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Motivation

Lattice QCD precision
° Modern lattice QCD calculations have reached sub-percent precision.

o Electromagnetic effects and the up-down quark mass difference
can no longer be neglected.
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Lattice QCD precision
° Modern lattice QCD calculations have reached sub-percent precision.

o Electromagnetic effects and the up-down quark mass difference
can no longer be neglected.

Computing mass splittings
> Begin by looking at mass splittings
o QObservable on their own
o Depend on electromagnetic and strong isospin breaking effects we can measure

This work
o Apply the RM123 framework to baryon mass splittings.  G. M. de Divitiis et al. Phys. Rev. D 87.11 (2013), p. 114505

o We measure all 40 baryons of | = %and] = 3

o Compute 19 linear independent splittings of the SU(2) multiplets
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Motivation

Lattice QCD precision
° Modern lattice QCD calculations have reached sub-percent precision.

o Electromagnetic effects and the up-down quark mass difference
can no longer be neglected.

Computing mass splittings
> Begin by looking at mass splittings
o QObservable on their own
o Depend on electromagnetic and strong isospin breaking effects we can measure

This work
o Apply the RM123 framework to baryon mass splittings.  G. M. de Divitiis et al. Phys. Rev. D 87.11 (2013), p. 114505

o We measure all 40 baryons of | = %and] = z

o Compute 19 linear independent splittings of the SU(2) multiplets

Goal: Implement a first-principles framework for computing baryon mass splittings
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Example: Nucleon mass splitting

p (uud) = n (udd) degenerate in Ny = 2

Taking into account isospin breaking effects:  177,, 7& mgqg & s~rvrnrnnnnnne X 82
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Example: Nucleon mass splitting

p (uud) = n (udd) degenerate in Ny = 2
mu 7& mgy & errrArmmnmnnne OC eZ

Taking into account isospin breaking effects:

m% OO

N @+5®” 4
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Example: Nucleon mass splitting

p (uud) = n (udd) degenerate in Ny = 2

Taking into account isospin breaking effects:  177,, 7& mgqg & s~rvrnrnnnnnne X 62

O o N

€ Cancel in mass difference in the SU(2) limit!

. A
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Example: Nucleon mass splitting

p (uud) = n (udd) degenerate in Ny = 2

Taking into account isospin breaking effects:  177,, 7& mgqg & s~rvrnrnnnnnne X 62

O o N

€ Cancel in mass difference in the SU(2) limit!

. A

Need to compute the remaining corrections for mass splittings.
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Example: Nucleon mass splitting

p (uud) = n (udd) degenerate in Ny = 2

Taking into account isospin breaking effects:  177,, 7& mgqg & s~rvrnrnnnnnne X 62

> Self energy Photon exchange Mass insertion
e oa -
+5@7_m_m_7:§

€ Cancel in mass difference in the SU(2) limit!

Need to compute the remaining corrections for mass splittings.
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory
= 2
ro((F-))

For twisted-mass fermions: 6 = (ez, gg, Moy, Mgy Mgy My M, m‘ci,r)

(O) = (O + ) (6: = 07) a;g)

—

0=00
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory

- 0 9(0) 70>
(0) = (0)o + ;(ez—ei) . How (9 g )
For twisted-mass fermions:  § = (ez,gg, Moy, Mgy Mgy My M, m‘ci,r)

0 0 0 ~
AO = 2 Y 01 f _...0 O
O {e 502 + [mf mf} ;s -+ [mc,,, mCT] amé‘;} (9) .
\ J
k_Y_} |

EM Critical mass
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory

0(0) 7 a0\
_ g0 _
(0) = {0+ > (6:— ) e “+o((9 9))
i =00
. . . N 2 2 u d
For twisted-mass fermions: 6 = (e s Gy My, Mg, Mg, Mey M, mc,r)
0 s, 0 ~ We choose to keep g; = g2 at the
_ 2 ¥ 0 f _...0 S S
A0 {6 e? T [mf mf] om ¢ T [m” mc’"] om, } 0) g cost of changing the lattice spacing.
\_Y_} \ y J
EM Critical mass
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory

0(0) 7 a0\
_ g0 _
(0) = {0+ > (6:— ) e “+o((9 9))
i =00
For twisted-mass fermions:  § = (ez, g%, My, Mg, My, Me, M, m‘ci,r)
0 s, 0 ~ We choose to keep g; = g2 at the
_ 2 ¥ 0 f _...0 S S
A0 {6 e? T [mf mf] om ¢ T [m” mc’"] om, } 0) g cost of changing the lattice spacing.
\_Y_} \ y J
EM Critical mass

Apply to the baryon two-point correlator: C'p (t) — ACH (t)
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory

0(0) 7 a0\
_ g0 _
(0) = {0+ > (6:— ) e “+0((9 9))
i =00
For twisted-mass fermions:  § = (62, g%, My, Mg, My, Me, M, m‘cl,r)
0 s, 0 ~ We choose to keep g; = g2 at the
_ 2 ¥ 0 f _...0 S S
A0 {6 e? T [mf mf] om ¢ T [m” mc’"] om, } 0) g cost of changing the lattice spacing.
\_Y_) l y J
EM Critical mass

Apply to the baryon two-point correlator: C'p (t) — ACH (t)

First-order corrections are evaluated on isosymmetric gauge ensembles.
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Perturbative expansion of the path
integral

Expand around the isospin-symmetric theory Ensemble (E)B % (I) a [fm] mx [MeV]  myL

(O) = (O + ) (6: = 07) 8;;?

o2 ¢B211.072.64 (B64) 643 x 128 0.07948(11)  140.2(2)  3.62
+ 0O (6’ — 0 ) cD211.054.96 (D96) 963 x 192 0.056850(90)  140.8(2)  3.90

—

0=00

For twisted-mass fermions:  § = (62, g%, My, Mg, My, Me, M, m‘ci,r)
0 s, 0 ~ We choose to keep g; = g2 at the
AO = 2 ¥ 0 f _...0 S S
© {6 e? T [mf mf] om ¢ T [m” mc’"] om, 0) 7 cost of changing the lattice spacing.
\_Y_) l y J
EM Critical mass

Apply to the baryon two-point correlator: C'p (t) — ACH (t)

First-order corrections are evaluated on isosymmetric gauge ensembles.
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Tuning quark masses to QCD+QED

Define matching condition

A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260. ° Fixed 82 from a = é
oM - i oM oM . "
> Amy amj - {aM}Z P _ [aMp)] S°} e? 8(; Z Am f P « Matching to mass splittings of

P=x%t Kt KV D,
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Tuning quark masses to QCD+QED

Define matching condition

A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260. ° Fixed 82 from a = i
137
ZAmfg == {aM;Xp — [aMp]‘SO} 288 = — ZA f 9 P « Matching to mass splittings of
g - L
P=x" K% K D,
Solve
OM_.  OM_, o
Qi gpa ) (Ama\ (M
+ —+ phys
Dt T Amyg _ OMp Y
8MK() 8MK0 . Ams 5MP O}’S
amu amd Kh
OMp, OMp, Am, S\fPhys
8mu 3md DS
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Tuning quark masses to QCD+QED

Define matching condition

A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260. ° Fixed 82 from a = i
137
ZAmfg = - {aij‘p — [aMp]‘SO} 288 = — ZA f % P « Matching to mass splittings of
mf € cr
P=x%t Kt KV D,
Solve
Qe e\ [Ama  (OM
K+ K+ phys
88mu 88md Amd — 5M &1
M g0 Mgo | Amg ) MIP<OyS
Omo, omyg
OMp, OMp, Am, 5Mphys
Oy, omgy Ds
It is useful to define
_ Amy, +Amy Amg — Amy,
Am = 9 3 Amud = 9
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Tuning quark masses to QCD+QED

Define matching condition

A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260. ° Fixed 62 from a = i
137
oM ; oM oM . s
S Amy - o {aM;XP — [aMp] SO} S = — ZAm({ra 7 *Matching to mass splittings of
my € Mer
! d P=x%t Kt KV D,
Solve ° °
aMﬂ'+ 8]\47r‘+“ hys
R R W A W R
w+ K+ phys ‘ A,
T Amg | _ | 0M] e
K0 KO0 phys .
Oy Omg Tt Am oM KO m *—'-'—'-'-'-'-':::::::::::_'_'_'_'_'_'_'_'_'_' """""""""""""" I Ay
OMp, OMp, L. Amc 5Mphys -“"""""'“""---_-i 1
Oy, omgy Ds m
) ] Amy,
It is useful to define
Am, + Amy Amg — Am
Am = = 5 , Affug = 5 - ® ®
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Tuning quark masses to QCD+QED

Require

C(t) = a0 3 (Vg (@)P*(0))7/2 ) (P*(x)P*(0))7 = 0

—

xI

and define
Am{r

AN 77— (ei + e?i) ( 28? )




Tuning quark masses to QCD+QED

Require

C(t) = a0 3 (Vg (@)P*(0))7/2 ) (P*(x)P*(0))7 = 0

P

xI

and define

oC
A (1) — ot €3 o
cr oC (t oC (t
2 e 8'm(u) +e5 am(gr)
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Tuning quark masses to QCD+QED

Require le=3
B N ) —6.44} B Adi, x 101 = — 64.7140.02
Ct)y=00 Yy (Vo 0))9/2 Z(P (2)P%(0))9 =0 oast
—6.46}
and define = i
At —6.47} IIIIIH HHH“H I{
_ 2 2 m -
AMe, = (e +e ) o :
cr — u d 282 —6.48¢
f 05 1.0 1.5 2.0 25 3.0 35
¢t [fm]
‘ A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260.
oC (t
Am (t) . e: + 6621 86(2)
Cr 2 2900 2900
Cu omy, €4 omg,
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Tuning quark masses to QCD+QED

Require

C(t) = a3 (Vg (@)P(0))7/2 ) _(P*(x)P*(0))7 =

P

xI

and define ;
_ Aml,
Ame = (€2 + €5) 5 5
€f
2 2 oC(t)
e e
Ater(t) = = u; : 9 aé<t>662 2 9C(t)
Cu omy, + €d omg,

}8—3
—-6.44 ¢ A, x 10* = —64.71+£0.02
_6.45}
—6.465- I I

-1
ssart P bbb 11111
—6.48¢}

0.5 1.0 1.5 2.0 2.5 3.0 3.5
t [fm]
A. Evangelista et al. [ETMC], PoS LATTICE2024 (2025) 260.

Ensemble a A, x 107 a Am x 107 a Amyg X 107
B64 —64.71 £ 0.02 —0.196 + 0.001 2.56 & 0.02

D96 —64.0745 £ 0.0047 —0.0757 £ 0.0007 1.8542 4 0.0076
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Numerical realization of isospin-breaking
corrections




Numerical realization of isospin-breaking
corrections

Implementation strategy
Apply a QED phase to the selected propagator:

U,(z) — e 4@ (z)

Shift the mass of the relevant propagator:
mye —— My + 5mf
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Numerical realization of isospin-breaking
corrections

Implementation strategy
Apply a QED phase to the selected propagator:

U,(z) — e 4@ (z)

Shift the mass of the relevant propagator:
mye —— My + 5mf

Construct baryon correlators
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Numerical realization of isospin-breaking
corrections

Implementation strategy
Apply a QED phase to the selected propagator:

U,(z) — e 4@ (z)

Shift the mass of the relevant propagator:
mye —— My + 5mf

Construct baryon correlators

Construct derivatives from finite differences
QED derivatives:

9°Cp _ Cgle1,ez,e3) + Cp(—e1, —ez, —es) — 2Cp(0,0,0)
de? e?

+ O(e?)

Mass derivatives are obtained analogously by finite differences.
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Numerical realization of isospin-breaking
corrections

Implementation strategy Example for three distinct quark flavors
Apply a QED phase to the selected propagator:
U (x) —_ eiequM(a:) U (:E) /{—\J,/A
i Iz o o :"
. E - . [V
Shift the mass of the relevant propagator: Do = . - _@+@+m
mys —> My + 5mf o
e s 2 0
Dy = 2 == . % RN
Construct baryon correlators " T B
e e 0
Construct derivatives from finite differences >
QED derivatives: Dres = e _é
0?°Cp  COg(er,ea,e3) + Cr(—eq, —ea, —e3) — 2Cp(0,0,0) 4 P e
5 & 5 + O(e ) S I 0
de € 2 - @
Dope — i _ LT
Mass derivatives are obtained analogously by finite differences.
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Determining mass corrections




Determining mass corrections

For a first-order corrected correlator

C'(t) = (A+ AA) e~ (MFTAM)
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Determining mass corrections

For a first-order corrected correlator

C'(t) = (A+ AA) e~ (MFTAM)

obtain mass corrections via

C'(t) = C(t) 1+%—tAM +O(A?)
AC'(t)  AA
cwy — oa oM

e

overlap slope
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Determining mass corrections

For a first-order corrected correlator

C'(t) = (A+ AA) e~ (MFTAM)

obtain mass corrections via

C'(t) = C(t) [1 + ad tAM] + O(A?)

A

AC'(1) A4

O
R

overlap slope

AM = — d [AO’(t)] —_— Mass shift extracted

dt | C(t) from time derivative
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Determining mass corrections

T
ml=0.0051 ||

. 0.0 I
For a first-order corrected correlator ® e D on
5_0'1 o L | ml=0.0139 |
/ —(MLAM S 02 B SRS [ ml=0.0183 |
C'(t) = (A+ AA) e~ (M+AM) TS
< 0.3 — ’.i! 3
= 0.4 %

obtain mass corrections via

e
[=]

——

f—m

AA y i :
C'(t) = C(t) [1+7—tAM] + O(A?) 3 L
= 2.0 5 13 i. -.
, E} 1.0 . .. 5, -
AC() _AA L N

C(t A
K —

overlap slope

=
o
——

=
=]
—

[=]

[%)]

o
"

B,

d self energy

oay

2 i
=]

d [AC'(t i
AM — — (1) | Mass S.hlft ext.ract-ed .
dt | C(t) from time derivative
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Slope extraction

<

Sl=

0.006 -

0.004

0.002

0.000 +

—0.002 ~

—0.004 A

—0.006 -

—0.008 A

—0.010 ~

i
f

my = 0.0051 I
my = 0.0095 I

my=0.0139
my=0.0183

0.0

0.00100
0.00075 -
0.00050 -

0.00025 -

0.0
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Slope extraction

<

Sl=

0.006 -

0.004

0.002

0.000 +

—0.002 ~

—0.004 A

—0.006 -

—0.008 A

—0.010 ~

I m=0.0051 I
b my=0.0095 I

my=0.0139
my=0.0183

0.0

0.00100
0.00075 -

0.00050 -

0.00025 -

0.0

MEASURING MASS SPLITTINGS IN BARYON SU(2) MULTIPLETS - LATTICE 2026

(highly correlated)

__ Combined EM + CM = QED correction



Slope extraction

0.006{ = i
0004 o X {
0.002 1
0.000 - . . %

o)
M —0.002A

—0.004 -
—0.006 -
—0.008

—0.010 ~

my = 0.0051
m; = 0.0095

t
i

1'1“.-4:0.01394

my=0.0183

Multiple valence light quark masses

__ Combined EM + CM = QED correction
(highly correlated)

0.0 0.2 0.4 0.6 0.8 1.0

0.00100 ]
w, 0000754 ..
% - - -

' 0.00050{ .

0.00025 -

0.0 012 014 O.IS 018
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Slope extraction

0.0061 =
0.004 - - X
0.002 A % 2
0.000 - . s

o

a? —0.002
—0.004 -
~0.006 -
—0.008 -

—0.010 ~

i
f

my = 0.0051
m; = 0.0095

t
i

1'1“.-4:0.01394

my=0.0183

0.0 0.2 0.4 0.6 0.8

0.00100 ]

w, 0000754 ..
% - - -

' 0.00050{ .

0.00025 -

Multiple valence light quark masses

__ Combined EM + CM = QED correction
(highly correlated)

— Time derivative of the ratio

0.0 012 014 O.IS 018
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AM [MeV]

Physical-point extrapolation

SIB

¢ Mass splittings
#  Physical point

QED
1 =7.0 1
! 1
2251 ! |
20001 -7.51 |
17s] i
75 _

i = |
1.50 A 1 —8.0 1 I
i Z ;
1.25 4 ! — I
l %-: !
! — ] 1
1.004 | 8.5 i
! |
! |

07571 ¢ Mass splittings o0l
0501 % Physical point ' |
|

0.000 0.005 0.010 0.015 0.020 0.000

my
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Example splitting result

[ |
2 o * —— Experimental value b my=0.0095 |
. ® ? 8 Physical (extrapolated) &  m;=0.0139
0 ® m=0.0051 ¢ m;=0.0183
>
©
> -2
|
A
= -4
|
+ @
A
— —b [
ﬁ 9
b ]
_8 — —_—
=
|

QED SIB Total
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Example splitting result

[ |
s —— Experimental value ¢ my=0.0095 |
’ 8 Physical (extrapolated) $ m=0.0139
® m=0.0051 ¢ m;=0.0183
= (2 2 K
e R T
o ! Finite-volume
. e correction applied!
=
|

QED SIB
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Preliminary mass splittings for the SU(2)
multiplets

J=1/2 J=3/2
)| ¥ Bt t P Dos
; } —— e T{_ H

$ BMW

|
¥
to
e

AM [MeV]
N
HeH
AM [MeV]
A
o
gl
=
-

—‘—i—
6 . {
[ ] -6
} 3
_8/ 5 I
(" Moo e e ke SN R I W NS NE A RS Az N O W N
e : ; o . . - g - - 57 07 e -
e Mo Wz e Mo e NS o N 5 NE NG s NG IS o2 NG R?

The framework reproduces the qualitative pattern of the experimental splittings!
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Summary
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Summary

*Implemented a general computational framework for baryon mass splittings.
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Summary

*Implemented a general computational framework for baryon mass splittings.

*Numerical implementation based on modified propagators and finite differences.
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Summary

*Implemented a general computational framework for baryon mass splittings.

*Numerical implementation based on modified propagators and finite differences.

o 1 3 L :
*Preliminary | = 5 and | = 5 splittings reproduce the qualitative pattern of the experimental
splittings.
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Summary

*Implemented a general computational framework for baryon mass splittings.

*Numerical implementation based on modified propagators and finite differences.

o 1 3 L :
*Preliminary | = 5 and | = 5 splittings reproduce the qualitative pattern of the experimental
splittings.

*Current work: improve statistics and assess systematic uncertainties.
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Summary

*Implemented a general computational framework for baryon mass splittings.

*Numerical implementation based on modified propagators and finite differences.

o 1 3 L :
*Preliminary | = 5 and | = 5 splittings reproduce the qualitative pattern of the experimental
splittings.

*Current work: improve statistics and assess systematic uncertainties.

*Future work: sea-valence contribution
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Thank you for your
attention!




Example: Analysis with less favorable
physical point extrapolation

QED QED

1
fr, b om=00038 "} m=00103 244 | ¢ Mass splittings
0.000 1 - F, P omy=0.0054 P omy=00136 1 . .
T F o omi=00070 | #  Physical point
R o
~0.005 1 LI F; 2.3
i 5 ; ; & .
[m) i g
C?—oow— T ﬁﬁﬁﬁ ;
Tiy H“g“ “ gz.z- S
~0.0151 IIIEII[I[} = —
— 2.11 —
F::: L ]
~0.020 <] ! ®
0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00 2.0 1
0.002 1 i |_
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