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Resonance Phenomenology

e cross-section “enhancements”
e multi-hadron states
e process dependent

ete” — g (> p > wrw) wp — Anr (= p — nn)

[Protopopescu et al, PRD, 1973]
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Resonance Phenomenology

e cross-section “enhancements” eg, Breit-Wigner

1
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 multi-hadron states
process dependent

ete” — g (> p > wrw) wp — Anr (= p — nn)

2 [Protopopescu et al, PRD, 1973]
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Resonance Spectroscopy

11.5 | | | | | | | | | | | | |
bb 3G
110 - 75 new hadrons at the LHC o ccqg W bag
' ® bLg @ <ccccC cqq
Xb(3P) Xb2(3P) cC ca cC
1052 © ®,..:p) ® o @ @9 W ocqqq
cc(qq) ® <cqqq
1.5 1
7.0 - B.(2S)* B (25)* Tcece(6900) .
o7 @5 (25) d
. gbggzgg - ‘Tc&c&(6600)
.5 - Np(6152) - ) i
> g Notier WG WG e
' Np(5912)° :,(5935)_. '81(5840)““'0 2p(6097)"  AL(6070)° B, (6114)°
—c s b 35(6097) B.(6063)°
N . m —
S
v 5.0 - -
O Xc0(4700) Xc1(4685)
— P.:(4450)* Yeo(4500) P.c(4457)% X(4630) :
n 4.5 Y1 (4274) J7e:4a40 o0y @338 he(4300) [
wn Xc1(4140) P.-(4380)* P .(4312)* ccsl
(V) cc cc TC5§1(4000)+ TC5§1(4OOO)O XC1(401O)
s 4.0 - w(3842) O h(4000) -
=Sy ® T..(3875)+ X(3960)
3.5 - 0.(3110)0 0(3327)° -
Dj*(3000)+'0 . QE(3090)0 _ 0 . 0 QC(3185)0
3.0 - D;(3000)° @ D_(2860)* A(2860)" | Q(3066)° =-(2939) T..1(2900) . +t _
5990, ¢ 05302010 i > . @ 7:0(2900)
D,(2760) * Q c 0 =c(2923)° Tcs0(2870) T¢50(2900)°
D;(2740)° D (2760)° Qc(3000) ® .. (2590)* 50
25 . Dj(2580)0 sO -
2.0 | | | | | | | | | | | | |
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

patrick.koppenburg@cern.ch 2024-10-08

Date of arXiv submission



(Beyond) Standard Model

Experiments

GEEg 2 Fanas
D !
B

BeelT




(Beyond) Standard Model
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ar — p — ax and Kr - K* — Kz from lattice QCD

Scattering is expensive: m_> 139 MeV (besides other reasons)
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[Dudek et al - PRD, 2013] [Bulava et al - Nuc.Phys.B, 2016] [Fu et al - PRD, 2016] [Andersen et al - Nuc.Phys.B, 2019]
[Erben et al - PRD, 2020] [Alexandrou et al - PRD, 2017] ...



ar — p — ax and Kr - K* — Kz from lattice QCD

Scattering is expensive: m_> 139 MeV (besides other reasons)

[Fischer et al - PLB, 2021][Rendon et al - PRD, 2021] [Wilson et al - PRL, 2019] [Bali et al - PRD, 2016] [Bret et al -
Nuc.Phys.B, 2018] [Aoki et al - PRD, 2011] [Feng et al - PRD, 2011] [Lang et al - PRD, 2011] [Pelissier et al - PRD, 2013]
[Dudek et al - PRD, 2013] [Bulava et al - Nuc.Phys.B, 2016] [Fu et al - PRD, 2016] [Andersen et al - Nuc.Phys.B, 2019]
[Erben et al - PRD, 2020] [Alexandrou et al - PRD, 2017] ...

Non-trivial m_ dependence of resonance poles: QCD dynamics

+ Extrapolations 1, — m?"™: one more systematic



ar — p — ax and Kr - K* — Kz from lattice QCD

Scattering is expensive: m_> 139 MeV (besides other reasons)

[Fischer et al - PLB, 2021][Rendon et al - PRD, 2021] [Wilson et al - PRL, 2019] [Bali et al - PRD, 2016] [Bret et al -
Nuc.Phys.B, 2018] [Aoki et al - PRD, 2011] [Feng et al - PRD, 2011] [Lang et al - PRD, 2011] [Pelissier et al - PRD, 2013]
[Dudek et al - PRD, 2013] [Bulava et al - Nuc.Phys.B, 2016] [Fu et al - PRD, 2016] [Andersen et al - Nuc.Phys.B, 2019]
[Erben et al - PRD, 2020] [Alexandrou et al - PRD, 2017] ...

Non-trivial m_ dependence of resonance poles: QCD dynamics

+ Extrapolations 1, — m?"™: one more systematic

Example: p — zw contributions to muon g — 2 at = mf;hys

[g-2 Theory Whitepaper, 2025]



"Standing on the shoulders of giants"
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8 m ~ 139 MeV
oC mg ~ 499 MeV

[Blum et al, PRD, 2016]
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"Standing on the shoulders of giants"
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Physical-mass p and K*

Light and Strange Vector Resonances from Lattice QCD at Physical Quark Masses
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Physical-mass calculation of p(770) and K*(892) resonance parameters
via 7zx and Kz scattering amplitudes from lattice QCD
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Implementation

Open-source and free software
» @Grid: data parallel C++ lattice library @

GRID

* Hadrons: workflow management for
lattice simulations Hadrons

Distillation within Grid and Hadrons
* agnostic to action
e stochastic/diluted sources

Running

'dirac.ac.uk/extreme-scaling-edinburgh]|

2 DIRAC machines, same high-level code
 'raw' correlators publicly shared
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Phase-shift model |/

[LUscher, 1986]

QC reminder: [Liischer, 1991]
S(Egn(L)) = nw— p™MEgn(L),L), ne€Z

Allows computation of §,(E_ ), but poles inaccessible

aEcn
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Phase-shift model |/

[LUscher, 1986]

QC reminder: [Liischer, 1991]
5m°d(%cm(L)) = Nmw — gbA(%Cm(L),L), ne/’z

Allows computation of §,(E_ ), but poles inaccessible
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Resonance pole

Substitute and
analytically-continue

find T{”Od complex pole
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find root cot ™9 — ;
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Uncertainties?
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Uncertainties?
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Model Averaging

Akaike information criterion (AlIC) AlC ﬁ
W X exp — —[)( + 2nPa" — 2ndata]

» probabillities for different models

[Borsanyi, Fodor, Guenther et al - Nature, 2021] [Neil & Sitison - PRE, 2023]

 model comparison

» spread of weighted distribution
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Model Averaging

Akaike information criterion (AlC) AIC

W X eXp — —[)( + 2nP?" — anaté]
» probabillities for different models

[Borsanyi, Fodor, Guenther et al - Nature, 2021] [Neil & Sitison - PRE, 2023]

 model comparison

» spread of weighted distribution

Different [
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Model Averaging

Akaike information criterion (AlC) AIC

W X eXp — — [ ¥+ 2nPer — ndaté]

» probabillities for different models

 model comparison

[Borsanyi, Fodor, Guenther et al - Nature, 2021] [Neil & Sitison - PRE, 2023]

» spread of weighted distribution
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static data

n'®V fits

>

static data

one fit
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n'®V fits
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cm

>

one fit
{Ecm} _)5mod
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aEqan

...systematics propagation into scattering?
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First, imagine

N\

global minimisation unfeasible

n'eY fits |
A(0),f, = E.
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one fit
{Ecm} _)5mod

>

aEqan

...systematics propagation into scattering?
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Proposal dist.
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Importance Sampling -

Proposal dist.

Wcorr(f) — Hi Wc(é)rr(fi)

Sample & fit A.(7) QC fit =

I3 > 1 2
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vy
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Model-average estimate
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k

15



Importance Sampling -

Proposal dist.

Wcorr(f) — Hi Wc(é)rr(fi)

Sample & fit 4,(¢)

QC fit
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Result prescription

« data-driven systematic: weighted 95 % confidence 02
interval of (central) weighted mean 0.1} 8K*—Kr
» statistical: fluctuation of above over replicas 50% 607

50000 fit-ranges
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Result prescription 0.2}

« data-driven systematic: weighted 95 % confidence
interval of (central) weighted mean

5075  6.025 & hT

e statistical: fluctuation of above over replicas

50000 fit-ranges X 4 cuts
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Result prescription 0.2}

» data-driven systematic: weighted 95 % confidence M i
interval of (central) weighted mean f 8K*>Kr

5.075 6.025

e statistical: fluctuation of above over replicas

50000 fit-ranges X 4 cuts
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«  6°" Breit-Wigner,
5°RE effective range
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Result prescription

« data-driven systematic: weighted 95 % confidence

interval of (central) weighted mean

e statistical: fluctuation of above over replicas
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«  6°" Breit-Wigner, 90|
5°RE effective range
45
IR IO

fit ranges mod cuts fit ranges

61/°
B Kn (I =1/2)
(I = 1)

0.2

0.1

5.075

6.025
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480 660
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Result prescription

« data-driven systematic: weighted 95 % confidence

interval of (central) weighted mean

e statistical: fluctuation of above over replicas

50000 fit-ranges X 4 cuts
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« 62" Breit-Wigner $

5°RE effective range

INEDIOND)

fit ranges mod cuts fit ranges
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Result prescription 0.2

» data-driven systematic: weighted 95 % confidence -

interval of (central) weighted mean

e statistical: fluctuation of above over replicas

50000 fit-ranges X 4 cuts - 053

x 2000 replicas _o.0af )
« 0%V Breit-Wigner, T

5°RE effective range ool

INEDIOND)

fit ranges mod cuts fit ranges

K*(892)

5.075 6.025

Led” )
o\
'Y

L 1,

LNl
T .\ 1

hed™ Sl
T\ 7"

model avg.

0.44 0.48
0.04 | | aM

—0.07

—0.18F

p(770)
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Result prescription 0.2}

» data-driven systematic: weighted 95 % confidence T

interval of (central) weighted mean

e statistical: fluctuation of above over replicas

50000 fit-ranges X 4 cuts

051 053 M "o 0.4 0.48 WM

101 =10°
x 2000 replicas 002} ._100 e g
BW - # - 1o £
« 0~ Breit-Wigner, } 1 Lios
9) ERE effective range oot 10 {107 2

—0.18F
K* (892) 10—3 p(770)

e
)
I

—

o

INEDIOND)

fit ranges mod cuts fit ranges
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Physical units

775 825 875  M/MeV
OF—— SIS e e
—50f e
—100
—150F Q] K™ (this work)
p (this work)
_900t K™ (PDG estimate)
p (PDG estimate)

—I'/MeV

Statistical and data-driven systematic (quadrature in plot)

K* (892

p(770) {

M
It

M
I

— 893(2)(8) MeV
— 51(2)(11) MeV

796(5)(15) MeV
192(10)(28) MeV
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Physical units

775 825 875  M/MeV
OF—— frmmmm s T e
50} - -3
—100r
_150 B '¢' K* (thiS work)
p (this work)
_900t K™ (PDG estimate)
p (PDG estimate)
—I'/MeV

Statistical and data-driven systematic (quadrature in plot)

K*(892) M = 893(2)(8)(54) MeV
' =51(2)(11)(3) MeV

Other: single lattice spacing and naive power counting :

e assume (aAQCD)2 ~ 5 % conservative discretisation
uncertainty + other estimated extra systematics
~ 6 % total
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Physical units

775 825 875  M/MeV
OF—— Frmmmmm s T e
50} - -3
—100r
_150 B '¢' K* (thiS work)
p (this work)
_900t K™ (PDG estimate)
p (PDG estimate)
—I'/MeV

Statistical and data-driven systematic (quadrature in plot)

next frontier:

continuum limit

[Green et al, PRL, 2021]

[Peterken & Hansen,

2408.07062, 2024] |

K*(892) M = 893(2)(8)(54) MeV
' =51(2)(11)(3) MeV

Other: single lattice spacing and naive power counting :

e assume (aAQCD)2 ~ 5 % conservative discretisation
uncertainty + other estimated extra systematics
~ 6 % total

[Blum et al. PRD.

0.08

| a (fm)



Outlook |

. Hadronic D — Kn decays at SU(3)f point [Hansen, Black, Mukherijee, et al]

A(D = hyhy) =CH% [anMS n, LIHw|D, L)}

a—0
e Non-perturbative renormalisation of four-quark operators
_ ["Charming Lattice QCD, 2025" talks:
Reliable creation of excited multi-hadron final states M. Black, R. Mukherjee]
e Removal of discretisation effects

e Formalism to relate finite-volume matrix elements to the infinite volume

e Extraction of the matrix element from three-point correlation functions

Heavy-flavour weak decays into resonant scattering states [Erben, et al]

m_ = 230 MeV B, — K*¢* ¢~
<n9 P ‘ Jﬂ(oaq) ‘ B9 pB>

e.g. see [Erben, Lattice2024 plenary]
[Leskovec et al, PRL, 2025]

Domain-wall fermions B — pfv

Supercomputer time for 2025

18



Conclusions

K*(892) and p(770) at m_ ~ 139 MeV

Data-driven systematics via sampling method in finite-volume analysis

Important towards precision
e continuum limit =

analysis systematics v/

e reliable errors {
=Iimprove operators, > 3-body, ...

Technology This project has received funding from the European Union’s Horizon
. 2020 research and innovation programme under the Marie Sktodowska-
DlRAC Curie grant agreement No. 813942 19



Conclusions

K*(892) and p(770) at m_ ~ 139 MeV

Data-driven systematics via sampling method in finite-volume analysis

Important towards precision
e continuum limit =

analysis systematics v/

e reliable errors {
=Iimprove operators, > 3-body, ...

Use data/code/infrastructure Thanks for the
ion!

* hadronic decays attention’

» heavy flavour weak decays B

Technology This project has received funding from the European Union’s Horizon
. 2020 research and innovation programme under the Marie Sktodowska-
DlRAC Curie grant agreement No. 813942 19
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Uniform vs w

COIT

- =
N o
| |

.
—

weighted frequency

0.01

0.92

B uniform sampling

B weorr sampling

@2 uniform sampling, reweighted
W weorr sampling, reweighted
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0.93 0.54 0.95 0.96 0.57
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Spectrum-scattering consistency
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weighted frequency
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