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Weak transition of quarks

e three generations of quarks in the Standard Model u c t

e weak transitions of quarks in the Standard Model

e charged weak interaction (W¥): d > b
— mixes quark generations (CKM matrix)

e neutral weak interaction (Z):
— no flavour changing neutral currents (FCNC) at tree-level
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e weak transitions of quarks in the Standard Model

e charged weak interaction (W¥): d > b
— mixes quark generations (CKM matrix)

e neutral weak interaction (Z):

. o CKM matrix
— no flavour changing neutral currents (FCNC) at tree-level

= no Standard Model process c .
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FCNC in the Standard Model

e s to d transition in Standard Model only via loop-processes, e.g.
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— rare in the Standard Model
— sensitive to new physics including a FCNC at tree-level
Outline
e rare Kaon decay K™ — /"¢~ [VG et al Phys.Rev.D 107 (2023) 1, L011503]
e rare Hyperon decay ¥ — pfT/¢~ [VG et al JHEP 04 (2023) 108, JHEP 07 (2025) 038]
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The rare Kaon Decay K™— w01~



The rare Kaon decay

e rare decay of a charged kaon K™ — 7 ¢T¢~ @)
e measured experimentally by NA48, NA62 @QCERN [PDG] ®
Br(K" — nfete™) = (3.00£0.09) x 10’

Br(K" — afputp™) =(9.17£0.14) x 1078

+

e long-distance dominated [D'Ambrosio et al 1998] -
— decay via virtual photon K™ — wty* — g 4tT¢~

K+ 7T

A d®) = [ At T 10w (0] K (B))

e em current J,
e AS =1 effective weak Hamiltonian Hyy,
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The rare Kaon decay - hadronic amplitude

e H\y given by four-quark operators

[Buchalla et al 1996]

e Wilson coefficients C;

~ ~
e form factor decomposition for K™ — 77 ~* amplitude

Au(qz) =i

e em form factor V(z) parameterised as |

[D’Ambrosio et al 1998]
V(z) =ay + byz

Vera Giilpers (University of Edinburgh)

e four quark operators
Q = [57u(1 — 5)d][gv*(1 — 75)q]
Q5 = [57u(1 — 15)ql[@r*(1 — 75)d]

Gr
(47)2 V(q2//\/l;2<) [qz(k +P)u — (Mi2( - M72r)q#]
[ a1 b |
NA48 { = e | —0.578(16) | —0.779(66)
VT (2) NA64 ¢ = ;i | —0.592(15) | —0.699(58)
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The rare Kaon decay from Euclidean space-time

e strategy developed in [N. Christ et al, PRD 92, 094512 (2015)]

e interested in the Minkowski amplitude

Aud®) = [ A T 1u(0) (0] K (B))

e spectral representation

[ 28 () Hw | K (K)) ol
A 2 — /dE p( " = ]
;U'(q ) 1 EK(k) = n ie K+ th y n
—,/ E) (x(p)|Hw |E. p)(E. p| u| K(K)) RS S
2E E— E(P) — ie Kt % n
0

e spectral densities p (strangeness ), o (strangeness S = 1)
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The rare Kaon decay from Euclidean space-time

e Euclidean 4pt function

e extract amplitude A, by integrating over ty

T S=0 _S=-1
b }? t {1 t C%_
- 7 5 > —T, — O
IN(T37 Tb;p?k): / dtH FELA)(tH’tW>tK;p>k) 7 & To
-7, ty
e spectral representation
Iy Hw |K (k >
1(Ta To: p, /dEp )’ A W’ (k) [1_e(EK(k)7E)Ta}
Ex(k)—E

+/dE02(§) (m(p)[Hw|E. p)(E. p|Ju|K( k)>{ — (eI
0
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The rare Kaon decay from Euclidean space-time

e Euclidean 4pt function

e extract amplitude A, by integrating over ty

S=0_S5=-1
Tb O O —O
- 7 - 7 —T, =0
b(Tay Toi B, K) = /dtH [ (ty, tr, tx; B, K) T.ow K
-T, tH
e spectral representation
[ po(E J Hw|K(K
IH(T37 Tb; 37 i x|~ /dE p( ) <7T(p)’ : X W’ ( )> [1 B e(EK(k)iE)Ta:|
J 2E Ex(k)—E
. o0 —
desired A, +/dE o(E) <7r(p)]HW|E,p_Z<E, plJu|K(k)) {1 B ef(EfEW(mm}
/2 Ex(K)— E
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Growing exponentials

e all intermediate states ‘E, p) with S =1 have E > E.(P)

o0 for Tp = o0
/dE o(E) (n(p)|Hw|E, Q(E p| | K (k >[1767(E7 p)m]or b —> 00
/2 Ex(K) - E
o S =0 intermediate states |E, k) with E < EK(T;) —
/dEp(E) (r(p) £ k) (E K| Hw | K(K) i ]
2E Ex(k)—E

0

» single pion: needs to be removed (e.g. by explicit reconstruction)
> two pions: (7|J,|77) vanishes for a — 0

» three pions: phase-space suppressed
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Wick contractions

e Wick contractions of 3pt function Cj; 3pt (tH, p) = Z <¢,r( tr, P) Hw(ty, X )¢K(O p)>

Vera Giilpers (University of Edinburgh)
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Wick contractions

e Wick contractions of 3pt function Cj; 3pt (tH, p)=> <¢,r( tr, P) Hw(ty, X )¢K(O p)>
X
e Wick contractions of 4pt function

Cﬁpt(tHthvlaﬁ):Z;Zye_ia)?<¢7r(tm P) Ju(ts, X) Hw (tH, ¥ )¢I<(tK7E)>

Hw Hw
—
+ +
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Hyw
d
<o X

W g sy

5 @ D P eGP g
T Jy
Kt T

u W

Eye

Saucer

Vera Giilpers (University of Edinburgh) Rare s to d transitions from Lattice QCD 19 May 2026 8/16



K*— 70"~ physical quark-mass result [vG et al, Phys.Rev.D 107 (2023) 1, L011503]

e Nf =2+ 1 Mobius Domain Wall Fermions
e 483 x 96 lattice with a—! = 1.73 GeV

e physical light and strange mass

e three lighter-than-physical charm masses
e kinematics: k =0, g = (1,0,0) 27/L
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e error dominated by eye-type diagrams with GIM
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e extrapolation of Ay to

15
0

Ao x 103

15

physical charm mass

02 025 03 03 04 045 05 055

am

e form factor V/(4*/m2)

V(0.013) = 0.87(4.44)

e reduction of =~ 10 in error

needed to be sensitive to
experiment
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Split-even estimators for eye-type diagrams

e Eye-type diagrams (GIM) need quark-loop differences i’@vz
g d
AL(xp) = S4(xu|xr) — S¢(xu|xH) = —my Z S (xu|x) S (x| xn) Kt u m

e standard noise estimator £ d
Kt Tt

S (xplxn) = N quq XH 77, (x1) with Z D9 (x|xt)$7 (x11) = mi(x)
X|
e split-even estimator can greatly improve noise-to-signal [L. Giusti et al, Eur. Phys. J. C 79 (2019)]

AL(xa) = (me —me) > > S Caul)mi ()] (v) S (v xu) Jo
i=1 x, s
e current insertion on loop: ’
Kt (o
59 (xHx) 7 SY (XIxH) = S (xH|x) 7, S (x| xk)

[S (x| x)u S (xIx) = S (i |x)7u SH (xxi) | + [S(xtalx) 7S (X xtr) = S (xta[x) 7, S (x[x)]
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Preliminary results using split-even

e Preliminary results with split-even estimator [R. Hodgson, VG et al, PoS Lattice 2024]

e small statistics: 10 gauge configurations, 6 time translations, 32 noise sources

h
< mg, < mg™®)

e five charm masses (

h
mPe

— frequency splitting: | —c=(/—c)+(ca—c)+ -+ (eny —©)

e left: standard noise estimator, right: split-even estimator
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e O(10)x reduction in statistical error with split-even
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The rare Hyperon Decay ¥ — pl™ ¢~



The rare Hyperon decay - Experiment

e rare Hyperon decay ¥ T— pft¢~ ‘ ‘ @)
—
@

e HyperCP @Fermilab (2005) e LHCb @CERN (2018)

e 3 events e 10 events

o B(Xt— putp~) = (86125 £55)x1078 o B(ZT— putpu~) = (2.271§) x 1078
e all at M, ~ 214 MeV

HyperCP-anomaly < i P Mo
. ©) g E
.% P . HyperCP % 2 ]
= [PRL 94 (2005) 021801] g | E
=] 5 L

%1 ] A e T ]
L% ; 2;0 2{;0 210 25‘:0 2é0

] My, [MeV/c?]
21‘2.5 21‘5 21‘7.5
W, (Ve LHCb [PRL 120 (2018) 22, 221803]
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The rare Hyperon decay - Standard Model Prediction

e long distance dominated [He et al, Phys.Rev.D72 (2005) 074003]
Bshort ~ 10—12
—
*

e long distance given by hadronic amplitude for ¥+ — py

A%(g /d4 p(BW), () Ju(O))[£* (Br). ) = Ty Au(a?) v

S

b

e form factor decomposition
Au(d®) = iouuq” (a(a®) +v5b(a%)) + (a7 — aud) (c(a?) +15d(d?)) .
7
e positive parity a, ¢, negative parity b, d s u Ly
e SM prediction (Models & experimental input) W
PN o, 2
1.6 x 1078 < B(ZTt— putp™) < 9.0 x 1078
19 May 2026 13/16
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The rare Hyperon decay from Lattice QCD

e formalism developed in [VG et al, JHEP 04 (2023) 108 |

e rare Hyperon decay 4pt function

(4) e - _ — p —> — —t -
M0ttt B, K = [ A% (0P(65, B) Huv(tn: ¥)u(0) ¥ (£ K))|

S=-1
— O —Q—0—
> ty ty p > ty Ty p

e intermediate states with S = 0: single proton + .
P(k); N state with En.(k) < Es (k) A aﬂp

— growing exponentials when integrating over ty

Hy
— FV corrections from N7 state 5 @ P

e Wick contractions: four topologies
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The rare Hyperon decay - exploratory calculation [vc et al, JHEP 07 (2025) 038]

e 243 x 64 lattice, a=1 = 1.78 GeV

e m,; ~ 340 MeV
e K=0and B =(1,0,0)2"

e 4pt functions (Baryons) spin-matrices

N7r(k)

— traces with -structures to access form factors

T T T T T

0.2 { T T T f !
' Non-Eye —e— |

0.1 ﬂ ‘l CFull —a— h

o %ﬁ?fgﬁ%;és

Tr[f\f,P-\L]/Cf,‘]
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tH/a
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e positive parity form factors

| Re a[MeV] | Re c[1072]

NE | —6.2(83) | —1.6(1.7)

Full | —27.0(39.0) | —2.7(9.4)

e O of pheno results:
Re a ~ 10 MeV

Re c ~ 1072.
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Conclusions



Summary

e weak decays with s — d quark transitions require FCNC — sensitive to new physics
» rare Kaon decay KT— 7/t (~
» rare Hyperon decay ¥ — p/t/~ ®
e physical quark-mass results for K™— 70T ¢~ ‘ — ‘.
» error cominated by eye-type diagrams with GIM subtraction

» preliminary results using split-even approach promising

e exploratory calculation for ¥ ™— pf*t¢~ with m, 340 MeV

» positive parity form factors same O as phenomenology (& N @ @
@

» physical mass calculation very challenging
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Summary

e weak decays with s — d quark transitions require FCNC — sensitive to new physics

» rare Kaon decay KT— 7/t (~

» rare Hyperon decay ¥ — p/t/~ ®
e physical quark-mass results for K™— 70T ¢~ ‘ — ‘.

» error cominated by eye-type diagrams with GIM subtraction

» preliminary results using split-even approach promising

e exploratory calculation for ¥ ™— pf*t¢~ with m, 340 MeV

» positive parity form factors same O as phenomenology (& N @ @
@

» physical mass calculation very challenging

Thank you
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appendix



Subtraction of single pion growing exponential

e single pion intermediate state with growing exponential
~ (KR [Hw| (5) ) (7(B) | Jul (5))
@ reconstruct the single-pion state from 3pt functions
— —K - —> A —>
M3 = (v"(3) Hw 0“(R)) 3= (v"(B) 4 ¥"(3))
direct fit of growing term to 4pt function
reconstruct from 3 and subtract

approximation: 0 mom transfer
aproximation: SU(3) symmetry

@ additive scalar shift to the weak Hamiltonian
H(/V = Hw — ¢csd
leaves amplitude A,, unchanged
[Christ et al, Phys.Rev.D 92 (2015) 9, 094512]

Vera Giilpers (University of Edinburgh)
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0.04

bl o I 1
001 1 original +—=—1 E I { I i
s of FEEFEEE | g
2 001 PiEg 4
002 - tii { { g
sl i
0.05 L L L L L L L
2 4 6 8 10 12 14 16
Ta
[ Analysis A@m, |
Method 1
Direct fit -0.00052(208)
2pt/3pt recon -0.00036(162)
0 mom transfer | -0.00087(165)

SU(3) symm lim

0.00055(165)

Method 2
¢, shift

0.00022(172)
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Split-even estimators: current insertion at loop
e comparison of noise of eye-type diagrams with current at
P : : yeyp & example: eye-type LI
loop (loop insertion LI) or not at loop
e LI computationally more expensive than non non-LlI
e correlators on left, variance on the right
example: eye-type non-LlI

s d
KT T
Ju
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e noise dominated by eye-type diagrams with current not
inserted at the loop




rare Hyperon decay - phenomenological estimate

e Standard Model prediction [He et al, JHEP 10 (2018) 040]

[He et al, Phys.Rev.D 72 (2005) 074003, JHEP 10 (2018) 040]
e Baryon ChiPT & experimental input ¥+ — N~

e vector meson dominance

e experimental input from X — py

(== py) o< (|a(0) + [b(0)[?)

-15 -10 -5 0 5 10 15
Re a/MeV

dr(E— py)
dcos @
e arrive at a large range of results

4 /
1.6 x 1078 < B(ZT"— putp)sm < 9.0 x 1078 2 \ '

-15 -10 -5 0 5 10 15
Re b /MeV
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rare Hyperon decay: from integrated 4pt to form factors

e integrated 4pt function for both time orderings e construct appropriate traces
0 T
o= —i/_TdtH o e = —i/o dty 9 Tr[A,T] =
e (;,: kinematic factors
06 — 7T T T T T T T T
0.5 Non-Eiye —e— 1 0.0 [Non- Bye —e— e f,: linear combinations of form
S osl rail —— ; % % s o gt T% % % % fgctors
E Lt St =0t ™ ()
= L i = 0r 5 - 2
Foeriiins Fo i (8 leem TR
R L R
0123456 738 0123456738
Tufa Ty/a e fits to the data give
exp growing exp slowly decaying | | fot | 7ot |
NE || 2.81(0.33) | —3.07(0.26)
Al — P e (memma)T  pe _ oo (B=E)T Full || 3.41(1.14) | —3.94(0.93)
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