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ChPT and low energy QCD

[ Spontaneous + explicit (by small quark masses) breaking of chiral symmetry in QCD]

!

Existence of light weakly interacting Goldstone bosons

!

Chiral Perturbation theory (ChPT)
Expansion in small momenta and masses of Goldstone bosons

!

Systematic description of QCD by ChPT in low energy sector
(low momenta and masses ¢, M, < A ~ 1GeV)




From QCD to nuclear physics
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-® NN interaction is strong: resummations/nonperturbative methods needed
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Chiral Expansion of the Nuclear Forces
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NLO (Q?)

N2LO (Q3)
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N4LO (Q5)
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X X * Epelbaum, MeiBner, *12 (review)
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Entem, Kaiser, Machleidt, Nosyk '15
Epelbaum, HK, MeiBner ’15

Girlanda, Kievsky, Viviani ’11 still have to be worked out
HK, Gasparyan, Epelbaum ’12,’13
(short-range loop contrib. still missing)



Long and Short Range Interactions

® Couplings of short-range interactions are fixed from NN - data.
In the isospin limit we have:

LO [QO]: 2 operators (S-waves)
NLO [Q2]: + 7 operators (S-, P-waves and €1)
N2LO [Q3]: no new terms
NSLO [Q%4]: + 12 operators (S-, P-, D-waves and €1, €2)
N4LO [Q5]: no new terms

® Long range part of the nuclear forces are predictions (chiral symmetry of QCD)
once couplings from single-nucleon subprocess are determined

NN parameter free predictions



Redundant Short-Range LECs

® Slow convergence of fits to data at N3LO & beyond -» Redundancy of LECs

Hammer, Furnstahl 00, Beane, Savage 01, Wesolowski et al.’16

Short-range LECs at N3LO: v.9) = D ¢* + Dok* + D3gk* + - + D156, - (T % k)2 - (T % £)
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applied to kinetic energy operator generates short-range N3LO structures
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Regqularization of NN Force |

Regularization of LS-equation with finite cut-off range: 400 MeV < A < 550 MeV

® Appearance of deeply-bound states for higher cut-offs make many-body
calculations for A > 3 unfeasible

Regulator which minimizes finite-A artifacts is crucial!

Long-range behavior (prediction of chiral EFT) 300
of the NN force should be unaffected by regulator
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/Short-range part strongly depends on regulator
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® Short-range interactions are responsible for
restoring regulator independence

o

Internucleon potential (MeV)

® Increasing number of short-range interactions 100

remove regulator dependence R R T R
NG J Separation (fm)

Regularize nuclear force in coordinate space: Epelbaum, HK, MeiBner ’15
?”2 "
Viong—range(r) — ‘/long—range(r) [1 — €XP (_ﬁ>]

® Inconvenient for currents (momentum space regulator preferable)



Regqgularization of NN Force ||

® Regularize one-pion-exchange propagator: Reinert, HK, Epelbaum ’17 (inspired by Rijken "91)

2 M2
1 eXP(—qXQ”) 1 1 +q2+M72+
_> p— — N
q* + Mz q° + Mz ¢+ Mz A2 2\
f 1 !

all 1/A-corrections are short-range interactions

® Implement similar regularization for two-pion exchange
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® Compared to simple gaussian regulator exp (— A2
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Chiral Expansion of np Phase Shifts

Reinert, HK, Epelbaum ’17
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® Good convergence of chiral expansion & excellent agreement with NPWA data

® Chiral potential match in precision phenomenological potentials (CD Bonn, Av18,...)
with around 40% less parameter



Uncertainty Quantification

Reinert, HK, Epelbaum 17
Effective range, deuteron properties and phase-shift with quantified uncertainty

Example: deuteron asymptotic normalization

A = 400 MeV A = 450 MeV

A =500 MeV A =550 MeV

As (fm™'2)  0.8847(73(6)(4)(4)  0.8847(13)(3)(5)(1)

0.88497 ¥ (1)(7)(0)  0.8851¢72)(3)(8)(1)

(=3)

(=3)

n 0.0255(" ) (1)(3)(2)  0.0255(7)(1)(4)(1) | 0.0257 ) (1)(B)(1)  0.0258(F1(1)(5)(1)

truncation error nN LECs

statistical error —¢ ! ¢— variation of Emax
As = 0.8847(13) (3)(5)(1) fm—1/2

A
n A—IS) = 0.0255\11)(1)(4)(1)

EXp:Ag = 0.8781(44) fm~/2, n = 0.0256(4)
Borbely et al. 85 Rodning, Knutson "90

Nijmegen PWA [errors are ,educated guesses“] Stoks et al. 95
Ag = 0.8845(8) fm~/2, n = 0.0256(4)

Granada PWA [errors purely statistical] Navarro Perez et al. '13
Ag = 0.8829(4) fm~1/2, 7 = 0.0249(1)

u(r) [fm-172]

0.15

s-state

d-state

e (14 )




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)




Siegert theorem + 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 theorem)

i T T T T Deuteron photo-disintegration
1000 | R—0.9 — Yy+d—=>p+n
— E § ® consistent regularization via cont. eq.
ER ]
- Siegert, NALO . .
< 100 L . ~ _ ® improvement by 1N+Siegert
- \\\\\\lNAWBE
i 1N, NLO 5 ® implementation of transverse part
PP I Y N O I R B & exchange currents work in progress
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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
u+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
< .
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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 + et + Ve
® weak reactions of astrophysical interest such ptpte—dtve

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

® L4 governs the leading 3NF 'Be +e —7Li+v,
SB — 8Be” + et + v,



Historical remarks

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

® First derivation within chiral EFT to leading 1-loop order using TOPT

Park, Min, Rho Phys. Rept. 233 (1993) 341; NPA 596 (1996) 515;
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 for general kinematics (still incomplete,
e.g. no 1/m corrections)

Pastore, Girlanda, Schiavilla, Goity, Viviani, Wiringa; (— Vector current
PRC78 (2008) 064002; PRCB80 (2009) 034004; PRC84 (2011) 024001

Baroni, Girlanda, Pastore, Schiavilla, Viviani; ¢— Axial vector current
PRC93 (2016) 015501, Erratum: PRC 93 (2016) 049902

Complete derivation to leading one-loop order using the method of UT

Kolling, Epelbaum, HK, MeilBner; &— Vector current
PRCB80 (2009) 045502; PRC84 (2011) 054008

HK, Epelbaum, MeiBner, Ann. Phys. 378 (2017) 317 €— Axial vector current



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-dependent) 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

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

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




Vector currents in chiral EFT

Chiral expansion of the electromagnetic current and charge operators

.
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Chemtob, Rho, Friar,
Riska, Adam, Gari, ...
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o A d A H A S AR

depend on dg, do, dis, d21, d22, parameter-free

no 1/m corrections... depend on Cr

Up to order Q only

single-nucleon current N/ . —— é_ HK, Epelbaum, MeiBner (UT) forthcoming
operator does depend &

on energy-transfer ko

——
parameter-free static two-pion exchange

‘ : ; N :
: e }oeee i

. \ [ .

: \ 4 :

— _ E

g :

Needeq fqr verlflca_ltlon \ ,
Of COﬂtInUIty equatlon : depeng:?og;, c(::;;'r(éi:,ti(c;;n; L1, L depend on Cr
for OPE part

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




Axial vector operators in chiral EFT

Chiral expansion of the axial vector current and charge operators

= ]
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

sEmmssEE s s s NN E NN AN AR EEEEEEE R R NSNS NN NN NN NN NN NN NN NN NN NN NN NN NN EE N NN NN NN NN NN NN NN NN NN NN NN NEEE NN NEEEEEEEEEEEEEEEEEEEEEEEEEE

Ando, Park, Kubodera,

Myhrer (2002)

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
)

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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MAL] g-% o000
1/m2

Bernard, Kaiser, MeiBner (HBCHPT)

Pt

Kk

P

B ileadls

parameter-free

WH ank

depend on d, ds, ds, d15, d1s, d23,
no 1/m corrections..

B -

parameter- free static two-pion exchange

§>< X

1/m corrections

X

H_/

depend on zi, 23, 23, z4;
no loop corrections

Park, Min, Rho (earlier works, incomplete, TOPT)
Baroni et al. (TOPT), HK, Epelbaum, Mei3ner (UT)

depend on Cr



Compare with Baroni et al.

Baroni et al. PRC94 (2016) no. 2, 024003; Erratum PRC95 (2017) no. 5, 059902;
PRC93 (2016) no. 1, 015501; Erratum PRC93 (2016) no. 4, 049902

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

5
gAmﬂ' 1 R
—2567'('](;_1 [1872,:&1{—(‘7'1 XTQ)itfl Xk] O'ka—g—l—(].rQ) , (5)

3 1
— 327‘:]?# 72,4+ [Wl(k) 01 —I-WQ(]{Z)k (o AT k+Zl<k) (21{ (o0 kw—g — 0'2):|

5 3
- IA o Wak) (02 x K) Xk — =24 (7 x 1), Zs(k) oy x k

ji"O(OPE; k) =

"0 (MPE; k)

327 fr 327 f2
1
M, AM? 1
Wik = (1 (-0 ) )+ g (0 5 a0 - 2002 ) AGh)
M. 1
Wa(k) = 2R 1 AN ( (1+3g%) kK +4 (14 29%) Mg) T ((—1 + g2)k* +4(1 + 29?4)M72> A(k)
1 4
Ws(k) = - s7Alk) = —24(k),
Zik) = 2M 12%2 +2M2)A(k) \ Baroni et al. PRC94 (2016) no. 2, 024003,
T A Erratum PRC95 (2017) no. 5, 059902
Zs(k) = 7” - 5(/<;2 + 4M>)A(E).

/

The current of Baroni et al. does netexist in the chiral limit!

Ja oN:2r — 2Niw T T4l 32w Fiq? 2q

+ rational functioning; + 1 < 2

Two currents have different long range parts!

. . 5 2 2\~ =2 a 1
TMLOWNPE, G ) — A, - 4@, = —q @AW 200G T where A(g) = _arctan ]



Higher Derivative Regularization

Based on ideas: Slavnov, NPB31 (1971) 301;
Djukanovic et al. PRD72 (2005) 045002; Long and Mei PRC93 (2016) 044003

® Change leading order pion - Lagrangian (modify free part)

9 p
37(3) _ /d4x%ﬁ(ac) (—(92 _ Mg) (r) — S7(r21)\ = /d4x%7_f(w) (—02 — Mg) exp (8 i Mﬁ) 7(x)

AZ
2 M2

%
¢ + M3 ¢ + M3

ka has to be invariant under SU(2);, x SU(2)r x U(1)y
® Every derivative should be covariant one

® Lagrangian /;ff)A should be formulated in terms of U (7(z)) € SU(2)

Gasser, Leutwyler ‘84, '85; Bernard, Kaiser, MeiBner "95

e N
Building blocks x = 2B(s + ip)

v,U=0,U—-1i(v, +a,)U+iU(v, —a,)U
N /




Higher Derivative Lagrangian

® To construct a parity-conserving regulator it is convenient to work with building-blocks

| .
Uy, = iuTVMUuT, D,=0,+1,, TI,= 5 [uT,auu] - %uTmu - iuluuT

x+ =ulxyul +uxlu, x=2B(s+ip), uw=VU, adaB=]A,B]

1

Possible ansatz for higher derivative pion Lagrangian

B a adpuy N 7
(2) B | exp ( dp, df2 +2x+)
L2 =24+ —Tr [EOM . EOM
’ 4 adDMadDu + §X_|_
L2 = F—2Tr luyut + x4 ] p oy ! i
T =7 u X+ EOM = — [D,, v"] + g X- — ZTr (x-)

Expand E% in Dy —» Lorentz-invariance only perturbatively

Use dimensional regularization on top of higher derivative one
for regularization of zeroth component of momenta



Modified Vertices

2
\\ ,/' ® Enhanced by exp (%)
A E
,/ \\ ® Every propagator is suppressed by exp <_A2>

Pionic sector becomes unregularized

® Use dimensional on top of high derivative regularization

® Dimensional regularization will not affect effective potential and
Schrodinger or LS equations but will regularize pionic sector



Regqularization of Vector Current

® Modify pion-propagators in a vector current

2 2
1 exp (—q AT )

\ S

q2—|—M2 ’ q2+M2

® Modify two-pion-photon vertex

___é___ = ec,(q! — ¢)es Modified two-pion-photon vertex
itz A leads to exponential increase

IN momenta




Regqularization of Vector Current

Regularization of pion-exchange vector current

L i [0 (- 2H) o (-
---é--- = ZegACﬁ - 01G2 * O2|T1 X 72]36 (%2 — 0) A2 —
4F? i — g g5 + M? ar
2-|—M2
ﬁ 7169124—’ — = — [ % ] eXp (_q1A2 ) _l_(1<_)2)
------- = — €0 +02|T T
AF?2 192 * 02[T1 2]3 7+ M2

Riska prescription: longitudinal part of the current can be derived
from continuity equation

Riska, Prog. Part. Nucl. Phys. 11 (1984) 199

[Hstronga p} — E . j

Higher orders —» work in progress




Summary on Nuclear Forces

® Chiral nuclear NN forces are calculated up to N4LO

® Phase-shifts, deuteron properties, ... with uncertainty quantification

® Chiral NN force match in precision phenomenological potentials
(CD Bonn, Av18,...) with around 40% less parameter

Outlook

® Implementation of isospin breaking corrections

® Deltafull analysis up to NSLO



Summary on Currents

® Electroweak currents are 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 axial-vector current

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

Outlook

® Regularization and PWD of the currents

® Electroweak currents up to order Q2



Uncertainty Estimate

Epelbaum, HK, MeilBner '15
® Uncertainties in the experimental data
® Uncertainties in the estimation of TN LECs

® Uncertainties in the determination of contact interaction LECs

® Uncertainties of the fits due to the choice of Emax

s

® Systematic uncertainty due to truncation of the chiral expansion at a given order

Estimate the uncertainty via expected size of higher-order corrections

For a N4LO prediction of an observable xN'.© we get an uncertainty

AXMO(p) = max (Q x [XFE0(p) — XVIO(p)], Q7 x [XNIO(p) - XNEO(p)

P [XNEO(p) — XNO(p)], @ x [XEO(p) — XNO(p)], Q° x [ X O(p)))

[ [ - p M
with chiral expansion parameter « = max ( A A, )

For owt errors —» 68% degree-of-belief intervals(Bayesian analysis): Furnstahl et al. '15

~




Pion-Nucleon Scattering

® Effective chiral Lagrangian:

Lr=LP 4 W 4 Iow-energy constants

v
£7TN:N<757“DM[7T]—m—l—g—Afy“’yg)uu[ ])N + ZCZNO N + Zd O TN + ZeZNO(4)[7T]N + ...

A 2 _ \_ s J 2 J
v o Y3) )
1
‘67(7]27 E ‘C'NN £7TN

® Pion-nucleon scattering is calculated up to Q* in heavy-baryon ChPT
Fettes, MeiBner 00; HK, Gasparyan, Epelbaum 12

Karlsruhe-Helsinki PWA, Koch et al. ‘86
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Dispersive analysis of =N scattering

® Roy-Steiner equations for N scattering s u
Hoferichter et al., Phys. Rept. 625 (16) 1 YT Tam
Partial Wave Decomposition of subthreshold
. . 5 . expansion
Hyperbolic dispersion relations
TN — 7tN & 7Tt — NN channels \ , 2
u:(m+M)2\\\ ro=(m+ M)
Input: Y Xt an?
S' and P-WaVGS above Sm — (1-38 GeV)z / \/E nN scattering,

Higher partial waves for all s N\

u-channel

Inelasticities for s < s, and scattering lengths

s-channel

N

NN potential

Output:
S- and P-waves with error bands, o-term,
Subthreshold coefficients X = Yz, 2 ", X = {A*, B}

® c;, d;, e; are fixed from subthreshold coefficients (within Mandelstam triangle where
one expects best convergence of chiral expansion)

® Subthreshold point is closer to kinematical region of NN force than the physical
region of TN scattering

physical region



NN Data Used In the Fits

Reinert, HK, Epelbaum ’1

® From 1950 on around 3000 proton-proton + 5000 neutron-proton scattering data
below 350 MeV have been measured

® Not all of these data are compatible. Rejections are required to get a reasonable fit

® Granada 2013 base used: Navarro Perez et al. 13 rejection by 3o-criterion
=> 31% of np + 11% of pp data have been rejected

Resulting data base consists of 2697 np + 2158 pp data for Ejab=0-300 MeV
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