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Background: testing QCD chiral dynamics

« Chiral symmetry breaking is an important feature in QCD

SSB
SUB3),®SUB), =)  SU®3),
V(o)
IA \ i SSB « Emergence of mesons

0 Kt K9 KO m, ..
Im(¢) I

Lightest meson: m, ~140MeV < Agep

i

Pion dynamics: Important ingredient to study the QCD Chiral symmtry SSB effects.

Re(¢)
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Background: testing QCD chiral dynamics

 Pion photoproduction is an applicable testground to explore the pion physics.

« Long history since 1970s, typical interplay between theory and experiment.

4 )
Virtual photon: By scattering [N — [N«

EXpel’iment: H.B. van den Brink et al., PRL, (1995)

_ Real photon: By scattering vN — 7N , D.Hornidge, et al.(A2,CB-TAPS),PRL, (2013)

7 I Matching: Inconsistency still persist

R. Lindgren, K. Chirapatimol, and L. C.

4 Smith, PoS CD12, 073 (2013).
Low energy theorem

Theory:

Chiral perturbation theory... First principle LQCD calculation
. Is necessary! .-




Background: necessary for neutrino experiment ANEFES

« Future v oscillation experiment also need high precision pion production data.

« DUNE designed uncertainty, 1) signal: 1%, 2) background: 5%
R. Acciarri et al. (DUNE), (2015)

Background MNormalization Uncertainty Correlations

For v./v. appearance:

VMN — vV, NT('O — vV, N6+6_ Beam v, 5% Uncorrelated in v. and v, samples

NC 5% Correlated in v. and v, samples
— 0 — + - ;% 5% Correlated to NC
v, N—u Nm° —u Ne'e @, €

K K K v, CC 20% Correlated in v, and v, samples

For v, /v, disappearance:
VMN — V,u N7Tj: 4/@ 5% Uncorrelated to v, /v, NC background

V. 20% Correlated to v, /v, 1. background

* Reducing these background error need precise theoretical input!
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] . ] i V.Bernard,N.Kaiser,T.S.H.Lee, andU.-
 The central object is to calculating the matrix element: G.MeiRner, Phys.Rept. (1994)

= (Na| T (O)INy, T2 = (Nm|J 2 (0)|N)

Electromagnetic current Weak current

Extracting S-wave multipole

amplitudes
W
L0+7 EO+ LO+7 HO+7 MO+
(reduce one D.O.F. due to ward identity)
k
[ Sm]s’,s o, |ll§| é‘T (U k)§ L(H— I:jIéV,A:I _Oém§ g <L(()Ii‘i—/)_|_ 0HO—0—>
0

7]

s s

=, Lo k(G k) + B [e—k(s-k)| e, [T, =gl (%H(H — (5 X E)M(H)gs
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Theory framework

» To calculate these matrix element, one should calculate the relevant correlation
function:

Covran (t1,t5,t) = (On™ (0,t,) T " (B, t,) O™ (B,1:) )

« After spectra decomposition, the correlation function could
be related to matrix element J, ,,

J,

CNrin = Onmn Z fs' [xﬂ s',sfsT ‘

Ox

Multi-hadron N«

* auy,yy contains the overlap amplitude of Oy, and Oy, Which operator (demanding)

could be extracted from two point functions.
Cor (t1,t) = (O3 (0,t,) 085 (0,8)), Cw (tr,t) = (ON" (-B,t)ON" (B,t) ). .o
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* To extract the multipole amplitudes, one should design projection operator for
each. Take L, for example.

N. Z 9 TT 7DL(H CNWN“R,C = QNN Oy Loy Trace in 2 X2 spin space
= ReO,
Momentum average in group O, P, = ﬁ (k - a)

Improve the signal !

P = 2 (k-5), Py, = %(5— (k-5)k),

 Similarly for other multipoles %]
PMO (0' X k)
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Control systematics: Finite volume effects

e Given finite volume state | N7) -, and infinite volume state | N7) .

d
1= ;|N7Tn>V<N7Tn|V:/dEd_g|N7Tn>V<N7TTL|V :/dE|N7T">OO<N7T"|°O

dn

1/2
« The two states are related by the density of state |N7) .. = (d_E> | N7 v

« From finite volume quantization condition
L. Lellouch and M. Lischer, Commun. Math. Phys, (2001)

dn _ 1d(6i+¢s)  E (k%Jr 8¢E>
dE 7 dE  4mk2\" ok 9 9q
Af 4
Derivative of phase shift Analytical known zeta function

Need scattering length as input!
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Control systematics: Finite volume effects

M. Lischer, Commun. Math. Phys. (1986)
« Calculate the S-wave scattering length by Lsher method, at p =0.
C iy (ts,t5) L Csher method

R'(t) = ~ A;(1—0FE; t) n———) O [ —— ag
CN (tf7t2) 077 (tf7 tz) ! ! ! 0
1.04 - - - 1.04 - ,
Ensemble: 24D 1 Ensemble: 24D 1 | Ensemble 24D 32Dﬁne Combined ﬁt
o2 s =t x> /dof 0.26 0.47 0.34
1. Sl TR R - - I=% 0Er [MeV] -3.78(79) -3.9(1.2) -3.80(66)
0.98 | =32 ! o8} =32 ! i"":'fwl’l-(l} 0.157(37) 0.157(56) 0.157(31)
L= == X~ /dof 0.26 0.51 0.38
1:04 ' _ 1:04 | ' ‘ I =% 0Er (MeV] 2.91(80)  3.40(90) 3.13(60)
Ensemble: 32Dfine 1 ‘ Ensemble: 32Dfine :"»_[7; 1’1-(1} _0098(25) _01 11(27) _0104( 18)
1.02} | ] 1 102} | } B
1.;”;.”§|' R PR ‘y.+#1 | | Onlyone previous LQCD at physical point: M, a32=—0.13(4)
| IR Lo o) g iz | | Datadriven analysis: M,a*?=-0.087(2), M,a'?=0.170(2)
0.96 : : : 0.96 : : :
o 05 t(f;n) 15 0 05 t(f;n) 15 M. Hoferichter et al, PLB (2023)

C. Alexandrou et al, PRD (2024) ~<8/22>
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* The influence of finite volume correction is around 10%

o Shift the central value about1 ~ 20

1 :
I;=1,INz =5 20 I;=1,In. =3
T -, T T
i original data { original data
70+ . .
{ with FV correction 30+ { with FV correction | -
[ ]
80 I
40
< o] I 3
o) ) o =50
o )
100 S ~
X . X
; + 60 !
& -110 S
" 70 b 4
-120
-80
-130
1 -90 C 1 1 1 .
-0.2 -0.1 0 -0.2 -0.1 0 <9/22>
k?/GeV? k2 /GeV?
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Control systematics: Excited state’s contamination

* The operator Oy, and O, could couple to any states with same quantum
number

2 2 2
Onorry e [N (p)m(-p)), pe {0, 2F, /227, /320 ]

Oy() ) N (p)y, |N(p)w(0)), |NO)7(p))

 Only contribution from ground state [N (p)), |N(0)7(0)) Is needed.

« To remove the excited state contribution, we design optimized operator

On = = Onr T C2Onmacn T 0y (yz)n(va) T C10n(/3)x(-v3)
On = Ongy T A20n4yr) T d3O0n0)r(p)

* They’re expected to have suppressed overlap with excited states.
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Control systematics: Excited state’s contamination

 The coefficients c2, c3, csand d,, ds are solved by generalized eigenvalue
problem (GEVP) method separately.

_ o 9 9 9 GEVP
¢, = (0.(1)0,(0), z,ye{mp)w(—pnp:o, T2 ﬁ%} m—) C;, C3, Cq

_ GEVP
C,= (0,1 0,(0)), i,j e {N(p), N7 (0), NO)7(p)}  wommmp 2, d;

« The GEVP has non-negligible influence to both scattering length and matrix
element.
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 The contribution of different states for the operators.

_ 2
24D, I =5 _ 24D, p| =T
B N7, Gy =1 I N (p)
-NTI',GI,TLZQ -N(p)ﬂ'(())
[ INm,Gy,n=3
B N G — 4 T INO)n(p)
1 -
Ea
0.8
0.6 -

Nmp—1 Nmp—g Nmy—3 N7y ON(p) ON(p)ﬂ'(O) ON(O)?T(]J) <12 /22>
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Control systematics: Excited state’s contamination

 The influence of GEVP to extracting of Nm S-wave energy shift (24D ensemble).

I = % channel

— 1
I = 5 channel J 104
I Before GEVP [ Before GEVP
1.04 } I After GEVP I After GEVP
.. 1.02} _
¥
iy L3
= = e
< 1.02¢ 1 S 1
0.98}
1F ¥ 3 1
' : . : 0.96 ' : : ,
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t/ fm t/ fm
GEVP: M.al?=0. 136(32) — M, as’?=0. 157(37) M_ad?=0. 127(18) — M, as’? = 0.098(25)
M,a*?=-0.087(2) s

Data Driven: M,a'?=0.170(2)
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Control systematics: Excited state’s contamination

« Comparing the multipole extracted by optimize operator Oy .« , and original
operator Oy ) -

HO—!— X ].Ogmﬂ

" 1% [32Df | l 4 1 [2aD
. 0 $
- Shift the central value = | ® == g g5l 4 * o= .
d . IHEERE==
around 1~ 3o \L 100+ 4 } } } - ||| ¢ Before GEVP { 2
5‘ 1 - 4 After GEVP 1
B I 301 i L 24D R
-50 | _ ]
< | syl '-IEETI
ml&qoo- $ } } I { i 1 -~ _+_
‘L-150- { 1 ] { } ) 4 f
'5-200' ) , B . . .
0 0.5 1 150 0.5 1 o
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« Comparing the multipole extracted by optimize operator Oy, , and original
operator Oy, -

L0_|_ X 103m77

24D ¢ Before GEVP
_ } After GEVP
 Shift the central value ® . . % =
! r
around 3 ~ 60 g i 5 % f BT
5 x
T 24D
° i ™ .
Better plateau behaviour ~ | Ty o IR
I = [ ] x
[ s gt
20} E 4 I z 7 A *
Cls | I

0 0.5 1 150 0.5 1 1.5
tJ_tN/fm tJ—tN/fm <15/22 >



Numerical analysis: Data generating

NETEE
« We use two DWF gauge ensembles with physical pion

mass-. 1T. Blum et al. (RBC, UKQCD), PRD,
93, 074505

Ensemble m, [MeV] L/a T/a a™' [GeV] Neont
21D 142.6(3) 24 64 1.023(2) 207
30Dfine  143.6(9) 32 64 1.378(5) 69

« The two ensemble has the same physical size (L=4.6fm) and different lattice
spacing, where we could check the lattice artifacts of the resulit.

« The relevant nucleon four point functions are calculated using random sparse

field technique. Y. Li, S.-C. Xia, X. Feng, L.-C. Jin, and C. Liu,
PRD, (2021)

Point operators J,

Smeared N7 operators
Smeared N operators

<16 /22 >



Numerical analysis: Data generating ez ¥
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« Wick contraction: 22 topologies are considered.

g > = S < : b
o N P o I A e T A T A I e B e
¥ B v .xv" .x: :
22 topologies digrams [ I T I Y I RO B e
should be considered. « Current

¢ 2, = Pion
i

0 O M s
Figures by Yusheng Gao . . | <17/22>
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Numerical analysis: Data generating

* Note that one five point correlation function is used in analysing excited
state effects of N(p), inwhich only 7 disconnected diagrams is calculated.

d, term: <0N(O)7T(O) Ju ON(p)w(0>> ds term: <0N(O)”(°) & ON(O)”(Z’)>

S S T e

™

R R X
S e T
' X B N I




Numerical analysis: Result of multipoles

* We perform a plateau fit from Nz and N side separately.
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Different ty, — t;

T T | p— T -10 T T T
u _ _ - -15 4
I L TIA 1514 1
_ }A}$ }}{{ E} " }{A %x -20 4 }}% E} ]
L 11 14 -25 _-_
32Dt o 24D
L - | 1 | | -30 - | 4
0.43 0.57 0.72 0.86 1.00 0.39 0.58 0.77 0.96
ty —ty/fm ty —ty/fm
T I T T T A -10 1 T T T T
a -+ A -15 - J'
BEREREE S o T S
L J_ 1 B -25 - 4
32Df - 24D
B 1 I 1 1 1 -30 1 1 1 1 1 ]
0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 1 1.2
tj_tN/fm tj_tN/fm <19/22 >



Numerical analysis: Result of multipoles

* The multipoles given in isospin basis.

Vector multipoles

1 1 _ 3 _
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V.Bernard,N.Kaiser,T.S.H.Lee, andU.-G.MeiRner,
Phys.Rept. (1994)

LI x 103m,,

Axial multipoles
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Numerical analysis: Result of multipoles

reactions.
v*p — nwt v'n — pr~ v*p — pml
15
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e The pion photoproduction multipoles in v p— pn°® v p—nr’ v n—pn-

« The LQCD data shows good
agreement with Low energy
theorem and experiment.

V.Bernard,N.Kaiser,T.S.H.Lee, andU.-G.MeiRner,
Phys.Rept. (1994)

M. Mai, J. Hergenrather, M. Doring, T. Mart, U. G.
MeilSner, D. Ronchen, and R. Workman, EPJA, (2023)
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Possible future prospect INELE S

* In this work, we use two i1sospin symmetric ensembles with the same volume,
which is impossible to explore the isospin breaking effects and volume
dependence.

 Future work could be move forward to the DIS region of scattering:

* N7 production with higher invariant mass and different partial waves.

« Multi-pions production process, even for Nz, the finite volume quantization formulism is
absent.

 Resonance production process, most promising A (1232)resonance, with almost the total
branch ratio decay to p-wave Nr.

<22/22 >



Thank you for listening!
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