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Chiral Perturbation Theory: expansion of the scattering amplitude in powers of Q,
Weinberg, Gasser, Leutwyler, MeiB3ner, ...

momenta of external particles or Mz ~ 140 MeV

breakdown scale Ay, [~ 600...700 MeV]

Write down Lett [mr, N, ...],

identify relevant diagrams at a given order,
do Feynman calculus,

fit LECs to exp data,

make predictions...



Chiral Perturbation Theory: expansion of the scattering amplitude in powers of Q,
Weinberg, Gasser, Leutwyler, MeiB3ner, ...

Write down Lest [mr, N, ...],
momenta of external particles or Mz ~ 140 MeV identify relevant diagrams at a given order,
= do Feynman calculus,
breakdown scale Ay [~ 600...700 MeV] fit LECs to exp data,
make predictions...

Chiral EFT for nuclei: expansion for nuclear forces + resummation (Schrédinger equation)
Weinberg, van Kolck, Kaiser, EE, Gl6ckle, MeiBner, Entem, Machleidt, Krebs, ...

A 72
_V+
(550 0000) o b s Vi )= @ @xe
i—1 ¢MN (G ~ J.

derived in ChPT
e error estimations Vert
e systematically improvable
e unified approach for mm, 7N, NN
e consistent many-body forces and currents

Notice: LS equation with a truncated potential requires infinitely many CTs are needed to
absorb all UV divergences from iterations

—> one is forced to introduce a finite UV cutoff [see: Lepage, nucl-th/9607029]
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e Heavy-baryon chiral Lagrangian with pions and nucleons as the only explicit DOF:

number of derivatives or M,

<2>‘/(i>\‘< (2) (4) (1) (2) (0)
L=L7+L7+ ‘Cﬂ-N + Lon + £ + Loy + ﬁ N T ‘C(w)NN + £(7r)1\f + £(7r)NN + ‘CNNN +.
—— H—’ ;v—’ H—’ h s

l; C; d; e; C 1,2 CD C; Di CE

Low-energy constants:
— the pionic ones, I;, are (sufficiently) well known

— the nN LECs relevant for nuclear forces to N*LO, ci254 , dit2s514-15 and eyqq7,
are fairly well known from nN scattering

— long-range parts of the forces are predicted in a parameter-free way

— exchange currents at N3LO involve further LECS dy ¢ 5015212225 ; the €.m. ones
are known from radiative n-prod., the axial ones d,¢ d,5s — 2d,s are unknown (?)

— (bare) LECs ¢, ¢; and D; are extracted from NN data
— (bare) LECs ¢, and cz can be fixed from A > 2-data
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e Heavy-baryon chiral Lagrangian with pions and nucleons as the only explicit DOF:

number of derivatives or M,

L=LP+ L0+ L0+ L8 + L8 + L%+ 0N + L(W)NN + ﬁ(w NN T £(7r)NN + ‘CNNN +-

l; C; d; e; Ciz CD C; Di CE

Low-energy constants:
— the pionic ones, I;, are (sufficiently) well known

— the nN LECs relevant for nuclear forces to N*LO, ci254 , dit2s514-15 and eyqq7,
are fairly well known from nN scattering

— long-range parts of the forces are predicted in a parameter-free way

— exchange currents at N3LO involve further LECS dy ¢ 5015212225 ; the €.m. ones
are known from radiative n-prod., the axial ones d,¢ d,5s — 2d,s are unknown (?)

— (bare) LECs ¢, ¢; and D; are extracted from NN data
— (bare) LECs ¢, and cz can be fixed from A > 2-data

e Nuclear potentials & currents are obtained by integrating out pion fields using the
chiral expansion [method of UT, TOPT, matching to S-matrix]
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e Heavy-baryon chiral Lagrangian with pions and nucleons as the only explicit DOF:

number of derivatives or M,

AM\L
L=LP+ LD+ L+ L2+ L3+ L83+ LU + LD wn + L yn + Linwy + Ly + -+
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Low-energy constants:
— the pionic ones, I;, are (sufficiently) well known

— the nN LECs relevant for nuclear forces to N*LO, ci254 , dit2s514-15 and eyqq7,
are fairly well known from nN scattering

— long-range parts of the forces are predicted in a parameter-free way

— exchange currents at N3LO involve further LECS dy ¢ 5015212225 ; the €.m. ones
are known from radiative n-prod., the axial ones d,¢ d,5s — 2d,s are unknown (?)

— (bare) LECs ¢, ¢; and D; are extracted from NN data
— (bare) LECs ¢, and ¢z can be fixed from A > 2-data

e Nuclear potentials & currents are obtained by integrating out pion fields using the
chiral expansion [method of UT, TOPT, matching to S-matrix]

e Treating A(1232) as an explicit DOF allows one to re-sum certain classes of diag-
rams and to improve convergence of the EFT expansion
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EE, Krebs, MeiBner, PRL 115 (2015) 122301 under investigation...
Entem et al., PRC 91 (2015) 014002; arXiv:1703.05454




e Status in the strong sector: accurate and precise NN forces at fifth order in the chiral
expansion [EE, Krebs, MeiBner, PRL 115 (2015) 122301; Entem et al., PRC 91 (2015) 014002, arXiv:1703.05454]

Selected neutron-proton observables at Ejap = 143 MeV
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\Nuclear currer
In chiral EFT

EM currents:

— Park, Min, Rho "95 (threshold kinematics, incomplete...)
— Kélling, EE, Krebs, MeiBner, PRC 80 (09) 045502; 86 (12) 047001
— Jlab-Pisa group (TOPT), Pastore et al. '08 - "11

Axial currents:

— Park, Min, Rho "93 (threshold kinematics, incomplete...)
— Krebs, EE, MeiBner, Annals Phys. 378 (2017) 317
— Jlab-Pisa group (TOPT), Baroni et al. ’16

(Our) requirements on the current operators
e must be off-shell consistent with the forces
e should be renormalized (exploit unitary ambiguity)

e (cutoff) regularization of the forces and currents
should maintain the symmetry (cont. equation)




e Begin with the L. [1,N] without external fields

e Canonical formalism: Lege[t,N] = H[Z,N]= 4 + _¥_ + ...



e Begin with the L. [1,N] without external fields

e Canonical formalism: Lege[t,N] = H[Z,N]= 4 + _¥_ + ...

e Apply UT in Fock space to decouple purely nucleonic states [model space] from the rest
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n-space A-space

Using Okubo’s minimal parametrization of U in terms of A = A An leads to the

decoupling equation: |\(H —[A, H|— AHA)n =0

which is solved perturbatively by means of the chiral expansion



e Begin with the L. [1,N] without external fields

e Canonical formalism: Lege[t,N] = H[Z,N]= 4 + _¥_ + ...

e Apply UT in Fock space to decouple purely nucleonic states [model space] from the rest
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n-space A-space

Using Okubo’s minimal parametrization of U in terms of A = A An leads to the

decoupling equation: | \(H — [A, H| — AHA)n =0

which is solved perturbatively by means of the chiral expansion

e Apply all possible additional UTs on the n-subspace consistent
with a given chiral order [6 angles a; for static N3LO contributions]

e Renormalizability of the potentials [all 1/(d-4) poles must be canceled by the c.t. from Leg]

—> fixes some of the a; and leads to unique (static) expressions



e Switch on external sources s, p, 7, [, and consider local chiral rotations:

r. — r,=Rr,RN+iRO,R" l, = U, =LI,L"+iLo,L",
s+ip — s +ip =R(s+ip)L', s—ip — § —ip =L(s—ip)R!
: : , 1 1 ,
The sources can be conveniently rewritten via v, = 3 (ru+1ls) , au= 3 (r, —1,) with:
@ 1 1
Uy =0, + -7 vy, a, = 5T - Q, S=8y+T-"8, P=pPo+T- P

2 2



e Switch on external sources s, p, 7, [, and consider local chiral rotations:

r. — r,=Rr,RN+iRO,R" l, = U, =LI,L"+iLo,L",
s+ip — s +ip =R(s+ip)L', s—ip — § —ip =L(s—ip)R!
: : . 1 1 :
The sources can be conveniently rewritten via v, = 3 (ru+1ls) , au= 3 (r, —1,) with:
1 1
vuzvﬁs)—i—;r-vﬂ, Gy = 5T " ay, S=Sy+T-8, p=po+T-p
+ + already known from the strong sector...
e (Naive) attempt: calculate H — Hla,v,s,p| = U H|a,v, s, p]U and extract the nuclear
oH oH
i VCL T = Aa T = pu— p— pu— pu— pu— .
currents via V(%) ST o () Sal (7.1) at v=a=p=s5=0, sop=my,

However, the resulting currents turn out to be non-renormalizable...
—> Need to consider a more general class of UTs

Specifically, employ additional n-space UTs Ula, v, s, p| subject to the constraint U[0,0,m,, 0] =1
Notice: the resulting UTs are time-dependent, thus H’' # UTHU. Indeed:
9, 0

i V=HU — z’%(UT(t)\IJ) = [UT(t)HU(t) — Ut <z’aU(t)>] (Ut ()w)



® Thus, we have:

ot

o d,0.0.5.6,0,8] = Ulecv.sULe o v 0o, ]+ (1700 Ul
(to the order we are working [leading 1-loop for 2-body operators], can write 33 such UTs...)

Nuclear potentials are given by

V = Hglv=0t=a=a=p=p=5=0,s=m,| — Hy

while the current operators in momentum space are defined as (in the Schrodinger picture):

. SH, - SH, - SH,
Vik ko) = — = Al (k, ko) = 1 P il

5 1 VSR Mk ko) = —=—,
v “(k ko) daly (k, ko) opi (k, ko)

where the FT of the sources are given by f(x /d4qe T f(g) with f = {v ~7' , '}, Hy is

taken at ¢t = 0 & the functional derivatives aretakenat v =v=a=a=p=p=5=5=0 & s = m,.

e |t is straightforward to verify the proper relation to the S-matrix, e.g.:
9

m<a|5m> — —i278(Eq — B — ko) (a] A, (o, B)|B)



e Manifestations of the symmetry (continuity equation)

Start with the Schrdodinger equation
0
zallf = Hegla,a,v,0,s,8,p, p|V
and perform a chiral rotation «a,a,v,v,s,$,p,p — d,d v, 0, s ¢ p' p. For observables to

remain unaffected, there must exist a UT on the Fock space such that:

0
iEWW:H£W@hﬂ%§£mﬁﬂW@
That is, the Hamiltonians must be unitary equivalent:
0
Hogld, ' W', 0', 8,8, p,p] = UTHeff[a, a,v,0,8,8,p,plU + (Z'EUT) U

Matching both sides of this equation for infinitesimal transformations, one obtains the continuity
equation for the axial current:

WWM@W—E%A@M+EMMAM%WWWEP®M]:Eﬁ@mﬂ%m@m
Ok Ok Ok

The axial currents are linearly dependent on the energy transfer k, (at the considered order).
This emerges from time derivatives of the UT and is unavoidable if the currents are required
to be renormalized.



e Manifestations of the Poincaré invariance

boost direction j boost angle
C o > H C o > _ v H -1
exp (—ze : K@) A (z)exp <z e- KH) = A (0)A, <A (9):1:)
boost operator current operator in the Heisenberg picture

This leads to the (on-shell) relation to be fulfilled by the current in momentum space

o AB)19) = 0

5(E — Es — ko) <a|([— i KA+ ALR) — & VilHar AB)] - & F o

where Al .= (¢- A, ¢A,).



e Manifestations of the Poincaré invariance

boost direction j boost angle
C o > H - T _ v H -1
exp (—ze : KQ) A (z)exp <z e- K@) = A (0)A, <A (9):):)
boost operator current operator in the Heisenberg picture

This leads to the (on-shell) relation to be fulfilled by the current in momentum space
0

5(Ba — Bs — ko) <a|([—ié- K, A,(B)] + Ay (k) — € Vi[Har, Au(K)] — -k 8—,%AM<E>)|6> = 0
where Al .= (¢- A, ¢A,).

® Unitary ambiguity [33 UT’s] is strongly reduced but not completely eliminated by the
renormalizability requirement for the currents.

We further require that v pion-pole contribu-
tions to the axial currents match the corres- ' ' t t t
ponding 17m-exchange contributions to the @®---9-{-/VWN Q®---@-:--
nuclear forces at the pion pole: ! \ | O S \

. = . aga \/
q‘QEI—nMJ%2 " Mz) Har = A(_Qi) . ( B mgﬂ-i)] =0 irreducible part of the m absorption amplitude

With these constraints, the expressions for the currents are determined unambiguously.



Summary of the main results of our calculations
[Krebs, EE, MeiBner, Annals Phys. 378 (2017) 317]

e worked out completely the axial charge and current operators to Q* (N3LO)
relative to the leading 1-body term, i.e.:

— at the 2-loop level for 1-body operators,
— at the 1-loop level for 2-body operators,
— at tree level for 3-body operators

(...about 250 diagrams...)

e worked out completely the corresponding pseudoscalar currents to the same
chiral order

e explicitly verified the validity of the continuity equation for all contributions

e worked out the boost operator (to the required order) and verified the
constraints from the Poincaré invariance
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Chiral expansion of the electromagnetic current and charge operators

single-nucleon two-nucleon three-nucleon
@ - -
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' '
depend on dg, dg, dis, d21, d22, parameter-free parameter-free
no 1/m corrections... .

v M\ g
N ~ <
A\ W4 ~,
LY A e VW
4 td
\ ’
N 4

parameter-free static two-pion exchange

X va““><

: depend on Cz, Cs, Cs, C7 + Ly, Lz;
no loop corrections

depend on Cr
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Chiral expansion of the electromagnetic current and charge operators

---------- U NN NN NN NSNS NN NSNS E NN NS NN NN NN NSNS NN NS NN NN NN NSNS NN NN NN NN NSNS E NN NN NN NSNS NSNS NSNS N SN EENEEEEEEEEEEEEEE

single-nucleon two-nucleon three-nucleon
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Our results differ from the ones of
the JLab-Pisa group. In particular,
they did not succeed to get the 17t
current renormalized...

H H_J
: depend on Cz, C4, Cs, C7 + L4, L2;

d. I‘ I‘ - . - -
)\A+-I-- A"{A N 'VV\" M’f }"#--“ ‘ r % N
‘\ ‘\
N— s
~ ~ —~—
depend on dg, dg, dis, d21, d22, parameter-free parameter-free

no 1/m corrections...

v M\ g
N ~ <
A\ W4 ~,
x A e M\
4 td
SN .
\ 4

parameter-free static two-pion exchange

X va““><

. de| end onC
no loop corrections P T
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LECs entering the 1w current:
1_67 JB? CZ97 Cz187 d_217 J22

l¢ - known from the & sector

dys - known from GTD

ds5 - from the axial radius:
doy = 2.2+ 0.2 GeV—2

CZQ, 6521, CZQQ - contribute to
charged pion photoproducti-

on (radiative capture)

Fearing et al.’00
Till Wolf, master thesis, Bochum, 2013

LEC [GeV~] | Fearing et al. Wolf
dy 2.54+0.8 2.240.9
dao ~1.5+0.5 -3.2+0.5
2da1 — dos 5.7+0.8 6.8+ 1.0

Some di‘'s have been determi-
ned by Gasparyan, Lutz '10
(ChPT + disp. relations)



Skibinski, Golak, Topolnicki, Witala, EE, Krebs, Kamada, MeiBner, Nogga, PRC 93 (2016) 064002

e To maintain consistency between currents and forces (symmetry), we generate regularized
longitudinal terms in the current via the continuity equation (i.e. Siegert approach).

e Transverse terms in the currents are to be regularized and included explicitly (in progress...)

Total cross section for the deuteron photo-disintegration
reactiony+d - p+n

N A L L DL L L L
1000 H =
2 i o 1
_‘*5 ' \\\ Siegert, N*LO
u- 100 ~a Siegert, AV18
[ S IN, Avis
B N, NSLO =5
10 | | | | | | | | | | | | | | |
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Skibinski, Golak, Topolnicki, Witala, EE, Krebs, Kamada, MeiBner, Nogga, PRC 93 (2016) 064002

Deuteron photo-disintegration: y+d = p +n

Differential cross section

Deuteron analyzing power T2
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Nucleon-deuteron radiative capture: p(n) + d = 3H(He) + vy

Differential cross section
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... explicit inclusion of exchange currents in progress...



Krebs, EE, MeiBner, Annals Phys. 378 (2017) 317

Chiral expansion of the axial current and charge operators
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only tree-level 1/m-corr. survive no loop corrections



single-nucleon two-nucleon

Comparison with Baroni et al. (TOPT)

parameter-free

~ H
depend on d2, ds, ds, di5-2d23, =
no 1/m corrections...
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——
parameter-free static two-pion exchange
parameter -free;

depend on z;
only tree-level 1/m-corr. survive

y weny 245
no loop corrections

Krebs, EE, MeiBner, Annals Phys. 378 (2017) 317

Chiral expansion of the axial current and charge operators
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parameter-free (depend on the known Cr)




Krebs, EE, MeiBner, Annals Phys. 378 (2017) 317

Chiral expansion of the axial current and charge operators
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Chiral expansion of the axial current and charge operators
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Chiral expansion of the axial current and charge operators
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Chiral expansion of the axial current and charge operators
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— looked onIy at irred. 3N graphs parameter-free static two-pion exchange ameter-free (depend on the known Cr)
— different results for n-exchange | : \ :
current contributions g VX
— differences in tree-level 1n-terms| : - —
: parameter-free; depend on zy, ..., 23;

only tree-level 1/m-corr. survive no loop corrections
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known ci and cp involved. Fixing cp in the P VA ¢
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strong sector allows one to predict f#! ° ci C°
(it is crucial to maintain the symmetry) —— ——
Iead_ing short-range leading 3N force (N2LO)
—> test axial exchange currents axial current (Q°)
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e Half-life of 3H (up to known radiative corrections): ft = =1129.6 £ 3.0 s

. G3(F)? + g4(GT)?
—>» constraints on the Gamow-Teller ME v 4

e Using 1N current, the ft value is off by ~ 5% <«— exchange current contribution!
Up to Q1 (i.e. N3LO), no LECs except for

known ci and cp involved. Fixing cp in the o + X & ¢
strong sector allows one to predict ft! N ci o
(it is crucial to maintain the symmetry) e _
leading short-range leading 3N force (N2LO)
—> test axial exchange currents axial current (Q°)
® Within the LENPIC, work is in pro-
gress on the determination of cp. e pd minimum of do/d® at 135 MeV [Sekiguchi et al.’02]
l > ———t nd oot at 135 MeV [Abfalterer et al.’01]
—0— pd minimum of do/d6 at 108 MeV [Ermisch et al.’03]
[ Being validated in 3H B'decay, the ——i nd ot at 108 MeV [Abfalterer et al.’01]
theory can be used to predict the i pd minimum of do/de at 70 MeV [Sekiguchi et al.’02]
1 capture rate on 2H (being mea- — o8 nd otot at 70 MeV [Abfalterer et al.’01]
Sured in Musun @ PSI) & tO StUdy e nd scattering length 2a [Schén et al.’03]
few-N weak reactions (U capture, NI
pp fusion, v scattering, ...) >0 s B

LENPIC: Low Energy Nuclear Physics International Collaboration
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Nuclear Hamiltonian:

— derivation of contributions up to N3LO completed already in 2011; derivation of
N4LO corrections done for Von and almost done for Van (new LECs...) and Van

— accurate & precise NN potentials at N*LO are available, implementation of
many-body forces beyond N2LO in progress [LENPIC]

Electroweak current operators:
— have been worked out completely to N3LO
— 1N contributions expressible in terms of form factors

— some niN LECs in 1wt axial charge at NSLO are unknown...
[lattice QCD? v-induced m-production? resonance saturation? large-Nc¢?...]

— 2N short-range e.m. current/axial charge involve a few new LECs

Next steps (in progress):
— Precision tests of the theory for 3H B decay & | capture (validation)
— Extension to other processes, heavier nuclei, N4LO, explicit A’s, ...
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Nuclear chiral EFT

Weinberg, van Kolck, Kaiser, EE, Gldckle, MeiBner, Entem, Machleidt, Krebs, ... @: +
A _62
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(55 +00ms)) + Vow + Vay + Vi +... ||¥) = B|¥) B
i—1 2mN (g ~ ) - g + %+

derived in ChPT

LS equation is linearly divergent already at LO
— infinitely many CTs are needed to absorb all UV divergences from iterations!
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Nuclear chiral EFT

Weinberg, van Kolck, Kaiser, EE, Glockle, MeiBner, Entem, Machleidt, Krebs, ... @ ( ffz
()
A T2
~V?
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+OR)) + Van + Vo + Vaw + ... | [0) = E|V) .
i=1 2my = F & ¥ o
Y ,/ 7’ N
derived in ChPT

LS equation is linearly divergent already at LO
— infinitely many CTs are needed to absorb all UV divergences from iterations!

Commonly used approach [EGM, EM, EKM, Gezerlis et al."14, Piarulli et al.’15, Carlsson et al.’16, ...]:
— Introduce a finite UV regulator A ~ Ap (Ao ~ 600 MeV)
. . inimal ibl t;
— Include short-range operators in Vn according to NDA < Ziematives have be

alternatives have been proposed...

— Solve the LS equation & tune the bare LECs Ci(A) to data (implicit renormalization)

— (Numerical) self-consistency checks via error analysis and A-variation
See: Lepage, ,,How to renormalize the Schrédinger equation®, nucl-th/9607029 and talk@INT in 2000
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derived in ChPT

LS equation is linearly divergent already at LO

— infinitely many CTs are needed to absorb all UV divergences from iterations!

Commonly used approach [EGM, EM, EKM, Gezerlis et al."14, Piarulli et al.’15, Carlsson et al.’16, ...]:
— Introduce a finite UV regulator A ~ Ap (Ao ~ 600 MeV)

. _ nimal bossible st
— Include short-range operators in Vi according to NDA  <— Giematives have be

alternatives have been proposed...

— Solve the LS equation & tune the bare LECs Ci(A) to data (implicit renormalization)

— (Numerical) self-consistency checks via error analysis and A-variation
See: Lepage, ,,How to renormalize the Schrédinger equation®, nucl-th/9607029 and talk@INT in 2000

(Some) alternatives:
e renormalizable approach based on the Lorentz invariant Lett [EE, Gegelia 12 - *16]
e RG-based approach to determine the counting for contacts [Birse]

e non-perturbative ,renormalization” within the non relativistic framework using A >> Ay
[van Kolck, Pavon Valderrama, Long, ...]
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[van Kolck, Pavon Valderrama, Long, ...] IS more in splrlt of peratlzatlon [EE, Gegella EPJA 41 (09) 341]
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Nuclear chiral EFT
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~
derived in ChPT

LS equation is linearly divergent already at LO
— infinitely many CTs are needed to absorb all UV divergences from iterations!

Commonly used approach [EGM, EM, EKM, Gezerlis et al."14, Piarulli et al.’15, Carlsson et al.’16, ...]:

— Introduce a finite UV regulator A ~ Ap (Ao ~ 600 MeV)
— Include short-range operators in Vn according to NDA  <— iometies nove bosn proposed...

— Solve the LS equation & tune the bare LECs Ci(A) to data (implicit renormalization)

— (Numerical) self-consistency checks via error analysis and A-variation
See: Lepage, ,,How to renormalize the Schrédinger equation®, nucl-th/9607029 and talk@INT in 2000

(Some) alternatives:
e renormalizable approach based on the Lorentz invariant Lett [EE, Gegelia 12 - *16]

e RG-based approach to determine the counting for contacts [Birse]

[van Kolck, Pavon Valderrama, Long, ...] IS more in splrlt of peratlzatlon [EE, Gegella EPJA 41 (09) 341]

See also: Nuclear Effective Field Theories — the crux of the matter, open discussion by Mike Birse and EE at the KITP program
,Frontiers in Nuclear Physics”, August 22 - November 4, 2016, available at http:/online.kitp.ucsb.edu/online/nuclear16/
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For 3H B-decay (k

A’a

Baroni et al.

where the various

Wi(q)

Wa(q1)

~ (), the N3LO contribution to the 2N current by Baroni et al. is:

3 — = —
ga o R q102 -1 >
S - % G+ 7 (2— —a>
32rF1 " (1)1 + Wa(q1)@ 61 - ¢y + Zi(q) PR VPR ]
gi y a1 X 102 @1

[7'1 X Tg]a23(q1) + 1« 2,

_|_

5 5 5 ga
T1aW3(Q1)(02 X Ch) X — =7
32nF2 32nF2 qi + M?
Baroni et al., PRC93 (2016) 015501; PRC94 (2016) 024003

loop functions are defined as:

1 1 A2
= A0 - 22002 + (- 5] + g | ~9)+1),

2 4M? + ¢}
_ MR (4@2gA + )MZ + (Bgh + 1)at)  Alqr) (4295 + 1)MZ + (g5 — 1)a7)
2¢7 (4M2 + q7) 2q% ’
_ _4Ale) 1 <«——— does not exist in the chiral limit!

3 6 M,

) (in contrast to our results)
= 2A(q)(2M; + qi) + 2My,

1 M,
= §A(Q1)(4Mz +4q7) + 5

= Larctaun( e )
2QI 2M7r .



For 3H B-decay (k ~ 0), the N3LO contribution to the 2N current by Baroni et al. is:

xa ) a — - o — (71 02 - (71 -
ABaronietal. = —327TAF47-2 Wiq)dy +Waq1)qi 61 - ¢ + Zl(Q1)<2—q% gy A U2>]
5 3 — - — —
ga - o - ga 01 X102 - 1
et il 1 X X q — ———[11 X 13]°Z —_— 1+ 2,
+ 327rF;§Tl 3(q1) (02 X q1) X G 327rF;r1[ 1 X 79| Z3(q1) &+ M2 +

Baroni et al., PRC93 (2016) 015501; PRC94 (2016) 024003

where the various loop functions are defined as:

1 2 2 2 2 ]‘ 2 4M73
1\41) — 3 1 - 4Ya T —Y9954)% ot T 194 - )
Wila) = 5A@) 40— 23)M2 + (1 - 56)¢2] + 5 My [g ( 9)+1

2 4M? + ¢}
Walq) = o (4293 + M2 + (394 + )ai)  Alqr) (42973 + 1) M7 + (93 — 1)ai)
A 207 (4M2 + @) 27 ’
Ws(q1) = —4A?()Q1) — 6]\14 . <«—— does not exist in the chiral limit!

s o (in contrast to our results)
Zi(@) = 2A(q)2M; + 1) +2Mx,

1 M,
Zi(q1) = ZAlq)AMZ+q)+ ==,
2

2
Alqp) = 2%]1 arctan (231@).
We find:
_)aBaroni ot al — ffi‘(EM = —giA(QI) (Forigr + 201(6My + 1) - o) + rational functionof ¢; + 1 <> 2

967 F4q?

——> the currents have different long-range parts!
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® 3He/SH m.m’s used to fix EM LECs; ~15% correction from two-body currents

e Exchange currents crucial to improve agreement with exp data
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® Hybrid GFMC calculations using AV18 + Urbana 3NF
® Magnetic moments of A = 2, 3 nuclei used to fix EM LECs

® Theoretical uncertainties?
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How do our results depend on the specific form of the regulator ¢ (%) - ll — exp <—%>]

and/or additional spectral function regularization V.(q) == /

2Mr

2
s

ASFR

pc(p)

M:U’2+q2

Selected phase shifts (in deg.) for different values of Asrr and n at N3LO{R = 0.9 fm;

Lab. energy NPWA ourresult DR,n=5 DR,n=7 SFR, 1.0GeV SFR, 1.5 GeV SFR, 2.0 GeV
proton-proton 'Sy phase shift

10 MeV 55.23 55.22 + 0.08 55.22 55.22 55.22 55.22 55.22

100 MeV 24.99 24.98 + 0.60 24.98 24.98 24.98 24.98 24.98

200 MeV 6.55 6.56 + 2.2 6.55 6.56 6.56 6.56 6.57
neutron-proton 3S; phase shift

10 MeV 102.61  102.61 £ 0.07 102.61 102.61 102.61 102.61 102.61

100 MeV 43.23 43.22 +0.30 43.28 43.20 43.17 43.21 43.22

200 MeV 21.22 21.2+1.4 21.2 21.2 21.2 21.2 21.2
proton-proton 3Py phase shift

10 MeV 3.73 3.75+0.04 3.75 3.75 3.75 3.75 3.75

100 MeV 9.45 9.174+0.30 9.15 9.18 9.18 9.17 9.17

200 MeV —0.37 —-0.1+23 -0.1 —0.1 —0.1 —0.1 —0.1
proton-proton 3P; phase shift

10 MeV —2.06 —2.04+0.01 —2.04 —2.04 —2.04 —2.04 —2.04

100 MeV —13.26 —13.42+0.17 —13.43 —13.41 —13.41 —13.42 —13.42

200 MeV —21.25 —21.2+1.6 —21.2 —21.2 —21.2 —21.2 —21.2
proton-proton 3Py phase shift

10 MeV 0.65 0.65 + 0.01 0.66 0.65 0.65 0.65 0.65

100 MeV 11.01 11.03 £+ 0.50 10.97 11.06 11.07 11.05 11.04

200 MeV 15.63 15.6 £ 1.9 15.6 15.5 15.5 15.5 15.6

—>» negligible regulator dependence (compared to the estimated theor. accuracy)




