Lattice operators
for scattering of particles with spin

Sasa Prelovsek
University of Ljubljana & Jozef Stefan Institute, Ljubljana, Slovenia

part of this work done while at: Jefferson Lab, Virginia, USA

Lattice 2016
Southampton, GB, 25.7.-30.7.2016

in collaboration with
Ursa Skerbis (Ljubljana) & Christian B. Lang (Graz)

based on S. Prelovsek, U. Skerbis, C.B. Lang: arXiv:1607:06738



Motivation

* Mainly PP scattering was simulated on lattice up to now =» scattering phase shift extracted (P has no spin)

«  H@®HQ: where one or both H carry spin was explored mostly only for L=0

many interesting channels still unexplored, particularly for L>0

| will consider construction of H(1) H(2) interpolators

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 (J’=1%) =D* B*J/Y,Y,,B.,... (butnotdirectly applicable to p as is unstable...)
N=nucleon (JP=1/2"*) =p,n, \, A\, Z, ... (but not directly applicable to N-(1535) as is unstable...)

| will consider interpolators for channels :

PV: meson resonances and QQ-like exotics (e.g. mJ/y, D D* ..)
PN: baryon resonances (e.g. m N, KN ...) and pentaquarks
NV: baryon resonances and pentaquarks

NN: nucleon-nucleon and deuterium, baryon-baryon
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Motivation

* Mainly PP scattering was simulated on lattice up to now =» scattering phase shift extracted (P has no spin)

«  H@®HQ: where one or both H carry spin was explored mostly only for L=0

many interesting channels still unexplored, particularly for L>0

| will consider construction of H(1) H(2) interpolators

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 (J’=1%) =D* B*J/Y,Y,,B.,... (butnotdirectly applicable to p as is unstable...)
N=nucleon (JP=1/2"*) =p,n, \, A\, Z, ... (but not directly applicable to N-(1535) as is unstable...)
| will consider interpolators for channels : (Ol(t)|OJ(0)> — B, — §(F)

PV: meson resonances and QQ-like exotics (e.g. mJ/y, D D* ..)
* O=HH needed to create/annihilate HH system

PN: baryon resonances (e.g. m N, KN ...) and pentaquarks _  E, related to phase shifts for HH scattering

NV: baryon resonances and pentaquarks - two spinless particles Luscher (1991):

- two particles with arbitrary spin

NN: nucleon-nucleon and deuterium, baryon-baryon - _
Briceno, PRD89, 074507 (2014)

(other authors: some specific cases)
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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].

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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QOutline

| will present

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 | Ip, s, ms) = HI, (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 o
RH = ZDm’sms *Hp (Rp) , IH,, (p)I = (-1)"Hpy.(—p) annihilation field
: Dy, (R7Y)
m, is a good quantum number at p=0: S:Hp,(0)S;" = msHpy,(0)

m, is not good quantum number in general for pz0: in this case it denotes m, of corresponding H,.(p=0)
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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,..
—1\ . (7 0 0\ /-1
Vinaet (0) = L1-Va(0) + V(0] = VO, (p,) = - 1Valpa) + iV, (p,)] )M (o1 o)) -
0 0 01 0
Nmszl/Q(O) = Nl(O) — Ngj:l/z(pw) X M(pm) + Eﬁfm-/\/zl(pm) (1) A2 () (1)
0 0
0 Ez—):m

Nuzl,__A 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,..
1 . (c) 1 . -1 Al(py) v 00 -1 -
Vin=1(0) = 5[=Va(0) + iV, (0)] — Vi, i (p2) = Z5[=7Ve(pe) + iV (pa)] i | =0t o) =]
0 0 01 0 0
Nom=12(0) = N1(0) = N_ | (pe) o< NMi(pa) + 72 Na(pa) ! 1
0 Aﬂ;z) 0
0 0
Nuzl,__A are Dirac components in Dirac basis 0 i
Practical choice of H
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) Vilp) = ) a(@)yiq(z)e™, i=x,y,2
Nioz1/2(P) = Nuci(p) . Nopoe1/2(p) = Nou—a(p) Nu(p) = eareld™ (2)Crsd’ ()] gi(z) €7, p=1,..,4
These H are employed as building block in our HH operators simple examples

Sasa Prelovsek Lattice operators for scattering of particles with spin 6



Required transformation properties of O=HH

ROJmJ (Pto _ 0 R— Z DmeJ )OJ,m’J (0) IOJ,mJ (O)I _ (_1)P0J,mJ (0) continuum R

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’ reducible under O, Irreducible representations (irreps) are denoted by I' and rows r

R|T, ) Z R)I,r"Y ReO®,  IIIr)=(-1FI,r),
discrete R
ROr,R™* Z YOr,y ReO®,  I0p,I=(-1)FO0r,
—
J I' (dimr)
T(R) given for all irreps in 0 A (1)
Bernard, Lage, MeiRRner, Rusetsky, 1 G1(2)
JHEP 2008, 0806.4495 i Ty(3)
We use same conventions for rows. g H(4)
2 E(2) ® T»(3)
5 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 Lattice operators for 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
method.s



Method Il: Partial-wave operators

building blocks H

Starting annihilation operator Clebsch-Gordans Spherical Harmonics mentioned on slide 6 below
(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 backup slides): 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 4) 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.
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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)

Two-hadron O: | Qblmsdded = N™ pJ Ry R HP" (p) HO" (—p) R
ReO®)

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

Proof: R,O7mMMR = N DI (R) R.R H}, (p)HY,(—p) R'R,
RecO®) RI=R R
= Y D} \(BS'R) R H} (p)H}(—p) R~ @
ReO®@)
D(RiR,) = D(Ry)D(R
= N D (RDL (R R HE()HE (—p) B (Fafy) = D(Br) D(Re)
R'€0® m/;

— D OJmJ A1,A2
§ : mg,m/’ )
Sasa Prelovsek 8 10



V(p) 2P
Method lll: helicity operators (continued) N(%/mn

P

Using definitions of Hx(P) = R Hp,=A(p-) (R§)™" and parity projection L0+ PIOI)

m 1 2
Olpl,Jy J7P7)\17)\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 6 below: actions of R and | on H,,(p) are given in slide 4

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, aiso since Mathematica uses non-conventional defnition of D

. 1 : j = integer
[R® F -WignerD[{j,m,m'},—a,—B,—7], F= _
m o [ aﬁry] € [{ } ’Y] £1: j = halfinteger, F(w + 27?) = —F(w) , choice of sign in our paper
{0‘: B, '7} = EﬂerAngleS[T] T = exp(—ifiJw) and (Ji)ij = —t€ijk

|_'_J

MATHEMATICA
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one last step before reaching the results ...

Subduction of Q' 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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Sasa Prelovsek

Explicit expressions all for H1)(p)H2)(-p)
PV, PN, VN, NN
in three methods

all irreps, |p|=0,1

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

Lattice operators for scattering of particles with spin
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Example:
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)

Tl"':

OT1+,1‘=1 = P(O)‘/:E(O)

[J=1,L=0,S=1] __
OT1+ ;=1

otherirreps: 0=0

AT

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

[7=0,m=0,P==Av=0Ap=0] _ ~lJ=0,m;=0L=1,5=1] _
A7 r=1 AT =1 Ay r=1
+ .

7

OT1+,1‘=1,'n=1 = P(ez)vm(_ez) + P(_ez)Vz(ez)
OT1+:T=1="=2 = P(ey)‘/x(_ey) + P(_ey)‘/z(ey) + P(ez)‘/z(_ez) + P(_ez)Vz(ez)

J=1,P=+ Ay =%1,Ap=0
ol +Av p=0] _ o)

T1+,'r=1 T1+,r=1,n=2
[J=1,P=+Ay=0Ap=0] _
OT;*,r:l - OTr,r=1,n=1
[J=1,L=0,5=1] __
T et =Ort ro1n=1 T Ort ro1n
[J=1,L=2,5=1] _
T r=1 =-2 OT1+,T=1,TL=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] _ ~[J=1,L=1,8=1] __
0Tf,r=1 - OT;,r:l - OTl_y"'=1

T

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

[J=2,P=+Ay=+1,Ap=0] _ ~[J=2,L=2,5=1] _
OT;,T=1 - OT;‘,T=1 - OT; =1

T5

- OTI"' =1

0T;,r=1 = P(e,)V.(—¢y) — P(—¢,)Vs(ey) + P(ez)Vy(—e.) — P(—e)Vy(e.)

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

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

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,)

[J=2,P=—Ay=0Ap=0] _ A[J=2,L=1,S=1] _ ~[J=2,L=3,5=1] _
OE—,T=1 = OE—,T=1 - OE_,T=1 = Op-r=1

OAT=OA;'=OA2_=OE+=0. 14




Example:

Op r=1 = Ple)Va(—€a) = P(=ez)Va(es) + Pley)Vy(—ey) — P(—ey)Vy(ey)

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

[7=0my=0,P=—Ay=02p=0] _ l/=0m,;=0.L=1,5=1] _ )
AL r=1 AT =1 Apr=1

T
{ OT1+,1'=1,n=1 = P(e:t)‘/m(_ez) + P(—e$)%(ez)

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=+\y=£1p=0] _ [J=2,L=2,5=1] _
0T2+,'r=1 = OT;“,T=1 =Orj 0

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]
O[ » ’ = Ot [J=2,P=—Ay=£1Ap=0] _ ~[J=2,L=1,8=1] _ ~[J=2,L=3,5=1] _

Tf =1 Iyr=1 Ty r=1 - OT; =1 - OT; =1 - OT{ =1
otherirreps: 0=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,)

OV=2P=—Av=02p=0] _ HlJ=2,L=1,8=1] _ )lJ=2,L=3,5=1]

E-r=1 E-r=1 — YE ,r=1 = OE—vT=1

Lattice operators for scattering of particl@eitRaspifs; = Oz =0. 14




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

T
3 OT1+,r=1,n=1 = P(es)Va(—es) + P(—ez)Vi(es)
projection op. 1 Opgpya = Pleg)Va(—e,) + P(—e,)Vale) + Plea)Va(—e) + P(—e.)Va(e)

JP=1*,5=1,1=0
JP=1*,S=1,1=2

J=1,L=0,5=1]
. O[ ) 3 — O v B +O . B
partial-wave op. 1 =l T r=ln=1 T YT r=1,n=2

= [J=1,L=2,5=1]
OT1+,r=1 =—2 OT1+,7'=1,n=1 + OT1+

,7r=1n=2

[J=1,P=+Av=0Ap=0] _
. Ort vl = Or retnet JP=1*,A,=0
helicity op. OV=LP=+Av=410p=0] _ ) » Ny
= Ot etz IP=1%, A=1
7

Partial-wave and helicity operators expressed in terms of projection operators throughout.
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Some other examples of HH operators

PN, |p|=1, H* irrep, JP=3/2%, 5/2%,.. (n=1)

H+

On+ g1 = _iN%(_ew)P(ew) + iN% (ez)P(—€s) — Ni(—ey)P(ey) + Ni(ey)P(—ey)

1 1
2 2

OVY=3mi=3.P=tAn=t3Ap=0] _ lJ=5ms=3L=15=}]

H+r=1 = YH+ =1 = Opgt =1

NN’, |p|=1, T,*irrep, JP=2%,.. (n=1)

Ty
Orp o1 = —Ni(e))N'1(—ey) — N1(—ey)N'1(ey) + N_1(ey)N'_1(—ey) + N_1(—¢y)N"_1(e,)
+N§ (e)N’ i (—e) + N% (—ez)N’% (ex) = N_ i (ez)N’_% (—e) — N—% (_ez)N’—é ()

O[J:z,p=+,,\N=§,,\N,=—§] _ O[J=2,P=+,AN=—%,,\N/=%] _ O[J=2,L=2,S=l] -0
Ty =1 T T e=1 T T =1 = VT =1

For all irreps we verified:

* all three methods give consistent operators

0 Ai(1)

3 G1(2)

1 T1(3)

H(Y)

2 EQ2) ® T»x(3)

(| HWeG)

3| A1) Ti(3) & T2(3)

VN, |p|=1, H*irrep, JP=3/2%, 5/2%,.. (n=1,2,3)

H™:

On-r=1n=1 = iNy (€2)Va(—€s) + iNy (—ea)Ve(es) + Ny (e))Vy(—ey) + N, (—ey)Vy(ey)

On-r=1n=2 = _iN§ (ea)Vy(—ez) — iN%(_eZ)Vy(ez) - N—%(ez)Vz(_ew) - N—%(_ez)‘/;(ex)
+Ny (ey)Va(—ey) + N%(_ey)vz(ey) +N_y (ey)Ve(—ey) + N_y (—ey)Valey)
2N, (€) (Val—es) — V(=€) + 2Ny (=) (Vales) — Vifes)

On- r=1n=3 = iN% (ez)Vy(—ez) + iN%(_ez)Vy(ez) - 2N—%(CI)VZ(_31) - 2N—%(_31)V2(ez)
_Né (ey)Va(—ey) — N% (—ey)Valey) + 2N—% (ey)Va(—ey) + 2N—§(_ey)Vz(ey)
N (e2) (Valme2) — iVy(—en)) + Ny (—e2) (Vales) — iVi(e2))

[J=3,P=— Ax=+},Ay=0] [J=3,P=—An=£}Av=0]
OH‘,'r:l - OH_,T=1 - OH_xT=1y7L=1
O[J=%,P=—,,\N=%,,\V=—l] _ O[J=%,P=—,AN=—%,AV=1] _
H-r=1 — YH-r=1 -
 AU=3P=—Ay=1av=-1] A [J=5P=—Ay=—1ay=1]
- OH*,T:l - OH*,'r:l - OH*:"=17"=2
J=3,P=—An=32v=1 J=3P=—An=-1Ay=-1
Oy tZ v < o e
[J=3,P=—Ay=1Ap=1] [J=38 P=—Ay=—1Ap=—1]
=0u-10, : =012, : = On-r=1n=2 — 2 O~ r=1n=3
[J=3,0=0,5=%] .
Op-i5) = =30 O r=1n=1+2 Op-y—1n=2 — Of- y=1n=3
[J=3,L=2,5=8] [J=3,0L=2,5=3] 3
OH‘,?-:I ¥ = 0H*,i=l ¥ =3 OH_,T=1,’!1=1 + OH‘,r:l,n=2 + OH—,'r:l,n=3
[J=2,1=2,5=1] [J=3,0=2,5=1] .
OH—j:l = OH—)?:] Y =3 OH_,T=1,n=1 + OH—,r=l,n=2 -2 OH‘,r:l,n:S
[J=5,L=4,5=3] .
Op-:5, =12i Og- r=1n=1 — 3 O~ r=1,n=2 + 4 O r=1n=3

* the number of linearly independent operators agree with Moore & Fleming (2006) [this reference indicates which CG are

Sasa Prelovsek

non-zero but does not provide their values]
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H(p)H(-p), |p|>1

The explicit expressions are not provided in the paper as it would get to lengthy
One can straightforwardly obtain them using the
- general relations for three methods and

- all necessary technical details given in the paper

|p|=1 expressions can be used as cross-check

Sasa Prelovsek Lattice operators for scattering of particles with spin
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Conclusions

We construct H(p)H(-p) operators for scattering of particles with spin

General expressions for operators given in three formally independent methods

Consistent results found in three methods

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)

Proofs of correct transformation for all three methods.

These demonstrate that simple (non-canonical) H, . (p) can be used as building blocks. [details in the paper]

Explicit expressions for PV, PN, VN, NN for p=0,1

—

All necessary technical details for explicit construction

Operators will lead to eigen-energies of HH. These are related to scattering phase shifts
for H with arbitrary spin in [Briceno, Phys. Rev. D89, 074507 (2014)]

Sasa Prelovsek Lattice operators for scattering of particles with spin
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Transformations of the employed H (see also slide 4)

RP(p)R™' = P(Rp), IP(p)I=—P(—p)
RVi(p)R™' = T3 (R)*V;(Rp) = exp(—iftJw);V;(Rp), IVi(p)I =—Vi(-p) i,j==,y,2
RNy, (p)R™" = D; . (R)* Ny (Rp) = [exp(—376W) s . Nen, (RD), TN, (p)I = Ny, (—p)

Properties of Wigner D matrices

D(R)=D'(R"), R' =R, D(RRy)=D(R)D(Ry)
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Proof: partial-wave operators

Proof of correct transformation properties:

Jmy,S,L p—1 Jmy Smg * 5 -1
RG/O Ra, - § : CLmL Smg~'81mg1,52Ms2 E : YLmL (Rp) Ramesl (Rp)Hms2 (_Rp)Ra
mr,ms,Mgl1,Ms2 REO(2)
_ Jmy Sms % 5
o Z CLmL,Sms 81Ms1,52Ms2 Z YLmL (Rp)
mr,mgs,msy,Ms2 REOh
x : : D'm,slm ) (R Rp § : Dm 2m 2 ) m;2 (_RQRp) b
2
YZmL(Rp) = YEmL (Ra—,l(Rl Z DmLm 1)YZm'L (Rlp) R, — RCLR YZmL (Rlp) = Zm’L Dﬁsz’L(Rl)YZm’L (p)
s - s — S, S,m, 3 _ Sms Sy — _ -
771“il"nfsl (Ra’ I)D"fsszsz (Ra 1) = Z Cs1$51,szmsz Cslmjl,32m82 Dmsms (Ra, 1) m‘g;nsz C'ﬁ’lmsl 32ms2c-91m31 $2MMs2 5ms,ms53,s
S‘,’fhs,mfg ’
L 5 -1y _ J i Jmly J -1
DmLm (R )Dmsm (Ra ) - Z C1LmL,Sms LmL,Sm DmeJ (Ra' ) Z Cg,,ﬂ,zg SmscgnZJSms = 5mJ’7hJ6J’j
j,‘fh_],mf] mrp,ms
R OJ,mJ,S,LR—l —
Jm’ Sm, * ~
= Z DB D0 Ol st Cormisumy D Yo, (D) Ht, (R'D) o (— D)

= ZDme

Sasa Prelovsek
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Vectors

VI0) = [V) = A|Vo) + A4, [Vy) + AL[V2)

A, =L | — A =10 A =1

V2 ’ y ’ y V2
A, — 0 A, - 1 A, I
(Sk)m — — 1€k

The annihilation operators are obtained by hermitian conjugation, so coefficients are complex conjugated.
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