
A Renormalization Group 
Approach for Radiative 
Corrections in Nuclear Effective 
Field Theory

Thomas R. Richardson 
N3AS 
UC Berkeley & LBNL  

Multiparticle 2025 
July 30, 2025

1

In collaboration with Immo C. Reis

Few Body Syst. 65, 79 (2024) 

PRC 111, 064011 (2025) 



Fluff #1: EFTs
Goal: Low energy, high precision, universal 

Effective field theories should… 

1. Have all particles that are near the mass-shell 

2. Have a homogeneous power counting 

governed by a single ratio of scales 

3. Be renormalization group invariance up to 

the order we are working 

4. Preserve relevant symmetries (gauge, 

discrete, internal) 

5. Make life easier
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Standard Model

<latexit sha1_base64="9Zf0KSkEiFRrirAQhjQtzFshefA=">AAACBnicbVDLSgNBEJyNrxhfqx5FGEwEL8bdENRjUBSPEfKCbAizk04yZPbBzKwQlj158Ve8eFDEq9/gzb9xkuxBEwsaiqpuurvckDOpLOvbyCwtr6yuZddzG5tb2zvm7l5DBpGgUKcBD0TLJRI486GumOLQCgUQz+XQdEfXE7/5AEKywK+pcQgdjwx81meUKC11zcOb21qhGzshw85QhoRCfGoVy+Al+CwpdM28VbSmwIvETkkepah2zS+nF9DIA19RTqRs21aoOjERilEOSc6JJOglIzKAtqY+8UB24ukbCT7WSg/3A6HLV3iq/p6IiSfl2HN1p0fUUM57E/E/rx2p/mUnZn4YKfDpbFE/4lgFeJIJ7jEBVPGxJoQKpm/FdEgEoUonl9Mh2PMvL5JGqWifF8v3pXzlKo0jiw7QETpBNrpAFXSHqqiOKHpEz+gVvRlPxovxbnzMWjNGOrOP/sD4/AGfjJdP</latexit>

EFT⇡/

<latexit sha1_base64="dKeYoE3HsIx7/1MzqTJx5e73Vhg=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTti1JJoY4kJIAlcyN4yBxv29s7dPRNC+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6ThVDJssFrFqB1Sj4BKbhhuB7UQhjQKBD8HoduY/PKHSPJYNM07Qj+hA8pAzaqzULnfZkJfrjV6x5FbcOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifze6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMyeJ32ukBkxtoQyxe2thA2poszYiAo2BG/55VXSqla8y8rFfbVUu8niyMMJnMI5eHAFNbiDOjSBgYBneIU359F5cd6dj0VrzslmjuEPnM8fAc6PTQ==</latexit>
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?
TeV

<latexit sha1_base64="taKp5q9CsPxQWmws+2CK5bn+8iE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/XKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDBrSNpA==</latexit>
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GeV

<latexit sha1_base64="WDOZ3TwbgAoFiaWwOxHGsTayaD4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP2eYv1qza/7c6BVEhSkBgWa/epXb5CSTFBpCcfGdANf2SjH2jLC6bTSywxVmIzxkHYdlVhQE+XzY6fozCkDlKTalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm9xEOZMqs1SSxaIk48imaPY5GjBNieUTRzDRzN2KyAhrTKzLp+JCCJZfXiWti3pwVb98uKw1bos4ynACp3AOAVxDA+6hCSEQYPAMr/DmSe/Fe/c+Fq0lr5g5hj/wPn8A1I2Otg==</latexit>m⇡

Nucleons, photons

Mesons, nucleons, photons

Quarks, gluons, leptons, photons
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Fluff #2: Two Nucleon System
❖ Low-energy nucleons are “fine-tuned” 

❖ Fine-tuned  shallow bound state 

❖ Can we reproduce this with an EFT and get electroweak 
matrix elements… 

↔
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<latexit sha1_base64="PUmD1V/sl3oYpKNLB8ZmT0wSWIU=">AAACLXicbVDLSgMxFM34rPVVddlNsAhuLDMitcuiGzdCBfuATi2Z9LYNTTJDkhHKMAu/xqX6MS4EcetHuDF9LGzrgcDhnHu5OSeIONPGdT+cldW19Y3NzFZ2e2d3bz93cFjXYawo1GjIQ9UMiAbOJNQMMxyakQIiAg6NYHg99huPoDQL5b0ZRdAWpC9Zj1FirNTJ5clDcualHY19zQQuYx8nvhL4FuppJ1dwi+4EeJl4M1JAM1Q7uR+/G9JYgDSUE61bnhuZdkKUYZRDmvVjDRGhQ9KHlqWSCNDtZBIixSdW6eJeqOyTBk/UvxsJEVqPRGAnBTEDveiNxf+8Vmx65XbCZBQbkHR6qBdzbEI8bgR3mQJq+MgSQhWzf8V0QBShxvY2d0XbUAPozgVJKJEUeJq1bXmL3SyT+nnRKxVLdxeFytWstwzKo2N0ijx0iSroBlVRDVH0hJ7RK3pzXpx359P5mo6uOLOdIzQH5/sXcUOn7Q==</latexit>

a→1
s → 8 MeV

<latexit sha1_base64="SCpM2sqQH2+D7RqZZ9OqtBZArxQ=">AAACLnicbVDLSgMxFM34rPVVdamLYBHcWGZUqsuiGzdCBfuATi2Z9LYNTTJDkhHKMBu/xqX6MYILces/uDF9LGzrgcDhnHu5OSeIONPGdT+chcWl5ZXVzFp2fWNzazu3s1vVYawoVGjIQ1UPiAbOJFQMMxzqkQIiAg61oH899GuPoDQL5b0ZRNAUpCtZh1FirNTKHZCH5MRLWwb7mgl8VsQ+Tnwl8C1U01Yu7xbcEfA88SYkjyYot3I/fjuksQBpKCdaNzw3Ms2EKMMohzTrxxoiQvukCw1LJRGgm8koRYqPrNLGnVDZJw0eqX83EiK0HojATgpienrWG4r/eY3YdC6bCZNRbEDS8aFOzLEJ8bAS3GYKqOEDSwhVzP4V0x5RhBpb3NQVbUP1oD0VJKFEUuBp1rblzXYzT6qnBa9YKN6d50tXk94yaB8domPkoQtUQjeojCqIoif0jF7Rm/PivDufztd4dMGZ7OyhKTjfv/HMqCk=</latexit>

a→1
t → 36 MeV

<latexit sha1_base64="eLS5/+v2Iv7WVKnQvi57H/qkcgY=">AAACI3icbVDLSgNBEJz1GeMr0aOXwSB4MeyKRI9BLx4jmAdkY5id9CZDZmaXmVklLPspHtWP8SZePPglXpw8DiaxoKGo6qa7K4g508Z1v5yV1bX1jc3cVn57Z3dvv1A8aOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvBn7zUdQmkXy3oxi6AjSlyxklBgrdQtF9ZCeeRn2NRNYdP2YdQslt+xOgJeJNyMlNEOtW/jxexFNBEhDOdG67bmx6aREGUY5ZHk/0RATOiR9aFsqiQDdSSenZ/jEKj0cRsqWNHii/p1IidB6JALbKYgZ6EVvLP7ntRMTXnVSJuPEgKTTRWHCsYnwOAfcYwqo4SNLCFXM3orpgChCjU1rbou2Tw2gN/dISomkwLO8TctbzGaZNM7LXqVcubsoVa9nueXQETpGp8hDl6iKblEN1RFFT+gZvaI358V5dz6cz2nrijObOURzcL5/Acu3pJo=</latexit>

r→1 → mω

<latexit sha1_base64="RtRO9kl0qqbGjKzLdkZBJUDoAfM="></latexit>

A(p) = → 4ω

MN

[
a

1 + iap
+

a2rp2/2

(1 + iap)2
+ · · ·

]

<latexit sha1_base64="WJSjJ2oUL8+2kHtbpbdvKcvoh4Q="></latexit>

Bd → 1

MNa2t
↑ 1.4 MeV

<latexit sha1_base64="+Wqe6nMM8pB7NO370iuxzDd3PJo="></latexit>

B(exp)
d = 2.2245 . . . MeV

Kaplan, Savage, Wise  NPB 478, PLB 424, NPB 534 
van Kolck NPA 645
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❖ Can we reproduce this with an EFT and get electroweak 
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+
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Bd → 1

MNa2t
↑ 1.4 MeV

<latexit sha1_base64="+Wqe6nMM8pB7NO370iuxzDd3PJo="></latexit>

B(exp)
d = 2.2245 . . . MeV

Including radiative corrections and the renormalization 
group? Kaplan, Savage, Wise  NPB 478, PLB 424, NPB 534 

van Kolck NPA 6454



Nonrelativistic EFT with Virtual Photons*

❖ Bound state properties are 
easier with nonrelativistic 
theories5 

❖ Energy and momenta are 
different but correlated scales 

❖ Homogeneous power counting 
requires mode separation1,2

5

mv

mv
2

p

k

<latexit sha1_base64="VpSLsvEkVZw232sY+wA1HeCCiAw=">AAACAHicbZDNSgMxFIUz9a/Wv1EXLtwEi+CqnZGiboSiCG4KFWwttEPJpJk2NMmMSaZQhtn4Km5cKOLWx3Dn25i2s9DWA4GPc+/l5h4/YlRpx/m2ckvLK6tr+fXCxubW9o69u9dUYSwxaeCQhbLlI0UYFaShqWakFUmCuM/Igz+8ntQfRkQqGop7PY6Ix1Ff0IBipI3VtQ9GsKMoh1G5Bi8NPkqd3JRradcuOiVnKrgIbgZFkKnetb86vRDHnAiNGVKq7TqR9hIkNcWMpIVOrEiE8BD1SdugQJwoL5kekMJj4/RgEErzhIZT9/dEgrhSY+6bTo70QM3XJuZ/tXasgwsvoSKKNRF4tiiIGdQhnKQBe1QSrNnYAMKSmr9CPEASYW0yK5gQ3PmTF6F5WnLPSpW7SrF6lcWRB4fgCJwAF5yDKrgFddAAGKTgGbyCN+vJerHerY9Za87KZvbBH1mfP78OlT0=</latexit>

v ⇠ p/M =
p

E/M

<latexit sha1_base64="TqI7YMHwRcPGXkBB1RmHYK69CX8="></latexit>

potential ⇠ (Mv2,Mv) : Np

soft ⇠ (Mv,Mv) : Ap

ultrasoft ⇠ (Mv2,Mv2) : A Caswell, Lepage, Labelle, Luke, Manohar, 
Rothstein, Savage, Grießhammer, Grinstein, 

Stewart, Hoang, Pineda, Soto, Brambilla, Vairo



Velocity EFT Lagrangian4

6

<latexit sha1_base64="0SQ3f0Rzok3Yzp/2Oq59JfJFloI="></latexit>

L =
X

p

N†
p

 
iD0 �

(p� iD)2

2MN

!
Np �

1

4
Fµ⌫F

µ⌫

+
X

p

��pµA⌫
p � p⌫Aµ

p

��2 �
X

p0,p

V (p0, p)

� 4⇡↵

2MN

X

q,q0,p,p0

Aq0 ·AqN
†
p0QNp

+
e

2MN
✏ijk

�
rjAk

�X

p

N†
p�

i
⇥
0 + 1⌧

3
⇤
Np ,

TRR and Reis, FBS 65



Neutron-Proton Potential
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<latexit sha1_base64="mE4fKTl3GQZAqGrVhPV5VPjNYoU="></latexit>

Vpn =
X

v=�1

X

p0,p

V (v)
abcd(p

0, p)p†p0,app,bn
†
�p0,cn�p,d

Kaplan, Savage, Wise  NPB 478, PLB 424, NPB 534 
van Kolck NPA 645

<latexit sha1_base64="kAnuO/i8lSWXICb8fKAsUiQ+cB8="></latexit>

V (→1)
abcd = C(S=1)

0,pn P (1)
ab,cd + C(S=0)

0,pn P (0)
ab,cd

V (0)
abcd =

1

2

(
p↑2 + p2

) [
C(S=1)

2,pn P (1)
ab,cd + C(S=0)

2,pn P (0)
ab,cd

]

V (1)
abcd =

1

4

(
p↑2 + p2

)2 [
C(S=1)

4,pn P (1)
ab,cd + C(S=0)

4,pn P (0)
ab,cd

]



“Matching” to AV18
❖ The LECs need to be matched at  at  

❖ Use Argonne v18 as proxy for lattice QCD—“integrate out the pion” 

❖ Next: Run  from  at  and calculate matrix elements

μ = mπ O(α0)

μ mπ → p O(α)

8

<latexit sha1_base64="aegQTNRofgsmxkeZCh3vwgDPxRY="></latexit>

a0 = �23.084 fm r0 = 2.703 fm

a1 = 5.402 fm r1 = 1.752 fm

Wirigna et al. PRC 51

<latexit sha1_base64="XuzSzm1AyUk6d6Cyklqx48tHdk8="></latexit>

C(s)
0 (µmatch = mω) =

4ωas
MN

<latexit sha1_base64="+4lNgLw402uyVy9awBiISnkofYA="></latexit>

C(s)
2 (µmatch = mω) =

2ωa2srs
MN

<latexit sha1_base64="wklSR7d0AXBRZQtP2O8OlFr13CA="></latexit>

C(s)
4 (µmatch = mω) =

ωa3sr
2
s

MN



Loop Corrections and the Velocity Renormalization 
Group3

❖ Perturbation theory generates two (possibly) large logarithms 

❖ One  to rule them all? No! 

❖ Introduce two correlated scales in dimensional regularization 

❖ Run in —sum soft and ultrasoft logarithms simultaneously

μ

ν

9

<latexit sha1_base64="eyZ5zA4pmZop2s9NTol4vflkp+8="></latexit>

⌫
dV

d⌫
= �S + 2�U µU

dV

dµU
= �U µS

dV

dµS
= �S

Luke et al. PRD 61

= + + + · · ·

<latexit sha1_base64="WlsnjJiMbxGYv6YB/em9CVsMbZc="></latexit>

p2C3
0

[
ωS log

µ

p
+ ωUS log

µ

E

]

<latexit sha1_base64="FcXPgzK6v6VVtKe1biGy8j6IyUU=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIVDdC0Y0bpaJ9QBPCZDpth85MwjyEGvolblwo4tZPceffOG2z0OqBC4dz7uXee+KUUaU978spLC2vrK4V10sbm1vbZXdnt6USIzFp4oQlshMjRRgVpKmpZqSTSoJ4zEg7Hl1O/fYDkYom4l6PUxJyNBC0TzHSVorccsBNdAfP4XV0AwNhIrfiVb0Z4F/i56QCcjQi9zPoJdhwIjRmSKmu76U6zJDUFDMyKQVGkRThERqQrqUCcaLCbHb4BB5apQf7ibQlNJypPycyxJUa89h2cqSHatGbiv95XaP7Z2FGRWo0EXi+qG8Y1AmcpgB7VBKs2dgShCW1t0I8RBJhbbMq2RD8xZf/ktZx1a9Va7cnlfpFHkcR7IMDcAR8cArq4Ao0QBNgYMATeAGvzqPz7Lw57/PWgpPP7IFfcD6+AQ8rkhI=</latexit>

µS = MNω
<latexit sha1_base64="fb639u0s9qCnP+MAK9/qcaoWydY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIi1YtQ9OJFqWDaQhPDZrtpl+5uwu5GKbU/xYsHRbz6S7z5b9y2OWjrg4HHezPMzItSRpV2nG9raXlldW29sFHc3Nre2bVLe02VZBITDycske0IKcKoIJ6mmpF2KgniESOtaHA58VsPRCqaiDs9TEnAUU/QmGKkjRTaJZ9noQfP4XV4A32R3VdDu+xUnCngInFzUgY5GqH95XcTnHEiNGZIqY7rpDoYIakpZmRc9DNFUoQHqEc6hgrEiQpG09PH8MgoXRgn0pTQcKr+nhghrtSQR6aTI91X895E/M/rZDo+C0ZUpJkmAs8WxRmDOoGTHGCXSoI1GxqCsKTmVoj7SCKsTVpFE4I7//IiaVYrbq1Suz0p1y/yOArgAByCY+CCU1AHV6ABPIDBI3gGr+DNerJerHfrY9a6ZOUz++APrM8fQMSSuA==</latexit>

µU = MNω2



Velocity RG Solution
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<latexit sha1_base64="QYxtFQ0Oap73f+46S4Qqp6OgLUI="></latexit>

C2(⌫) = C2

✓
m⇡

MN

◆
� 27

8

✓
MN

4⇡

◆2

C3
0 log

✓
↵(MN⌫2)

↵(m2
⇡/MN )

◆
,

C4(⌫) = C4

✓
m⇡

MN

◆
+

15

4

✓
MN

4⇡

◆4

C5
0 log

✓
↵(MN⌫2)

↵(m2
⇡/MN )

◆

= + + + · · ·

TRR and Reis, FBS 65

Expanding logs gives complete sum   

Varying  probes higher-order logarithmic series

∑
n

αn logn(ν)

ν



Running potentials

11 TRR and Reis, FBS 65
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Deuteron Binding Energy

12 TRR and Reis, FBS 65

6-8% contribution from 
QED logarithms

<latexit sha1_base64="OedwTioneoxfYiddb8scSv5dUuE="></latexit>
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1
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4⇡

MNC0

◆2

+
1

2⇡
C2

✓
4⇡

MNC0

◆5

+
7

16⇡2
MNC2

2

✓
4⇡

MNC0

◆8

� 1

2⇡
C4

✓
4⇡

MNC0

◆7
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Electron Scattering Structure Function
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Charge Radius
❖ Conventional definition of charge radius is not scale-

independent at  and higherO(α)
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⟨r2
d⟩C = − 6

dFC(q2)
dq2

q2=0
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Radiative Neutron Capture
❖ First step in Big Bang 

Nucleosynthesis network 

❖ Uncertainty in cross section sets scale 
for uncertainty in light element 
abundances 

❖ Could be a probe of new physics with 
precise Standard Model predictions 

❖ EFT analyses claim O(1%) 
uncertainty*
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Chen et al. NPA, 653, Rupak NPA 678, Acharya and Bacca PLB 827

Wagoner, Fowler, Hoyle, Steigman, 
Iocco, Mangano, Miele, Pisanti, 

Serpico, Cyburt, Fields, Olive, Yeh

*with LECs fit to experimental data



Radiative Neutron Capture
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Cox et al. NP 74, Suzuki et al. 1995, Nagai et al. PRC 
56, Tudoric-Ghemo, NPA 92, Bosman et al. PLB 82, 

Steiler et al. 1986, Michel et al. JPG 1989

6-8% shift from RG 
evolution



Radiative Neutron Capture
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Cox et al. NP 74, Suzuki et al. 1995, Nagai et al. PRC 
56, Tudoric-Ghemo, NPA 92, Bosman et al. PLB 82, 

Steiler et al. 1986, Michel et al. JPG 1989

3% shift from RG 
evolution



Summary
❖ Nucleons + photons  heavy quarkonium + gluons 

❖ RG improvement leads to few percent corrections in 
1. Deuteron binding energy (7-8%) 
2. Charge form factor and radius (2%) 

3.  cross section relevant for BBN (3-8%) 

➡ How robust is modern Bayesian uncertainty quantification without these 
corrections? 

❖ Next steps: pp-fusion, pion-exchange ( ), many-body?

≈

np → dγ

NN, Tcc, …
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