Electroweak currents in chiral EFT

Hermann Krebs
Ruhr-Universitat-Bochum

Progress in Ab Initio Techniques in Nuclear Physics
TRIUMF, Vancouver

February 28, 2017




Qutline

® Nuclear currents in chiral EFT

® Unitary transformations for currents
® Modified continuity equation

® Matching to nuclear forces

® Axial-vector current up to order Q



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



Siegert approach + N4LO

Skibinski et al. PRC93 (2016) no. 6, 064002
Generate longitudinal component of NN current by continuity equation

[Hstmng, p] — k- J < regularized longitudinal current (Siegert approach)
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MuSun experiment at PSI

Main goal: measure the doublet capture rate Aq4 In
w+d—>v,+n+n with the accuracy of ~ 1.5%
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This will strongly constrain the short-range 480
axial current
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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,

® dr 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, MeiBBner, Ann. Phys. 378 (2017) 317



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- cep(z) and L =1+ -7 -€(x)

2
_ 1 1
Expressed in ey = §(GR+6L) and €4 = §(€R—€L) we have
v, — vlbzvu+v“><ev+au><e,4+8uev 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)+ ZEU (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

C(k ko) = [Hstmg,Ao(/Z, ko)} ~E AR, ko) + img Pk, ko)
C(k,0) + [Hstrong7 ic(/; k’o)} =0
\ aﬁO y,

new term



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, a — 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 (Q): T T § ....... § ....... §
(1) (2) (3) (4) (5)
subleading order (Q°): A - g. ______ X WM,><
(6) (7) (8) (9)
- J

Well known results for axial NN current at Q' and Q9 - order
Ando et al. PLB533 (2002) 25, Hoferichter et al. PLB746 (2015) 410

a (Q! igAQL - O1|T1 X T2]¢
A9 = 142
2N: 17 4F7% (Q% + Mg) + )
ra (Q7hY)
A2N: 17 - 07

—a, (Q° ga 011 a k s kk-q ol - kk-q x &
A21\§:le? — 2F2q%+M2 71[—401]\/12 n +263(CJ1— )]+C4[T1><7'2] (CJ1><02— k2+M,2r

—a (O° 1 al = EO‘l'E
A21\(T:Qco)nt — _ZDTI (01_ T )+ 1<—>27



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,
ca | ko k gy - o1 205k - @1\ 20370k - (@1 X 5]
SV 0 afq_ 2948 GL)  29ATh 12
ON: 17,UT 28F7% (k:2 n M%)(q% T Mﬁ) [Tl X 7-2] L2 + M72r L2 + Mg + <
0,a (Q
AZN:E:or)lt,UT’ = 0,
— . — CTE-El[T1XT2]a
Al o kgk A 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



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),
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: 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
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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-
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_____ 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

ga k2+M7% {Tﬁ(_il '52@71'kgl((h)Jr(ﬁ'5292(Q1)—k'5293(ql))

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

4 N N

- — — 4 - — — -4 Y p- — — 4 WY - — - 4 W pes YW
M AWM AV
(M 2) (3) % (4) §_1 (%) (6) )
»:\,\_,\; S —— L - - S B % ) _% b %-**-
Lesd ..__4»_% - — — 4 g-« - — — 4 | §_<»._-< § %
(7) (8) 9) (10) (11) (12)
(13) (14) (15) (16) (17) (18) %
: E ;

MM A 7771 = - % (15 (16) (18) (19)

(19) (20) (21) (22) (23) (24)
/%\ N A~
(25) (26)
. /

® First complete calculation of axial 3N currents

® Lengthy expression for current: HK, Epelbaum, MeiBner, Ann. Phys. (2017) in press; arXiv:1610.03569

® Vanishing charge operator

® Pion-pole terms match to 4NF



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:27T7

a
2N: cont, UT/»

a
+ 2N: cont, 1/m>

Continuity equations are verified (perturbatively) for all currents



Call for consistent regularization

Extraction of dr at N2LO level from 3H g - decay

G§rdestig, Phillips, PRL96 (2006) 232301; Gazit, Quaglioni, Navratil, PRL103 (2009) 102502;
Klos et al. arXiv:1612.08010

Strong dependence of dr on the regulator shape and the cutoff

—>» Consistent regularization of forces and currents is called for
Symmetry constraints on the consistent regularization of the current

® Chiral symmetry requires direct relation between dr and Cp

—

AtN2LO level —> | Hirong, Ao(F,0)| — - A(E,0) + im, P(F,0) = 0

® Continuity equation is always satisfied perturbatively mod higher order effects

Higher order corrections are only small after explicit renormalization of LECs

® Due to implicit renormalization of LECs we require

Exact validity of continuity equation for regularized forces and currents



Summary

® Axial-vector current is analyzed up to order Q
® There is a high degree of unitary ambiguity
® Modified continuity equation

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

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

Outlook

® Regularization and PWD of the currents

® Axial-vector current up to order Q2



