Sasa Prelovsek

Scattering of hadrons with spin
and
the Roper resonance

Sasa Prelovsek

University of Ljubljana & Jozef Stefan Institute, Ljubljana, Slovenia

University of Regensburg

Technical advances in Lattice Field Theory
CP3-Origins, SDU, Odense
4-8 December 2017

Scattering of particles with spin



QOutline

Simulating scattering of two particles with spin on the lattice

motivation

* the relation to extract the scattering matrix from energies is known
[Collin Morningstar’s talk]

e construction of operators (interpolators)
by three different methods that give consistent results: reassuring

* example: Nucleon-pion scattering in the channel with JP=1/2*

lattice results and implications for the Roper resonance
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Current status
of hadron-hadron scattering from lattice

 most detailed scattering results exist only for spin-less particles
it , Kit, KK, DK, Dm, ...
e HW H@: where one or both H carry spin was explored mostly only for L=0
many interesting channels still unexplored, particularly for L>0

there are only few simulations for L>0 using Luscher-type method:

example: Amy Nicholson’s talk:

Two-Nucleon Higher partial wave scattering from LQCD

Berkowitz, Kurth, Nicholson, Joo, Rinaldi, Strother, Vranas, Walker-Loud
1508.00886, Phys. Lett. B (2017)

talks by Morningstar and Hortz
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Motivation

. in lattice QCD:

hadron-hadron scattering H(1) H(?)

where H is one of P,V,N hadrons, which is (almost) stable with respect to strong decay:

P=psuedoscalar (J’=0™) =m,K, D, B, n, ..
V=vector (JP=1") =D* B* J/Y,Y,,B. ... (butnot pasisunstable...)
N=nucleon (JP=1/2"*)=p,n, \, A\, Z, ... (but not N-(1535) as is unstable...)

| will consider interpolators for channels :
PV: meson resonances and QQ-like exotics (for example Z_in )/, D D* ..)
PN, VN: baryon resonances (e.g. in TN, KN ...) and pentaquarks (e.g. P_inJ/{ N channel)

NN: nucleon-nucleon and deuterium, baryon-baryon

* inany lattice field theory (beyond SM)

scattering channels with vector bosons and fermions
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The need for interpolators

<0i(t)|0; (O)> — En — Scattering matrix M O=HH needed to create/annihilate HH

Relation between scattering matrix M and energies E_ are known

- two spinless particles Luscher (1991):
_ _ , _ scattering matrix: S=1+i M = g2
- two particles with arbitrary spin T
Briceno, PRD89, 074507 (2014) .

(other authors: some specific cases) detoc [detlSJmJ [M_l + 5QV]] =0

ik3 055 (47)3/2
|4 _ J . . E : d *2,
[5g.7 ]JmJ,lS';J'mJ/,l’S' - 8nE* U 5JJ,5meJ' O +1 Ext+1 Cl”m"(kj ’L)
l”,m" J

X Z <lS, ijllml, Sms)(l'ml/, Sm5|l’S, J’mJ/> / dS) ‘Ylel‘YvITI’mII}/Z/,ml,]

my,my,ms

. vVar (27 2 *
cfim(kaQ L)= ~L3 \ L ZfmlL; (K3 L/27)’]
[ > related to eigen-energy E_
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Some previous related work on lattice HH operators
for hadrons with spin and Lz0
Partial-wave method for HH:

Berkowitz, Kurth, Nicolson, Joo, Rinaldi, Strother, Walker-Loud, 1508.00886
Wallace, Phys. Rev. D92, 034520 (2015), [arXiv:1506.05492]

Projection method for HH:
M. Gockeler et al., Phys.Rev. D86, 094513 (2012), [arXiv:1206.4141].

Helicity operators for single-H:
Thomas, Edwards and Dudek, Phys. Rev. D85, 014507 (2012), [arXiv:1107.1930]

Some aspects of helicity operators for HH:
Wallace, Phys. Rev. D92, 034520 (2015), [arXiv:1506.05492].
Dudek, Edwards and Thomas, Phys. Rev. D86, 034031 (2012), [arXiv:1203.6041].

Which CG of H; and H, to H;H, irreps are nonzero; values of CG not published:
Moore and Fleming, Phys. Rev. D 74, 054504 (2006), [arXiv:hep- lat/0607004].

Tetraqurak operators (appeared after our paper on operators)
Cheung, Thomas, Dudek, Edwards [1709.01417, JHEP 2017]

etc...

However: for a lattice practitioner who was interested in a certain channel, for example
(PV scattering in L=2 or VN scattering with A,=1 and A=1/2)
there were still lots of puzzles to beat before constructing a reliable interpolator ..
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Constructing HH operators for scattering with spin:
outline

based on S. P., U. Skerbis, C.B. Lang: arXiv:1607:06738, JHEP 2017

* three different methods to construct operators

e illuminate the proofs (given in the paper)

» verify they lead to consistent operators (that gives confidence in each one of them)
e they lead to complementary physics info

* present explicit ops for PV, PN, VN, NN for lowest two momentum shells.
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We restrict to total momentum zero

H(l)(p) H(Z)('p) ’ Ptot=0

Advantage of P, =0

e parity P is a good number not true for P, #0
e channels with even and odd L do not mix in the same irrep

Building blocks H: required transformation properties of H

to prove correct transformation properties of HH

rotations R wigner D matrix inversion | p, s,ms) = H, (p)|0)

Rlp, s,m,) ZD R)|Rp,s,m}),  I|p,s,ms)=(—1)"| —p,s,ms) €

RH], .(p) )R~ ZD HT (Rp) IH;s(p)I = (_1)PHT (—p). creation field
note:
D D* ( p S

RH = ZDm’sms *Hp (Rp) , IH,, (p)I = (-1)"Hpy.(—p) annihilation field

: Dy, (R7Y)
m, is a good quantum number at p=0: Sszs(O)Sz_l = msHp,,(0)

m, is not good quantum number in general for p£0: in this case it denotes eigenvalue of S, of corresponding H, (p=0)
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Non-practical choice of H_ (p): canonical fields H'®)

with correct transformation properties under R and |

Hr(rf) (p) = L(p)Hp, (0) L(p) is boost from 0 to p; drawback: H(®/(p) depend on m, E,..
© -1 A (o) v 0 0 —1
Vin=1(0) = 5[=Va(0) +iV,(0)] — Virli(p2) = 5[=7Va(ps) + iV, ()] i | =01 o=
0 0 01 0
Nmszl/Q(O) = Nl(O) — Ngj:l/z(pw) X jvl(pm) + Ezrm-/vzl(pm) (1) A2 () (1)
0 0
0 Ez—):m

Nu=1,..,4 are Dirac components in Dirac basis
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Non-practical choice of H: canonical fields H'¢

with correct transformation properties under R and |

Hr(ri) (p) = L(p)Hp, (0) L(p) is boost from 0 to p; drawback: H(®/(p) depend on m, E,..
Vin,=1(0) = %[_Vx(o) + Z%(O)] — Vii=1(pz) = %[_'va(pm) + Zvy(pm)] U 2710 10 =1 ¢
0 0 01 0 0
Nmszl/Q(O) = Nl(O) — Ngj:l/z(pw) X M(pm) + Eﬁfm-/\/zl(pm) (1) A2 () (1)
0 0
. . . . 0 Pa
Nuzl,__A are Dirac components in Dirac basis Etm
Practical choice of H_..(p)
with correct transformation properties under R and |
P(p) = > q(z)ysq(z)e™
Vine=41(p) = Z5[FVa(p) + V4 (p)], Vin=o(p) = Vi(p) Vi(p) = ch(x)%q(x)ei’“, i=x,Y,2
Nio=1/2(p) = Nu=1(p) ,  Nmo=—1/2(p) = Nu=2(p) N.u(p) = Z EabC[an(x)C%qb(x)] QZ(-?:) e’ p=1,.,4
These H are employed as building block in our HH operators simple examples
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Required transformation properties of O=HH

RO?™ (Piy=0)R™" ZDmeJ “Ho’mi) 107 (0)I = (-1)P0"™(0)

good parity since P,,=0 !

2
relevant rotations: R S O( ) O with 24 el. for J=integer ; 0% with 48 elements for J=half-integer

The group including inversion I: O,, with 48 el. for J=integer ; 0%, with 96 elements for J=half-integer

The representation O’ is irreducible under continuum R, but it is reducible under discrete R in O,

The operators should transform according to certain irreducible representation I and its row r.

continuum R

§ : 2 P
R|F,’f’ |F r ) R e O( ), IIF,T’> - (—1) |F,'T'> y discrete R
ROr,R™! “Or,» Re0O® IOr,I = (-1)F0
r,r r r’ T, y Ly Ly
J I’ (dimr)
0 A (1)
' 3 Gi(2)
T(R) given for all irreps in 1 T1(3)
Bernard, Lage, MeiRner, Rusetsky, g H(4)
JHEP 2008, 0806.4495 2 E(2) & T»(3)
We use same conventions for rows. g H(4) @ G2(2)
3| A2(1) ® T1(3) ® T»(3)
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Method |: Projection operators

~

Opiron = Y Th(R) R HO(p) H?(—p) R,

Pe0(2)
ReOf;
1 J L Y J
“ ”, ..
T(R) given for all irreps in seed”: Each H can have any polarization m
Bernard, Lage, MeiRner, Rusetsky, and direction p with given |p|. Different choices
JHEP 2008, 0806.4495 lead to different linearly independent O,
Some examples for |p|=1: 7
1 + e I
PVinT,*,n_,=2:

OT1+,7'=3,'n,=1 = P(e;)Va(—e;) + P(—e.)V(ez)
0T{",r=3,n=2 = P(ex)Va(—€s) + P(—es)Vi(es) + Pey)Va(—ey) + P(—ey)Va(ey)

PNin H*, n 1:

max_

Ot ret = —iNj (—e)P(ez) + i) (ex)P(~ez) — Ny (—¢,)P(e,) + N, (e,)P(—e,) 3

VNinH ,n 3:

O-r=tpn=1= 'iN% (ex)Va(—es) + iN% (—ez)Va(es) + N% (ey)%(_ey) + N% (_ey)vy(ey)
OH‘,T:I,n:Z = e

max_

On-r=1n=3 = -
Sasa Prelovsek Scattering of particles with spin

Disadvantage:

not informative which
continuum numbers
(partial wave L or helicity )
each O, corresponds

This is remedied in next two
methods
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Method Il: Partial-wave operators

building blocks H

Starting annihilation operator Clebsch-Gordans Spherical Harmonics mentioned on slide 10 (bottom)
(before sobduction to irreps) 1 1 I
[ 1 i | | j
pl,Jim,S,L _ Jm, Sms *  (Pp) gL 2) (—
O T CLmL,S’ms Cslmsl,szmsg YLmL (Rp) Hmsl (Rp) Hmsg ( Rp)
mr,,mg,Ms1,Mg2 ReO

Proposed for NN in [Berkowitz, Kurth, Nicolson, Joo, Rinaldi, Strother, Walker-Loud, CALLAT, 1508.00886] There Y,,” appears where we have Y, ,

Proof (in our paper and next slide): the correct transformation properties

_ _ 7
RaOJ’mJ’S,LRal — E :DJ ) (Ral)OJ’mJ’S’L
J
my

mjym

follow from transformations of H (slide 8) and properties of C, Y, , and D.

=1,J=1,m;=0,L=0,5=1 _
Example of PV operators o " = Z P(p)V.(-p) ,
p==tez,Tey,Te.

OPIFLI=ms=0=25=t = % P(p)Va(—p) =2 ) P(p)Va(-p)

p==tez,Tey p==e,

Subduction to irreps discussed later on.

Sasa Prelovsek Scattering of particles with spin 13



Proof: partial-wave operators

O|p|’J’mJ’S’L = Z CZzZ,Sms iTnSshwmsz Z YLm Rp Hr('}s)l (Rp) HT(:SL(_RP)

mr,,mg,Ms1,Ms2 ReO

Proof of correct transformation properties:

Jmys,S,L p—1 __ E : Jm g Smg E : * ) . -1
RGO J Ra - CLmL Smg Cslm31,52'm32 YLmL (Rp) RaHmsl (Rp) Hm32 ( Rp)Ra
mpL,ms,mg1,Mgs2 REO(z) \ ' l
_ Jmy Sms % 5
- E : C Lmy, SmSCslmsl,szmsg § : YLmL (Rp)
mr,,mg,Mg1,Ms2 RGOh
S1 82 _1
§ : Dmslm )ngl (RaRp) § : Dm s2ml, (Ra )Hmfgg (_RaRp) )
My
YEmL (Rp) = YEmL (Ra—,l(Rl Z DmLm 1)Yilkm'L (Rlp) R, — RGR YEmL (Rlp) = Zm’L D'rlrlle’L (Rl)YZm’L (p)
s — s — 3, S,m/, g _ CSms OS-s S R
Dn;“’lm;l (R“ I)Dﬂfszm'sz (R“ 1) - Z Cs1$ssl,szmsz Cslmi,82m82 Dmsms (Ra 1) mg;nsz 81TNs1,82MMs2 " 817Ms1,827Ms2 s,ms0s,8
g,’fhs,mfg ’
L - S -1 _ Ty Jmy J -1
DmLm (R )Dmsm (Ra ) - Z C1LmL»SmS OLm ,Sml; DmeJ (Ra’ ) Z CZZ; Sms CgWZJSms = 5mJ,77’LJ§J,j
j,’f‘h_],mf’ mp,mg
R OJ,mJ,S,LR—l _
Jm/ Sm * /
- Z Dme Z OLmz,Sms slmil,szms2 Z YLm R, (R p)H ( R )
ml Mg, myy M, R'e0®
_ Z Dme OJmJ,SL
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Method lll: helicity operators V%p

[HH in continuum: Jacob, Wick (1959)] N(y
[for single H on lattice: HSC, Thomas et al. (2012)] -p 7
[not widely used for HH on lattice yet]

building blocks in partial-wave operators are H_.(p) and m_ is not good for p#0:

Helicity A is projection of S to p. It is good also for particles in flight h=5-p / |p|

rotation from p, to p

Definition of single-hadron helicity operator Hf(p) = Rg Hms=>\<pz) (Rg)_

denoted by superscript h good m,

h —1 io(R) r7h
Helicity is not modified under R (pand s transform the same way) RHy (p)R = " )HA (Rp)

p is arbitrary momentum in given shell |p|; R does not modify A, ,, so H; , have chosen A, ,in all terms

- 1),h 2),h _
Two-hadron O: OPllmrAtAzx Z me\ RH>(\1) (p) H}(‘z) (—p) R 1
ReO®)
Proof: RO MR = N D \(R) RaR HY, (p)Hy,(—p) RT'R;

feo® ) R'=R,R
= > Dha(BR) R B, (0)H},(~p) B

ReO® ) D(RiR,) = D(R1)D(Ry)
= > Y .Dj . (R)D), \(R) R H}(p)Hy(—p) R
R'c0(?) m/;
_ ZD OJmJ A1z
Sasa Prelovsek mmy ’ 15



v%f’

Method IIl: helicity operators (continued) o/ p
-p

Using definitions of H(p) = RS Hy,=A(p.) (R5)™" and parity projection L0 + PIOI)

p is arbitrary momentum in given shell |p|

m 1 2
Olpl,Jy J7P7A17)\27 — Z DmJ, [H( ) _)\1 (pz)H,’slzzz_)\z(_pz)
ReO(2)
1 2 _ _
A= M +PIHY L\ 0)HY __ (~p.) 1] (RE) R

H are building blocks from slide 10 (bottom): actions of R and | on H,,(p) are given in slide 8
p is arbitrary momentum in given shell |p|; there are several choices of R, which rotate from p, to p:
- these lead to different phases in definition of H,": inconvenience

- but they lead to the same O above (modulo irrelevant overall factor): so no problem for such construction

Simple choice for momentum shell |p|=1: p=p, and R,P=Identity

paper prOVides details how to use functions from Mathematica for ConstrUCtion, also since Mathematica uses non-conventional defnition of D

. 1 : j = integer
,[R¥ F -WignerD[{j,m,m'}, —a,—B,—7], F = _
m o [ a'Bry] & [{ } ’Y] +1: J]= halﬁnteger, F(w + 27?) = —F(w) , choice of sign in our paper

{o, 8,7} = EulerAngles[T]| T = exp(—iftJw) and (Jy)i; = —i€ijk
‘_'_J

MATHEMATICA
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one last step before reaching the results ...

Subduction of O"™ to irreducible representations

subduction

continum R /\7 discrete R in discrete group 0?)

O[J’SaL] — E SI‘{’mJOlpliJ’mJ’S’L
NS

Partial-wave operators O™ L5 lp|,L,r -
J
[J,P’Al)‘%)‘] _ Jmy |p|’J,mJaPa>‘1’)‘2’)‘
Helicity operators O Ml AL A2 Olpi.rr - Srp 0
my
The representation O’ is irreducible under continuum R. Subduction matrices S
But it is reducible under R in discrete group lattice O(?). [Dudek et al., PRD82, 034508 (2010)
Operators that transform according to irrep ' and row r obtained via subduction. Edwards et al, PRD84, 074508 (2011)]

Single-hadron operators H: experience by Hadron Spectrum collaboration Phys. Rev. D 82, 034508 (2010)

* subduced operators Ol carry memory of continuum spin and dominantly couple to states with this J

Expectation for partial-wave and helicity operators HH obtained by subduction :

. 0|[1{|’?l;] would dominantly couple to eigen-states with continuum (J,L,S) valuable for simulations
. I[Jl,P,Al,Az,A] would dominantly couple to eigen-states with continuum (J,A1,A2) give physics intuition on quant. num.
pl,I\r
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Example:

AT

P(p)V(-p) operators

ORI NI NIW - O &y
=
N
N

row=1 provided

Conventions for row
Bernard et al., 0806.4495

rows of T1: (x,y,z)

rows of T2: (yz,xz,xy)

Sasa Prelovsek

OAl_’T=1 = P(ez)‘/:p(_ez) - P(_ez)%(ez) + P(ey)Vy(_ey) - P(_ey)vy(ey)
+P(e:)Va(—e:) — P(—e:)Va(ez)

[J=0my=0,P=—Ay=0Ap=0] _ ,l/=0,ms=0L=1,5=1] _
AT ,r=1 T A=l T A=l
+ .

Ty :

OTff,r:l,n=1 =P(es)Ve(—es) + P(—ez)Va(es)
Orz r—1.n—0 = P(ey)Va(—e,) + P(—¢,)Vi(e,) + P(e:)Va(—e.) + P(—e.)Vi(e.)

O[J=1,P=+,>\v=i1,)\P=0] =0

T r=1 T r=1,n=2
[J=1,P=+Av=0Ap=0] _
OT;*,r:l - OT1+,T=1,TL=1
[J=1,0=0,5=1] _
T et =Ort ro1n=1 T Ort ro1n
[J=1,0=2,5=1] _
T r=1 =-2 0Tf',r=1,n=1 + 0Tf',r=1,n=2
Tr

Orp =1 = —P(e)Va(=ey) + P(=e))Vi(ey) + Plez)Vy(—e:) — P(=e:)Vy (e:)

[J=1,P=—Ay=£1Ap=0] _ A[J=1,L=1,5=1] _
0Tf,r=1 - OT;,r:l - OTl_r"'=1

T

Ory r=1 = P(ey)Va(—€y) + P(—ey)Va(ey) — P(ez)Va(—ez) — P(—e:)Vale:)

[J=2,P=+Ay=21Ap=0] _ ~[J=2,L=2,5=1] _
Ory o2y =055 =Or; =1

T -

T5

OT1+,1‘=1 = P(O)‘/:E(O)

[J=1,L=0,5=1]
OT1+,1'=1 o OT1+""=1

0T;,r=1 = P(ey)VZ(_ey) - P(_ey)VZ(ey) + P(CZ)Vy(_EZ) - P(_QZ)V;/(Q)

U=2.P=—Av=412p=0] _ HlJ=2,L=1,5=1] _ 5l/=2,L=3,5=1] _ ,

Ty r=1 Ty =1 Ty r=1 Ty r=1

otherirreps: 0=0

E™:

Op-yo1 = P(e:)Va(—€z) — P(—er)Vales) + P(ey)Vy(_ey) - P(_ey)Vy(ey)
—2P(e,)V,(—e,) + 2P(—e,)V,(e,)

Scattering of particles with sj

J=2,P=—\y=0,\p= J=2,L=1,5= J=2,L=3,5=
Ojle-,r:):l v=0Ar=ol O[E—j=1 b=t = 0}5—:;1 5= = Ogp- =1
Rt = Oy = Oy = O+ =0, 18




Example:

O e = Plea)Val(—ez) — P(—ea)Va(es) + P(e,)Vy(~¢,) — P(—e,)Vy(ey)

P( p)V( N p) ope rators +P(e:)Vi(—e:) — P(—e:)Viles)

[7=0,m;=0,P=—Xy=0p=0] _ O[J=0,mJ=O,L=1,S=1] -0
A7 r=1 AT r=1 Al r=1

T
{ OTff,r:l,n:l =P(es)Ve(—es) + P(—ez)Va(es)

projection operators Or pey s = P(e,)Va(—e,) + P(—€,)Va(e,) + P(eo) Va(—e.) + P(—e.)Va(e.)

provides lin. combination of projection operators O, that OW=LP=+Av=41ip=0] _ O+ 11y JP=1* \.=0
enhances the coupling to state with continuum (J?, A) { helicity operators { e e v
OP=LP=+Av=0Ap=0] _ Poat
T;*',r:l Tf’,r:l,n:l J —1 , Av—l
provides lin. combination of projection operators O,, that ) [J=1,L=0,8=1] _ JP=1* S=1.L=0
enhances the coupling to state with continuum (J?, S,L) partial-wave operators O st = O et + Orprminms T
ey = =2 0p s+ Op 0y JP=17, 5=1,1=2
Tr

ORI NI NIW - O &y
=
N
N

row=1 provided

Conventions for row
Bernard et al. , 0806.4495

rows of T1: (x,y,z)

rows of T2: (yz,xz,xy)

Sasa Prelovsek

Orp o1 = —P(ey)Va(=ey) + P(=€))Vi(ey) + Plez) Vi (—e:) — P(=e:)Vy (e:)

[J=1,P=—Av=£12p=0] _ A[J=1,L=1,8=1] _
0T;,r=1 - 0T;,r=1 - OTf r=1

T

Orp pm1 = Pley)Va(—€y) + P(—ey)Va(ey) — Ple:)Va(—e:) — P(—e.)Va(e:)

[J=2,P=+Ay=t1Ap=0] _ ~[J=2,L=2,5=1] _
0T2+,'r=1 - OT;“,T=1 = Or;

T -

OT1+,1'=1 = P(O)%(O) T5
OT’z_"’=1 = P(Ey)‘/z(—ey) - P(_ey)%(ey) + P(ez)‘/y(_ez) — P(—ez)l/;(ez)

[J=1,L=0,5=1] _ J=2,P=—Ay=%1,Ap=0 J=2,L=1,5=1 J=2,L=3,5=1
OT1+,T=1 o OT1+,,,.=1 [T;,r;1 vl < O[T;,r;1 o = 0;;,7’:1 = Or; v
other irreps: 0O=0 E:
Og-po1 = P(e:)Va(—€z) — P(—er)Vales) + P(ey)vy(_ey) - P(_ey)Vy(ey)
—2P(e,)V,(—e,) + 2P(—e,)V,(e,)
e R A
Scattering of particles with spffar = Qaz = Ou; =Op+ =0. 19




P(1)V(-1) operators, T,*, row=r=1

T
OTf,r:l,n:l = P(es)Va(—es) + P(—ez)Vi(es)
projection op.

OY=LL=05=1] _

T1+ r=1 - T1+,r=1,n=1 + OT1+,1'=1,n=2

-

partial-wave op.

L [J=1,L=2,5=1]
OT1+,r=1 =2 OT1+,7'=1,n=1 + OT1+,1~=1,n=2
[J=1,P=+,Ay=0,Ap=0]
.. OT1+,7'=1 - OT1+,1'=1,n=1
he|ICIty op. O[J:LP:-}-,)\V::tl,)\P:O] —0
T, r=1 = YTt r=1,n=2

Ort r=1n=a = Pley)Va(—ey) + P(—ey)Valey) + Ple.)Va(—e:) + P(—e:)Va(e.)

JP=1*S=1,1=0
JP=1* S=1,1=2

JP=1* A,=0
JP=1+ A=1

Partial-wave and helicity operators expressed in terms of projection operators throughout

and consistency is found.

Sasa Prelovsek Scattering of particles with spin
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Results for operators

Explicit expressions all for HY(p)H2)(-p)
- PV, PN, VN, NN

- in three methods

- allirreps, |p|=0,1

given in [S. P., U. Skerbis, C.B. Lang, arXiv:1607:06738, JHEP 2016]

operators from three methods are consistent (not equal) with each other

Relation between partial-wave and helicity operators is derived

/
|p|,J,mJ,S,L — 2L + 1 P |p|)']amJ,>‘ ,Ala)‘2
O = S d Y DY (RE)CT05AC5 5 20 O
A=—SArd2 N
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Nt scattering in %2* and the Roper resonance

C.B. Lang, L. Leskovec, M. Padmanath, S.P.
Phys. Rev. D 95 (2017) 014510; hep-lat:1610.01422

Sasa Prelovsek Scattering of particles with spin

22



Brief intro to Roper resonance

N(1440) BREIT-WIGNER WIDTH

Nrn
Nn
Nrrx
A(1232)n
A(1232)z , P—wave
No

55 -75%
<1%
25-50%
20-30%
13 -27%
11 - 23%

Puzzling since its discovery in 1964 by L.D. Roper.
In particular: why is it lighter than N(1535) with }5 ?

Sasa Prelovsek

Scattering of particles with spin

g
N(1440) BREIT-WIGNER MASS ; EE I ;;i; ;5 5

1410 to 1450 (~ 1430) MeV
250 to 450 (~ 350) MeV

M1535) 1/2°
M1650) 1/2°
M1675) 5/2°
M1680) 5/2*
M1685) 27

M1700) 3/2"
M1710) 1/2*
M1720) 3/2*
M1860) 5/2*
M1875) 3/2"
M(1880) 1/2*
M1895) 1/2°
M(1900) 3/2*
M1990) 7/2*
M2000) 5/2*
M2040) 3/2*
M2060) 5/2°
M2100) 1/2*
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Some previous simulations of the proton/Roper channel: J?=1/2*

* all used just O=qqq interpolators (with exception of Adelaide 1608.03051 which
* ignored that Roper is strongly decaying resonance

e assumed that E;=m, (correct)

did not find two-hadron state in spite of that)

E,=m; (not correct); E,could in principle be energy of Nmt eigenstate

3'0 ] ' 1 1 I Ll l {
25F ﬁ ‘ L §

_ : -, c :

I B . i
§20_4§ § * -

E, 4 ¢ | = .
ol

E.= :o§°£°' &. ’ v
1=My &= 10f# | . ]

0.5
0.00 005 010 0.15 020 025 030 035 040
m2 (GeV2)

xQCD : Liu et al., arXiv:1403.6847 hep-ph]

BGR : Engel et al., PRD, arXiv:1301.4318[hep-lat]

Cyprus : Alexandrou et al., PRD, arXiv:1411.6765[hep-lat]
JLab : Edwards et al., PRD, arXiv:1104.5152[hep-lat]

* Experiment
yQCD (nucleon)
7QCD (Roper)
{ xQCD (overlap + SEB)
} xQCD (clover + SEB)
{ xQCD (clover + variation large)
§ xQCD (clover + variation small)
{ BGR
§ Cyprus (twist mass)
? Cyprus (clover)
{ CSSM
¢ JLab

CSSM : Adelaide group, PLB, arXiv:1011.5724[hep-lat] Figure courtesy : K. 4., Liu,-arXiv:1609.02572
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Lattice simulation

Lattice size ~ Nf Nefgs m,. [MeV] a [fm]

L [fm]

323x 64 2+1 197(193) 156(7)(2) 0.0907(13)

2.9

PACS-CS lattices, Aoki et al., PRD, arXiv:0807.1661.

Wilson clover fermions

Lowest non-interacting N(1)m(-1) states in p-wave expected at

E~\(3) +m? +J(32)* +m} ~1.5GeV

This is in the Roper resonance region: favorable

Sasa Prelovsek Scattering of particles with spin
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Implementing meson-nucleon interpolators in J’=1/2* channel
(for the first time in this channel)

only total momentum P=0 is simulated

P#£0 not used (since p-wave mixes with s-wave) momenta of hadrons in units of 2rt/L

/
oy = —/1 [Pl_’z(—ex)ﬁo(ex)—pl_’z(ex)ﬂo(—f’-{)

2

1 & i 5 Nrtin p-wave: irrep G;*
- "P_'%(—ey)ff (ey) + I-p_’%(ey)rr (—ey) P>

all three methods give one and the same O

— plé'2(—ez)7ro(ez) - ]);’2(62 )no(—ez)] “Lattice operators for scattering of
- b o particles with Spin”, JHEP 2017,
* \/; {p—=n.7" =77} [narrower] S. P., U. Skerbis, C.B. Lang

054"’.5 = 1):,:’2’3(0) (wider]

Oé\.l.’;.s = 1)1‘2’3(()) (narrower]

3
OSI)YfO = 1);‘2(0)0(0) (narrower] > NG in s-wave
Nim,=172(0) = Ny () . Ny __y/5(1) = N5 (n) 7t (n) =Y d(x, t)su(x, t)e™ " E
Nim)=Y" eabe[uT (x,)Tid® (x, )] [Tiq(x, )], e*™E i )
' zx: : ' ’ o(0) = 71—5 Z[ﬂ(x. tyu(x,t) + d(x,t)d(x,t)] .
i=1,2,3: (T%,T%)=(1,Cv), (75,C), (i1,Cyva) x
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Computing 10x10 matrix C: Wick contractions

part of them are similar as in Nmt in s-wave
[Verduci, Lang, PRD 2013] plots taken from there

Cij(t) - <Q|Oz(t + tsrc)aj(tsrc)lg>

TABLE III. Number of Wick contractions involved in comput-
ing correlation functions between interpolators in Eq. (7).

Oi\oj ON ONﬂ ONO'

oN 4 7
oN* 19 19
oN°e 19 33

N AN

* just part of Wick contractions plotted
* computational challenge:

- all-to-all quark propagators needed,;

- full distillation employed [Peardon et al, 2009]

ot ®
-0 ..
: :
N o= o N
H :
‘0‘4 g
o= ®
Sink Source
S .‘
' H
N ‘q 4 \
N | s, N
H :
S K
Sink Source

nrzn* -E,
Ci(1)=Y2'Z] ™

C(t)v(n)(t) — C(to )A(Z)V(n)(t) [Luscher & Wolf 1991,
Blossier et al 2009]

ce B1

D1

Sink \ESance c

N LN
Sink Source
n :: :: n

w(p)= Y, e"d (x)ysu(x)
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E,.: dependence on the interpolators used

note again:
LI T T T T total momentum P=0
' 25
I : ! Ol:h’ 031:.,8 ’ Ol:o .
1 — N(0)mt(0) not possible
= 1“; i % b O O N
m | E [ [ H2 O 1 Tes for p-wave
: a8 N No
0.8 ] 3: 03’6,8, (OR
N()n(-1) - i '
N I R I_____O___O___= 15 4 O?", 0?68 lowest non-interacting
m+2m  —> 0.6 ¢ 8 & NOmOmC _)___- . N7t state is N(1)m(-1)
- - 5: 03,6,8
 J
2 & & & ® 1 NG p=1 * ZT[/L
0.4 H ] 6: O,
i : Nn
| 7: O
0.2} 10 ‘
oL 1o

[
N —
W [~
S
W
o\~
-
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Ea

1.2

0.8

0.6

0.4

0.2

1 1 | | I | L1 1 I L1

I | | L1 I L1

Sasa Prelovsek

Final E, and overlaps Z"=<0,|n>

1.5 N(D)=(-1)
N(0)7(0)7(0)

0.5

E[GeV]

(a)

10

1

0.1

0.01

0.001

0.0001

0.1

0.01

0.001

0.0001

Z" /max |Z")
1 m 1
L L L L L I L L L L NN = T L LA BN L
o ° °n=.1 n=2 n=3
° - -
&=
II I E '
- (0]
®
Illlllllll IIIIIlII[lIlIIIlIIII
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Illlllllllllllllllll
n=4 n=>5 .Oan
]
N
003
N
- L4 II I k2 °O6n
- N
.08
N
L S e F 0, "
2 4 6 8 10 2 4 6 8 10 (b)
1 1

N(1)rt(-1) lattice eigenstate established in 2 channel

for the first time: related to problems of “excited-state
pollution” of nucleon observables by Nt [work by Baer]
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E not precise enough to reliably determine AE and &: not unexpected for m_ =156 MeV !!

Alternative path to reach physics conclusions from the results.

(A) Expectation from elastic Nmt scattering
based on low-lying Roper (from experimental 6 . )

7] T
/
/

=
~
N L L

E [GeV]

=)
Ne)
I

~T 1T T 7 T I~ T T T T ® T
N ~ ~

-~
-~
-~
-~
-~
-~
—

-

Sasa Prelovsek

3 3.5 4 4.

L [fm]

non-interacting case

E(L)= \/mlz\, +(2—”n) +\/m]2, +(2—ﬂn)
L L

N()m(-1)
N(0)m(0)7w(0)

N(0)
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(A) Expectation from elastic Nmt scattering
based on low-lying Roper (from experimental 6 . )

180 _I T I T I T l T l T I T T i
foor | N e, SN, 150 |- I
00...'. \\\ 00.”.“.‘. ~o “0..... N 120: %l ]
1.6 000, o = 000es — g —
Soee ) En . = :@ 1
- 2 90 = -
) £ - i
exp © 60 - ;-f E
m Roper 30 :— _2_:_" -
QLI“.—T".—_T L | =
N(1)m(-1)
N(O)w(0)w(0 )
(O)m(0)m(©) Luscher’s relation
1 1
cotd(p) = —— -
pLn L= i — (5L)?
N(0)
‘ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
25 3 3.5 4 45 E(p) = \/p* +mi +\/p* +m3

L [fm]
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(A) Expectation from elastic Nt scattering
based on low-lying Roper (from experimental § ;)

* our lattice data is qualitatively different from the prediction of the
resonating Nmt phase shift for the low-lying Roper resonance,
assuming it is decoupled from other channels

* the scenario of mainly elastic low-lying Roper is not supported by

our lattice data (b)

* this calls for other possibilities: one possibility is that the coupling Lattice Analytic, elastic
of Nt with other channels (No or Niurt) is essential for low-lying - B 523 =
Roper resonance in experiment: - E -
this is dubbed dynamically generated Roper resonance 2+ —

[Krehl, Hanhart, Krewald, Speth, PRC 62 025207 (2000), - i
many other follow up-works] 1.8 B N
S 1.6 1bE o -
(5] I . 1T 7
@) B 1 Fe e e —— = 3
me® Roper o B i 1 r 1
I ] m 14 -1 F N —
13 j -.--....-T.-T.;-:.r,.;t N(l)TE(—l) _____ i_ I | |
1) Sininin. Sttt ittt = NO)mO0)m(0) 1 2~_ I [ T
Lp - i 1L j
L ) u 4 L ~
I S N(©O) I o 1r -
09 TI | | | B ] -__—_-.____:
2.5 3 3.5 4 4.5
L [fm]
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N(Dn(-1)
1.4
| 5 NO(O)(0)
L' N
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I R R N L
--------- with bare Roper

i \ . 150 without bare baryon I
(B) 3 scenarios with coupled Nit - No - ATt scattering "~ iz Jih

ﬁ ol N1t phase shift I]IHH'I] }
Hamiltonian EFT study of Roper Ea L
Adelaide group, Leinneweber et al, M : ipl’ |
PRD 2017, 1607.04536 * sl ,f;:‘ ]

1] PO ! I | | L -
1100 1200 1300 1400 1500 1600 1700 1800

Eepn/MeV
. . . Lo | T T T T -
3 scenarios, which all fit F N U with bare Roper
H H ”":_\ L without bare baryon ]
H — HO + Hl. experlmental Nt Scatterlng WEII 0.8-— \II\\“ -==-- with bare nucleon
bare baryon | : with bare Roper BO ol g |neIast|C|ty
0 with bare nucleon E %
Ho =) _|Bo)my(Bo| :

=)
=

——
o
I

no coupling between Nt — No

B, 7 a=Nm, No, An . o N

. = [l : without bare Roper BO [ IH I p
+Y [ dkla(k)) : 2 !
with bare nucleon N; [ { H m ﬂ“
a . . L
> > N with strong Nrt - No' coupling 041662001300~ 001500 600 1700 1800
X l\/mﬁl +k+ \/mgz tk ] (a(k)] l1I: without bare Roper BO e
) TABLEI Best-fit parameters and resultant pole positions in the
W|th ba re nUCIeon N, thfeesoenarios: 1, the system with mebareRPper; 11, the system
. h t N N I glt‘limlﬁ :d bare statte; and IIIf,ixthg syst;)en;_ tvtvilnth afl:la;ra: nucle(?n‘
_— naeriin arameters were €d 1n the 1 (&) scenario.
H I - g + v'. Wlt > rong 1 o Coup Ing The experilﬁenta.l pole position for the Rogper resonance is
(1365 + 15) — (95 % 15)i MeV [4].
i Parameter I I I
/ &I{|a(k)) G}, 5, (K)(Bol+|Bo) G, (k) (a(R)]}, 2 o6 o 0an
aB N —0.046 —-1.183 -1.633
0 Bana 0.006 -1.008 —0.640
Fan.on 0 2.176 2.401
- - - - Py 0 9.898 9.343
_ 31,31 S / 0.640 0 ~0.586
v = E / dkd’k |a(k))V, 5(k, &) (B(K)|. bk 0.640 ‘ 0586
a’ﬂ 9ByoN 2.172 0 2.739
m%/GeV 2.033 © 1.170
Ay /GeV 0.700 0.562 0.562
caveat: o treated as stable Ara/GeV 0.700 0.654 0.654

. . . . A,n/GeV 0.700 1.353 1.353
Sasa Prelovsek Scattering of particles with spin Pole MeV)  1380-87i  1361-39i 1357 —36i




(B) 3 scenarios with coupled Nt — No - Art scattering

Hamiltonian EFT study of Roper resonance
Adelaide group, Leinneweber et al,
PRD 2017, 1607.04536

our lattice predicted E, for PACS-CS lattice with L=2 fm

results in 3 scenarios on previous page

T L J
]

Lattice Hamiltonian Effective Field Theory

L77 i - | RS N@m2p* ]

1.6 Nwoenx  fDeCD INmoeik

1.5 @& + " 4+ a A

L 4 | | 4 1 |

1.4 -+ - -+ -

ju|

—— ® + = T + - ]

2 1.3 + —+ =+ -

g - 4 4 + -

m 1-2] T I T _

L1F -+ -+ + -

1 L —4— 4 € —

i * 1 1 1 o |

091 + + -+ -
0.8

I:withbare II:without  III: with bare
Roper bare baryon nucleon

Sasa Prelovsek Scattering of particles with spin

3 scenarios, which all fit
experimental Nmt scattering well

| - with bare Roper BO
with bare nucleon
no coupling between N1t — No

Il : without bare Roper BO
with bare nucleon N;
with strong Nt - No coupling

[lI: without bare Roper BO
with bare nucleon N;
with strong Nt = No coupling

comparing analytic predictions
and lattice data:

* scenario | disfavoured

* scenarios Il, Il favoured

- Roper as dynamically generated
resonance favoured
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(B) Scenarios with coupled Nt — No - Art scattering

Structure of the Roper resonance from Lattice QCD constraints
Adelaide group, Leineweber et al. 1703.10715

analysis of our lattice data within Hamiltonian EFT

Two different descriptions of the existing pion-nucleon scattering data in the region of the Roper
resonance are constructed.

Both descriptions fit the experimental data very well.
Consideration of the finite volume spectra enable a discrimination of these two different descriptions.
Lattice data supports the scenario where

- the Roper resonance is the result of strong rescattering between coupled meson-baryon channels

- the quark-model like state (first radial excitation of the nucleon) is heavy, approx. 2 GeV

If this is the case, the prospects of rigorous lattice treatment will be challenging:
- coupled channel scattering
- three-body Nmut decay: relation of E and scattering matrix under development
[Rusetsky, Sharpe, Hansen, Briceno..]
scattering matrix has never been extracted within QCD
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Conclusions

(1) H,(p)H,(-p) operators constructed for scattering of particles with spin

* Consistent results found in three methods: PV, PN, VN, NN

<~ Projection operators O,: gives little guidance on underlying quantum numbers

< Partial-wave operators: provides linear combinations O, to enhance coupling to (J, S, L)

<~ Helicity operators: provides linear combinations O, to enhance coupling to (J, P, A1, A2)

* Operators will lead to E, of HH. These are related to scattering matrix by a known relation.

(2) lattice simulation of Nmit scattering in p-wave , J°=1/2*

*  meson-baryon eigenstates (Nmt and Nmuit) are identified for the first time in this channel
* the scenario of the low-lying Roper that is mainly elastic in Nit is not supported by our data
e coupling of Nt with other channels (No or Nmtit) seems important to render low-lying Roper in exp

e this step was only the first on in more to follow ....
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Thanks

* construction of operators: C.B. Lang, U. Skerbis
R. Briceno

* Nrmscattering: C.B. Lang, M. Padmanath, L. Leskovec
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