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Flutt #1: EFTs

Goal: Low energy, high precision, universal

Effective field theories should... dov

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

2. Have a homogeneous power counting

governed by a single ratio of scales

GeV
3. Be renormalization group invariance up to
the order we are working
™
4. Preserve relevant symmetries (gauge,
1/a

discrete, internal)

5. Make life easier



Fluft #2: Two Nucleon System

+ Low-energy nucleons are “fine-tuned”

A a a’rp? /2 _
A(p) = - : -
B i
a; ' ~ 36 MeV a, ' ~ 8 MeV T~

+ Fine-tuned < shallow bound state

1

~ =~ 14 N G :
MNa% eV B 2215 MeV

By

+ (Can we reproduce this with an EFT and get electroweak

matrix elements...

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



Fluft #2: Two Nucleon System

+ Low-energy nucleons are “fine-tuned”

41 a | a’rp? /2 | _
A(p) Z2p _MN -1 2 ZCLp ! (1 i iap)2 oo
a; ' ~ 36 MeV as_l ~ 8 MeV T~

+ Fine-tuned < shallow bound state

1

- (exp) _
S~ A MEVTEE M Moy

Bg

+ (Can we reproduce this with an EFT and get electroweak

matrix elements...
Including radiative corrections and the renormalization

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



Nonrelativistic EFT with Virtual Photons™

A

Y

myv

+ Bound state properties are -
easier with nonrelativistic //
theories>

P
+ Energy and momenta are

different but correlated scales

v~p/M=+/E/M

+ Homogeneous power counting
requires mode separation!.?

potential ~ (Muv?, Mv) : N, -
soft ~ (Mv, Mv) : A, =

ultrasoft ~ ( M 02, M fU2) 3 A Caswell, Lepage, Labelle, Luke, Manohar,

Rothstein, Savage, GrieBhammer, Grinstein,
Stewart, Hoang, Pineda, Soto, Brambilla, Vairo

A
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Velocity EFT Lagrangian4
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Neutron-Proton Potential

X Vn = 3 SV PPl appont oo

v=—1p',p

e S0 (©
Va(bcd =C I )d+C( )chb,)cd

0,pn ab,c 0,pn
0 1 S= 1 il S=1) {1
Va,(bc)d =5 (10,2 =t p2) {Cé,pn )Pa(,b,)cd i Cé,pn )chb,)cd}
1 1 2 S=1) (1 S=0) (0
Va(bc)d = Z (p/2 T p2) {Céi,pn )chb,)cd e Céi,pn )Pa(,b,)cd}

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



“Matching” to AV18

+ The LECs need to be matched at 4 = m_ at 0(a")

. dra
C’é )(,umatch = mw) = MN
2w Tasr?
C(S) matech = 1lgr ) — = C(S) m = ll-) = e
2 (M tch ) Wiy 4 (:u atch ) MN
+ Use Argonne v18 as proxy for lattice QCD—"“integrate out the pion™
ag = —23.084 fm Eo— 2 703 m
a1 = 5.402tm i — | 7H2

+ Next: Run y from m_ — p at O(a) and calculate matrix elements

8 Wirigna et al. PRC 51



Loop Corrections and the Velocity Renormalization
Group?

+ Perturbation theory generates two (possibly) large logarithms

pQC’S’ Ag log & + A\ygs log Lt
D E

+ One y to rule them all? No!

+ Introduce two correlated scales 1n dimensional regularization

ps = Myv py = Myv?
+ Run 1n v—sum soft and ultrasoft logarithms simultaneously
aVv av aVv
7 — e Ho—— =1 Us—— ="s
dv dpy dps

9 Luke et al. PRD 61



Velocity RG Solution

OO0 =0

o= (32) 1 (2 che ()

Ca(v) = Cy (EZ) - 1Z5 (]\ﬁycg G (a()(éinﬂfj)fﬂyf?))

10 TRR and Reis, FBS 65



Running potentials
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Deuteron Binding Energy

1 e ] a0 Aoy | dp L
B= —C MyC3 =
MN (MNCQ> = 27 . (MNC()> 2 167‘(’2 o (MNCO> 2T - (MNCQ>
e e ea e s L e s
6-8% contribution from |
< QED logarithms |
| Exp
i _
E | = NLO,
o 20/ U L
1.8} | N2LO,
- LD, L,
000° 062 —o00i 006 665 0. 0 oA
v 12
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Electron Scattering Structure Function

2 8
A(g*) = F4(¢°) + §77Fz%4(q2) a 5772F32(q2)

1= 7
v = 0.08
——p =10.04

----- Lensky et al.

0 50 100 150 200 o500 300

13 Simon et al. NPA 364, KSW PRC 59, Lensky et al. PRC 104



Charge Radius

Conventional definition of charge radius 1s not scale-
independent at O(«a) and higher

dF c(q 2)
dqg?

(’ﬁ}C = =0
q*=

TCREMA — 212562(13)6Xp(77)th CREMA Science 353

V:]\”}; =01 [v =006

rq (fm) no truncation error 2.154(6) | 2.111(6) | 2.049(7)
with truncation error 2.15(6) | 2.11(6) | 2.05(6)

2% shift
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Radiative Neutron Capture

First step 1n Big Bang
Nucleosynthesis network

Wagoner, Fowler, Hoyle, Steigman,
Iocco, Mangano, Miele, Pisanti,
Serpico, Cyburt, Fields, Olive, Yeh

Uncertainty 1n cross section sets scale
for uncertainty in light element

abundances ><:I:> s

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

EFT analyses claim O(1%) ><:> C :39

uncertainty™®

Chen et al. NPA, 653, Rupak NPA 678, Acharya and Bacca PLB 827 i :
2 - 15 *with LECs fit to experimental data



Radiative Neutron Capture

06! .
| 6-8% shift from RG
__ 05} evolution
< |
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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
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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
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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. np — dy cross section relevant for BBN (3-8%)

=» How robust is modern Bayesian uncertainty quantification without these
corrections?

+ Next steps: pp-fusion, pion-exchange (NN, T, ...), many-body?

C?
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