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Motivation

7 vector form factor as a function of g2

* \What do we want to know? i I
A(dA): 0.9710(0.0019)
- Quantity 0ol B(dB): 2.9556(0.0535)

X mass & sl
=

x decay width

0.7}
X  cross section(s)

0.6F

? how bigitis?

. . —OI.12 —Ol.l() —0108 —0106 —O'.O4 —OI.OZ 0.60 0.02
how does it look like? (ac))?

what is it made of?

 Why do we want to know it?
(knowing is understanding)
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what do we know (from PDG and literature)

e Studied a lot on the lattice

[Feng et al.,

Lang et al., Aoki et al.,

Pelissier et

, HadSpec, HadSpec, RQCD, Bulava et al.,

Guo et al., Fu et al.,

* Vanilla resonance
Breit-Wigner

isospin triplet ::

ete” = ara (y)

Bulava et al.,

]

no background phase
p=,p°,p*
vector particle :: J¥ = 1~
elastic P-wave nr scattering
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[BaBar]

p(T10)  IS(IPC)=1+(1—)

See related review:
p(770)

p(770) MASS
NEUTRAL ONLY, e* e
CHARGED ONLY, 7 DECAYS and e* e
MIXED CHARGES, OTHER REACTIONS
Mass m
CHARGED ONLY, HADROPRODUCED
NEUTRAL ONLY, PHOTOPRODUCED
NEUTRAL ONLY, OTHER REACTIONS

™, (770)° m/n 770)

My(770)+~ Mp(770)
p(770) RANGE PARAMETER

p(770) WIDTH
NEUTRAL ONLY, e* e
CHARGED ONLY,  DECAYS and ef e
MIXED CHARGES, OTHER REACTIONS
CHARGED ONLY, HADROPRODUCED
NEUTRAL ONLY, PHOTOPRODUCED
NEUTRAL ONLY, OTHER REACTIONS
T T

P(770) p(770)*

el

p(7170) 2(770)

Decay Modes

Mode

Iy e

¥ p(770)" decays
T 0

Ty ™

T Ty

I Tt a®

v p(770)° decays

Ts -

I, e
Ty w0y

Ty m

Ein 00y
Ty php

Ty cte

e |
T Tt
Ty atr n0n®
Ty ete
Ty T

0}
U]

775.26 + 0.25 MeV
775.11 +0.34 MeV
763.0 1.2 MeV

766.5 4 1.1 MeV.
769.0 & 1.0 MeV/
769.0 0.9 MeV (S = 1.4)
—0.740.8MeV (S = 1.5)

5.3*09 Gev!

147.8 4 0.9 MeV (S = 2.0)
149.1 4 0.8 MeV

149.5 + 1.3 MeV

150.2 4 2.4 MeV

151.7 + 2.6 MeV

150.9 1.7 MeV (S = 1.1)
0.3+1.3 MeV (S =1.4)
18-E2010

» Expand all decays

Scale Factor/ P

Fraction (T'; /T)
(100)%

(100)%
(4.5+0.5) x 104
<6 x107°

<20x107°

100)%
9.9+£1.6) x 10
4.7+0.6) x 1074
3001091)\104
4.5+0.8) x 10°°

4.55 +0.28) x 107°
4.72 £ I)U;]ym’
1017538 +£0.34) x 107*
1.8+0.9) x 107°
1.6+ os)xm-‘

12 1678

(
(
(
(
(4
(4
(
(
(
(

Conf. Level  (MeV/c)

363

363
S=2.2 375
CL=84% 152
CL=84% 254

362
362
S=14 376
S=10 194
$=10 363
$=10 373
S=10 388
323
251
257
CL=90% 376
194
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Lattice Gauge Ensemble

L [fm)

323 X 96 0.11403(77) 3.649(25)

* Ne=2+1 clover-Wilson
fermions

* |sotropic lattice by:
K. Orginos et al.

* m;L =58
* p unstable

» forward, sequential and
stochastic propagators

8 sources/config

* Wuppertal smearing
(N,a) = (20,3.0)

A lattice QCD study of the p meson
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half width at

half max: ~ 0.34 fm




Angular momentum on the lattice

Many-to-one mapping

b
Infinite volume: Finite volume box:
* 0(3) symmetry * 0, symmetry
« Infinite irreps J¥ = 0%, 1%, ... » 10 irreducible representations
[R.CJohnson]
A lattice QCD study of the p meson 9 Jefé;gon Lab



Angular momentum on the lattice

[HadSpec] 2
g 0056 01 015 02 025 03 P /GeV
0 | | \I;ﬁl—ﬁr\i\:ﬂg
-10+ | 5o
\
~
hé' '20‘
30}
P = [000]
toy model || 7 = [100]
-“40F | L =35fm || P =110

 Phase shift for mesons: « Higher partial waves heavily
suppressed
21+1
6i(p) =« p « Many-to-one is not an issue

A lattice QCD study of the p meson 10 Jefferson Lab



Projection to lattice irreducible representations

« Single hadron interpolator projections:

Oé\éﬁ _ dm]i,(A) Z[XA (R)IR}qu (P)
R

Group properties and group elements

« Multi hadron interpolator projections:

amay s (5 +s ) (5 - v
<+@m> (C)

A lattice QCD study of the p meson 11
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Setup

* interpolators with only spin
structure:

+ 0,(P) = Tyuy;d e' P*

¢ 0,(P) = X iy, y;d et P*

+ 03(P) = n*Bn°(B,) —
(Pt (Py)

* 04(P) =t (B )’ (B,") —
7TO(P1’)7T+(P2')

* 1(p) = X2qVsq ePx

c B+ =P

A lattice QCD study of the p meson

* use:
- “all” moving frames
- all irreducible representations

21

(OIOIO) Tl_

(0,0,1) + R
permutations Ay, E

(0,1,1) + AT, BT, By

permutations

(1,1,1) A7 ET

12 .J)gi’_f./e;gon Lab



Strong mm scattering
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Spectrum

» Use the variational approach:

AP n,A,P
Cij A(zg)vj AP n,A,P
=M (¢, tO)Cij' (to)vj' ’

Wick contractions

Optimized interpolating
operators:

0," = v 0;(P)

—

(03702 (0)) o 52"

57 = J52 - ()’

A lattice QCD study of the p meson

/’;q\riysu
dT;u dT;u f
f
1q ) @
(7'*/511 Ci",’g,u (27'5 u
)’4\(_ " @ ) o 7
wysu \_/ UYsU —f)_ uysu UYsU f @
n ) d) e)
0.581 T {*
. k) L )
S 0.561 1 _IIT EH{ )
0.551 1 1
0.5321 1 II
x
<0.5244 | T .
- © :{ ] X3 ﬁﬁ‘\.
S 0.5161 1 I |11 Iﬁi}Tﬁ =
0.508 ] |

14

10 12 14 16

t/a

4 6 8 10

2
Jefferson Lab



Mapping the spectrum to the strong phase shift

[Luescher,
Rummukainen et al.,
Sharpe et al.,
Christ et al.,
Hansen et al.,
Gockeler et al.,
Briceno,
Dudek et al.,...]

cotd;| —

det[

M ()

|=0

Infinite volume
scattering phase

~7" resonant
7
/
/
l’z‘j
5 X
/
/( no interaction
) -~ X Y X
“‘.X.~X'X\., \/S
~
X
S
repulsive
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Finite volume
spectrum

L L L TN
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-

-
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The strong scattering phase shift

 Breit-Wigner (BW I):

1
/ 5T
d cotd;(s)

cotd; x cotd,(sp) + (s — sp) 75
S=Sp

1 \JsT

[— O cots — i = :

i mh—s—i+sT

 Modified B-W with barrier
factor (BW II):

.

0 To T

A lattice QCD study of the p meson 16

-BW I:
. gfmn p3
[ = —
6m S

- BW II:
r = gpz)mr p_3 1+(pgro)?
I 6T s 1+(pry)?

180

135 -
— 901

45 A

BW 1
BW II

042 048 054 0.60
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Matrix elements

QP

<n, B[]0, D|n, B, A, r>
FvV

ﬁ,A,r
3,un

3,10

2 T))T[;FIAJT

dysu

(tmtytrnmto)

’P_)),A 5 ,ﬁ,A, T
(tﬂ:i t], tn:TD tO) — vin Cpn r(tﬂ:! t], tn'T[) M/ \\JF
\/

Ju \ﬂ D Uysu
// (’Y d75u’\l<
\_/ \_/

Iy

U

i dysu

) / {

dysu

LT

c?%u/q"\
dysu J'YS U \)—/

QT))T['F!A!r +

3,un (totrnttn—tptzmto)

- - Q
—_ P;A pTL' 3!”"n
= 4 EPAED

|LP|=1, A =E, E, =06136, |£q=v2, |Lp|=1, LD: (¥E;)
0.0661
004 T ————— = < ] e e i I = = =
0.022]
-
0.000 RN RS
|£P|=1, A =E, E, =05004, |£4=v3, |£5:|=v2 LD: (¥E,)
0.086,
| e || e || EEEEEEERS || 2 2 . . X o= o= xox x = I ¥ ¥ X
0.029]
-
U“[;XI 2 46 8 1 6 10 L8R3 & S £ S o9
(t; —ter)/a (ty—tar)fa (ty—trr)/a 5 5
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tm: P,A JA0) |7 by

cPmar) AR atty)

|£P| =v2ZA = Bs, E,, =05189, |Lql=v2, |Lp.|=v2, LD: (¥E

0.090

0068

0.045

0.023

0,000

L5553 TrRETTT Fﬁﬁﬁﬁﬁﬁ@ﬂ

i, —t a
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Mapping the matrix elements to the transition amplitude

2
> 2.p
<T['p1'[|][,l.(0)|srq lPlAlr> 1 16 1T
1V
2 5 LPA
- - = 2 E’I’l,
(. Bl 0. DI B, 1)
FV
|&£P|=Vv2, A=B |£P|=v2, A=B,
155 155
128 128} 128}
101 101} 101}
74 T4AF 74
47 s 47t
o0 ; ; 90 Lu ; i 90 Lu ; ;
00.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55
av/s av/s av/s
|LP|=1, A=A, LPl=1, A=E |LP|=0, A=Ty
155 155 155
128} 128} 128}
101} 101} 101}
74t 0] 74 P
47— v art
90 ; ; 90 Lu ; i 90 L ; ;
0.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55
av/s av/s a/s
|£P| =3, A=4, |£P|=v3, A=E s2nEPN 9y
295 200 BNt OV
240 164 | 32nEPA (22 +0¢ﬁ~\)
185 F 128 F EPA p DANOVS T BYs
130 92 F 520BPA o5 oo
5} 56 H ] | I SN G vt Vo)
o0 & . ; 90 Lu i .
0.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55
a\/s a\/s
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The infinite volume matrix element

multi-hadron transition matrix element:

(mm]],(0)|m)=

21 Vny—>7m (q2, S)

gvHab €y(P,m) (Pr)a Pﬁ

T

Momentum transfer: g2 = (p, — P)?

i — 1w scattering in vicinity of sp: my - ©mw scattering in vicinity of sp:
2
T _ Gpnp v _ Gpnr Gprry
- Ty~
TT>TTT Sp—S 14 Sp—S

A lattice QCD study of the p meson 20 .ggf_f/egon Lab



The infinite volume matrix element

Photoproduction amplitude (Watson):

v _ |16 F(q%s)
myemt kT cotd —i
Expand F in :
. . s—mﬁ
S = mz
. _ \/t+—q2 —,/t+—t0 —
Vti—q?+ty—to O

ty = (2my)%tp =0

Factor out the pole, located at mp, in g2:

Zn,m Apm 2™ S™

2
1 - L
mp

F(q%s) =

A lattice QCD study of the p meson 21

Systematic truncation in sum:
- Fl:in+m <K

e F2:n <N m< K—n
c F3:n <N, m<M

BWI F1 K2 BWII F1 K2

BWI F1 K3

BWI F2 N1 K2 BWII F2 N1 K2

BWI F2 N1 K3 BWII F2 N1 K3

BWIF3 N1 M1

BWI F3 N1 M2 BWII F3 N1 M2
BWII F3 N1 M3

BWI F3 N2 M2

BWI F3 N2 M3 BWII F3 N2 M3

Keep only good parametrizations
2
- A <11
dof

- O'p is of sane value
(i.e. we are not probing a flat direction)

2
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Nominal transition amplitude: BW Il F1 K2

20

(I

O
—

[ T AN

T
Jefferson Lab
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Nominal transition amplitude: BW Il F1 K2

ol "« Use 48 kinematic points
2 » Covered region
.00 F 10
S |. - av/5 € (0.39,0.58)
—0.05F 16 - (aq)z € (_0.12, 0.07)
) - /s € (675,1003) MeV
—0.10 F il _ 2 _ 5
0 U (q)° € (—0.36,0.21) GeV
15F
10 F

CL41 Vﬂ"}/—)ﬂ'ﬂ' (q27 8)

O L L 1 L L L L
0.37 040 043 0.46 049 0.52 0.55 0.58
a\/s
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The my — tr cross section at m,; = 317 MeV

100

80

60

40

20

o(my — 7m;q° = 0,5) [ub]

700 300 900 1000
Vs [MeV
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p photoproduction
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The resonance form factor and photocoupling

 Analytic continuation:  Photocoupling:

Gpny — FTL’)/—)p(O)

Fryp(q®) = F(q% s = sp)

—_————— 1BWI F1 K2
012 ) : . | {BWI F1 K3
—— 1BWI F2 N1 K2
—— 1BWI F2 N1 K3
0.09F —— 1BWI F3 N1 M1
—— 1BWI F3 N1 M2
+ | 1BWI F3 N2 M2
0.06 - * i {BWI F3 N2 M3
—e— 1BWII F1 K2
——i 1BWII F2 N1 K2
0.03F —— {BWII F2 N1 K3
—— 1BWII F3 N1 M2
ook —— —— 1BWII F3 N1 M3
. . . . .: ¢' i {1BWII F3 N2 M3
—0.10 —0.05 0.00 0.05 0.070 0.075 0.080 0.085 0.090
(aq)” |G oy
A lattice QCD study of the p meson 26 Jefferson Lab
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Photocoupling uncertainties

—— BWI F1 K2
(32)|[(20) T e
—— BWI F2 N1 K2
—_—— BWI F2 N1 K3
—— BWI F3 N1 M1
—_—— BWI F3 N1 M2
l52 —_—— BWI F3 N2 M2
s — e S —_— BWI F3 N2 M3
—— BWII F1 K2
—— BWII F2 N1 K2
| —_— BWII F2 N1 K3
oo —— BWII F3 N1 M2
bons| === | [ T aai —— BWII F3 N1 M3
0.00( ————e— {BWII F3 N2 M3
0.070 0.075 0.080 0.085 0.090
0.015 |G oy |
PYST) o m——— A
0.005
o N e N
- LP|=1, A =E, E, =06136, |2q=v2, |&p|=1, LD: (¥E,)
:;::2 === E——— TEEETsy e S |P| = V22, A = By, basis: O
o R T 150
|£P| ;1 \\ =E, ; :() 3(704 ]L‘_(i =?/5 \\L.ﬁ:.l ;\fz‘\LDi (%E,,) \EZEZ 1 l ' i B
0.086 Kl o e 7o 1 IIT HEIII S 1351
0057 mmm— [Tm—— |TPFEEEEEIy e 3 0.664 3
0.029 0.652 T —
000056 T 68 316 810 |5 . = 901
t/a ty/a ty/a 058" =
JSos7{ CEl I b Lz
S 056 i HTTWHJJE 451
0.55 I

0532 § = 0 — T T T
mom] TI 1 I £ 042 048 054  0.60
_5052 i = :
T 0516 -2 i) II[I }Tﬁ]i av/s B
0.508 I |£P|=V2, A=DB
T 6 8 1012 1416 4 6 8 10
t/a tmin/a

aE},,

e 04609(16)(14)  04603(16)14) " e 050 05
Gpmn 5.69(13)(16) 5.77(13)(13)
e / 9.6(5.9)(3.7)
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Observables

 Calculation at unphysical m,

* Broken thresholds

 Assume couplings g, and G,, pion mass independent (%)
« Use physical thresholds

[(p - ) =

ggﬂn P_3 2a mg - m721- ’ |Gp1ry|2
6T S (p > my) = 3 2m m2
D T

Quantity Lattice (these calc) Experiment (PDG)

m, 797.6(3.7)(5.4) MeV 766.5(1.1) MeV
['(p - ) 133.6(6.1)(7.5) MeV 150.2(2.4) MeV
I'(p - my) 84.2(6.7) (4.3) keV 68 (7) keV

A lattice QCD study of the p meson 28 Jefferson Lab



Luka Leskovec

leskovec@jlab.org

« Strong nr scattering
» p total decay width
« p photoproduction

 Tremendous progress in
last decade

 Interesting future ahead
[see Briceno, Hansen, ...]
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BONUS: single-hadron vs multi-hadron

0.12

0.09

0.06
0.03 }
0.00
_0.10 —0.05 0.00 0.05
(ag)?
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