPZ4Z</latexit>

⌫ + d

Rupak, NPA 678, 405 (2000)

Butler, Chen, NPA 675, 575 (2000)

Source of irreducible error, not constrained by Siegert/Ward-Takahashi 
theorem
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have a power counting where two-body currents appear
at higher order in the perturbation. This would require
a smaller s-wave scattering length. We call this power
counting Model B. If we ignore the poorly known elastic
scattering data, then this second power counting can be
used to describe the capture data. The relatively smaller
initial state interaction contributions in Model B can be
compensated by a larger wave function normalization
constant which requires only small variation in the re-
spective p-wave e↵ective ranges as described earlier. We
discuss the results of the analysis for 3He(↵, �)7Be and
3H(↵, �)7Li separately below.

A. 3He(↵,�)7Be

We present the 8 di↵erent fits used to draw Bayesian
inference for this reaction. First we start with the fits in
the smaller capture energy region I (E . 1000 keV). The
posterior odds favored Model A both with and without
phase shift data in the fits. However, if we also look at
the overall trend then we see the data for S-factor S34

rises upward from around E ⇠ 1500 keV. The Model A
fit with phase shift, we call Model A I, best describes
the capture data over the energy range E . 2000 keV.
We note that the Model B fits in this region are not self-
consistent in that they suggest an a0 value larger than
the power counting, table V.
In the fits to capture energy region II (E . 2000 keV),

Model A with phase shift, we call Model A II, is favored
over Model B by the posterior odd. For the fits with-
out phase shifts, both Model A⇤ II and Model B⇤ II are
equally favored by the posterior odd ratio. The asterisk
⇤ indicates fits without phase shift data.

Fit S34(E?) (keV b) S0
34(E?) (10

�4 b)

�2 0.558 ± 0.008±0.056 �2.71± 0.20± 0.27

Model A I 0.541+0.012
�0.014 ± 0.054 �1.34+0.64

�0.59 ± 0.13

Model A II 0.550+0.009
�0.010 ± 0.055 �2.00+0.36

�0.35 ± 0.20

Model A⇤ II 0.551+0.021
�0.014 ± 0.055 �1.86+0.72

�1.69 ± 0.19

Model B⇤ II 0.573+0.007
�0.007 ± 0.017 �3.72+0.11

�0.10 ± 0.11

TABLE I. 3He(↵, �)7Be: S34 and S0
34 at threshold (defined as

E? = 60⇥ 10�3 keV). The second set of errors are estimated
from the EFT perturbation as detailed in the text.

Tables I and II has the S-factors S34 and branching
ratios R0 for the 4 fits described above. We also include
the �2 fit of Model A for comparison [2]. We include the
derivative S0

34 as well. All the numbers were evaluated
at E? = 60 ⇥ 10�3 keV. We include the estimated EFT
errors. The NLO Model A results have a 10% error, and
the NNLO Model B results have a 3% error. The di↵er-
ent EFT error estimates has to do with the distinction
between “accuracy and precision”. The error estimates
from higher order corrections represent precision, and dif-

Fit R0

�2 0.395 ± 0.014±0.039

Model A I 0.387+0.018
�0.015 ± 0.039

Model A II 0.389+0.008
�0.007 ± 0.039

Model A⇤ II 0.379+0.010
�0.005 ± 0.038

Model B⇤ II 0.401+0.005
�0.005 ± 0.012

TABLE II. 3He(↵, �)7Be: Branching ratio R0 at threshold
(defined as E? = 60⇥10�3 keV). The second set of errors are
estimated from the EFT perturbation as detailed in the text.

ferent power countings have di↵erent accuracy and pre-
cision.

FIG. 7. 3He(↵, �)7Be: S-factor S34 and branching ratio R0

at threshold (E? = 60 ⇥ 10�3 keV). The posterior distribu-
tions for fits Model A I, Model A II, Model A⇤ II and Model
B⇤ II are presented as green, red, blue and purple colored
histograms, respectively. The corresponding Gaussian proba-
bility distributions are given by the dotted, dashed, solid and
dot-dashed curves, respectively.

Fig. 7 shows the posterior distributions for the 4 S-
factors and branching ratios from Tables I and II. The
symmetric distributions can be described with a Gaus-
sian form shown by the various smooth curves unlike the
skewed distributions as expected. The spread in some of
the quantities is related to the uncertainty in the parame-

ter estimates, especially the p-wave e↵ective ranges ⇢(±)
1

for Model A fits, see Table V. Large magnitude |⇢(±)
1 |

makes the wave function normalization constant smaller
which can be compensated by a larger two-body current

L(±)
1 as the parameter estimates indicate. The planned

TRIUMF 3He-↵ elastic scattering experiments and phase
shift analysis at low energies E & 500 keV would be able
to shed some light on this [26], and help establish the
appropriate EFT power counting.
The EFT S-factor at threshold can be compared to

other recent calculations such as – 0.593 keV b from
FMD [27], 0.59 keV b from NCSM [28]; and evalua-
tions such as – [0.580 ± 0.043(stat.) ± 0.054(sys.)] keV
b from Cyburt-Davids [6], (0.57 ± 0.04) keV b from
ERNA [7], (0.567± 0.018± 0.004) keV b from LUNA [8],
(0.554±0.020) keV b from Notre Dame [9], (0.595±0.018)

i"&("*B//"@L&K \\&$^&I,$@A&,3$^)&
$@^B(/')$B@[&K+)"(@')$#"+V0&Kj&\\&B(&Hj&\\[
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keV b from Seattle [10], and (0.53 ± 0.02 ± 0.01) keV b
from Weizmann [11]. We also compare to a recent EFT
work using Bayesian inference [29] that finds at thresh-
old S34(0) = 0.578+0.015

�0.016 keV b and R0(0) = 0.406+0.013
�0.011.

Ref. [29] only used capture data to draw their inferences.
Looking at tables I and II, it would seem the results of
Ref. [29] are more aligned with Model B⇤ II, though the
exact power counting used the article is not clear. The
“best” recommended value from the review in Ref. [1] is:
S34(0) = [0.56± 0.02(expt.)± 0.02(theory)] keV b.

From the various fits, we recommend the following:
Model A II if we want to include phase shift information,
and either Model A⇤ II or Model B⇤ II if no phase shift
information is used.

B. 3H(↵,�)7Li

Fit S34(E?) (keV b) S0
34(E?) (10

�4 b)

�2 0.098 ± 0.003±0.016 �1.13± 0.24± 0.18

Model A 0.097+0.003
�0.002 ± 0.016 �1.04+0.12

�0.20 ± 0.17

Model A⇤ 0.102+0.002
�0.002 ± 0.016 �1.81+0.16

�0.15 ± 0.29

TABLE III. 3H(↵, �)7Li: S34 and S0
34 at threshold (defined as

E? = 60⇥ 10�3 keV). The second set of errors are estimated
from the EFT perturbation as detailed in the text.

To draw our Bayesian inferences, we performed 4 dif-
ferent fits in this system. Here the EFT power counting
of Model A (with phase shift data) and Model A⇤ (with-
out phase shift data) are favored. Moreover, the Model
B and Model B⇤ fits are not consistent with the power
counting estimate for the a0 values, table VI. The S-
factors and branching ratios are in Tables III and IV.
The corresponding posterior distributions, and the as-
sociated Gaussian forms are shown in Fig. 8. The fit
without phase shift data gives a larger S34 at thresh-
old. We included a 16% EFT error estimate from NNLO
corrections. In this channel the binding energies are
larger, resulting in a larger perturbation error compared
to 3He(↵, �)7Be.
The fits, especially without the phase shift data, give

a central s-wave shape parameter value s0 that is larger
than ideally expected from the power counting. Power
counting consistency would bias one towards Model A
(with phase shift) over Model A⇤ (without phase shift).
The EFT S-factor calculation can be compared to re-

cent theoretical results – 0.12 keV b from FMD [27], 0.13
keV b from NCSM [28]; and experimental evaluation –
[0.1067 ± 0.0004(stat.) ± 0.0060(sys.)] keV b from Cal-
tech [14].
We leave for future a more careful study of the system-

atic errors associated with the estimation of the param-
eters and evidences using the various Nested Sampling
methods. In our evaluations, for example, the Multi-
Nest [21] and Di↵usive Nested Sampling [30] algorithms

Fit R0

�2 0.434 ± 0.006±0.069

Model A 0.438+0.008
�0.009 ± 0.070

Model A⇤ 0.439+0.008
�0.009 ± 0.070

TABLE IV. 3H(↵, �)7Li: Branching ratio R0 at threshold (de-
fined as E? = 60 ⇥ 10�3 keV). The second set of errors are
estimated from the EFT perturbation as detailed in the text.

FIG. 8. 3H(↵, �)7Li: S-factor S34 and branching ratio R0 at
threshold (E? = 60 ⇥ 10�3 keV). The posterior distributions
for fits Model A and Model A⇤ are presented as red and blue
colored histograms, respectively. The corresponding Gaussian
probability distributions are given by the solid and dashed
curves, respectively.

gave similar results. The EFT parameters (tables V and
VI) agreed within the error bars. Similarly, the capture
cross sections and branching ratios (tables I, II, III,
IV) also agreed within the error bars from the fits.
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Appendix A: s and d wave capture

The capture from initial s-wave state is given by:

|A(p)|
C0(⌘p)

=

�����X(p)� 2⇡

µ2

B(p) + µJ0(p) + µ2k0L
(⇣)
E1

[C0(⌘p)]2p(cot �0 � i)

����� ,

(A1)

where k0 is the photon energy and L(⇣)
E1 for ⇣ = 2P3/2 and

⇣ = 2P1/2 are the 2 two-body currents. We modified some
definitions compared to Ref. [2] but they are equivalent
expressions.

“best” recommended value from the review in Ref. [1] is:
S34(0) = [0.56± 0.02(expt.)± 0.02(theory)] keV b.
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�0.010 ± 0.055
+0



'<%*(&=<.4- 4)#2 =F?GH

**

3
He + ↵

**

kT+',)$*&h*'))"($@A&B^&"."l#."&%$)3&hGJ\> 0̀&h[&J[&2'@"(I0&23m&)3",$,0&:8:8

#<C'A0*#'%'"0&0%/*
C$59=*60*2$$=*&$*
D($C:



.1&<%"#&89:

! "R)"&/,"="&("=$-/'"=&+'-0#)(

! #
$
%
C+$4/,"&/,"&$

%
)D0-'),"('&')"$."

"R)"0&/"0$/'+-M4')

! 5S"0&='4+)".+$<"-/-'-&#"(B &/,",B

2&*)"('&')

! KS"0&='4+)".+$<"/)&+"'1)""S# $R"

+)($/&/0)

*!

7Be(p, �)8B

8[79O6

QnJN&L')'P',"

&H"&"o*$)')$B@&"@"(AV&
T+ " 8[6:E&D"R

6$+"5"T"5%?"&/"-/)#&('-0"01&//)#"2-'1")D0-'),""R)"01&//)#"$=)/(8"5D=)0'"-'"'$"M)"
-<=$+'&/'"&M$*)"&M$4'"UVV"%)W"-/"(=-/"01&//)#">XS8

>=-/"01&//)#">XY"-(",$<-/&/'8"
Q ⇠ � ⇠ kC ⇠ p

⇤ ⇠ 70 MeV
TfQ&^B(&'PBI)&F88&C"R
TfQ! 'PB#"&F88&C"R



5#6+"(;&5<%11("&5%",6"%-.#1

*"

3P2
3P2

3P2
3P !

2

3P !
2

3P !
2

O$2")/)+C:A"Z"(0&'')+-/C"
*$#4<)(?"Z")..)0'-*)"
<$<)/'&

A(p) = �9[C1(⌘p)]
2ei2�1

2⇡

µ

p2

µ2
D(E, 0) ,

D�1(E, 0) = D�1
0 (E, 0)� ⌃(E, 0)0) = D

h"+^]"@"(AV0&L$'AB@'+&
/')($o

f(""&$@#"(,"&5B(CB#]+$C"&
4(B4'A')B(0&B^^]L$'AB@'+&
)"(/,

Z�1 =
d

dE
[D(E, 0)]�1

���
E=�B

= � 1

µ

✓
⇢11 � 1.6 MeV ⇢12

⇢12 ⇢22 + 5.1 MeV

◆ 3P2,
3P ?

2
KJX,&@B)&"@BIA3

:&^$o&)3"&9&"^^"*)$#"&/B/"@)'

G#($"-/0#4,)"<-D-/C"-/"3S1�3S?
1

Y3'@A0&JB++"))0&23$++$4,0&2NH&<F70&F9F&;:87F=&
2!X&EU0&896O7O&;:87U=

.$A'0&2("/'(')3@'0&!I4'C0&'(Z$#-:878[79889
XB3"@0 5"+/'@0 #'@ >B+*C0 2NH&FUU0 F<&;:886=
N"@,CV0 H$(,"0 T21K 6<0 76: ;:877=



Power Counting
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• Expect initial scattering at low-energy to be peripheral
• Capture should still proceed without strong interaction as 8B is very 

shallow state 

<latexit sha1_base64="m4iFg2wxOdBcADkxen1ZXowFDig="></latexit>

a(2)0 = �3.18+0.55
�0.50 fm ⇠ 1/⇤ , a(1)0 = 17.34+1.11

�1.33 fm ⇠ 1/Q

<latexit sha1_base64="gxp3oaglfQqFwizFKXLwnDmk/70="></latexit>

a0(B + J) ⇠ a0Q
2Strong interaction: 

• LO: s-wave capture without strong interaction in spin S=2 channel
• NLO: d-wave capture in S=2, s-wave capture in S=1 without strong interaction
• NNLO: s-wave strong interaction in S=1,2 and  d-wave in S=1 : excited core 

only relevant at NNLO

<latexit sha1_base64="fB9wSv6OxeqSKRg5mbFwxdL1H0g="></latexit>

S17/C
2
1,⇣ ⇡ 35.6(1� a0 0.00266 fm�1 + 0.0657 + . . . ) eV b fm

In 20/20 hindsight:

Baye, PRC 62, 065803 (2000)
Zhang, Nollett, Phillips, PRC 98, 034616 (2018)
Higa, Premarathna, Rupak, arXiv:2010.13003

Paneru et al., PRC 99, 045807 (2019)
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PRC 89, 024613 (2014)



>%3(*.%1&4.-&$("#B&JKK&L(M

*%

!!"!!"
"!#$ "!#% "&#!

!"#"$$%&'
()**)+,'
()**)+,' -
-)./
01&2,)&3 -45
01&2,)&3 -46
789"':'9

4!;!4!;! < =>
4!;!4!;! < ?=>
4!; < ??=>

!

"!

#!

$!

%!

&!!

&"!

! !
"
!!
"
#"

&! "! '! #! (!
! !!"#"

!!"!!"
"!#$ "!#% "&#'

!"#"$$%&'
()**)+,'
()**)+,' -
-)./
01&2,)&3 -45
01&2,)&3 -46
789"':'9

4!;!4!;! < =>
4!;!4!;! < ?=>
4!;! < ??=>

!

"!

#!

$!

%!

&!!

&"!

! !
"
!!
"
#"

&! "! '! #! (!
! !!"#"

ln
P (EFT|D,H)

P (EFT?|D,H)
⇡ 0.7± 0.3

><&##")*-,)/0)".$+"567"$*)+"567!

5"b"UVV"%)W"H="b"Y^8`"K)WJ

>*#'%'"0&0%*7.&

>E;E>*#'%'"0&0%*7.&



>%3(*.%1&4.-&6+&-#&NKKK&L(M

*&

5"b"S"K)W"H="b"aV8U"K)WJ

!!"!!"
"!#$ "%#" "%#&

!"#"$$%&'
()**)+,'
()**)+,' -
-)./
01&2,)&3 -45
01&2,)&3 -46
789"':'9

4!;! << =>
4!;! << ?=>
4!;! << ??=>

!!"

!

"!

#!

$!

%!

&!!

&"!

! !
"
!"
!
""

!"#"$$%&' 3+)#':
()**)+,' 3+)#':
()**)+,' - 3+)#':
-)./ 3+)#':
01&2,)&3 -45 3+)#':
01&2,)&3 -46 3+)#':
789"':'9 3+)#':

4!;! << ??=>
!""

!

"!

#!

$!

%!

&!!

&"!

! !
"
!"
!
""

! &! "! '! #! (!
! !#$%"

cG+'-('d(e"-##4('+&'-$/

6-/,"0#)&+")*-,)/0)".$+"567!
&'"NNOL

FE;*#'%'"0&0%*7.&



Cross Checks

18

!"#$%&'"(%)* +,- #$./"0
123* 44 5567
123* 44 5567 18

(!)

!

"!

#!

$!

%!

&!!

&"!

! !
"
("
!
")

123* 44 5567 98
:&);<.)# =-(.*>? 

(")

!

"!

#!

$!

%!

&!!

! !
"
("
!
")

! &! "! '! #! (!
! (#$%)

0.859

Descouvemont, PRC 70, 065802 (2004)

Junghans et al., PRC 68, 065803 (2003)
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• Initial state is constrained by phase shift parameters. Affects EFT 
power counting, and so error estimates.  Higher orders 
kinematically suppressed. 

• Final state also related to phase shift. Large effect but exact at 
NLO:  zed-parameterization. Interaction should describe binding 
energy and ANC.  For example, 

• 2-body current usually higher order but not kinematically 
suppressed. Not constrained by Siegert theorem. 

• Bayesian estimate of higher order EFT error?

<latexit sha1_base64="gPx4TCyXyybD0/PRthfZRgWJVfY="></latexit>

3
He(↵, �)7Be(p, �)8B, and much more

<latexit sha1_base64="XWURqisVR+KAipsKUe4TYjEFbjI="></latexit>

7Li(n, �)8Li


