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After discovery of Higgs boson,

the strong sector remains the only poorly l
understood part of the SM!
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Interesting topic on its own. Some current frontiers:
— the nuclear chart and limits of stability FAIR, GANIL, ISOLDE,...
— EoS for nuclear matter (gravitational waves from n-star mergers) LIGO/Virgo,...

— hypernuclei (neutron stars) JLab, JSI/FAIR, J-PARC, MAMI,...

But also highly relevant for searches for BSM physics, e.g.:
— direct Dark Matter searches (WIMP-nucleus scattering)
— searches for Ov[33 decays

— searches for nucleon/nuclear EDMs
— proton radius puzzle (complementary experiments with light nuclei...)

— need a reliable approach to nuclear structure with quantified uncertainties!



S for nuclear physics:

exploit scale separation in a system of interest

O O A=0,1: Chiral perturbation theory

o 9 «f‘ A>1: Halo-EFT (Q << (AEcore m)12), pionless EFT (Q << My),
chiral EFT (Q ~ Mz << Mp)

z A>>1: In-medium chiral EFT; EFTs using collective DOFs
$/ (e.g. to describe deformed nuclei)
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® O A=0,1:Chiral perturbation theory

o i/ «f‘ A>1: Halo-EFT (Q << (AEcore m)12), pionless EFT (Q << My),
chiral EFT (Q ~ Mz << Mp)

* A>>1: In-medium chiral EFT; EFTs using collective DOFs
$/ (e.g. to describe deformed nuclei)



M'roton ~umber 2

QcCD

symmetries (especially the chiral symmetry); .7 ..
lost of information (LECs) .7

effective chiral Lagrangian Lcz(m, N)

integrate out 5| ~ vV M.my (but retain |5| ~ M,):
Chiral Perturbation Theory

nuclear forces and currents v
ab initio many-body methods:
e lattice, FY, NCSM,...
k1 DTN H; nuclear structure and dynamics
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GB dynamics |

Weinberg, Gasser, Leutwyler, ...

<— Chiral Perturbation Theory —>»

Q= momenta of particles or M. ~ 140 MeV
breakdown scale Ap

Effective Lagrangian:

2

F
Z’I‘r(V“UVHUT—i—X+) + ...,

N(v-D+gau-S)N + ...,

| _
—§CS(NN)2 +2C7(NSN)® + ...

Frrwee—

7tN dynamics
Bernard-Kaiser-MeiBner et al.




GB dynamics |

Weinberg, Gasser, Leutwyler, ...

v

Nuclear forces |

Weinberg, van Kolck, Kaiser, EGM, ..

<— Chiral Perturbation Theory —>»

Q= momenta of particles or M. ~ 140 MeV
breakdown scale Ap

Effective Lagrangian:

2

F
Z’I‘r(V“UVHUT—i—X+) + ...,
N(v-D+gau-S)N + ...,

| _
—§CS(NN)2 +2C7(NSN)® + ...

Auxilliary quantities (not observable),
unitary ambiguity, renormalizability, ...

Frrwee—

7tN dynamics
Bernard-Kaiser-MeiBner et al.

\/

Nuclear currents |

Park et al, Bochum-Bonn, JLab-Pisa
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Chiral EFT for nuclear systems:
expansion for nuclear forces & currents + resummation (Schrédinger equation)

Weinberg, van Kolck, Kaiser, EE, Gl6ckle, MeiBner, Entem, Machleidt, Krebs, ...

A 2 ~—EiR— —f— — e

—V: _3 (T ) = (M = (M (T )

> +O(my’) ) + Van + Vay + Van + ... ||¥) = E|V) — A= — T — T
derived in ChPT ( V:'rrt - . :;;: -

e systematically improvable

e unified approach for nmw, N, NN ,/' e’ e’
e consistent many-body forces and currents

@ error estimations

Notice:

e derivation of nuclear forces is much more involved than just calculation of Feynman
diagrams; have to deal with non-uniqueness and renormalizability...

e nonperturbative treatment of chiral nuclear forces in the Schrédinger equation requires
the introduction of a finite cutoff [alternatively, use semi-relativistic approach, EE, Gegelia, et al. 12...’15]



EE, Glockle, MeiBner, NPA 637 (1998) 107; EE, PLB 639 (2006) 456

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

e Canonical formalism: Leg [1,N] —> H][n,N] = e+ ¥+



EE, Gléckle, MeiBner, NPA 637 (1998) 107; EE, PLB 639 (2006) 456

e Begin with the L.¢ [1,N] without external fields
e Canonical formalism: Leg[t,N] —> H[zN]= 4+ _x_ + ...

® Apply UT in Fock space to decouple purely nucleonic states [model space] from the rest

H— H=U' (==> U= (HO HO >

n-space A-space

Using Okubo’s minimal parametrization of U in terms of A = A\ A7 leads to the

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

which is solved perturbatively employing the chiral expansion



EE, Gléckle, MeiBner, NPA 637 (1998) 107; EE, PLB 639 (2006) 456

e Begin with the L.¢ [1,N] without external fields
e Canonical formalism: Leg[t,N] —> H[zN]= 4+ _x_ + ...

® Apply UT in Fock space to decouple purely nucleonic states [model space] from the rest

e ()
H — H=U' !! U = ;
o
N ——

n-space A-space

Using Okubo’s minimal parametrization of U in terms of A = A\ A7 leads to the

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

which is solved perturbatively employing the chiral expansion

e Apply all possible additional UTs on the n-subspace consistent with a given chiral order
[6 angles aq; 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

For more details see: EE, Nuclear Forces from Chiral Effective Field Theory: A Primer, arXiv:1001.3229[nucl-th]



LO (Q©)

NLO (Q?)

N2LO (Q?)

NSLO (Q%)

NLO (Qs)

Two-nucleon force

Weinberg '90

Ordonez, van Kolck 92

Ordonez, van Kolck 92
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Entem, Kaiser, Machleidt, Nosyk 15
EE, Krebs, MeiBner ’15

Three-nucleon force

van Kolck ’94; EE et al. ’02
[parameter-free]
p N -

4 A ’, L X ]
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Girlanda, Kievsky, Viviani ’11
Krebs, Gasparyan, EE °12,’13
(short-range loop contrib. still missing)

Four-nucleon force

[parameter-free]
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still have to be worked out

— A similar program is being pursued for in chiral EFT with explicit A(1232) DOF



e Switch on external sources s, p, r,., I, and consider local chiral rotations:
r, — 7,=Rr,R"+iRJ,R",

ly, = U, =LL,L"+iLd,L",
s+ip — s +ip ' =R(s+ip)L',

s—ip — & —ip' =L(s—ip)R'

® Decouple 7’s to get (nonlocal) nuclear Hegla,v, s,p] (MUT) & get currents via

0H, 0H,
Vo) = OHer "

A= —2"_ calculatedat a =v=p=0, s =m,.
u (%) Sar(Z, t) p=" a

Park, Min, Rho ’95
Pastore et al. (TOPT) ’08 — ’11: not renormalized...
Kélling, EE, Krebs, MeiBner (MUT) '09,’12;

Park, Min, Rho ’93

Baroni et al. (TOPT) "16: incomplete...

Krebs, EE, MeiBner (MUT) ’17: complete (1 loop) & renormalized
Krebs et al., in preparation: complete (1 loop) & renormalized

— about 250 topologies

— 2-loop/1-loop/tree for 1N/2N/3N operators

Also derived scalar currents, Krebs et al., in preparation



Krebs, EE, MeiBner, Annals Phys. 378 (17) 317

Unexpected result: the continuity equation k-3 # [H, p]! Why?



Krebs, EE, MeiBner, Annals Phys. 378 (17) 317

Unexpected result: the continuity equation k-3 # [H, p]! Why?

Naive (MUT): H.z[h] = nU!

str

H.n[h] Uy,n <— cannotrenormalize Vj, A3 ...

a,v,s,p A A determined in the strong sector (a = v =p = 0, s = my)

Solution: employ a more general class of UT’s, namely

H.gh hl = UllhnU' H NI Ustr n U, (R (Ut <«—— induce k,-dependence
H[ ’ ] 77[ ] T st N[ ] e 71 77[ ] T <8t Un [h]> Un [h] in the curl(‘)ents (off-shell
Y effect...)

subject to the constraint U, [0,0,m4,0] = n



Unexpected result: the continuity equation k-3 # [H, p]! Why?

Naive (MUT): Helh] = nUJ, H.nlh]| Us.n <«— cannotrenormalize vy, A% ...
a,v,8,p A 4 determined in the strong sector (a = v = p = 0, s = m,)

Solution: employ a more general class of UT’s, namely

induce kg-dependence

H (Ot —
#N[h] UStr n Un[h] T <8t UT’ [h]) Un [h] in the currents (off-shell

' effect...)
subject to the constraint U, [0,0,m4,0] = n

Heﬂ" [h’? ’:I’] - UnT [h’] n UsTtr

Continuity equations = manifestations of the chiral symmetry, h(z) =2=2=C5 h'(x):

H.z[h,h] and H.z[h', k'] should be unitary equivalent, i.e. there exists such U (t) that
Hualt i) = U'(0) ol B U(0) + i 5030 U0
0Hesr

This implies the relations for currents V,i(k) := s, A (k) == g, Pik) := g

— —_. — . — 8 — —_. . . . —
k. ANR,0) = [Ht Ai (K, 0) — 8T<k;.Az(k) + [Huws Al (R)] —I—iqu’(k)ﬂ + im, Pi(K,0)
0

BVAE,0) = (B ViR, 0) = (B VH(K) 4+ [Huue, V(8]

0




e Exchange currents do not depend
on ko.

® Our results differ from the ones
of the JLab-Pisa group
(Pastore et al., 08-11)

E depend on C2, C4, Cs, C7 + L1, Lo;

)
3. 'v{.: Y
\ \
\, \

A .

Y
depend on ds, dg, dis, d21, d22,
no 1/m corrections...

~—
parameter-free
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parameter-free static two-pion exchange

in%

no loop corrections

depend on Ct

H---\ H X

parameter-free

Krebs, EE, MeiBner, to appear



Comparison with the Jlab-Pisa
group (Baroni et al.):

— incomplete (e.g. no 1/m terms)
— numerous differences

— unitary equivalent?

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

Y
parameter-free depend on dz ds, de, d15-2d23,
no 1/m corrections...

# L M- H M-

parameter-free statlc two-pion exchange

§>< DS

parameter -free;
only tree-level 1/m-corr. survive

>
>
>

<
<

depend on zy, ..., 24;
no loop corrections

1 -

parameter -free

XX

parameter- free (depend on the known Cv)



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

H- 4 il BH I -

.
AN o __

v .
parameter-free depend on dz ds, de, d15-2d23, = parameter -free
no 1/m corrections..

Comparison with the Jlab-Pisa WJ 1 § { >{

H M- 4 Kl XX
group (Baroni et al.):
parameter-free statlc two-pion exchange . parameter- free (depend on the known Cr)
— incomplete (e.g. no 1/m terms)
— numerous differences g >< g >< wx : Parameter-free calculation of
— unitary equivalent? : \ , : PB-decay at N°LO once cois
parameter -free; depend on zy, ..., 24; f|XEd in the Strong sector!

only tree-level 1/m-corr. survive no loop corrections



Applications 1:

A new generation of chiral NN potentials

— semi-local, coordinate-space-regularized up to N4LO
EE, Krebs, MeiBner, EPJA 51 (2015) 53; PRL 115 (2015) 122301

— semi-local, momentum-space-regularized up to N4LO+
Reinert, Krebs, EE, EPJA 54 (2018) 88

— nonlocal, momentum-space-regularized up to N4LO+
Entem, Machleidt, Nosyk, PRC 96 (2017) 024004



e Short-range interactions have to be tuned to experimental data. In the isospin
limit, one has according to NDA:

LO [QO]:
NLO [Q2]:
N2LO [Q3]:
N3LO [Q4]:
N4LO [Q5]:

2 operators (S-waves)

+ 7 operators (S-, P-waves and €1)
no new terms

+ 12 operators (S-, P-, D-waves and €+, €2)
no new terms



e Short-range interactions have to be tuned to experimental data. In the isospin
limit, one has according to NDA:

LO [Q9]: 2 operators (S-waves)
NLO [Q2]: + 7 operators (S-, P-waves and 1)
N2LO [Q3]: no new terms

N3LO [@%]: + 12 operators (S-, P-, D-waves and €1, €2)
N4LO [Q5]: no new terms

e The long-range part of nuclear forces and currents is completely determined by
the chiral symmetry of QCD + experimental information on N scattering

L4
k4
24
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predicted in a parameter-free way
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HB ChPT with and without A(1232) DOF

Fettes, MeiBner 98, ’00; Krebs, Gasparyan, EE 12

Covariant baryon ChPT using the IR framework

Becher, Leutwyler ’00; Hoferichter et al. ’10

do/dQ [mb]

2.0f ap > ntp @ Tr =43.3 MeV | «— @3
| «— Q4
i/ 2 BEgh <«— Q2
1.0+
0.5
e Code _ Siemens et al., PRC 94 (2016) 014620
0.0q 60 120 180

0 [degree]

Covariant baryon ChPT using the EOMS scheme

Alarcon, Camalich, Oller ’13; Chen, Yao, Zheng’13

Covariant baryon ChPT using the EOMS scheme with explicit A(1232) DOF

Yao, Siemens, Bernard, EE, Gasparyan, Gegelia, Krebs, MeiBner '16; Siemens, Bernard, EE, Gasparyan, Krebs, MeiBner '16,’17

Roy-Steiner equation analysis

Dietsche et al., JHEP 1206 (12) 043; Hoferichter et al., Phys. Rept. 625 (16) 1; Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301



/
///s =(m+ M)2

/

1 =4M?

\ nN scattering,
physical region

s-channel

\

Matching ChPT to N Roy-Steiner equations

Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301

e 1 expansion of the =N amplitude expected to
converge best within the Mandelstam triangle



S—Uu
subthreshold
expansion
uw=(m+ M 2 \
\

/

///s =(m+ M)2

1 =4M?

VA

U- channel \

\ nN scattering,
physical region

s-channel

\

Matching ChPT to N Roy-Steiner equations

Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301

e 1 expansion of the =N amplitude expected to
converge best within the Mandelstam triangle

e Subthreshold coefficients (from RS analysis)
provide a natural matching point to ChPT

¢ — Z T, V2m—|—ktn, X — {Azlz, B:l:}

m,n



subthreshold
expansion

\

\
° = (m+M)2\\\

\

WAV

N

u-channel

nN scattering,
physical region

Matching ChPT to N Roy-Steiner equations

Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301

e 1 expansion of the =N amplitude expected to
converge best within the Mandelstam triangle

e Subthreshold coefficients (from RS analysis)
provide a natural matching point to ChPT

X = @y 2R, X = {A*, B}

m,n

e Closer to the kinematics relevant for nuclear
forces...



Matching ChPT to N Roy-Steiner equations

Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301

subthreshold
expansion

e 1 expansion of the =N amplitude expected to
converge best within the Mandelstam triangle

w (m+ M2\ s = (m+ M)? e Subthreshold coefficients (from RS analysis)
e provide a natural matching point to ChPT
/ w 7N scattering, X = Z Ly, V2R X = {Ai, B:t}
N physical region mn
u-channel s-channel

\

e Closer to the kinematics relevant for nuclear
forces...

potential

Relevant LECs (in GeV") extracted from N scattering

(] C2 c3 ca di+ds ds ds di4 — di5 €14 ey
[QY]uB, NN, GW PWA  —1.13 3.69 —5.51 3.71 5.57 —5.35 0.02 —10.26 1.75 —0.58 }Krebs, Gasparyan, EE,
[QYuB, NN, KHPWA  —0.75 3.49 —4.77 3.34 6.21 —6.83 0.78 —12.02 1.52 —0.37 ) PRCE5(12)054006
[Q*|uB, NN, Roy-Steiner —1.10 3.57 —5.54 4.17 6.18 —8.91 0.86 —12.18 1.18 —0.18 poriie s 05301
[Q*]covariant, data —0.82 3.56 —4.59 3.44 543 —4.58 —0.40 —9.94 —0.63 —0.90 Siemensetal,

PRC94 (16) 014620

— Some LECs show sizable correlations (especially c1 and c3)...



Matching ChPT to N Roy-Steiner equations

Hoferichter, Ruiz de Elvira, Kubis, MeiBner, PRL 115 (2015) 092301

e 1 expansion of the =N amplitude expected to
converge best within the Mandelstam triangle

subthreshold
expansion

w (m+ M2\ s = (m+ M)? e Subthreshold coefficients (from RS analysis)
e provide a natural matching point to ChPT
/ w 7N scattering, X = Z Ly, V2R X = {Ai, B:t}
N physical region mn
u-channel s-channel

\

e Closer to the kinematics relevant for nuclear
forces...

potential

Relevant LECs (in GeV") extracted from N scattering

c1 c2 c3 ca di+ds ds ds di4 — dis €14 eir
[QY]uB, NN, GW PWA  —1.13 3.69 —5.51 3.71 5.57 —5.35 0.02 —10.26 1.75 —0.58 } Krebs, Gasparyan, EE,
[QYuB, NN, KHPWA  —0.75 3.49 —4.77 3.34 6.21 —6.83 0.78 —12.02 1.52 —0.37 ] PRC85(12)054006
[Q*|uB, NN, Roy-Steiner —1.10 3.57 —5.54 4.17 6.18 —8.91 0.86 —12.18 1.18 —0.18 pariie s oassol
[Q%]covariant, data —0.82 3.56 —4.59 3.44 5.43 —4.58 —0.40 —9.94 —0.63 —0.90 Siemensetal,

PRC94 (16) 014620

— Some LECs show sizable correlations (especially c1 and c3)...
— RKE N4LO [Reinert, Krebs, EE, EPJA 54 (2018) 88]: Q4 fit to RS and Q4 fit to KH PWA

With the LECs taken from =N, the long-range NN force is completely fixed (parameter-free)



P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88
e Use local/nonlocal regulator for long-range/short-range contributions

e To fix NN contact interactions, use scattering data together with Bq = 2.224575(9) MeV
and bnp = 37405(9) fm.

e Since 1950-es, about 3000 proton-proton + 5000 neutron-proton scattering data below
350 MeV have been measured.

e However, certain data are mutually incompatible within errors and have to be rejected.
2013 Granada database [navarro-Perez et al., PRC 88 (2013) 064002], Fejection rate: 31% np, 11% pp:
2158 proton-proton + 2697 neutron-proton data below Ejap = 300 MeV
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I e used 1 r gr L
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I ] I XINN
135 |- . 1351 ot 'y
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: . we ¢
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(4 @ 2%%s
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........
':°~.“ .. ...2*50 LEEREE R R]
S . p35308 3 88§ ¢
1 ’ :. .....
18 | i
| Oto!/O—I :
......... [ N
200 300 0 100

Ea [MeV] Ejap [MeV]



N4LO+
o Nijmegen
A Granada b
O Gross-Stadler ]

5 [deg]

5 [deg]

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

Eia [MeV] Eia [MeV] Eia [MeV] Eiap [MeV]

— N4LO+ yields currently the best description of the 2013 Granada database (Eian < 300 MeV)
— 40% less parameters (27+1) compared to high-precision potentials
— Clear evidence of the parameter-free chiral 2z exchange



P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

1. Truncation error Ee, krebs, MeiBner, EPJA 51 (2015) 53
20

L do/dQ2 [mb/sr]

NLO
N2LO
= N3LO
mm N4LO

15

XO(p)=XO 4 AXPD 4 .+ AXO
H_J H_J

~Q*X© ~ QX 10

1 o0.2F

-0.2¢L

0.6F

04f

of

proton-neutron scattering at Ejap=143 MeV

) p M, °F
ExpanS|on parameter: Q =max{q —, —— 0 , ,
Ab Ab 0 60 120
~ 600 MeV Ocm [deg]

180

0 60 120 180
Bcm [degl

Use the explicitly calculated AX® to estimate the uncertainty 6X® at order Q*:

{6X(°) — Q*XO, 6X® = max (Q"+1|X<°)|, Qi+1—j|AX(j)|>} A 6XO > m%X(|X(j2i) — x29))
75

2<;5<i

Has been validated/extended within a Bayesian approach BUQEYE collaboration, Furnstahl et al., 15 - *18

2. Statistical uncertainties

Estimated in the standard way using the covariance matrix (quadratic approximation)

3. Uncertainties due to 7N LECs C1,2,34, d1,2.35,14,15 and e14,17

Estimated using 2 sets of N LECs (Roy-Steiner equation analysis & KH PWA)

4. Choice of Emax in the fits

Uncertainty estimated at N4LO/N4LO+ by performing fits with Emax = 220...300 MeV




P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

In most cases, the uncertainty is dominated by truncation errors. At N4LO and at very low
energies, other sources of errors become comparable (especially N LECs...).

Example: deuteron asymptotic normalizations (relevant for nuclear astrophysics)

Our determination:

0.5¢ s-state

truncation error niN LECs
_— - — 0.4}
statistical error —+ —l l_ *_ variation of Emax ‘Q_
As = 0.8847(73)(3)(5)(1) fm 1/ E 0.3}
AD +1 S 0.2
n=-" = 0.0255"})(1)(4)(1) =
S 0.1
0
. — 0. —1/2 — 0. - - - -
Exp: As = 0.8781(44) fm~'/2, 5 = 0.0256(4) 015k P
Borbely et al. ’85 Rodning, Knutson '90
< 3 3
() ~ Ape " I T
} T 01} oe (H T (77")2)-
Nljmegen PWA [errors are ,educated guesses“] Stoks et al. '95 o,
As = 0.8845(8) fm~ /2, n = 0.0256(4) % 0.05%
Granada PWA [errors purely statistical] Navarro Perez et al. 13 00 2 4 6 8 10

As = 0.8829(4) fm~1/2, 7 = 0.0249(1) r [fm]



Applications 2: Beyond the 2N system

— LENPIC Collaboration —

Goal: precision tests of chiral nuclear forces & currents in light nuclei

Strategy: go to high orders, do not compromise the N LECs, no fine
tuning to heavy nuclei, careful error analysis

LENPIC: Low Energy Nuclear Physics International Collaboration

",,.ﬁt,‘ 'ur }* " CHIC ¥ O\K R”)( F
m univers ll:l-n'n‘ .@ TRRMTACT R@ OJL!P,qu! "’5' SALE dmm % ( 1l Labocwmcy




-35

ground state energy (MeV)

ground state energy (MeV)

S O O

™ e
universitdtbonn

@)
NN NN W
SELT X

©)

TECHMSTHE
LRIVIES AT
SRRMSTALT

2

point-proton rms radius (fm)

excitation energy (MeV)

uun.

1.6

1.2

—

NS I O R Y. o)

[a—
I

-

i

e

g )

JULICH &

By, L

magnetic moment ([, )

Kyuzazke BB L

1
N

o
o

Is there any evidence of

the missing 3NF?

%O\I\ Rll)(‘.l-

vonal Labors:



S 20 g 6L Is there any evidence of
Q - e \;; bl e . . ,?
S 25 | g L I ..... . ) the missing 3NF*
Sl | T E A Ref |- -
) L 1 w | i
Qﬁ) 35 N é 0.8 B _ .
g sl | . 1 58™°F - Deviations from the data
< | He 12 7 ] are consistent with the
E A5 & -4 04r . . .
2 T 1 2 I ] estimated size of the
s =30 I R R - ol 11 1] 3N forces
SRR 88858
Y oy W v ™ ¥
<2 22 <2323
—_ 25 B I I I 6 I I I I I I I I I I I I
2 0T > -7 1 ol |
S 30 { ..... F 2 5[ 1 Zoot i
2 2l | 1 = & 1 € 7 I
o351 | ] Baf T J I _____ I 18 L% ]
S a0F |- 4 2.0 - *1 ¢ || T = ]
g H0r ] 53 L =TE JE [| F= } _____ { N
S 451 6, . 4 E 7 o1 2 1
Z e 5 L1 1l =2+ 4 2 08F _
E 50 _ .§ L (o0 "= 0+, T=1 {4 & i i
= L i 9 1+ T + — S
o S o0]=3"T=0 g I ]
& -55+ . - .
| | | | | 0 | | | | | | | | | | |
O O O O O 28 O O O O O & O O O O O 28
~N »é\] W N W L ~N ‘%\7 N N W Q) ~N %\7 W N W Q)
< = <= < = <= < <
LENPIC: Low Energy Nuclear Physics International Collaboration
L, "J.“".:’.?‘ o S i o O«\k RIDCE
universititbonn @ PARMTACT - @ OJULICE! yueeze RS ‘!,;P—lu *‘ vanal Laborsmey




(E/A)sym [MeV]

15
20k
25F

-30

-35

Jinniu Hu, Ying Zhang, EE, Ulf-G. MeiBner, Jie Meng, PRC 96 (2017) 034307

Symmetric nuclear matter Pure neutron matter

Achievable accuracy
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N3LO: leading 1 loop, parameter-free
Ishikawa, Robilotta '08; Bernard, EE, Krebs, MeiBner "08, "11

N4LO: full 1 loop, almost completely worked out, several new LECs
Girlanda, Kievski, Viviani ’11; Krebs, Gasparyan, EE '12,’13; EE, Gasparyan, Krebs, Schat '14

LENPIC: Low Energy Nuclear Physics International Collaboration
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N2LO: tree-level graphs, 2 new LECs } + 1 X 1 >K
van Kolck '94; EE et al 02 I A0 CoR """ CE

Determination of the LECs cp, ce: Triton BE & pd elastic cross section minimum @70 MeV

LENPIC: Low Energy Nuclear Physics International Collaboration
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np total cross section
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N2LO: tree-level graphs, 2 new LECs
van Kolck '94; EE et al 02

Determination of the LECs cp, Ck:
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® Preliminary results indicate that radii of heavier nuclei are underestimated (~ 15% for 160)

LENPIC: Low Energy Nuclear Physics International Collaboration
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® Preliminary results indicate that radii of heavier nuclei are underestimated (~ 15% for 160)

@ Calculations are incomplete: 3NFs and MECs are missing...

LENPIC: Low Energy Nuclear Physics International Collaboration
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® Preliminary results indicate that radii of heavier nuclei are underestimated (~ 15% for 160)

@ Calculations are incomplete: 3NFs and MECs are missing...

® Expected to be correlated with the results for 2H radius, but effects seem to increase with A.

rp, 2H (fm) rp, 3H (fm) rp, 4He (fm)
AV18/AV18+UIX 1.967 (—0.4%) 1.584 (—1%) 1.44 (—2%)

from: Lazauskas, Carbonell, PRC 70 (2004) 044002

LENPIC: Low Energy Nuclear Physics International Collaboration
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® Preliminary results indicate that radii of heavier nuclei are underestimated (~ 15% for 160)

@ Calculations are incomplete: 3NFs and MECs are missing...

® Expected to be correlated with the results for 2H radius, but effects seem to increase with A.

rp, 2H (fm) rp, 3H (fm) rp, 4He (fm)
AV18/AV18+UIX 1.967 (—0.4%) 1.584 (—1%) 1.44 (—2%)

from: Lazauskas, Carbonell, PRC 70 (2004) 044002

® What could be the reason that the N2LO potentials by Ekstrém et al. are doing a good job?
NNLOsat: ro = 1.978 fm (+0.13%) ANNLO(450): rp = 1.982 fm (+0.3%)

Ekstrom et al., PRC91 (2015) 051301 Ekstrom et al., PRC97 (2018) 024332

However, NN data seem to prefer smaller rp:

RKE N4LOT Granada PWA (d-shell) | Nijm I =~ Nijm II  Reid93  CD-Bonn Exp.
rp, 2H (fm) 1.965...1.968 1.965 1.967 1.968 1.969 1.966 1.975

LENPIC: Low Energy Nuclear Physics International Collaboration
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® Preliminary results indicate that radii of heavier nuclei are underestimated (~ 15% for 160)

@ Calculations are incomplete: 3NFs and MECs are missing...

® Expected to be correlated with the results for 2H radius, but effects seem to increase with A.

rp, 2H (fm) rp, 3H (fm) rp, 4He (fm)

AV18/AV18+UIX 1.967 (—0.4%) 1.584 (—1%) 1.44 (—2%)

from: Lazauskas, Carbonell, PRC 70 (2004) 044002

® What could be the reason that the N2LO potentials by Ekstrém et al. are doing a good job?
NNLOsat: ro = 1.978 fm (+0.13%) ANNLO(450): rp = 1.982 fm (+0.3%)

Ekstrom et al., PRC91 (2015) 051301 Ekstrom et al., PRC97 (2018) 024332

However, NN data seem to prefer smaller rp:

RKE N4LOT Granada PWA (d-shell) | Nijm I =~ Nijm II  Reid93  CD-Bonn Exp.
rp, 2H (fm) 1.965...1.968 1.965 1.967 1.968 1.969 1.966 1.975

® Work in progress with Hebeler, Roth et al. towards understanding the systematics...

LENPIC: Low Energy Nuclear Physics International CoIIaboration
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Next steps (work in progress)

® Regularization of many-body forces & currents becomes nontrivial @N3LO (x symmetry...)
High-derivative method (cutoff in the Lagrangian) Slavnov, NPB 31 (1971) 301

® N3LO analysis of Nd scattering, light and medium-mass nuclei; parameter-free calculation
of the 3H B-decay; pu-decay & MuSun experiment @PSI; e.m. reactions, ...

Frontiers & challenges for the (nhear) future

Precision physics beyond the 2N system: challenge the theory

® Understanding the issue with the radii of heavier nuclei

® Extending the analysis of the 3NF to N4LO will require partial wave analysis of Nd scat-
tering to fix short-range LECs. Long-standing puzzles in 3N continuum (Ay, SST, ...)!

® Pushing ab initio methods to heavier nuclei and reactions

Chiral EFT as a tool to deal with nuclear effects when looking at physics of/beyond the
SM (parity violation, EDM, Ovf, proton charge radius,...)

EFT for lattice QCD (extrapolations), lattice QCD for EFT (mq dependence, ,data“ ...)



