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Nucleon electric polarisability: Background
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* Polarizabilities offer insights into the distribution of charge and magnetism within nucleons,
revealing their response to external electromagnetic fields

* Experimental determination of polarizabilities relies on Compton scattering, wherein external
E&M fields polarize the target nucleon or deuteron

photon"\j u v[ d '

nucleon ThY <1/25>
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Nucleon electric polarisability: Background

* Nucleon E&M polarizability are most central quantities relevant for Compton scattering

* Unpolarized doubly virtual Compton scattering

pv — THY 8nM pv uv
T"(P,q) = Tgyy + ——[—(Bm + 0(q))K7" + (ag + By + 0(q))K5']
e
e Born term e Polarizabilities
| T+ /‘4’}/\'\‘\'\ +......
< — ﬁi‘— < < <

Intermeidate states: N Intermeidate states: Nm, N*, A, --- PP,



Research status of nucleon electric polarisability

Review of the calculations of proton electric polarisability

PDG "23-

Schumacher "19-
Pasquini et al.'191
Pasquini et al.'171

PWA
Krupina et al.'181

Lensky et al.'15-
Lensky et al.'141
McGovern et al.'13-
Bernard et al.'941

Lattice
Detmold et al.'10

N=proton

Lattice (m,; = 390MeV)
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Research status of nucleon electric polarisability

* Review of the calculations of neutron electric polarisability

PDG '23-
N=neutron

Experiment
Kossert et «al."03- : - { —

Schumacher 19+
vEFT

Lensky et al.'151 : |
Meyers et al.'14- . } . : —
Bernard et al.'941 Lattlce : = :

Lattice

Lujan et al.'16
Detmold et al."10
Engelhardt et al.’07 -
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Why Lattice results fall far below the experiments and Chiral EFT ?
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* Two obvious drawbacks in previous lattice QCD calculations:
* Use Unphysical pion mass (m, = 227 ~ 759MeV )

(" Leading order ChPT: ) e i)
(xe) () — 2= _— .
9 ‘a erBo@ 2 © A ©
ZTwAs) BN L

[ECE T TS S % '—mmnmw%

2~7 times discrepancy

* . Electric Polarizability: Magnetic Polarizability:
Wlth thSICEll Oé E Proton belween Charged Proton between Poles of
Parallel Platas A Magnatic

* Use Background field approach: reduce computational resource, however difficult
to justify the contribution(and their systematics) from various intermediate states.

Two crucial ingredients to resolve the deficiency of g in lattice calculation ! -5 s.



:‘\\”"‘,,, »
NELF T

508 PEKING UNIVERSITY

Lattice methodology for nucleon polarisability

* For unphysical pion mass problem, we directly simulate the Compton tensor using
nucleon four point functions at physical pion mass.

Lattice data input: H*V(x)

TEV(P,q) = f d*x e9X(N|J*(x)]" (0)|N) = K* (T3 @) + K (T2 @

12M —
Compton tensor with ¢ = 0 A Analytical known\
Ground state vanishes. No need for subtraction! residue coefficient

_ Improve signal ! L ) <ons>

Our choice: [aE = — Zem [ d*xt?H" (x) + ak

(
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* Numerical results:

N I N O AT

Two Domain Wall

: 142.6(3) 0.1929
Fermion ensembles: 32Dfine 143.6(9) 32 64 0.1432 69
| PDG
~ 10.01 1 24D, At=0.96fm
“’E | 32Dfine, At = 0.86fm Probl 71
T e Our truncation at t, roblem still not
= resolved!
AN AU o
3 L [ | l
2.0
0.0 0.2 0.4 0.6 0.8 1.0
to(fm)
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Lattice methodology for nucleon polarisability
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* Question: does the truncation REALLY saturate all the contribution?

* Answer: Not really, but not obvious.

L(GeV)

i
N

Original Compton tensor

N 1 negligible

N=proton N7 contribution
| $ 24D, At = 0.96fm
L 1 1 32Dfine, At = 0.86fm
{3 + [ [ .
NT) |

t2

Weight
function

Hi(GeV)

t2 weighted Compton tensor
long N m tail

—— N contribution
§ 24D, At = 0.96fm
{  32Dfine, At = 0.86fm
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Lattice methodology for nucleon polarisability

* Need to evaluate N 1T contribution on lattice.

: 2
T, —p .
=P B\ (—73
T = T (NP
NP
Computation strategy J p Smeared multi-
for (N|Ju|N(p)m(-p)) : O ‘ hadrons
N operators
Smeared

Leading 27 momentum modes |p|*/(27/L)? =0, 1,2, 3 are included <9126>



Lattice methodology for nucleon polarisability
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* Why do we need varies momentum modes?

* Control large finite volume effects due to long-distance pion-induced inteactions.

----L=4.6fm

——N=proton |}
——N=neutron||

10

4 p
L=9~10 fm for percent level finite volume effects
when we direct summed over N IT modes

. J
‘Suppressed finite volume effects
4 ™

&

Our choice: isolate the singular pion pole behaviour

to acheive a smooth fit over momentum modes
Y,

L as(p?)? > What we fit to
(2E)(2E.X(E + E, - pion pole




Lattice methodology for nucleon polarisability EPE;
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* Numerical result of N IT contribution given by Z [(N|J;|N(B)m(—p))|*

proton case

32Dfine
2500 | 3 24D

neutron case

32Dfine
¢ 24D

0.05 0.1 0.15 0.2 025
7?/GeV?
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Lattice methodology for nucleon polarisability

* Numerical result, and contribution decomposition.

24D 32Dfine PDG

Nmo: % 5.65(53) 6.5(1.2) -
Other states: (ay®”) -1.42(53) —1.58(61) -
proton |a'2®*¢ 1.4(1.2) 0.1(1.8) -
oh,  4.333(3) 4.3333) -

ag  10.0(1.3) 9.3(2.2) 11.2(4)

Nm: Q% 8.33(75) 9.8(1.5)
Other states: (a3’ ) —0.60(40) —0.40(47)

neutron |ay “°¢ 1.4(1.2) 0.1(1.8)
on  0.618(1) 0.618(1)

o 9.7(1.4) 10.1(2.4) 11.8(1.1)

N 11 contribution:
proton: 60% in total g
neutron: 90% in total O g

G ) »
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Exp

J.AMcGovern et al."13
5.R.Beane et al.'03
G.Blanpied et al.'01

V. Olmos de Leon et al.'01
B.E.MacGibbon et al.'95

Lattice
Detmold et al.10
Qur Work

This work: nr—

0

oy x 1074 fm?

Exp

L.S.Myers et al."14 —
K.Kossert et al.'03

J. Schmiedmayer et al.'91 —
Lattice

Lujan et al.16 |~

Detmold et al."10
Engelhardt et al.'07 |~

Qur Work

®

This work:

0

\hru__/

al x 1071 fm?

Lattice consistent with PDG for the first time!
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Step forward to pion threshold production

* Future v oscillation experiment need high precision electro(weak) production data.

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

Background Normalization Uncertainty Correlations

For 1. /v, appearance:

Beam 1, 5% Uncorrelated in v, and v. samples
v+ N — V/[,l,/e + X NC 5% Correlated in v, and v, samples

_ v, CC 5% Correlated to NC

(X — Nﬂ', A(1232), Nﬂ'ﬂ') ;r,f,r- CL 20% Correlated in 1, and v, samples

For 1, /i, disappearance:

NC 5% Uncorrelated to v, /v, NC background

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

* Reducing these background error need precise theoretical input!

<13/25>



Step forward to pion threshold production
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* From lattice point of view: pion threshold production serves as the simplest starting
point for the exploratory calculation of those electro(weak)-production process.

v /W*/Z*+ N — Nm

 Naturally extention from analysis of IN IT contribution in polarisability:

N 11 contribution for Compton tensor pion threshold production

A é’ [

— ‘ = —% ;

p=20 N — 94 p £ 0 N -

. More excited states .
. Static nucleon - MOVlng nucleon
Key difference: B ol
N 11 in cubic irreps w Scattering N IT state <14 5



Lattice methodology for pion threshold production 3‘%*}’

* The experiment measured quantity are multipole amplitudes:

Tt = ANa|Jm (OINy, Ty 2" = (Nr|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
[ (e)m]s’,s_ o, |]f;| §T (U k)f L0+ [jl(/)V’A] _am€ g (L(()Ii/)—i_ OHO+>
0

7]

s',s

=l Lo k(5-k) + B0 [6—k(5 k)] e, [jW’A]S,,Sam@(fZHMi(&xl%)M%){s
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Lattice methodology for pion threshold production

 Analyzing excited states’ contamination effects:
» Consider 4 excited states of static IN 11, and 3 excited states of moving nucleon:
Onorry e [N (p)(-p)), pe {0, 2, /220, /320 ]
Oy —wmmm—) N (p)>, N(p)(0)), |N©0)(p))
* C(alculate the correlation function matrix, and employ standard GEVP method.
C,=(0.00,), ije {N@=Cpl p=0, 2,122 /3214

Cy=(0:() 0,(0)), i,j € {N(p), N(p)(0), NO)7(p)}

<16 /25>
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* Operator mixing to different excited states:

4D, I=5 _ 24D, |p] = F
B, Gy = | ()
Pl I N (p)(0)
[ N7, G ,n=23
—— il N N Or(p)
1
L
0.8 -
0.6 -
0.4 -
0.2 -
0 -

Nﬂ'n:l Nﬂ'n:2 Nﬂ'nzg Nﬂ'n:4 ON(p) ON(]J)’TT(O) ON(O)?T(p) <17 /25>



Lattice methodology for pion threshold production

u“'u.,r »
N e 7)Y

o PEKING UNIVERSITY

* Though the operator mixing is basically under 10% level, 1t would cause significant

deviation to the extracted multipole amplitudes.
Hy, x 10°m,

Removing excited states

of N (0)1(0)

the results shift 1 ~ 3o

— 100}

32Df | l 4 24D
= [} ;_; ® = ) x
: 59 E , } i E f i i T
- A } } } ﬁf ¢ Before GEVP { 2
1} £ After GEVP 1
39DF i I 24D I
ssegplt o . =
FEHESi B Y = = =
{ - } B
0:5 1 1:5 0 0:5 1 1:5
tne — ty/fm tnrs —ty/fm  <18i25>
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Lattice methodology for pion threshold production

L(H— X ].Ogmﬂ

T 32Df 1 24D ¢ Before GEVP
= 0f o . o 1 o . £ After GP_;[VP__
« Removing excited states —~-10} . - g - !
of N (p) |L-2o-}£§£ I | zlzzli_LI
=
+ the results shift 3~ 60 7' | [32Dt | | [2aD
ot ' s *
i 10| ' {I:;—iﬂ T ‘s = 3 % "I
“l: -20 [ } E I E 1 1 =z A 2 3 $ I
e , . . . . .
0 0.5 1 15 0 0.5 1 1.5

tJ—tN/fm tj—tN/fm

* Lesson: One should be especially careful for the excited states’ effect for a moving
nucleon <19/25>
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Lattice methodology for pion threshold production

 Analyzing two-particles state’ s finite volume error

* Luscher formalism: the infinite volume N IT scattering state could be related to finite

volume bound state by LL-factor
L. Lellouch and M. Liischer, Commun. Math. Phys, (2001)

dn \ 172
|N7T>OO— (d—E> |N7T>V
dn _ 1d(6i+¢e) E <k861+ 3¢1§>
dE 7 dE  4mk2\" ok ' Y 9q
Derivative of phase shift Analytical known zeta function

Need scattering length as input!
<20/25>



Lattice methodology for pion threshold production
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M. Liischer, Commun. Math. Phys. (1986)

* Calculate the S-wave scattering length by Liisher method, at p =0.

v (Er,t5)
Cre (T4,
1.04 T T 1.04 T T T
Ensemble: 24D 1 Ensemble: 24D
1.02t 1.02 ¢ I gl 1
T 1
D >
Q:E 1 E E o " 4 Q;; 1 X =1 E o =
0.98 I=3/2 1 0.98 1 I=3/2
P I=1/2 I I=1/2
0.96 : : : 0.96 :
1.04 T T " 1.04 T : y
Ensemble: 32Dfine Ensemble: 32Dfine
1.02 | I I 1 102} 1 I '
s 4
- -4 p
o 1fEzgeee : 1@ 1fzgaddi!
0.98 I=3/2 1 0.98 | I=3/2
I I=1/2 . I oI=1/2
0.96 ; 5 , 0.96 . : .
0 0.5 1 15 0 0.5 1 1.5
t(fm) t(fm)

Liisher method

I L " L I
B = ot 000, (4 gy = A 081 1) ey O ey 1

Ensemble 24D 32Dfine Combined fit

Y~ /dof 0.26 0.47 0.34
I=32|0E; [MeV] -3.78(79) -3.9(1.2) -3.80(66)

Mra}  0.157(37) 0.157(56) 0.157(31)

X~ /dof 0.26 0.51 0.38
[=3|0E; [MeV] 2.91(80) 3.40(90) 3.13(60)

Mrajy  -0.098(25) -0.111(27) -0.104(18)

Only one previous LQCD at physical point: M_a32=-0.13(4)

Data driven analysis: M, a*?=-0.087(2), M,a"*=0.170(2)

M. Hoferichter et al, PLB (2023)

C. Alexandrou et al, PRD (2024) <21/25 >



Lattice methodology for pion threshold production

* The influence of finite volume correction 1s around 10%

 Shift the central value about 1 ~ 20

IJ:17IN7T:%

{ original data

{ with FV correction

-ol_z -0.1
k%/GeV?

Eo. x 10°m;
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Lattice methodology for pion threshold production

* we present the first LQCD calculation of pion threshold production process at
physical pion mass. V.Bernard,N.Kaiser,T.S.H.Lee, andU.-G.MeilRner, Phys.Rept. (1994)

* 1sospin channel, comparison to low energy theorem.
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Vector multipoles Axial multipoles
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L ool Or&__ g i TN — 0 L
s T E % 20l ¥ [ RS o h
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<23/25>
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Lattice methodology for pion threshold production
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* Physical Channel in comparison with experiments and low energy theorem.

v*p — nwt v*n — pr-
30} 1 5l
S 25 R LI
— 20} % L N
>< I/, '20' ; \\\
£15¢ ‘ - i S
Lﬂ =25t 'i
10} J
, 30} i
30 (2] OfMee. e
i
3 =
o 20} 1-10¢t i
(@)
|
X
+10¢ , 1-20¢
() ,/
~ o
oo --F | -30¢

-0.2 -0.1 0

02 04 0
k% /GeV?

15

{ 10}

-10|

v*p — pr?

¢ 32Df
¥ 24D

. |---LET

Exp | |

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

M. Mai, J. Hergenrather, M. Déring, T. Mart, U.
G. MeiRner, D. Rénchen, and R. Workman,

EPJA, (2023)
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Conclusion and future prospect

* We present a calculation of nucleon electric polarisabilty:
* at physical pion mass in the first time.

« after careful analyzing long-distance IN 11 effects, the defliction of polarisability in LQCD is
resolved.

* We further extend the study into pion threshold production, as the first step toward
calculating neutrino-induced hadron production process

Remain to be explored:

* Extend the formalism to generalized polarisabilities, spin polarisabilities, color
polarisabilities

* Electro(weak) production of A(1232) resonance, N 11T state ?

Thank you for listening! 205



