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The Setup and Methodology: QED in Finite Volume

Challenge of QED in Approaches:
finite volume:

Gauss’ law constraint
2

Photon’s zero mode

[ QED.] S. Uno and M. Hayakawa, Prog Theor Phys 120, 413 (2008).

[ QEDc] B. Lucini, A. Patella, A. Ramos, and N. Tantalo, J. High Energ. Phys. 2016, 76 (2016).
[QED,, ] M.G. Endres, et. al., Phys. Rev. Lett. 117 (2016)

[QED, ] Di Carlo, et al., J. High Energ. Phys. 2025, 26 (2025).

[QED. ] X. Feng and L. Jin, Phys. Rev. D 100, 094509 (2019).
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The Setup and Methodology: QED in Finite Volume

Challenge of QED in Approaches:

finite volume: Setup with C* boundary conditions:

Gauss’ law constraint « (C-conjugate fields at the boundary

Q « zero mode absent by construction
Photon’s zero mode « keIl — {%(2H+ﬁ) ‘ ne7d n= (1’1’1)}

o collaboration

[ QEDL] S. Uno and M. Hayakawa, Prog Theor Phys 120, 413 (2008). openQxD codebase
[ QEDc] B. Lucini, A. Patella, A. Ramos, and N. Tantalo, J. High Energ. Phys. 2016, 76 (2016). .
[QED,, ] M.G. Endres, et. al., Phys. Rev. Lett. 117 (2016) (https://qgitlab.com/rcstar/openQxD)

[QED, ] Di Carlo, et al., J. High Energ. Phys. 2025, 26 (2025).
[QED. ] X. Feng and L. Jin, Phys. Rev. D 100, 094509 (2019).
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https://gitlab.com/rcstar/openQxD

The Setup and Methodology: Rome 123

Isospin breaking effects via Rome 123 (RM123) method [c. M. De Divitiis, et. al., Phys. Rev. D 87, 114505 (2013)].

« Perturbatively add IBE¥onto isospin-symmetric QCD (isoQCD):

R\
isoQCD strong electromagnetic
(=0my=mg) ¥ (mu#ma) T (E£0)
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The Setup and Methodology: Rome 123

Isospin breaking effects via Rome 123 (RM123) method [c. M. De Divitiis, et. al., Phys. Rev. D 87, 114505 (2013)].

« Perturbatively add IBE¥onto isospin-symmetric QCD (isoQCD):

R\
isoQCD strong electromagnetic
(=0my=mg) ¥ (mu#ma) T (E£0)

* |soQCD defined as:

V8tp = 0.415fm
8t0(M[2(:i: — Mg:l:) — O
8to(Mzs + M2, + M3) =2.11

\/8t0(MD;|: + MDO -+ MDj:) =12.1

[M. Bruno, T. Korzec, and S. Schaefer, Phys. Rev. D 95, 074504 (2017).,
The RCstar collaboration, J. High Energ. Phys. 2025, 158 (2025)]
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The Setup and Methodology: Rome 123

Isospin breaking effects via Rome 123 (RM123) method [c. M. De Divitiis, et. al., Phys. Rev. D 87, 114505 (2013)].

« Perturbatively add IBE¥onto isospin-symmetric QCD (isoQCD):

R\
isoQCD strong electromagnetic
(=0my=mg) ¥ (mu#ma) T (E£0)

« QObservable expansion:

X = XS0 LN Am 0, X + (Ags)?02 X + €202 X + O (e, (Ags)?)
f
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Pseudoscalar Meson Mass with RM123

7+ mass:

M = MisoQCD + 6263M

Am; By, M‘
e2=0+; T Omyg Am =0

f !

e S e
Q 0 & GO
B D S
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Pseudoscalar Meson Mass with RM123

7+ mass:

M = MisoQCD + 6233.7\/[

Am; By, M‘
e2=0+; T Omyg Am =0

f !

< e R R
O W & 0
> D> >
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The Setup and Methodology: Ensembles

Three ensembles with by the D4 collaboration [The Rcstar collaboration, J. High Energ. Phys. 2023, 12 (2023)]
« C*B.C

« iSOQCD (€2 =0, My = mg) A400 64 x 323 m~-L ~ 3.5 with 2000 configurations
. Nf =3+1

* m,.=mg ~ 400 MeV

* equal bare parameters 3 : . ,
4 — 0.054 fm B400 80 x 48 myL ~ 5.2  with 540 configurations
* L=17-35fm D400 128 x 643 | mzL ~ 7.0  with 709 configurations

(see also, https://rcstar.gitlab.io/ensembles )

E'HZUFiCh 28.07.26

17


https://rcstar.gitlab.io/ensembles

Overview

. Motivation
. The Setup and Methodology
-  Results: ™ Masses in Finite Volume

. Discussion: Analytical Predictions in the Continuum

. Conclusions

E'HZUF/C/’) 27.07.26 18



7+ Masses in QCD+QED

QCD+QED
Statistics:
414 A
A400 with 14 x 2000 sources

412 A ®
;T with 12 x 512 sources
2 410 * _
x B400 with 4 x 540 sources
g

408 - D400 with 9 x 709 sources

406 A

OtO Oil 012 Of3 Of4 075 0.6
L7 [fm™

ETHzirich
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Analytical Prediction of Finite-Volume Scaling

F.V. corrections to meson masses arise as a momentum sume-integral difference:
[e.g. M. Di Carlo, M. T. Hansen, A. Portelli, and N. Hermansson-Truedsson, Phys. Rev. D 105, 074509 (2022)]

ETHzirich

2

€

AM*(L) = =7

set of discrete momenta in the
FV QED formulation

0|

v

Bk | [ dko Cpn(k)
(2%)3]/ 2 k?

|

particle self energy:
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Analytical Prediction of Finite-Volume Scaling

F.V. corrections to meson masses arise as a momentum sume-integral difference:
[e.g. M. Di Carlo, M. T. Hansen, A. Portelli, and N. Hermansson-Truedsson, Phys. Rev. D 105, 074509 (2022)]

2 3
2 __& i _ d°k /dko Chuu(k)
AMAL) = 2 | L3 zk: / (2@3] 2 k?
/ !
set of discrete momenta in the particle self energy:

FV QED formulation
> . C ‘ >

M(L) = Mo + 1 L7 + ]\2—2L_2 +O(L™) NB: O (L73) =0

QED( Result:

[B. Lucini, A. Patella, A. Ramos, and N. Tantalo, J. High Energ. Phys. 2016, 76 (2016)]

E'HZUF/C/’) 28.07.26
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7+ Masses in QCD+QED

QCD+QED
—— 1 param fit (m), theoretical ¢1, ¢y
414 A
412 l Py
>
]
=
A - ®
2 410 -
_|_
a
9}
c
g
408
406
0.0 0.1 0.2 0.3 0.4 0.5

L7 [fm™!]
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m+ Masses Separated into Contributions

MQCD+QED = MisoQCD + 62862>M

O+%:Amfame‘

e2= Am =0
isoQCD IBE only
12.50
404
0 12.25
12.00 -
402
_ 1175 1
2 Z
=) ? = ]
£ 400 1 = 11.50
m } ¢
c —
> S
£ <
= 11.25 -
398
11.00 1
10.75
206 0.75
T T T T T T 10.50 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
L7t [fm™) L7 [fm™)
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Interlude: Rome 123 and the isoQCD <« QCD+QED Separation

1. Isospin breaking effects via Rome 123 (RM123) method (c. . be Divitiis, et. al., Phys. Rev. D 87, 114505 (2013)].

« Perturbatively add IBE¥onto isospin-symmetric QCD (isoQCD):

R\
isoQCD strong electromagnetic
(=0my=mg) ¥ (mu#ma) T (E£0)

« QObservable expansion:

X = XS0 LN Am 0, X + (Ags)?02 X + €202 X + O (e, (Ags)?)
f
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Interlude: Rome 123 and the isoQCD <« QCD+QED Separation

1. Isospin breaking effects via Rome 123 (RM123) method (c. . be Divitiis, et. al., Phys. Rev. D 87, 114505 (2013)].

« Perturbatively add IBE¥onto isospin-symmetric QCD (isoQCD):

R\
isoQCD strong electromagnetic
(=0my=mg) ¥ (mu#ma) T (E£0)

« QObservable expansion:

X = XS0 LN Am 0, X + (Ags)?02 X + €202 X + O (e, (Ags)?)
f

\_Y_) \ J
O (e7m") O (

b1|)i —_
N——"
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m+ Masses Separated into Contributions

IBE component: AMipg(L) = AM!BY ;L7 + ]\Z—QL—Q +O(L™) + O (e7=F)

C2
MECQCP | AMIBE
.

two-parameter fit

= AMD® + L7 + L2+ 0L ") +0 (e M=),

1—3(—1)2xm
/L

isoQCD component: Misoqep (L) = MCi:)oQCD _ g Z
#ez3\{0}

Ky (|n|MZ2YEPL)

[The RCstar collaboration, J. High Energ. Phys. 2023, 12 (2023)]

sequential fit

ETHzirich
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m+ Masses Separated into Contributions

isoQCD IBE only
12.50
—— 2 param fit (mi°QCP ¢) 2 param fit (Ameo, Moo ), theoretical c1, co
404 12.25 - — 1 param fit (Am), sequential misoqcp, theoretical ¢q, ca
12.00
402 A
_ 1175
e -
=) ? =)
8 400 A m 11.50
8
H g
2 <
S 11.25 A
398 A
11.00 A
10.75 A
396 A
T T T T T T 10.50 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
L [fm™} L7t [fm™
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m+ Masses Separated into Contributions

isoQCD
—— 2 param fit (mi°QCP ¢)
404
402 +
>
<
= ®
2 400 -
&
2
£
398 +
396
0.0 0.1 0.2 0.3 0.4 0.5
L7t [fm™]

ETHzirich

0.6

A’HLIBE [I\/ICV]

IBE only

12.5
2 param fit (Ameo, Moo ), theoretical ¢, co
A —— 1 param fit (Ame,), sequential mis,qcp, theoretical ¢, ¢o
12.4 A
12.3 4
®
12.2 A
12.1 4 T
12.0 A i T
11.9 4 T
11.8 1
0.0 0.1 0.2 0.3 0.4 0.5
L7 [fm™!]
27.07.26 28

0.6



Overview

. Motivation
. The Setup and Methodology
-  Results: ™ Masses in Finite Volume

. Discussion: Analytical Predictions in the Continuum

. Conclusions

E'HZUF/C/’) 27.07.26 29



Conclusions & Outlook

Summary:
« Numerically studied finite-volume effects to 7 mass in C* B.C.
« Separate the power-law scaling in the IBE from the exponential scaling.

« Consistent with analytical prediction (universal coefficients)

Next steps:
« HVP contribution to ¢ — 2 with C* B.C. in QCD+QED
« - QCD: P. Tavella’s talk Tue, 16:30 (now)
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With AB400 Fitted

ETHzirich

QCD+QED
—— 1 param fit (my), theoretical ¢y, co
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>
]
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With AB400 Fitted

isoQCD IBE only
12.50
—— 2 param fit (mi°QCP  ¢) 2 param fit (Ams, M), theoretical ¢1, 2
404 1 12.25 —— 1 param fit (Ams), sequential misoqcp, theoretical ¢1, co
12.00 A
402 T
- 1175
2 ¢ Z
=3 =3
8 400 A m 11.50 1
Mm
e s I
2 <
3 <
= - ? 11.25 A
398 4
11.00 A
- 10.75 A
396 4
T T T T T T 10.50 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
L1 [fm ™ L71 [fm™Y]
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Interlude: Rome 123 and the isoQCD <« QCD+QED Separation

— - O )
O () (1)

The separation is scheme-dependent

QCD + QED

- How do we know our scheme
separates power-law corrections?

- Pure QCD (2 = 0) is sufficient

My

ETHzirich

Organisationseinheit verbal
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Subtracting the Universal Component

. IBE —1 C2 —92 —4 —mo L

AmIBE(L) = Amoo + ClL -+ miongCD n AmIBE L + O(L ) + O (6 )
o IBE —1 C2 9 C2 ) Ang —4 —mo L
= Amg + {ClL + . 150QCD L } T i50QCD L™=0 (misoQCD +O(L™ %)+ 0 (6 )

subtracted universal
component
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