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@ We already heard quite a bit about isospin-breaking effects
a~ e Md o
Aqcop
o Lattice QCD+QED: valence and sea quarks
o Consistent treatment: need of isospin-breaking effects with all quarks

@ Many collaborations working to include this rec/ukaco (ryan Hil)

@ Today: Partially quenched chiral perturbation theory
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Connected Figs. from [RBC/UKQCD 23]
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Chiral symmetry: SU(Nf). x SU(Nf)g for Nf light quarks

Build Lagrangian £, in terms of N? — 1 mesons and external fields

e Power counting: p°"

Ly=Lr+Ls+ Lo+ L+ ...

Quark masses in x; = 2 Bym; and mesons in

i®
Uu=expy —— d: Nex N
p{ﬁFo} ' '
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@ The leading-order Lagrangian:

Lo

o At a general order:

N2n
Loy = Z Olgzn) Ci(zn)
i=1

F02<
4

@ Low-energy constants: Must be known!

uHuy + x4)

Ny Ne =3 N =2
p? 2 2 2
p* 13 12 10
p® | 115 (4-24) 94 (+23) 56 (+13)
p® | 1862 (+999) | 1254 (+705) | 475 (4211)
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@ Can add photons, leptons, resonances, ...

@ With dynamical photons: Combined expansion €2 x p2"

o @ =diag(qi,...,qn,) and A,

@ Assuming only interested in e:

N¢ Ne =3
eOp? + &?pl 2+1 2+1
eOp* + e?p? 13+16 12+14

eOpb + e?p* | 1154274 944205
eOp® + e?p® | 186247059 | 125444133

e NB: e?p* and e?p°® preliminary numbers from

@ Low-energy constants poorly known here
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o LOOk at photon Lagrangians [Urech 95; Neufeld, Rupertsberger 95; Bijnens, Danielsson 07]

1 F
Lo = 2 Fu F™ — 2 (0 /") + TO (' + x4) + € C (QLOR)

12 14
N,
Ly ZfZL;X;+e2F§ ZK,-E QI-S—|-K1’:;3 le8+K1Eg Q5
i=0 i=1

@ From these Lagrangians one finds e.g. mass shifts and decay constants

2,20 282 C
M72|—ip+:ep Bo(mu_‘_md)—i_?
0

2e2 C
7

2, 52
2 pte
MK:‘: =

0
By (my + mg) +
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o At order p* + e?p? with m, = my for Ny flavours

M2, PPy
+ = ot

™

M M2 1 C M? M2
2 7,2 2 2 2 2 K,2
[3In > —4] —e S?FT‘)‘ 2M3 51n 2 + Mi 5 1n 2

C 4
- 1632,_?(;; [(Mgr,2 +2Mic o)L + Mfr,ng] +8e” My , K — 9 M3 [6 Ki+6K;

+5Kg+5Kg—6K7f_15K§_5Kg_23Kf0_18K{1]

Q. o 5

e p® + e?p*: isospin-breaking mass now known at 2 loops
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e ChPT: Predict finite-volume effects in QCD+QED at order p?” x e?

QED in finite volume needs prescription

QED,: Exclude/redistribute photon zero-momentum mode

o QED;: Exclude photon zero-mode
o QED,: Redistribute photon zero-mode

e Photon loop = ﬁ—i—ﬁ—s—...

ML

Meson loops = e~

. Qg 33
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o ChPT through Ordel’ p4 X 62p2 W|th my = My [Hansen, NHT, Ungar MSc25]

M2, 1
AXMA(L) = 5 F;? Al (M2, L) — 3 Ah(M:,, L)
C
+ e2E [—4 AK(MZ 5, L) — 2 Ah (Mg 5, L)]
0

— & [BAT(L) + 2 A% Sy (M2, L) + AM2 , A 1y (M2, L)]
@ Master integrals known in QEDy, Hayakawa, Uno og)
e QCD master integral Al;(M?,L): exponential

o Master integrals with QED: Power law 4 exponentials

All-order result in volume: Integrals extended to QED,

NB: No powerlaw structure dependence at p* x e?p?
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@ Now | talked a lot about regular ChPT

Partially quenched ChPT: Treat valence and sea quarks differently

Ny, valence quarks, ng., sea quarks

i®
V2F,

@ Here we choose nyy = ngea =3 — 9 x9

Again u = exp{ }, but now @ is (2nya) + Nsea) X (2nval + Nsea)

Formulated in terms of quark fields

b= (¢U)9><9 = (aiqj)gxg
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@ Can use N¢-flavour ChPT Lagrangians with supertrace

EChPT_’iO2 (ufu, + >_>F—°28tr utu, +
> = 2 m X+ 4 H X+

Str {%‘i} — (A) — (D)

@ However, additional LECs in the Ny theory

PQCHhPT
=59

@ Relation to Ny = 3 LECs known

N¢ Ne =3
eOp? + &?pl 2+1 2+1
eOp* + e?p? 13+16 12+14

eOpb + e?p* | 1154274 944205
eOp® + e?p° | 186247059 | 125444133
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@ Meson ®; = giq;
@ Indices: Valence (k =1,2,3), Sea (k =4,5,6)
@ Charges gk and masses X, = 2Bymy

@ Gives mass to given loop order

5@

. O U 2

@ Also done for factorisable decay constant

(Mpz)hys)ij = (Mg)lj + + O(PG, p4 62) .
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@ Leading-order mass:
2e? C

(xi +xj) + = (g — q5)°
0

N

(Mg);j =

° 5,5.4) more complicated: LECs and sea contributions

62 = [48L — 2411 V1x13 + [1615 — 8LL] xi5
— 48’ C F, °Lhqlv1 — 16€*C Fy °LLgsxas
— ey [12K{ 12K —12K ) —12K5 | Qax1s
— & F; [AKS+ 4K ] apxas + €75 [AKs '+ 4K ] aaxp
+ 126 F7 Ky qis 1 + 8e2F [Kig+K(T ] aisxas
— €°F) [8K{ +4K{] quasxas
— 1/3A(xm)RA3x13 — 1/3A(Xp) REryX13
+ € F5 A(x13)ais + 2*C £y *Ax15) 91513
—2€?C Fy 2 A(x3s) G35 Gi3 + 4€2F{ B(X, X13, X13) 933 X13
— 4€°F( By (X4, X13, X13) 913 X13-
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o Can separate quark-contributions to the mass as

(Mghys)"j = (Msal) (Mtad) (Mszpecs) (Mburger)u + QCD Only

@ Similar construction holds for (factorisable) decay constant

& OO
>

Tadpole Burger Spectacles

M)y => . [q,a( My | O )]

0q;0qs 9q;0qs

Nils Hermansson-Truedsson (UoE) LatticeNet Benasque April 4, 2025 14 /19



Tadpole Burger Spectacles
(MZ.q)r+ =0, +— Suppressed

6
(I\/Is21£>ecs)7r+ + (Mgurger)w+ = _% e12v Z q52 )

X3s
(Mtad) = (ql 8 > ,__42% |:Xls lOg — X35 log M )

(Mpees i + (Mg )= = =22 €127, Z G2

o Order €?p® LEC only in disonnected: Y; = K|+ KJ" — KE" Ko

@ Infinite-volume: ~ 1% shift on isospin breaking aiso seen in
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o Factorisable decay constant, infinite volume

Ce X2s
F, —F 1+1 141 ,
(Fead)~+ 167r2F4Z{q1q5[ +0gu :|+QQqs { +0gu ]}

6

Ce? X1 X2 1

(FSPGCS)-rrJr + (Fburger)rﬁr =—Fo 1672 Fg Z qg {2 + log N; + log M; + g 626 Ye Z qs y
s=4 =

(Fiad)k+ = 16”2 Ton2F Z {‘71 gs [1+ log 7} + a3 gs [1 + log %]} ,

Ce? X X
(Fspecs)k+ + (Fourger) k+ Z*FOWqu {2+|Og '1; + log 35} 3¢ 6Y6qu .
T Fy 4 I w2

o LECis Yo = K"+ KL

@ No chiral suppression for pion tadpole
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@ Subtracting unquenched FVEs from purely connected data?
@ Finite-volume mass studied in QEDy,

@ Split as AXI\/I,%-(L) AXI\/I(%CD U(L) + AXMEQED’U(L)

o QED, result is

Xi + Xj
2ngea FZ

AMZp (L) = {R,-j" Al(xi,L) + Ry Ah(x, L) + Zst,jX Al (s, L)}

2eC

(qi — qJ)Z{(q: —qs) Ah(xis, L) + (g5 — q;) Ah(xy, L)}

+ (g — q,-)2 € [3 AT H(L) +2 A7 i (xy. L) + 4 x5 Aha (i L)]

A MéED,ij(L) = -

e p* x e?p?: No powerlaw correction for sea quarks!
@ No powerlaw effects with structure
@ Same is true for the (factorisable) decay constant
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@ Why is this the case? EM current flavour conserving

@ At 1-loop order not enough flavours going around

. Q o i3
| O e

i i 2 i
J J J J J J J j

@ Need to go to higher order, e.g.

@ff@f

i / ds q1
Jioe [K2 +ie] [€2 — x1s + il [(€ + k)2 — x1s + ie]
J

@, Qiﬁf_“p_eﬁs_
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Conclusions and outlook

o Partially quenched ChPT can be used to study qualitative behaviour
@ Of interest to see suppression in disconnected diagrams

o At leading order (p* x e2p?): Suppression

e in disconnected infinite-volume predictions
e in powerlaw FVEs

@ Would be interesting to see how FVEs generalise to higher orders

@ Some low-energy constants only appear in disconnected pieces

\\,\1\-,0‘
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@ Extend integrals of to QED,: Fully closed form

1
ATR(L) = AMR(L) +

4 12’
1 1 1 1
ATy (m?, L) = AV (m?, L) + Y mE i "
" ()" + m?
1 1 1 1

AT hy(m?, L) = AVl (m?, L) —

R Jri
2 3
4m | 4n2L L \/(2%)2+m2 {mf\/(%)%rmﬂ
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@ Building blocks in Lagrangian
u, = i[uT((?M —ir)u—u(8, —il,)u' |,
X+ = uTqu + uXJru,
1Y = uF"u" + o' F"u
o External fields in ¢, r, and Fﬁ',/?, Q = diag(q1,- .-, qn,)
e External photon: r, =/, =eQA,
@ Quark masses in x; = 2 Bym; and mesons in
{ i
u = ex
P V2F,

} q):NfXNf

¢ = f ~m0+ % V2K°
=0 2n
ik vakS -
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@ Now | talked a lot about regular ChPT

Partially quenched ChPT: Treat valence and sea quarks differently

@ New symmetry group: Graded seees.

SU(nval + nsea|nval)L X SU(nval + nsea|nval)R

Again u = exp{ \bd; }, but now @ is (2nya1 + Nsea) X (2nya1 + Nsea)
0

@ Formulated in terms of quark fields

b= (qsav)nseaxnval (qsas)nseaxnsea (qs aB)nseaX Nyal =
(qB E7\/)’7\7111 X Nyal (qB EIS)HVal X Nsea ‘ (qB aB)nval X Nyal

(qvaV)nvalxnval (QVEIs)nvaIanea (qvaB)nvalxnval (A B)

@ Here we choose ny;) = Ngea =3 — 9x9
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Lo = Zo<u“u”uuuy> + Z1<u“uu>2 + Z2<u“u”><u#uu> + Z3<(u“uu)2>

~

L
S04 +x2)

+ La(uu ) ) + Ds(ur e ) + Lo ) + Do) o+ 2

/\

ilg(F ) + 1 5 (2= 12) + PR+ FR) + Fo().
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Q=
Q=
Q=
Qz:

RE
I

é%&%é%

QIO
Qll

Q12 -
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209 + OB (),
(QLQR)(uuut),

—(Qrup)(Quut) — (Qruu)(Qru"),
QL”H)(QR”H>

(Q + QR)uput),

(QLQR + QrQ)upuM),

(QF + Q&) (x+),

=(QL9R)(X+),

Q7 + QR)x+),
Q19r + QrQ1)X+),
QrQ1 + Q19R)X-),

—

o~ o~

o~ o~~~
N RN r\)\»—n

i

v,u,QLVu QR>
VuQiVHQ, 4+ V. QrVH*OR),
= (QuuuQru* + Qruy Qrut),
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K = KE + K§,

1
Kz:KQEjLEK{;
Ks = Kf — Kf,
K4:Kf+K1%7
Ks = KE — 2KE,
Ks = KE — K&,
Ki=KE for i=7,...,14.
r Tr 1Ar
L1:L1+*L0,

2
Ly =I5 + L,
[_gzlg—ZZo,
Lr=17 for i=4,...,12.
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£3° = J{0n0F) = {670 + (6] + 22 5 1699Q) — (6267

L2 = ieAu[(6Q(9u9)) — ($(9u8)Q)],

202 = EA%[(¢° Q%) — (6Q6Q)],

1

24F? [(o*x) + (¢"xT)]

£5 = L UHOuD00u0)) — (P (OudPI] +
0

+ RS L) - (5 Q00) + (),
0
1 1 1
£ = A S5 (P 9)60) + (B0 0)Q) — (R0 + (6 Qo)
£ = PR @) + (67000 — (6705 Q)
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