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® Nuclear forces in chiral EFT

® Axial-vector current in chiral EFT
® Unitary transformations for currents

® Modified continuity equation and 4-vector relations
® Matching to nuclear forces
® Axial-vector current up to order Q



ChPT nuclear forces

Worked out up NALO N3LO

to the order N4LO in progress
Regularization Dim. Reg Dim. Reg.
used In Compma}non with s?rm-looal -
regularization in Schrédinger eq.

Novelties in NN sector (beside the construction of N4LO NN)
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«® Local regularization in coordinate space: Viong range(7) — Viong—range (") [1 — exp <_ﬁ)]
/ By construction long - range physics is unaffected by this regulator

v~ No additional SFR is needed

O Theoretical uncertainty estimation due to chiral expansion for every fixed cutoff I?



Uncertainty due to chiral expansion
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T T T 85 T T T T T
Elab=50 MeV Ep=96 MeV | NLO
— 170[ 1 =% - {I { .1 7 N2LO | np total cross section at several
O o] .
£ | = 1= [ b P 3l E f T —— N3LO | cutoffs R; = (0.7+4 i x 0.1) fm
- €3 = = |
& 165 & | — N4LO
0¢r
160 L L L L L L 65 L L L L - . g .
R, R, Rs Ry Rs Exp R, R, Ry Ry Rs Exp @ Predictions based on different values
70 - 60 - of cutoff R are consistent with each other
L 1 Ejgp=143 MeV | Ejpp=200 MeV ]
6ol ] sof 1 <@ Results with larger value of R are less
E 502_ II = I {{ B - E wl {I I {I h . accurate due to larger cutoff artefacts
g | & s} ® Actual size of N4LO corrections is in good
“f : ' agreement with estimated uncertainty at N3LO
I 20
3oL - - S -
Rl R2 R3 R4 R5 Exp Rl R2 R3 R4 R5 Exp

@ The most accurate results (judging on the size of error bars) are for the cutoffs
R>=0.9 fm and Rs=1.0 fm

@ Atlowest energy the uncertainty due to cutoff variation of NLO results is underestimated.
This pattern changes at higher energies

The suggested chiral error estimation is more reliable than the cutoff variation procedure
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0 20
-10
-20

-30

30
20

0 100 200 300 0 100 200
Elab [MeV] Elab [MeV]
R=0.9fm NLO —— N2LO —— NSLO —— N4LO

® Good convergence of chiral expansion
® Error bands are consistent with each other —2 strong support of chiral uncertainty estimation

® Excellent agreement with NPWA data
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3NF up to N4LO

Long - range

Short - range
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Nuclear currents in chiral EFT

Electroweak probes on nucleons and nuclei can be described by current formalism

Chiral EFT Hamiltonian depends on external sources

Hla,v, s, p|

(AXI8.| vector source) /\ /\ CPseudoscaIar source)

CVector source) CScaIar sou rce)




Vector currents in chiral EFT

Chiral expansion of the electromagnetic current and charge operators

single-nucleon two-nucleon three-nucleon

Qs
. 1/m . é Chemtob, Rho, Friar,
Qt i W W] e - Riska, Adam, ...
Qo ’VW:-’ “ ° eee g
1 E MN’ :' oo \‘ :; XX é cii-- / ——— coe W\l', ——_ o coe é L L ——- ———- e
CLEE y ) ; 4 4 :
— _ — _
~ ~ : "
depend on dsg, do, di1s, d21, d2o, parameter-free parameter-free

no 1/m corrections..

WH P o E;\

—
parameter-free static two-pion exchange

depend on Cr

H_/

depend on Cz, C4, Cs, C7 + Ly, Lo;
no loop corrections

Park, Min, Rho, Kubodera, Song, Lazauskas (earlier works, incomplete, TOPT)
Pastore, Schiavilla et al. (TOPT), Kélling, Epelbaum, HK, MeiBner (UT)



Siegert approach + N4LO

Skibinski, Golak, Topolniki, Witala, Edelbaum, HK, Kamada, MeiBBner, Nogga, arXiv:1605.02011

Generate longitudinal component of NN current by continuity equation

[Hstmng, p} — k- J < regularized longitudinal current (Siegert approach)

! ' T T T " T T T T ™ T T .. :
Deuteron photo-disintegration
1000 _ _
) i i ® consistent regularization via cont. eq.
_‘5 Siegert, NALO
OH 100 = S ] Siegert, AV18 —] . .
- ~ ] ® improvement by 1N+Siegert
u TS INAVIS T
I e @ implementation of transverse part
ot b by ] & exchange currents work in progress
10 20 30 40 50 60 70 80
E [MeV]
Nucleon-deuteron radiative capture: p(n) +d —° H(°He) + ~
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MuSun experiment at PSI

“Calibrating the Sun” via Muon Capture on the Deutere

ptd—->n+n+v

Main goal: measure the doublet capture rate Aq in
w+d—>v,+n+n with the accuracy of ~ 1.5%

500

This will strongly constrain the short-range asof- Theory Experiment
axial current ~ 460
Ln% 440
< .
n 11“ Vu“ 4202— { *
W 400 * + }
W + b+ N + +
) G \ )\ 1 I\ | 00 E
« G v o i TR L

oj a, n, ey ., Ma
ra 199 0’ 1990 79m 74 90‘70 209, © 2009l

Way Bep. Bary, Caro My
CArcye ., 19m NG 10.7tn 102" di) "Iney,; USu,
Coj 20”05-, 20’220,2 195 1975 "7‘936‘ e/ 7989"

Futyy,

The resulting axial exchange current can be used to make precision calculations for

® triton half life, fT12=1129.6 £ 3.0 s, and the muon capture rate on 3He,
No=1496 4 s — precision tests of the theory

. . . p +p — d + e+ + Ve
® weak reactions of astrophysical interest such ptpte—dtve

as e.g. the pp chain of the solar burning: p +3He — ‘He + ¢* + v,

® LA governs the leading 3NF 'Be + e — 'Li + v,
SB — 8Be” + et + v,



Historical remarks

® Meson-exchange theory, Skyrme model, phenomenology, ...
Brown, Adam, Mosconi, Ricci, Truhlik, Nakamura, Sato, Ando, Kubidera, Riska, Sauer, Friar, ...

® First derivation within chiral EFT to leading 1-loop order using TOPT
Park, Min, Rho Phys. Rept. 233 (1993) 341; Park et al., Phys. Rev. C67 (2003) 055206

— only for the threshold kinematics
— pion-pole diagrams ignored
— box-type diagrams neglected

— renormalization incomplete

® Leading one-loop expressions using TOPT including pion-pole terms for general
kinematics (still incomplete, e.g. no 1/m corrections)

Baroni, Girlanda, Pastore, Schiavilla, Viviani, PRC93 (2016) 015501, Erratum: PRC 93 (2016) 049902

Complete derivation to leading one-loop order using the method of UT
HK, Epelbaum, MeiBner, arXiv:1610.03569



Diagonalization via Okubo

® Decomposition of the Fock space H

Projector operators: n+ A =1

ne =
Hy — H=Hy ®Hr — Hgr

Model-space including | Remainder-space including
only pure nucleon states states with at least one pion

HIW) = (Ho + H)|¥) = E| V) ¢t (ggg gg;) @‘3) g @I‘gi)

® Block-diagonalization by applying unitary transformation

iU HU (nﬁ]n 0 ) Possible parametrization by Okubo ‘54

~ 0 A HA e (77(1+ATA)_1/2 —AT(1+AAT)—1/2
Vog = n(H — Ho)n A1+ ATA)~Y2 N1+ AAT)~1/2
With decoupling eq. \(H — |[A,H] — AHA)n =0

V.gis E - indep.=s important

for few-nucleon simulations Can be solved perturbatively within ChPTA
Epelbaum, Glockle, MeiBner, "98



Unitary transformations for currents

® Step1: H — Hla,v,s,p| = U Hla,v, s, p|U

Okubo transf. or further strong unitary transf. are not enough to renormalize the currents

® Step 2: additional (time-dependendent) unitary transformations

4 N
0 0 ; B o 0 : B :
zat\If = HY —> zaU(t)U ()W = U(t)z%U (t)W + (zaU(t)) U'(t)Y = HU®)U' ()P
O _ |yt tep) (32 /
UV =Ult)¥ —» ZE\P = |\U'(t)HU(t) — U'(¢t) (ZEU@))] \j
- /
Explicit time-dependence through source terms \
] f ] 0 T
Hla,v,s,p] = U'la, v]Hla,v, s,p|Ula, v] + { i U'la, v] ) Ula, v
\_ J
'
=: Hegla, a,v, v
. ° \
b ) . . Due to time-derivatives (a,v ) the currents
Al (7, ) ———Heg a,a,v, v depend on energy transfer if transformed
oar®(Z,t) a=v=0"| jnto momentum space

)




Chiral symmetry constraints

Chiral symmetry transformations on the path integral level

Gasser, Leutwyler Ann. Phys. (1984) 142: v, = % (rp+1.) and a,= % (T — 1)

<Oout ‘Oin>a,v,s,p — €XP (7/ Z[CL, v, S, p]) — €XpP (7’ Z[ala Ula 5/7 p/]) — <Oout loin>a’,v’,s’,p’

r, — r =Rr,R'+iRO,R', ( . . A

SN Chiral SU(2)z, xSU(2)rotation

l, = U, =LI,L"+iL9,L", :

| i e i does not change the generating
stip = s dip = Rls+ip)L functional —» Ward identities
s—ip — s —ip' =L(s—ip)R' . \_ )

Chiral symmetry transformations on the Hamiltonian level

® There exists a unitary transformation U (R, L) such that from Schrédinger eq.

0 %,
’E‘I’ = Hegla, v, s,p|V takes the form z‘aUT(R, L)V = Hgld' V', s, p U (R, L)¥

Transformed Hamiltonian is unitary equivalent to the untransformed one

Hegld',d',v', ', s',p'| = UN(R, L)Heg|a, G, v,v, s, p]U(R, L)—I—(i%UT(R, L)) U(R,L)



Continuity equation

' 1
Infinitesimally we have R =1 + %7- -er(r) and L =1+ 5T er(x)

1
Expressed in ey = §(GR+6L) and €4 = i(GR—eL) we have
v, — vlbzvu—l—vﬂerqLaMxeA—F@Mev v, — bzzﬁuév—l—...
a, — a,=a,+a,xey+v, xXes+ 0,6 Gy — G, = Opéa+ ...
! -/ ! -/ / / "' . . a .l.
Hegla', o', v, 0" s, p'] = U (R, L)Hegtla, a,v,0, s, p|U(R, L)+ z&U (R,L) |U(R, L)

® H.gld',d',v', v, s, p'] is a function of €v,€v,€v,€4,€4,€4
—>» U =exp (i/dBCB[RS(f)'Gv(f, t) + R (T) - ey (7, 1) + Ry(T) - €a(T,t) + RY(T) - €a(7, t)})

Expanding both sides in ¢y, €4, comparing the coefficients and transforming to
momentum space we get the continuity equation

new terms
Hoo A0)— 2 A<gk>+i[z{ A(Ek)]qtiﬁmP(l;k\)}
strongs, 410\ v, (%0 0 (91{0 strong, <20\ /vy V() a]{() q y v



Continuity equation

The continuity eq. is invariant under the two discussed classes of unitary transformations

— a — dd a - . (9 -
|:Hstr0ng7 AO(k7 O) - —k ’ A(ka kO) + a—k'() |:Hstrong7 AO(kv kO)i| + Za—koqu(k7 kO)i|

= k- A(k,0) —imgP(k,0)
® Class I: time-independent unitary transformations
A, (k) = UTA, (KU, P(k) = U'PK)U, Hong — Ul HytrongU v

® Class II: time-dependent unitary transformations Ula] = exp (i/d?’qu(f) - at(Z, 330))

A (k) = Au(k) + i | Hyrong, Y u (R)| = i koY (F)

lhsof cont.eq. — lhsof cont.eq. + ¢ [Hstrong, k- ?(E)}

N o)
rhsof cont.eq. — rhsof cont.eq. + {Hstmng, k-Y( )}

® Class Il: time-dependent unitary transformations Ulp] = exp (z / >z Z () - p(Z, 330))
P(k) — P(k) + i {Hstmng, Z(E)] ko Z(R)

lhsof cont.eq. — lhsof cont.eq. + m, [Hstrong, Z(IZ)]

—> ) v
rhsof cont.eq. — rhsof cont.eq. +m, [Hstmng, Z(k)]



Four-vector constraint

Boost operator Heisenberg picture /

exp (—i g. f?e) A" (1) exp (2 g. f?e) — A" (0)AT (A1 (0)z)

Lorentz transformation

Infinitesimally we get A(0)z =z + 02 + O(6%) with == = (- 7, o)

Linear expansion of the four-vector relation in 6 leads in momentum space to

. - N,
278(Ea—Eg—ko)(al [z &K, Au(k)} + A (k)& v, [Hstmg, Au(k)] kg Au(k)|8) = 0

—> [[z e?.I?,AM(k)} +AL(k)—&Vy {Hstmng,Au(k)}—éE(%OAM(k)H [Hstrong,xu} —ikoX , =0 }

X ,, is an arbitrary operator satisfying kﬁ%r;l_E (ko + Eo — E3)(B|X u|a) = 0.

To check the four-vector relation we need to block-diagonalize it via unitary transf.

Poincare algebra gets block-diagonalized by Okubo unitary transformation
Gléckle, Miiller, PRC23 (1981) 1183; Kriiger, Gléckle nucl-th:9712043 €— special model

HK, Epelbaum, MeiBner, arXiv:1691217 &= general proof

Straightforward calculation of effective boost operator



Four-vector constraint

Four-vector constraint is unaffected by the two discussed classes of unitary transformations

} . .9
6K, A (k) |+ Ak (6) =&V | Horong, Ay (k)] ek Ay (k)4 | Hutrong, X | ko X = 0
0

® Class I: time-independent unitary transformations
Ay (k) > U'A,(k)U, K —U'KU, Hgong — UlHgwoneU, X, —=U'X, U [/
® Class II: time-dependent unitary transformations Ula] = exp (z / d’zY ,(T) - a" (T, xo))
A (k) = Au(k) + i | Horong, Y u(R) | = 1 koY (F)
X, = X, —i [5. K, YM(E)} +é-Vy [Hstmng, YM(IZ)} —v}!

Using the Poincaré algebra relation [5 K, Hstmng] — i &- P we can rewrite
[i ¢ K,i [Hstmng, YM(E)” - z[Hstmng, [z ¢ K, YM(E)H WENSAD)
Multiplying out we realize that the four-vector constraint is unaffected v

Four-vector constraint is unitary unambiguous and should be satisfied for any four-current



Unitary ambiguities

34 different unitary transformations are possible at the order Q

4 Y Vertices without axial source are denoted by H ")

U, _ S2% _ h.c. . . :
(a) = exp (5] c.) Vertices with one axial source are denoted by Af{f)

5% = q%pAl onH2(11>\1E3 2(1)77 n. — number of nucleons
P — number of pions
gar  _ @ H(l))\l—A(O))\l— (1) .
’ 2 E? B, a4 — number of axial sources
3 . . .
\ / k=d+ —n+p+ a— 4 € inverse mass dimension

2

High unitary ambiguity is related to appearance of the axial-vector-one-pion interaction A( 1)
(30 out of 34 transformations depend on it)

Reasonable constraints come from

® Perturbative renormalizability of the current B =g

Y4 = 2,
1 Vi M 1 1

o= L (i) + 9k =t 1= — 1 +%>\+167T m( p ) B2 Bs = 5Pe 12( +59%) -
pu— pu— p— pum— O
B; Bi \ B; (M7T ) b15 = P1s = Paz = Das :
di = di(p) + gzA =i di+ 5A+ In | — 1

(i) F2° " 16m2F? 1 Bis = “ga+ g

2

After renormalizing LECs /; from £ and d; from £( and using well known g-and -
functions (Gasser et al. Eur. Phys. J. C26 (2002), 13) we require the current to be finite



Matching to nuclear forces

Dominance of the pion production operator at the pion-pole (axial-vector current)

w Vi M Vi
\g/
" = , + Non-pole contributions
7T

Dominance of the pion production operator at the pion-pole (three-nucleon force)

LO pion-nucleon vertex

I ::‘: + Non-pole contributions

ConS|stent regularization of nuclear forces and currents calls for matching
requwement between pion-production operators in different processes

l l
_! « Matching requirement is fulfilled only
- for particular choice of unitary phases

After renormalizability and matching requirement there are no further unitary ambiguities!




Single nucleon current up to order Q

Up to 1/m - corrections one can parametrize axial-vector current by form factors

Ga(—k?) - Gp(—k?) =
O’a _ A a — P a —
AlN - — 2m T’i kz 0y _|_ 8m2 T’i k0k°0i7
“ Ga(=F*) .. | Gp(=K) .77 . | 2a(Q) 7 (Q)
IN = T 5 TG Sm2 i kk-0i + AN mur T AN m?

® Axial and pseudoscalar formfactors are known up to two-loop order: Kaiser PRC67 (2003) 027002

Ta gA]{?O E a N . _)p;2_p%
All\(I?l)/m,UT’ TN NP (2(1+2ﬁ9)0z’°/€z‘ — (14+2p3)k -7,

ko/m ~ Q*/A; due to adopted counting for 1/m-corrections

’Lk2+M7%)

(1) (2) (3) (4) (5)
1 (@) 94 o772 (0 = p3)? 0% +pD)k - G = 2B0(pi> — p})ki - 5
Ayme = T (kk 7ill = 2%) GESTEE. k2 + M2




NN current at order Q1 & QO

-
leading order (Q7): -1 A - - - § ....... § L) §
(1) (2) (3) (4) (5)
subleading order (Q°): - g. ______ X WM,><
(6) (7) (8) (9)
N Y,
Well known results for axial NN current at Q-1 and QO - order
0,0 QY _ 194G 01[T1 X 7o) 1 <9
B R Vo 17 T2 R
}Ya (Q_l) — 07

2N: 17

—

o (Q%) _ 94 531'51 a 2 k — %Eq_i al - = %%-Jlxﬁg
A2N:17r - 9 2 q%—|—M2{T1 [_4C1Mﬂ.m+203(ql—m +C4[Tl><7'2] g1 X 09 — k2—|—M7%

— :—v[71X72]aEX52}+ 1%2,
m

= (O° 1 al - k& -k
A21\§:Qco)nt = _ZDH <<71——_'_1 )—I— 12,



NN current at order Q

4 N
_______ N O B : ~ Tree-level diagrams contribute to energy-
§ transfer dependent contributions
(1) (3) (4) (5)
- J
0,a
AzN:g?UT/ = 0,
“a | ko k gy - &) 203k - @i\ 2g370k - @1 x &)
Ac@ 94 0 al1_ 294 _ 49ATH .
2N: 1m,UT SEEmE @\ T T e k% + M2 e
0,a (Q
AZN:E:or)lt,UT’ = 0,
— . — CTE-El[T1XT2]a
AlD = kg dA + 12,
2N: cont, UT 0 (k2 —|—M7Z)2

Off-shell effects proportional to energy transfer are important for frame-
independent investigations and also for checking the continuity equation
and four-current relations



1/m-corrections to axial NN current

4 N\
J] &
Y VY AW [3\/\/\1 . o = . -~ _— R o Lo
S— - - S - - - 4 S By = gaqi-51[-2(1+2B8)q1 k1 - 1 — (1 — 2B8)(2qh k2 - 4 — 1 G X G2k - G1),
By = (1-2B3)gAkk-qiqy - 1[2k - ko — ik - G x 52,
) @ ) ) (5) ®) By = 2E[—gi((1+2ﬁg>ﬁ-cfll¥1-61+(1—2Bg)c71-61(E-E2+122-q1))
o J] _§ _g é Hi_ [Ig‘g +6'1'51(E'E2+i£'§1X52—E1'€71+E2'§1)]a
rF-- - =" M~ m ] g T §4 = 9124[2(1+259)61E15"1—}—(1—239)5151(2E2_ZEX0_-‘2)]_2(I»161(Z§1X62_ZEX62+2E2)7
[lj [lj Bs = ¢3¢ - o [(1 —2B) (1 k- Gy — 20 q1 X Goka - 1) — 2i(1 + 2B8)q1 X G ki - (fl],
() (8) ) (10) (11) (12) . _ . . . oL
Bﬁ = _(1_258)9124]96‘1 51[(kq‘1)2—22kk2k§1 X&Q],
»_‘g '_g _g §7 = 9124];[(1 — 269)@1 . 51(—2@(]2 EQ X 09 + EQ - q1 X 09 +k‘2 —i—q%) — 22(1 +259)E1 . 0_"1];: q1 X
- — - - 1) -- - - - -g »———«»—g »——{}-g . ~ . . ~ .
: Bg = —g3[(1 —2B9)q1 - 71(k — 2i kg x &) — 2i(1 + 2B9)qy * Ga ky - 71].
(13) (14) (15) (16) (17) (18)
. J
Ae Q) — 94 {z’[T X T ]“[ ! (E LA ) - ! B + Bs
2N: 17,1 - 1 2 2 L= 2 2 2 2\2 2 2
™ 1/m 16F2m (q? + M2)2 k2 + M?2 @+ M2\ (k2 + M2)2 k24 M2
1 . kk-Bs 1 Bg B .
(¢ + M2)2 K2+ M2)  @d+ M2\ (k2+ M2)2 k2 + M2

P Y Py

1o (Q)
A2N: cont, 1/m

ga

—

k

k? +

Tdmk2+ M2
1 — 2%

M2

a{(l - 259)<CS(T2 G+ Op(Ga - G + 2i Ky - 71 % 52))

(Csk - @k 51+ Co(F - @ - 52+ 20K - Fa - 74 x52>)} Y

No relativistic corrections to the axial NN charge

_|_

4

%)



NN current at order Q

One-pion exchange contributions match to 2r — exchange 3NF at N3LO

e R 4 N\
----- IVV\!>—---4V >-—--4’ »---«KN\I >----<y, ..__'V_vjv AN — = — I ’VV\“____‘,‘\} h_%i‘\l IV\N._\;iﬂ Ak T V-
M (2) (3) 4) (5) (6) (7 (1) (2) (3) (4) (5) (6)
sr | b | | B R S i LA |y
_____ b S S S SR T S et B -~ == S | - - -,
© ©) (10) (11) (12) (13) (14) .o ®) (©) (10) (11) 2 )
. \ . s RS _ 9aM;
g' ____________ § .__L_LL/‘ A - - — 4 /’. _____ //' _____ /; _____ //' hl(‘]z) = 7121%7TF7§7
e ha(gs) = JAMr gaA(g2) (4M7 + 3)
(15) (16) (7) (18) (19) (20) (21) 256 Fy 2567 Fy
g (B )My ghAlge) (2M2 4 3)
s | | \ g N . % _§“ h3(q2) = 1287 F9 = 1287 F6 2
A B SR S 2 & - ha(g2) = 2569%176 (Alg2) (2My +5M2q5 + 2q3) + (497 + 1) M3} +2 (g% + 1) M) ,
(22) (23) (24) (25) (26) (27) (28) hs(q2) = —25531:7? (A(q2) (4MZ +q3) + (2% + 1) My),
\_ J 2 4 2 N2 2 2 2
tolas) = DI M LSRN ) L) (803 +4) M2 + (553 + 1) )
® h; are related to TPE 3NF functions A & B i Dogally gl &) (Mt gs) oMy
o 4 o 4 16F2
ha(qz) = A (q2), hs(q2) = B (g2) ) Sl 20)
slq2) = 8F.,€‘
2 — —
Ta (Q) _ 4F7‘(‘ ql ’ 0-1 a — — — — a (= —
AN = Y (71 X o) ([qh X F2) hi(q2) + [G2 X G2] ha(q2) ) + T4 (dh — ¢2) hs(g2)
dA 4q; + s
AF? g1 k
L A {T4ha(gs) + [m1 X 72]Gi - [ x Galhs(@a) | + 1432
2 2\ (2 2 1 3
gA (k + Mw)(Q1 + Mﬂ')
2 — —
0,a(Q _ AT q-01 a > 0= re o =
AN 1y = 1 Y (71 % T2)? (he(q2) + k*hr(q2)) + 71 1 - (G2 X T2) hs(ge) ¢ + 14> 2,
dA 43 + s



NN current at order Q

Two-pion exchange contributions match to 27 — 17 3NF at N3LO

91(Q1) =
92(q1) =
93(q1) =

galq) =

g5(q1) =
g6(q1) =
gr(q) =
go(q1) =
gulq) =
g13(q) =
gua(qr) =

g15(q1) =

g4 A(q) (893 —4) M2 + (g% +1) 3)

g4 M ((8g% —4) M2+ (3¢3 — 1) ¢3)

2567 642 256mFSq7 (4AM2 + q7)
gaAlq) 2MZ +q7) | g\M
1287 F6 1287 F6’
ghA@) (893 —4) M2+ (393 —1)af) (3¢ —1) ghMx
2567 2567 6
3% A(q)
1287F% (@) = gaA() M7 +ai) | ghMx
—a; ga(qr), grelq) = G4 FG 647 F0’
6 2
9291 Alq1)
98(q1) = gro(q1) = gr2(qr) = 0, grla) = = 1287 F6
gAA(q) M7 +qt) | (205 +1) gh M (q) = Tatta) ((4—8g3) M7+ (1-343) f)
1287 F6 1287 F6 st 12872 F¢ (AM2 + ) ’
6 4
gaMx _ gaL(q)
64m FS” Gio(q1) = 3272F6 "
gaAl) (AMZ+qf)  ghM,
5127 6 5127 FS’
_ 9%A(q)
1287FS’
gaAlq) (893 —4) MZ + (3 +1)af) | gaMx ((4—8g%) M7 + (1 -397%) ¢i)
256mFS¢2 256mFiq7 (AMZ + q7)
gaAlar) (893 —4) M2 + (3¢5 —1)af) | (33 — 1) g4 M-

256w F'S
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256w F'S

+ Tg(_il‘glil'gg4(Q1)

— k-G1g5(q)) — Q-T2 @i - kge(q) + @ - Gogr(q) + k- Fo - kgs(qn) — K - 5 99((11)>

+ [1T1 X Tz]a( — {1 - |01 X 2] 1 - /2910((]1) + 1 - [01 X 02 911(q1) — @1 - 02 G1 - G2 X 51]912(611))}

22 . L o . . .
+ —F {ql <Tza ¢ - 01 913(q1) + T @1 '0'2914(611)) — 71 G2 915(q1) — T3 G2 916(q1) — T3 G1 917(91)} + 142,
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NN current at order Q

Vanishing short-range contributions for the current, after antisymmetrization
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Three-nucleon current
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® First complete calculation of axial 3N currents
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® Lengthy expression for current: HK, Epelbaum, Meiner, arXiv:1610.03569

® Vanishing charge operator

® Pion-pole terms match to 4NF




Compare with Baroni et al.

Baroni et al. arXiv:1605.01620; PRC93 (2016) no. 1, 015501, Erratum PRC93 (2016) no. 4, 049902

At zero momentum transfer the result of Baroni et al. is

: o M 1
J£4LO(OPE7k) - 2@2—7‘_](;1 [187‘2,:|:k — (’7'1 X Tg)ia'l X k] o9 - kw_i + (1 — 2) , (5)
) 1
j£4LO(MPE7 k) - 329—;1]:%7_2,:|: [Wl(k) o1+ WQ(]C) k (o A k + Zl<k) (21{ (o0 kw—g — 0'2):|
+ gi 7_1:|:W3<k>(0'2><k)><k— gi (T1><T2> Z3(k‘)0'1><k
2nfi " 327 fA +
1
Wi
M, AM? 1 s
Wi(k) = - (1 +g?4(— 9+ 12 +4M72r>> + 5((1 —5g3)k% +4(1 — QgA)MW)A(k),
Mﬂ- 2 1 2 2 2 2
1 4
k) = —— — - A(k
W3( ) 6M7-r 3 ( )7
Zi(k) = 2M,+2(k* +2M2)A(k),
Z3(k) = % - %(k2 + 4M2)A(E).

The current of Baroni et al. does not exist in the chiral limit!

5 = __a,4 - 2 2\ = = __a
- Ly a gaA(qr) (Fa7iqt +2¢1 (6M7 + qf) q1 - GaTi
]aN4LO (MPE7 qj.) o A21£IQ2)7T o A21£IQ1)7T - ( ( ) )

P 067 F4q2

+ rational functionof ¢ + 1+ 2.

Two currents have different long range parts!



order single-nucleon two-nucleon three-nucleon

LO (Q_3) _’CllN: static» - B
NLO (Q_l) _’Cle: static» T T
NQLO (QO) - _’gN: 17> / -
+ ggN: cont» \/
NBLO (Q) _)(iLN: static» —)gN: 17> —)gN: i)
+ A?N: 1/m,UT’> + A%N: 17, UT/> * + AgN: cont» *
+A61LN:1/m27 +A62LN:17r,1/m7 ﬁ
+ AN, o, Baroni et al. considered only
+ Al coms Ut B irr. diagrams of 3N current
+ ASN: cont, 1/m> *
® terms not discussed by Baroni et al. "16 v terms on which we agree with Baroni et al. "16
order single-nucleon two-nucleon three-nucleon
LO (Q™) — — —
NLO (Q_l) A(l)i\?: uT/> Agi\?z 17 / o
0,a
+ AN 1/m>
N2LO (Q°) — — —
,Q 0,a
N3LO (Q) A(le: static, UT/? AQN: 17 -
0,(1 O7CL
+A1N:1/m’ +A2N:27r7 \/

0,a
+ AQN: cont”’ \/




Pseudoscalar current

order single-nucleon two-nucleon three-nucleon
LO (Q_4) PlaN:statim — -
NLO (Q_2> PlaN:statiC? N -
NQLO (Q_l) o PQQN: 17y T
+ P2aN: cont»
N3LO (QO) PlaN: staticy PQCLN: 17> PSaN: T
+ 1aN: 1/m,UT’> + PQGN: 17, UT/> + PE?N: cont»

a
+ 1N:1/rn27

a

+ 2N: 17, 1/m>
a

+ P2N:2777

a
2N: cont, UT/>»

a
+ 2N: cont, 1/m>

Continuity equations are verified for all currents



Summary

® Axial-vector current is analyzed up to order Q

® There is a high degree of unitary ambiguity

® Modified continuity equation and 4-vector relations are satisfied for
any choice of unitary phases

® Renormalizability and matching to nuclear forces conditions
lead to unique current

® Differences in long range part between our results and Baroni et al.

Qutlook

® Numerical implementations

® Axial-vector current up to order Q2



