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Baryon-baryon interactions from QCD

0 Residual quark-gluon strong interaction ﬁ@(:"‘:/

O Understood from Quantum Chromo-Dynamics &
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BB interaction in ChEFT

0 Welnbe 'g 'S Proposa | s Weinberg, PLB2571(1990)288-292; NPB363(1991)3-18

* NN potential calculated in chiral perturbation theory order by order
V(p'.p) = Vio+ Vo + Vanro + -+
Weinberg's Power Counting: @(QO) @(Qz) @(Q3) Q: small external momenta

e Scattering amplitude obtained by solving the Schrodinger or
Lippmann-Schwinger equations

I(p',p) = V(p’ )+Jmk2dk
P-P)= PP . (271_)3

 BUT, e.g., a series of ladder diagrams

— T(k,p).

V(p', k
P )pz—k2+l€

: k — oo
|

| \

M. Savage_arXiv:nucl-th/9804034

» Ultraviolet Divergencel!!

cannot be absorbed by contact terms

WPC is inconsistent with renormalization, even at leading order (LO)!



Deal with the renormalization issue

[0 Possible solutions (still controversial...)
- Keep cutoff lower than hard scale: A < A pr ~ 1 GeV

v WPC is consistent G.P Lepage, nucl-th/9706029. E.Epelbaum, J.Gegelia, UIf-G. MeiBner, NPB925(2017)161
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 Lorentz invariant framework to reformulate chiral force

v The fundamental symmetry of our nature
s



Relativistic studies of chiral force .

Talk by Prof. Li-Sheng Geng @ Session4, 8/20
O Relativistic chiral force (covariant form)

XLR, et al., CPC42(2018)014103; K.-W. Li, et al., CPC42(2018)014105; K.-W. Li, et al., PRC98(2018)065203 ...

Here, we focus on the renormalization issue of chiral force
] MOdIfled Weinberg apprOaCh E. Epelbaum and J. Gegelia_PLB716(2012)338-344

Based on the Lorentz invariant chiral Lagrangians

Adopt WPC to expand the NN potential and the relativistic
corrections are perturbatively included

V(p,9p) — ﬁll/_tZ‘Qiuluz with u = Uy + Uq + U, + .-

Use the Kadyshevsky equation to calculate the scattering T-matrix
T(p',p) = V(p/ )+Jk2dk il 1 T(k, p)
p,p)=V(p,p D)
27y 20/k2 + m2 VP2 +m2 —\k2+ m? + ie

V. Kadyshevsky, NPB (1968)

v Milder ultraviolet behavior than in LS equation

Result in a renormalizable LO potential !
v All divergences absorbed in parameters of the LO potential



In this work SUE

0 Based on the idea of modified Weinberg approach, we
proposed a systematic framework within the old-fashioned
(time-ordered) perturbation theory using the Lorentz
invariant chiral Lagrangians

* Derive the rules of time-ordered diagrams, especially for the rules
with spin-1 /2 fermion (as far as we know, there was no such rules in the literatures)

- Extend the framework from the nucleon-nucleon scattering to the
baryon-baryon sector with different strangeness

v Calculate the NN and YN scatterings up to leading order

v Discuss the renormalization issue of our obtained potentials

V.Baru, E.Epelbaum, J. Gegelia, XLR, arXiv:1905.02116

XLR, E.Epelbaum, J.Gegelia, Hyperon-nucleon scattering, in preparation



Theoretical framework

0 Time-ordered perturbation theory (TOPT)

T S. Weinberg, Phys.Rev.150(1966)1313
o
Defl n I’[IOI’] G.F. Sterman, “An introduction to quantum field theory”, Cambridge (1993)

v Re-express the Feynman integral in a form that makes the connection with on-
shell state explicit. This form is called TOPT or old-fashioned PT

¥ (In short) Instead the propagators for internal lines as the energy denominators
for intermediate states

- Advantages = = = >g>< N i

v Explicitly show the unitarity
v One-to-one relation between internal lines and intermediate states

v Easily to tell the contributions of a particular diagram
* Derive the rules for time-ordered diagrams
v Perform Feynman integrations over the zeroth components of the loop momenta

v' Decompose Feynman diagram into sums of time-ordered diagrams

v' Match to the rules of time-ordered diagrams




Diagram rules in TOPT

0 External lines

* Incoming (outgoing) baryon lines: wu(p) [i(p")] Dirac spinors
O Internal lines

1
° - I - w _ 2 2
Pseudo-scalar meson lines: 2o(g M) (@ M)=+/®+M

* Baryon lines: T Zu(p.)a(p.)

a)(piam) l l

m.
 Anti-baryon lines: l Vii(p.) — (L o0

t-baryon lines: =y &M@ = = (G )

O Interaction vertices

* Follow the standard Feynman rules
o Take care of zeroth components of momenta po

v Replaced as w(p, m) for particle
v Replaced as —w(p, m) for antiparticle

[0 Intermediate state: a set of lines between any two vertices

o [E— ) w(p,m) + ie]™!
12_ Z

E is the total energy of the system




Baryon-baryon scattering in TOPT
00 Scattering amplitude T

S+P s +p’ Z+K
@ - v - e®
=P =0’ =K

 Potential V: sum up the two-particle irreducible time-ordered diagrams

v Employ the Weinberg power counting to perturbatively calculate potential

(VNN,NN . 0 7 B 0 0 0 0 0 \ S=0
0 ANAN VANEN 0 0 0 0
0 @EN,AN VENQQ 0 0 0 0 S='1
V = 0 0 0 Vaaan Vanzsn Vaass Vaasa
0 0 0 Vanaa Venzn Venss Vansa
0 0 0 Vesan Vesen Veasss Vessa
\ 0 0 0 Vsaan Veazen Veass Vesasa /

* Two-body Green functions G:
m; m;

G/(E) = : .
w(k, m;) w(k,m;) E — w(k,m;) — w(k,m;) + ie

V. Kadyshevsky, NPB (1968)

v' This is the generalized Kadyshevsky propagator of NN scattering

v SELF-CONSISTENTLY obtained in TOPT!
e



Leading order contributions in TOPT

O Time-ordered diagrams at LO

O Lorentz-invariant effective Lagrangians
Leg =Ly + Ly + LB+ -+

 Mesonic Lagrangian .. Gasserand H. Leutwyler, Ann. Phys.158,142(1984)
Fg
4
 Meson-baryon Lagrangian A. krause, Helv. Phys. Acta 63 (1990) 3-70

_ D/F _
Egbll?z =Tr {B (ZV/J,DM — m) B} + é Tr {nyufy5[u”,B]i}

* Ba ryon-ba ryon Lag ra ngian H.Polinder, J. Haidenbauer, UIf-G. MeiBner, NPA779(2006)244-266
0 _ _ _
L& = Clr{BuBy (IiB) (IiB), | + C2 Tr { By (IiB), By (1iB) ;|

5;2) = — - Tr{u 4 x4 }

+C; Tr {B,, (TB),, } Tr {BB (FiB)ﬁ} ’

I''=1, To=~" Ts=0", Ts=+"y, I's=n1s.
O



Leading order potentials
[0 Contact baryon-baryon interaction K ></

e S =0, NN single channel ;
Vé,JC’;KL = Cglitg up)ity uy) + Cy(ig ys up)(ipysuy) + Cylig y, up)(iy y* uy)

= = = = v
+C (g Y4V u) (g y'ysu;) + Cr(iig O up)(it; o' uy)
XLR, K.-W. Li, L.-S. Geng, B. Long, P. Ring, J. Meng, CPC 42 (2018) 014103
v Contains higher order contributions according to WPC

v Perform the expansion for the baryon energies Jolp,m) +m = \V2m + O(p?)

Véja’{% = (Cs+ Cy) = (C4y —2Cp)o, - 0,

Same as the non-relativistic potential s. weinberg, PLB251(1990)288-292

e S=-1, AN-2N two coupled channels

v EXxpressions are the same as the non-relativistic potential
H.Polinder, J. Haidenbauer, UIf-G. MeilBner, NPA779(2006)244-266

e S=-2 AA,EN, 22, 2\ four coupled channels

v EXxpressions are the same as the non-relativistic potential
H.Polinder, J. Haidenbauer, UIf-G. MeiBner, PLB 653 (2007) 29-37



Leading order potentials

0 One-meson-exchange contribution K
vizkr _ Jikpforpliske [ (@ryu759" vk ) (@Y V59" UL L —> \\T —J
0.Mp Qw(q, MP) w(Qa MP) +w(pK7mK)+w(pJ,mJ) —F —1e€ fuLp
+ (@ryvu Y59 ur ) (@0 V59" 1L ] -
w(q, Mp) + w(pr,mr) +w(pr,mr) — E —ie /

e Contains higher order contributions according to WPC '
* Perform the expansion for the baryon energies ><

Vo(p,m)+m = \2m + O(p?)

v Keep the baryon energies in denominator (consistent with Kadysevsky eq.)

vinkL _ _JikpforpliskL [ 1
Lo Mp 2w(g, Mp) w(g, Mp) +w(pk, mk) +w(ps,my) — E — e

1 ] (mr +mg) (my+mp)
w(q, Mp) +w(pr, mr) +w(pr,mr) — E —ie Vmrmymgmy,
(mgG1 - pr —mi61-pr) (mpds - Py — myGa - PL)

\/w (pr,mr) +mg \/w (ps,myj)+my \/w (pr,mK) + MK \/w (pr,mr) +myp

+

X

It has a milder ultraviolet behaviour than the non-relativisitc OMEP
D SS——————,



Behavior of long-range potential

0 One-loop integral VmGVwm e =
&>k IJ,OR ~OR OR.KL : :
hov= 3 | o VA2 GBIV
OR (27)
|
_ Our: I‘%‘(,% dk3ﬁ Ultraviolet convergent!
k=|k|— o
NR PR
NR: [, — |dk 5} Ultraviolet divergent!
O lteration of our OMEP
k — oo

I
.
|
\

-—— e e o
—-— - e

|
:l > Finite diagram!

o Scattering amplitude from OMEP is cutoff independent

Ty =Vy+ V,GT)y, Renormalizable!



Phase shifts: cutoff-independent .

* NN couple channels
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Phase shifts of NN scattering oUE

O Leading order chiral NN potential

— —
Ve=Cyg—Cpo,- 0,

VT(‘ (p 723) — 4F2 —9 2 ~12 2
0 \/(ﬁ—ﬁ’)zﬂ—Mg (mn + /P2 +m% ) (my + \/P7? +miy)

01 (P —p")] G2 (P —P')]
&=+ M2+ T m, + TG~ F i
O Phase shifts at LO with cutoff = oo
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Phases shift of NN scattering oUE

O Leading order chiral NN potential
Ve=Cy—C;6, 5>
2 = 7 2
Ve (p7,9) = _49;02 \/(ﬁ—Tz;’)?—F M2 (my + /P2 + m?j;rzgw +/D"? +my, )
(01 - (0= p")] 102 - (P — p)]
V&= 7+ M2+ Pk + /T my — B —ic
U Phase shifts at LO with cutoff = oo

X

Y

1So and 3Pq:
Large differences

e At least a part of
the subleading
corrections must
be treated non-
perturbatively

e For simplicity, we
choose to
promote the NLO
contact terms up

00 50 100 150 200 0O 50 100 150 200 0O 50 100 150 200 0 50 100 150 200 tO LO
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Role of NLO contact terms in renormalization
0 Take 3Pg partial wave for example

RUB

* Promote the NLO contact term to the lowest order

o Potential: V;py(p.p) =Cp'p+V, Renormalizable or not?

¢ Am pl |tUde: E.Epelbaum, A.M. Gasparyan, J. Gegelia, and H. Krebs., EPJA51(2015)71

(1 + T,G)p’llp(1 + GT)]

o= et e — pGp' — pGT,Gp’
v 1=V +V.GI,: =% . Finite term
v +T.G)p': >® * >® * >® +o = . Finite term
v opGp' & T =2 o A4 EA 4 (3m? - E2/2) log%

v pGT Gp': @ + .. —X2%®, | ogarithmic divergence

It is cutoff dependent, not renormalizable!




Cutoff dependence!

o0
D,
=, _ _
< OpF —— A=10GeV \N\‘~~~;_
e A =30 GeV ° -
- — A =50 GeV ®
—10 ! A =70 GeV |
| —A=100CeV f
0 50 100 150 200 250 300
Elab [MGV]

From the point view of Renormalization Group Invariance c.... vang_arxiv:1905.12510

* The 3Py potential is not singular, and therefore does not require a contact term to
achieve RG-invariance.

e Promoting a contact term to LO in the non-perturbative treatment will destroy the RG,
unless extra care is taken to further subtract the divergences.



Amplitude renormalization

[0 Use subtractive renormalization to subtract all the
d|Ve rgences |n Ioop dlagra ms J. Collins, Renormalization, Cambridge Uni. Press

E. Epelbaum, et al., EPJA51(2015)71

(pGp"* = Zif; [219 (Sinh_1 % — i]l') — 7rm> + -~ mzlj - <2M <sin_1 % — 7Z'> + nm] :
To\/ M= — U
[(1 + T,G)p'l[p(1 + GT,)]
(CR)Y~1 = (pGp"HX — pGT,Gp’

OO0 Renormalized amplitude: 7%, =1, +

Cutoff independent! Scale dependence is weak!
15— _ T
10 10 _ PO
51 -l /
@ o0 ff
= Y < Of
© 5l - A=10Gev D R R :
e A =30 GeV & —OF — = 05m, o= 5m, S
1ol —A=50Gev 3 e =y - = 6m, f
_ A =70 GeV q =10} — p=2m, -~ p=6.5m, )
15 _A1: IOOC‘I(eV ................. ] » ,U - 3m
0 50 100 150 200 250 300 _150‘ T 0 100 150 200 250 300
Eap [MGV} Lab. Energy [MeV]



AN-2N scattering

O 3Pg phase shifts up to LO

150 i

| — TOPT-LO-A = o0

100 |
[ = TOPT-LO-A = 0.6 GeV
%0 ol NR-LO (06)
: i H. Polinder, et al., NPA779(2006)244-266
ﬁ | -- NR-NLO (19)
i J. Haidenbauer, et al., 1906.11681
O - -
- { — Nijmegen-NSCI7t
T.A. Rijken, et al., PRC59(1999)21
—50

0 100 200 300 400 500 600 700 800 900
PLab [MGV]

O In order to improve the description of 3P phases
e NLO contact terms are promoted to LO

I1J KL
V )

3
Vio? (1, P p1, 02 ) = Ve (0, 0 p1s02) + Vi i,

Vo= €0 h) Ceorm), €= (X ) etop = (B 0).

Csn, an Csn, =N 0 p2

e Use the subtractive renormalization to achieve a renormalizable potential



AN-2N scattering

0 3Po phase shifts

60 — _
| —— TOPT-LO-contact
| NR-LO (06)
40T ———. NR-NLO (19)
| —— Nijmegen-NSCO7f
20 T
o0 :
O
2 i
< 0
—20 |
A

0 100 200 300 400 500 600 700 &00 900
PLap [MeV]

XLR, E.Epelbaum, J.Gegelia, Hyperon-nucleon scattering, in preparation



Summary and perspectives

0 We proposed a systematic framework to formulate the
baryon-baryon interactions based on the time-ordered
perturbation theory using the Lorentz invariant effective

Lagrangian
e Obtained the rules of time-ordered diagrams with spin-1/2 fermions
* Derived the generalized Kadyshevsky equation self-consistently

 Calculated the baryon-baryon interactions up to leading order,
which is renormalizable

* Achieved a rather good description of 3Pg phases by promoting the
NLO contact terms in a renormalizable way

O Higher order studies are in progress
o Perturbatively/Non-perturbatively include NLO/NNLO contributions

 Keep the momentum cutoff A <A, or A ~ oo



THANK YOU FOR YOUR
ATTENTION!




Backup slides




1/rA2 potential

O Whether 1/r*2 potential has a unique solution depends on
the strengths

8 .
V(r)z—i with r=|r] c=-1-/

* Forthe couplings larger than critical value (-1/4) equations do not
have unigue solutions.

 Forthe couplings smaller than critical value (-1/4) equations have
unique solutions.

O For potentials more singular than 1/r*2, the equations do not
have unique solutions.




Subtractive renormalization

O Subtractive renormalization of the considered problem
corresponds to the inclusion of contributions of an infinite
number of counter terms generated by bare parameters of

the effective Lagrangian.




