Study of the A — pfly, semi-leptonic

decay In Lattice QCD

Speaker : Andreas Konstantinou
Supervisors: Constantia Alexandrou & Simone Bacchio

' h i i = ‘
T, 2
lﬁ N\ W7
y ‘\g\. | ‘/;/'
Tae Cyrrus [ S
INSTITUTE Republic of Cyprus

W Co-funded by RESEARCH

* . & INNOVATION

* the European Union FOUNDATION
A



Study of the A — pfly, semi-leptonic

decay in Lattice QCD

Speaker : Andreas Konstantinou
Supervisors: Constantia Alexandrou & Simone Bacchio

N\ /7

N\ L

. sih

Tae CyPrusS
NSTITUTE Republic of Cyprus

e P CoTarea by I

;’ }’5 ON
T T T T e e e T
“ T TITITITI el Tl Ll

L

- ——— & .
RESEARCH




=URPERMARIOLCSY 1ol

P

4 Andreas Konstantinou A — plizy ,in Lattice QCD 1



=URPERMARIOLCSY 1ol

<> )
&3 S -fi;}
o

4 Andreas Konstantinou A — plizy ,in Lattice QCD 1



=URPERMARIOLCSY 1ol

’ )
L LT LT LIl ST e

g Andreas Konstantinou A — plizy ,in Lattice QCD 1



=URPERMARIOLCSY 1ol

./
(&)
L

“*  Andreas Konstantinou A — pli, | in Lattice QCD 5



=URPERMARIOLCSY 1ol

./
(&)
L

] .‘ J'L} T '
...:.-.?.- . 4 .

“*  Andreas Konstantinou A — pli, | in Lattice QCD 5



=URPERMARIOLCSY 1ol

N\ F )
‘. l

_-__rUacrrraesmaaesraTTUTIOUrTES ETaeTI T AT T AT
“%  Andreas Konstantinou A — pliz, ,in Lattice QCD .




ILHY CHRIMGEG HT JHOLT

ROUGHLY ORNE MUOR
_HFTURE EVERY FELW MIMN=
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ILHY CHRIMGEG HT JHOLT
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ILHY CHRIMGEG HT JHOLT

mass— 2.4 MeV/c? 171.2 GeVjc? s d s u
EE——ss =
charge—» 2/3 213 S S
spin—+ 1/2 u 1/2 t 2
= - U
4.8 Me\/c? eV/c? 4.2 GeV/c?
-1/3 - -1/3
172 d 1/2 S 1/2 b
down strange bottom
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SuperMariology 101

oL O 1-1: wWE DISCRETIZE SPACE ARMD

TIME TO MAKE =TARDARD MODEL PREDICTIORMN=
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SuperMariology 101

LOR_O 1== WE COMPUTE TWo- AMD THREE-FOIMT CORREL_ATION
FUMCTIONS TO EATRACT THE FORM FACTORS, WHICH EWCODE THE
EFFECTS OF THE STRONS INTERACTION.

| | | ]
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SuperMariology 101

woR_D 1=-=ZE% COMEINING
ARD THE HADEOMIC IMPUT= FROM LCOD, WE “AM DETERHMIME THE CHEM MATRIA EEMERTE

N—pev, —

Qinax
: dq2\/)\(m1\23mp2:q2) H,uw

my

TAG%‘VUS‘Z /
19273m 3
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SuperMariology 101

woFElLD 1-4. oup peEsSIEFED "PERIMNCESS" IS CEM HMaTERIX UNMITARITY. AHY DEWVIATION FEOM
UHITAEITY CoulD SIGHAL PHYSICS EEYOMD THE STAMDARD MODEL. OUE RESULTS AT OME LATTICE
SPACING AEE SHOWM EEL QL.

Vi : n(udd) — p (uud)
T (uc_i) — (da)

Vud Vus Vub .
Vcd Vcs Vcb Vus A (usd) — p (vud)
Via Vie Vi K (33) — 70 ('u,a)
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SuperMariology 101

wioR_D 1-4. oup pEsSIEFED "PEINCESS" IS CEM MATEIX UNMITAERITY. oMy DEWVIATION FEOM
UMITARITY COoU_D SIGHAaL. PHYSICS EEYOMD THE STaMDARD MODEL. OUR RESULTS AT OME LATTICE
SPACIMG ARE SHOWH EELOL.
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SuperMariology 101

wioR_D 1-4. oup pEsSIEED "PEIMNCESS" IS CEM MATEIX UMITARITY. ANy DEWISTION FEOM
UHITARITY CoU_D SIGHaL. PHYSICS EBEEYOMD THE STaMDARD MODEL. OUUR EESULTS AT OME LATTICE
SPACIMG ARE SHOWM EELOL.

Vud Vus Vub

Vg V. Va \/‘ PDG |2 4 1y, 12 | |[PPG|2 — |
Vie Vis Vi
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SuperMariology 101

wioR_D 1-4. oup pEsSIEED "PEIMNCESS" IS CEM MATEIX UMITARITY. ANy DEWISTION FEOM
UHITARITY CoU_D SIGHaL. PHYSICS EBEEYOMD THE STaMDARD MODEL. OUUR EESULTS AT OME LATTICE
SPACIMG ARE SHOWM EELOL.

Vud Vus Vup \/‘ PDG |2 1 ‘Vus|2 1 |Vu]zDG - —
Vcd Vcs Vcb

Viae Vis Va

Vaus| = 0.2338(75) ,

ﬁ \/\VPDG 1 |Vis|* + [VEPC|® = 1.0014(18) .
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SuperMariology 101

|:| COMTIFUUM LIMIT.
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dh 4
ST&

UE IMVESTIGHATE THE LAMEDRH TO PROTOR=ZEMI-
_EFTOMIC DECAY IM _GQCD FOR THE FIR=T TIME.

e COMPUTE THE HELICITY HRND WEIMNEERG FORM
FACTORS DEFPEMDERMCE OH QZ.

JE COMPUTE Gl-F1 AMD F=-F1 WITCH CHMN EE
DIRECTLY COMPHRED TO EAFERIMEMTRHLD RE=ZULTE.

ES% COMEIMIMG OUR REZLULTE WITH THE
ESNPERIMEMTAL DECAY RPATE WE EXTRACT |WUE].
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Motivation

| | |
| - | | - L
Cabibbo et al. [1]—— (I e - e — — | T . 1 -
| | | ;|
CKM Unitarity [2]- —— - +_
T — XysPr [3] _I - I 1 _I - I E_
K_’Hf‘/oﬁf [4 ] M — }—.—{ E_
K- uvy(y) 151 }_._{ e }_._< ;_
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Motivation

Current computations of Vus | | |

| - | | - | i
Cabibbo et al. [1]{———— | S —— e
* [1] Study the SU(3) limit. The empty point is the value | | | :'
derived from the A semi-leptonic decay, while the full CKM Unitarity [2] —— 'I'—
point combines results from various hyperon decays
(Cabibbo et al. 2003). |V,,| \/rﬂ_}pe_ﬁc T— XysVr [3]F—— 4 H - | _
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I I I I I
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(right)
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 [1] Study the SU(3) limit. The empty point is the value | | | :'
derived from the A semi-leptonic decay, while the full CKM Unitarity [2] —— 'I'—

point combines results from various hyperon decays
(Cabibbo et al. 2003). |V,,| « \/r Aspes, T Xysvr [3]-F—=— e — -
 [2] For the green point, unitarity is enforced K—-niv, [4]F - nEn —a— —
(PDG (2024))- K—’Ilf;:(lf) [5]_ }_._{ L i_

with |[V.PP¢| = 0.97367(32), |V.2P¢| = 3.82(20) - 10° = i0,(y)
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(right)
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Motivation

Current computations of Vus | | |

Cabibbo et al. [1]| ?_Jl ------- R | e mi

+ [1] Study the SU(3) limit. The empty point is the value | | | |
derived from the A semi-leptonic decay, while the full CKM Unitarity [2]} —— .-

point combines results from various hyperon decays
(Cabibbo et al. 2003). |V, o \/r — T Xysvr [3]-—=—] + F—— -
« [2] For the green point, unitarity is enforced K-nev, [4]F ad 10 —=—] _
(PDG (2024)). K- (ool . 1L - -

with |[VEPC| = 0.97367(32), |V.EPC| = 3.82(20) - 1073 = HPuly)
PDG [6]F - - - = i

* The blue points show results on decay rates using lattice | | | | |

QCD combined with experimental data. 0.220 0.225 0.996  0.999 1.000
Yl VIVEZS + Vs + [V

Determination of Vus (left) and the resulting CKM unitarity relation
(right)
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Motivation

- LQCD + experimental data. ' ' '

: | - | | - L

[3] Inclusive t decays Rl _ (7 — Xusvr) Cabibbo et al. [1]F— e i S
(C. Alexandrou et al. (ETMC) (2024)) us — P(‘T S eD.V ) | | | I
e r |

CKM Unitarity [2]} - -
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K= moulV) 59 bl 1 —e— |-
m— uv,(y) i
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I I I I i
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Determination of Vus (left) and the resulting CKM unitarity relation
(right)
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Motivation

- LQCD + experimental data. ' ' '
| - | | - | i
[3] Inclusive t decays Rl _ (7 — Xysvr) Cabibbo et al. [1]F— e e
(C. Alexandrou et al. (ETMC) (2024)) us — P(‘T N 61_/EVT) | | | |
. . CKM Unitarity [2]F —a— - —
[4] Kaon semi-leptonic decays yL2] +
(Y. Aoki et al. (FLAG) (2024), A. Bazavov et al. (Fermilab Lattice, MILC) (2019), | | | | ,
M. Moulson (2017), N. Carrasco et al. (2016)) T-*XUSVT [3] ) O | - = | i—
‘Vus‘f+(0) — 0'2165(4)1 f+(0) - 0-9698(17) K-muafv, [4] - — — —
K=poy(y) 1ol ! e S
= 1i0,(y)
PDG [6]}- . 1L EEESE
| | | | i
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(right)
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Motivation

- LQCD + experimental data. ' ' '
: | - | | - L
[3] Inclusive t decays Rgrs) _ P(T — XusVT) Cabibbo et al. [1]—— (I }.J ------- 1| ------- — - A 1| ------------- - I TI—
(C. Alexandrou et al. (ETMC) (2024)) P(‘T — el—}e VT)
) ) CKM Unitarity [2] —a— - -
[4] Kaon semi-leptonic decays y 1] +
(Y. Aoki et al. (FLAG) (2024), A. Bazavov et al. (Fermilab Lattice, MILC) (2019), ,
M. Moulson (2017), N. Carrasco et al. (2016)) T— XusVT [3] _I - I N _I » I i_
Vus|f(0) =0.2165(4), f.(0) = 0.9698(17) K-/, [4]- — -4 — _
[5] Ratio of K to it leptonic decays in the muonic channel K - upu(y) B ™ 1L = n
. . —— [3] i
(Y. Aoki et al. (FLAG) (2024), C. Alexandrou et al. (2021), N. Miller et al. (2020), 1= [D,(y) ;
A. Bazavov et al. (2018), M. Moulson (2017),N. Carrasco et al. (2015), R. J. Dowdall et .
al. (2013)) PDG [6]F —a— 1k B -
Vus fK:I: f}{j: | | | | i
Voa Fop = 02Te0w), = 11932(21) 0.220  0.225 0.998 0999  1.000
Vs VIVERS) + [Visl? + VEDCP?

[6] PDG average of the latter two
(S. Navas et al. (PDG) (2024))

Determination of Vus (left) and the resulting CKM unitarity relation
(right)
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Why A-hyperon to proton?

We would like to study a case where the
uncertainty coming from the experimental
results, contributes less.

Resulting Precision on |V ]




Why A-hyperon to proton?

Resulting Precision on |V ]

We would like to study a case where the
uncertainty coming from the experimental
results, contributes less.

This work aligns with current experimental
efforts to measure the “A-»peve semi-
leptonic decay at BESIII and LHCDb.
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How?

The decay rate l'is obtained by

I — i / dgﬁp dgﬁf dgﬁy
2ma (27)32E, (2m)32E, (27)32E,

x (2m)46W (pp — pp — pe — p) IM|°.
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How?

The decay rate l'is obtained by

I — i / dgﬁp dgﬁf dgﬁy
- 2my J (27)32E, (27)32E, (27)32E,

x (2m)46W (pp — pp — pe — p) IM|°.

The resulting decay amplitude is

M(A — pe v,) = % Vus (AW, |p) L*
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How?

The decay rate l'is obtained by Hadronic matrix element

1 d’pp d’py d’p, VoA _ V-A
Y= / @n)2E, (2m2E, emeB,  Mu T = (P(Pp, p) |0 L 5| A(pa; 54))

45(4) . — Dy — 2
X (2?1-) 0 (Pﬁ Pp — P¢ pl") ‘M‘ ) where V-A is the left-handed coupling in the Standard

Model

The resulting decay amplitude is

M(A — pe v,) = % Vus (AW, |p) L*

A — plyy ,in Lattice QCD



How?

The decay rate l'is obtained by Hadronic matrix element
St 3= - g
b= zf;ﬁ / (27?)5;% (2::)i*}j*ngEf (Qj)f;Ey M, = (p(pp, 5p) 0.1, 5| A(pa, 54))
x (2m) '8 (py — Pp — Pt — Pv) M|, where V-A is the left-handed coupling in the Standard
Model
The resulting decay amplitude is The Weinberg decomposition
M(A — pe~v,) = % Vus (A[W,|p) L¥ Mf = Uy [V, F1(q°) — i0q” Fiqg) +qu F:T(E) ]un

Gz(q2)+ G3(q?)
m My Y5UA

MA = ﬂ'p ’Y,uGl (qz) - iﬂ'pvqy

A — plyy ,in Lattice QCD



How?

The decay rater is obtained by Hadronic matrix element Hadronic Tensor (Lattice
3 3 3 QCD) *
1 d’py d’py d’py V-A _ _ V-A _ V-A (s V-A
I'= 2ma / (27)32E, (27)32E, (27)32E, M,u — <p(pp? Sp)|u‘r:u, S|A(pA: 3A)> HF’V — Z M»Uf (MV )
SpyS A
4 ¢(4 2 p?
X(}'T) 5( )(p"" —Pp — Dt — p”) ‘M‘ ) where V-A is the left-handed coupling in the Standard
Model

The resulting decay amplitude is The Weinberg decomposition

M(A = pe7,) = £E Vo (A|W,|p) L* o Fy(q? Fs(q

( pe V) ﬂ < | Pilp> M;:ﬁp %Fl(q‘”‘])—qu” n,(f ) ‘|‘Q’p ;fhi) ]uﬁ

B VG' qz G qE
MA = U, 2( ) q 3( )

v.G1(q%) — ioq

A — plyy ,in Lattice QCD



How?

The decay rater is obtained by Hadronic matrix element Hadronic Tensor (Lattice
3 3 3 QCD) *
1 d°py d’py d’p, V-A _ _ V-A _ V-A V-A
I'= 2ma / (27)32E, (27)32E, (27)32E, M,u — <p(pp? Sp)|u‘r:u, S|A(pA: 3A)> HF’V — Z MP‘f (MV )
SpyS A
4 ¢(4 2 p?
X(}'T) 5( )(p"" —Pp — Pt~ p”) ‘M‘ ) where V-A is the left-handed coupling in the Standard
Model
The resulting decay amplitude is The Weinberg decomposition Leptonic Tensor (perturbatively)
M(A Rz :&Vus AW L i ; F ’ F: ?
( —)pB V) ﬂ < | Pilp> M;:ﬁp TgFl(qz)_ﬁﬂ'puqy n,(f ) ‘|‘Q’p ;fhi) ]uﬁ

A -
M =1,

2
m;\ | 4" m,
L =11--L 14+ —= ) —g¥
o ,Gald®) | Gs(d®) ( qﬂ) {qz 22 ) 7
'Y,uGl(q ) — 0 wq + qu Y5UA
M ma
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How?

The decay rater is obtained by Hadronic matrix element Hadronic Tensor (Lattice
3 3 3 QCD) *
1 d°py d’py d’p, V-A _ _ V-A _ V-A V-A
I'= 2ma / (27)32E, (27)32E, (27)32E, M,u — <p(pp? Sp)|u‘r:u, S|A(pA: 3A)> HF’V — Z MP‘f (MV )
SpyS A
4 ¢(4 2 p?
X(}'T) 5( )(p"" —Pp — Pt~ p”) ‘M‘ ) where V-A is the left-handed coupling in the Standard
Model
The resulting decay amplitude is The Weinberg decomposition Leptonic Tensor (perturbatively)
M(A Rz :&Vus AW L i ; F ’ F: ?
( —)pB V) ﬂ < | Pilp> M;:ﬁp TgFl(qz)_ﬁﬂ'puqy n,(f ) ‘|‘Q’p ;fhi) ]uﬁ

A -
M =1,

2
m;\ | 4" m,
L =11--L 14+ —= ) —g¥
o ,Gald®) | Gs(d®) ( qﬂ) {qz 22 ) 7
'Y,uGl(q ) — 0 wq + qu Y5UA
M ma

We integrate with respect to g2 and obtain the decay
> rate

Qma".hr.
. / dqz\/ A(ma2,my?,q?) L" H,,, q° = (ps — pp)°

my?

T — GFz‘Vuslz
192F3mﬁ3
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Computing |Vus|

Decay rate

I‘A—>p€17£ — |Vu3 { . } — |Vus|2 fA—>p€17£

Andreas A — plyy | in Lattice QCD



Computing |Vus|

Decay rate

G2 .
- 3 {...}= |Vu8|2 L' A pe,

|2
19273my

I‘A—>p€17£ — | Vus

Branching fraction

B(A — pliy) =T A—pim,/Tiot = TA - T'aspes,
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Computing |Vus|

Decay rate

G2 .
- 3 {...}= |Vu8|2 L' A pe,

|2
19273my

I‘A—>p£’r7£ — | Vus

Branching fraction

B(A — pliy) =T A—pim,/Tiot = TA - T'aspes,

Computing
IVESI —1/2
V| = (TA LA~ pew, )
“ B(A — plyy)

Andreas A — plyy | in Lattice QCD



Computing |Vus|

Decay rate Use of experiential results

G2 ~ PDG (2024) :

_ y F _ 2 )
I‘A—>p£’r7£ — |Vus| 192773771?& { - } — |Vu3| FA—>p€w TJEDG _ 2.617(10) .10 g
Branching fraction

BESIII (2025) :

_ BESIII —4
B(A — plvy) =T api, /Lot = TA - Taspez, By per, = 8.16(22) - 10
Computing
|Vus]|

. ~1/2
V| = (7 I’ A~ pes,
w1 =\ AV B(A = pey)

A — plyy ,in Lattice QCD



Computing |Vus]

Decay rate Use of experiential results
G2 ~ PDG (2024) :
. 2 F _ 2 ) -
I‘A—>p£’r7£ — |Vus| 192773771?& { - } — |Vu3| FA—>p€w TJEDG _ 2.617(10) .10 g
Branching fraction
BESIII (2025) :
_ BESIII —4
B(A — plvy) =T api, /Lot = TA - Taspez, By per, = 8.16(22) - 10
: Combine LQCD and experimental
Computing ,
IVusl results to obtain |Vus]|

" ~1/2
|V |: - ]-_‘A—>pf17'f
I =\ "V BA = pewy)

FLQCD —1/2
‘ Vus ‘ — TPDG A—plo,
A BBESIII(A — pliz)




Use of Lattice
QCD

S5« =]
B
| o | ¢
1
r _f"_'" A1
!
\ ‘ ‘ Zh
e ih__ .__,L__
— @ 9




Two- and Three- point functions

The Nucleon and A-hyperons interpolating fields

XN () = € (uy (z) Cs dy(2)) uc(),

1
xA(z) = %e“bc [2 (ugC%db)sc + (ugC'yg,sb)dc — (dgC’%sb)uc}
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Two- and Three- point functions

The Nucleon and A-hyperons interpolating fields

X () = € (uy () Cys dy(2)) uc(z),
xA(z) = %e“bc [2 (ugC%db)sc + (ugC'yg,sb)dc — (dgC’%sb)uc}

Two- and Three- point functions




The Data

Parameters of the Nf = 2+1+1 Statistics for the three- and two- point functions at
Extended Twisted Mass Collaboration various source-sink separations.
ensemble analyzed in this work.
(C. Alexandrou et al. (ETMC), (2023)) CB2 11 '072 '64
524 configurations
Ensemble [Abrv.| V/a* B a [fm] |m,; [MeV]
cB211.072.64| B64 [64° x 128(1.778[0.07957(13)| 140.2(2) ts/ a| ts [fm] Msre

8 0.64 1

Smearing parameters for the light 10 0.80 3

and 12 0.95 9
sLtLa.%‘ge_qJ.m_Lk_im:ﬂp_o_Laﬂng_ﬁglds. 14 1.12 27

mearing parameters

Flavor |ac |ng | aaprg | nAPE 16 1.28 27
Light [1.0/95] 0.5 | 50 18 1.44 27
A-hyperon 2pt | 94

A — plyy ,in Lattice QCD



Data Analysis

A/N
UL

Mg’ff(ts) = log

(ts) = log

CB(ts)

CB(tS + 1)

CA(t)CN(ts + 1)

CN(ts)CA(ts + 1)

| L .
2.00 1.0%

10.0%
Fit prob.




Data Analysis

Form factors: Three-point functions Two-state fit
Summation
I Y = ==, == —
Two-state fit: = 1L |
CVL:A p &q atsatins
RE;A(ﬁNaﬁﬁatsatins) = - (pN PA )
\/Ch(ﬁmts)CN(ﬁN:ts) | | _ |
| | o I
Summation method: = -+ ~
ts—n E:FL—___" BENTEX. 7.5 3 S N
Si, (BN, Pasts) = > Ry, (Bn, Bas ts, ts) (=
My ? y VS [y b y ¥S2 VS
lins=n | I ]
\/Oﬁ(ﬁﬁ;tins)ON(ﬁN;ts _tins) | | L e .
X 1 2 1.0% 10.0%
\/CN(ﬁN; tins)CA (DA, ts — tins) t. [fm] Fit prob.




Data Analysis

o o 14: — ! i I —— —
Form factors: Three-point functions o, Ef;_ifi; Et
P el s
Two-state fit;
RV- (pN}pA?t83t /2) iaa HVA(pN’pA) | | | |

Summation method:

Sﬁv(ﬁNaﬁA;ts)—c+H (pN,pA)t -+ .

| N
—0.59 0.0 O D 1 2 1.0% 10.0%
(tins — ts/2) [fM] ts [fm] Fit prob.

k 2

€;iLPrIC 2m
IV (5y) = - N7 (¢?), K= N |
zj(pN) m J_(q ) EN(EN+mN)




We employ the model-independent

Zz-expansion
kmax k
2 Z
G(q ) — 189 72
k=0

z tcut - q2 ) tcut
1
V tcut T qz + W t«cut

with z = and toy = (mﬂ + mf{)g

F, (q%) Fo(q?)

F.(q%)

1.20

1.00

0.80 ==

1.20

1.00

3.00

2.90

2.00+

I
| 0 Two-state fit

Summation
This Work

-0.20



I
| 0 Two-state fit

We employ the model-independent __1.20 _
2-expansion e Summation
S This Work
= 1.00
X &3
G(g®) = Zakzk, 0.80E= | l l l
k=0 _.1.20
i VvV tcut - q2 _ m — 2 HT
with z = m_{_ma andtcut_(mﬂ+mff) t 1,00
i
0.80
Charge : gi = Gi.;([l), = 3.00
) 6 0G;(q?) S
Radii : re ) =
< G;> g; 0g? =0 F_ﬂ{' 2.50
i

-0.20



How?

The decay rater is obtained by Hadronic matrix element Hadronic Tensor (Lattice
d*p d3 d? oeh) *
1 Py Pe Py V-A _ AV-A _ V-A V-A
I'= 2ma / (27)32E, (27)32E, (27)32E, M,u — <p(pp? Sp)|u‘r:u, S|A(pA: 3A)> HF’V — Z M»Uf (MV )

SpySA

x (2m)46W (pp — pp — pe — p) IM|°.

WE FOUND THE HADRONIC PAR
FROM LQCD

Leptonic Tensor (perturbatively)

2
m2 HaV mz

srate With respect to g2 and obtain the decay
) rate

1—\ GF2 Qmax 9 ) 5 5 " 9 9
— 3 X dq \/A(mﬁ ’mg) y )L H}ib‘! q = (pA _pp)
T

N2

The resulting decay amplitude is

M(A — pe v,) = % Vus (AW, |p) L*
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How?

The decay rater is obtained by Hadronic matrix element Hadronic Tensor (Lattice
d*p d3 d? oeh) *
1 Py Pe Py V-A _ AV-A _ V-A V-A
"= / (@m)%2E, (2n)2E, @oeB,  Mu = (P(Pps sp)[a " s|A(pa, 54)) Hy = Z My \ M,

SpySA

45(4) . — Dy — 2
X (2?1-) 0 (Pﬁ Pp — P¢ pl") ‘M‘ ) where V-A is the left-handed coupling in the Standard

WE FOUND THE HADRONIC PAR
FROM LQCD

The resulting decay amplitude is Leptonic Tensor (perturbatively)

M(A — pe v,) = % Vus (AW, |p) L*

WE CAN COMPUTE

THE DECAY RATE NOW

srate With respect to g ptain the decay

- o2 2 rate
F ax
— 7 X f dqg\/)\(mﬁzam;;gaqg)LWHW! q* = (pa _pp)z
T
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Decay Rate

For electron, adapting Weinberg FFs, and solve perturbatively (Cabibbo et al.
2003)

G2 | Vs |2m5 5° 3
FNLO: £ 3 A 1— _5 f12+3g% 9 65Q3nam/mﬁz(mﬁ_mf\r)/mﬁ
607 2
G? Vus 2 557
Tnnpo = Dwo + —Evelm {flfg + 25— Uan g2 (1 + %(r%)mi) + 9} (2 + %<r%;1>mi)}
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Decay Rate

For electron, adapting Weinberg FFs, and solve perturbatively (Cabibbo et al.
2003)

G2 | Vs |2m5 5° 3
FNLO: £ 3 A 1— _5 f12+3g% 9 65Q3nam/mﬁz(mﬁ_mf\r)/mﬁ
607 2
G? Vus 2 557
Tnnpo = Dwo + —Evelm {flfg + 25— Uan g2 (1 + %(r%)mi) + 9} (2 + %<r%;1>mi)}

» f1 and g1 affect the leading order result  * g3 and f3 contribute at higher orders

- f2 and g2 affect the NNLO result - g2 and f3 are second-class form factors
(Weinberg (1958) )
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Decay Rate

For electron, adapting Weinberg FFs, and solve perturbatively (Cabibbo et al.
2003)

G2 | Vs |2m5 5° 3
FNLO: £ 3 A 1— _5 f12+3g% 9 65Q3nam/mﬁz(mﬁ_mf\r)/mﬁ
607 2
G? Vus 2 557
Tnnpo = Dwo + —Evelm {flfg + 25— Uan g2 (1 + %(r%)mi) + 9} (2 + %<frél>mi)}

» f1 and g1 affect the leading order result  * g3 and f3 contribute at higher orders

- f2 and g2 affect the NNLO result - g2 and f3 are second-class form factors
(Weinberg (1958) )

The deviations of the above from the integrated results are significant
ANLO ~ 4% and ANNLO =~ —1%,
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Comparison with
Experimental Data
& Main Results

gluon quark



Comparison of charges

This Work - 1T = 1T n 1T g 1

Exp. +4 o 1k _

QCD Sum Rules F = -4 | Be—| 4 L - 1 L |
Cabbibo Model |- S I X - - X X ]
¥yPT - e 4 - b 1L |

Soliton Model |- 4 F X o 4 | - 1L |
Quark Model - X - - X 4 L < 4 L B

- Expansion |- | —=— X | | | | | |
0.90 0.95 1.00 0.0 0.70 0.80 0.00 0.70 1.40 —-0.5 0.0 0.5

il IU(3) gi/f f2/f g2/f1

— - X — - —

with f7U®) = ,/3/2

T. Ledwig, A. Silva, H.-C. Kim, and K. Goeke, JHEP 07, 132 (2008).

Exp. M. Ablikim et al. (BESIII), (2025), Cabibbo N. Cabibbo, et al. Rev. Nucl. Part. Sci. 53, 39 (2003). — ¢ Phve. Rev. D
8. Navas et al. (PDG), Phys. Rev. D 110, 030001 (2024) xPT L.S.Geng, et al, Phys. Rev. D 79, 094022 (2009). Quark A. FC uinp ’ ly Sl;heV.R 51’5262 (1995).
QCD S.R. 8.-Q, Zhang, X.-H. Zhang, and C.-F. Qjao, JHEP 06, 122 (2024), Solito G.-S. Yang and H.-C. Kim, Phys. Rev. C 92, 035206 (2015). 1 /Nl\él%gl(el - taessler, et a." ys. Rev. D 78,094005 (2008).
n P- R. Flores-Mendieta, et al, Phys. Rev. D 58, 094028 (1998).
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Masses Error Contribution

Differential Decay Rate

with my = 0.9496(24) GeV,and m, = 1.1289(21) GeV

]_.0 | | | [ [
S — This work
v 0.8 = QCD Sum rules
S
T 061 electron channel
-
—
04
o
2 02l S
- o
o) ‘,.-f muon channel

0 | | e | | |
00.000 0.005 0.010 0.015 0.020 0.025 0.030
q* [GeV?]

Parameter

= 0511 MeV,  m, = 0.10566 GeV,
Gr =1.16638 - (1 + 0.0105) - 10> GeV 2,

with m, = 0.93827 GeV,and m, = 1.11568 GeV

1.0 | | | | |
S —— This work
© 0.8 = (QCD Sum rules
e
T 06 electron channel
-
=
~ 0.4+
S
~o02- _emmTTTES
e ‘__..--"'" muon channel
| | e | | | I
OOE]OOO 0.005 0.010 0.015 0.020 0.025 0.030

q* [GeV?]




Masses Error Contribution

6073

G%4|Vys|*m3 6° 3
Lo = — A (1—55) (f12+39%)=

Differential Decay Rate

with my = 0.9496(24) GeV,and m, = 1.1289(21) GeV

]_.0 | | | [ [
S — This work
v 0.8 = QCD Sum rules
S
T 061 electron channel
-
—
04
o
2 02l S
- o
o) ‘,.-f muon channel

0 | | e | | |
00.000 0.005 0.010 0.015 0.020 0.025 0.030
q* [GeV?]

Parameter

m. = 0511 MeV,  m, = 0.10566 GeV,
Gr =1.16638 - (1 + 0.0105) - 10> GeV 2,

with m, = 0.93827 GeV,and m, = 1.11568 GeV

1.0 | | | | |
S —— This work
L 0.8 = QCD Sum rules
%
T 0.6k electron channel
o
=
~ 0.4
S
~o02-  _eemTTTES
e ‘__..--"'" muon channel

| | e | | | I

OOE]OOO 0.005 0.010 0.015 0.020 0.025 0.030
q* [GeV?]




Beyond Standard Model

LQCD results

Ll

[, =5.83(37)-107s7 1,

[, =101(12)-107s!. This Work
M

with mFP¢, myPe

Decay rates ratio PDG

r BESIII

RM = Iﬁ“”” — 0.1735(98) LHCD

peve QCD Sum Rules

Up to NLO - FF (A =my—m,)

dePende 4 2
15 m, m
Ry = I_F(I‘EF_4F +7Fam“h( l‘a—?)

—

F

_--.-.FT------

I

I l
0.175 0.200
R¥e



Motivation

| | |
| - | | - L
Cabibbo et al. [1]—— (I e - e — — | T . 1 -
| | | ;|
CKM Unitarity [2]- —— - +_
T — XysPr [3] _I - I 1 _I - I E_
K_’Hf‘/oﬁf [4 ] M — }—.—{ E_
K- uvy(y) 151 }_._{ e }_._< ;_
= 1i0,(y)
T/cd Vcs PDG [6]F —a— 1L B _
| | | | |
Vie Vis Va (6 cabibbo) 0220  0.225 0.998  0.999  1.000
|Vus] PDG|2 2 PDG |2
CKM unitary matrix Related to the Cabibbo \/ Vid + |[Vus|” + [V,

angle

Determination of Vus (left) and the resulting CKM unitarity relation
(right)
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|Vus| from LQCD

This Work

PDG
p

PDG
, T

with m
Cabibbo et al. [1]
CKM Unitarity [2]

T— XysP7 [3]

K—-mrv, [4]

K= pvy(y)
T — HD(y) [5]

PDG [6]

i . i +
e S
e - e
: g - e
0.22 l\EjS 0.24 0.998 1.000 1.002

VIVERO| + Vi 2 + [VEROP?

By combining LQCD and
experimental results

B =8.16(22)- 10"
m PY = 2.617(10) - 107 1%
[ = 5.83(37)-107s™
= ~1/2
|V ‘: TPDG' Fiiﬁi"
o B A BBESIH(A — pei,)
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Beyond Standard
Scalar and Tensor ForMand gl\ - peve from Lattice

Constantia Alexandrou, Simone Bgchio, Andreas Konstantinou, and Eleni
Vakana

GFVHS e =
Lett = £y (1 — v5)ve uy*(1 — 75)8
\/5 EZB,# [ :

+egl(1 — v5)vp Us + €7 E’JW(I — 5 )y ﬂ;a'”’”s} + h.c.,




Beyond Standard Model

Beyond Standard Model (BSM)

Eeff —_— -

GF-rfus - _
0y, (1 — v5)ve ay (1 — 7ys)s
V2 f; [ g

+es (1 — v5)vp Us + 7 Lo, (1 — v5) v ﬁo"“"”s] + h.c.,
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Beyond Standard Model

Beyond Standard Model (BSM)

GF-rfus - _
0y, (1 — v5)ve ay (1 — 7ys)s
V2 f; [ g

+es (1 — v5)vp Us + 7 Lo, (1 — v5) v ﬁo"“"”s] + h.c.,

Eeff —_— -

Differential decay

dl’ erL dIr&t_?f dFLT + 2 2
dg? dq? > dq? g dq?
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Beyond Standard Model

Beyond Standard Model (BSM)

GF-rfus - _
0y, (1 — v5)ve ay (1 — 7ys)s
V2 f;ﬂ [ g

+es (1 — v5)vp Us + 7 Lo, (1 — v5) v ﬁo"”‘”s] + h.c.,

Eeff —_— -

Differential decay

dl' erL dIr&te dFLT + 2 2

- = . 5~ T € :
dg? dq? o5 dq? g dq?

Decay rate ratio
|Vus]|

R,u,e _mmrg%pﬁ Eﬂ)

- T(A — pew,)

A — plyy ,in Lattice QCD



Beyond Standard Model

Beyond Standard Model (BSM) Form Factor independent up to NLO
G}:‘ffus - _ mz m? m4 m4 mg
Logr = — I~ (1 — K1 — e 7 9 my, L 15 m,, Iz 2
ft \/§ f;,u, { ’Y,u( 75)%‘? uy ( ,}(5)3 RSM — \/1 — F (1 — EF — 4?) + ?Fartanh (\/1 — F) + O((s at')
+es U(1 — v5)vp us + er £o (1 — v5) v ﬁffﬁ'us] +h.c., wit  m= %1 § = miandﬁ = mp —m,.
h A

Differential decay

dl' erL dIr&te dFLT + 2 2

- = . 5~ T € :
dg? dq? o5 dq? g dq?

Decay rate ratio
|Vus]|
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Beyond Standard Model

Beyond Standard Model (BSM) Form Factor independent up to NLO
GFIH/ - _ 2 2 4 4 2
Ee — us f 1 — I 1 — . m gm m 15 m m
f 7 E;ﬂ (1= s )ve (1= ¥5)s R, = \/1 - (1 - 4A—j) + > —Lartanh [ /1- 2 | +0(5%,¢)
+€S€_(1 — Y5)V¢ US + €7 Eﬂ';w(l — Y5 ) Ve ﬁff”ps] + h.c., wit m = % , 0= mi and A =my —m,.
h A
Differential decay Sensitivity
dl’ o erL (ﬂr&tf dFLT n O( 2 9 ) RHe F%M Fgmcpﬁffjcr«!elﬁtf 4y n O( )
dg®>  dg? - dq? T dq? R Rgy  Thy (Péy + Tip) Ses I
° : Le 2 e
Decay rate ratio with 7 = —o O\ _ Fﬁs s
Vusl| Rgy des o Yo Lip
in en 1 ORH¢ e ['¢
m gﬁfpﬁ .Vﬂ and rp = T e — FﬁT — F(‘E’T
: sMm YT LL LL
- I'(A — per,)
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Beyond Standard Model

Beyond Standard Model (BSM) Perturbative result
.. I fifs |
GV _ reRES = —£5 4+ O(m,) = > _T(1n,) + O(6%).
Lot = — F Z {E'Yu(l _,75)3% ﬁ'}”“(l _ ,},5)3 SHsMm FEL | ( ) flg 4 39% ( H) ( ) .
\/5 {=e,u
+e5 (1 — 5)vp us + ep bo, (1 — vs5)vp wo's| + h.c., - 12
; ] rrREy = e + O(me) = — 91fT2 (1) + O(87) .
. . k L7 Ji+ 391
Differential decay
where ¢g; = G;(¢* = 0) and f; = F;(¢° = 0), and the
dar _dlpg ] ngl’%tf e dl'rr L O, €2), phase-space function II(m,) is given by
dg? dq? 7 dg? 7 dg? Sl
Decay rate ratio ) 5 | . R
Vsl (1) = 51 (2 + 13mi) \/1 — m,
N en = _ ]
L€ mg%‘.ﬁyﬂ) s A 2 IR 3 DRI | a2
RFC = 3 (4mﬁ + m“) artanh 1 —m3
(A —per,)
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Beyond Standard Model

Sensitivity Finding coefficients
coefficients
with rg = }Le OrR J Fﬁjs — F;’}Sj
Rgyy Oes —0 A ) RHe ,
1 ORMe I e ~1+rges+rrer+ O(e”)
and rp = — — == — SM
Rgy Oer 0 ML T
Perturbative result
This work|| Using external inputs and expansions
| s fifs . A—p YT on Xt ET A
. € LS | _ - r 2
reRgy = re | O(me) = 72 1 342 [I(ri,,) + O(0%) . g1/f1 0.6902(44) [[—0.340(17) 1.220(5)  0.250(5)
LL LT od fs/fi 1.925(36) || 2.80(14)  1.36(7)  2.25(11)
fr/fi 0.5930(49) ||—0.284(46) 1.28(11)  0.288(51)
rH 19 re 1.272(27) || 2.79(21)  0.469(48)  2.84(27)
;rTRgEI — % + O(me) = gfT () + (’)(52) : T 2.940(24) 1.15(20)  6.45(69)  1.09(25)
L'7r i +3g R 0.16638(20) || 0.446(21) 0.00841(26) 0.2729(66)
REE, 0.175(12) || 0.442(42)  0.0092(14)  0.74(51)
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Beyond Standard Model
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Beyond Standard Model
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Beyond Standard Model

\ \
h‘h-':"rl-.‘h \
e v
\ “*-M_H \
, , 0.10 ~a ¢ .
(H.-M. Chang, M. Gonzalez-Alonso, and J. Martin Camalich, \ S~ Y
Phys. Rev. Lett. 114, 161802 (2015)) CTAEE e A .
0.05 \ TS .
\ \ 1~
| \ SHD \ D
90 % Confident Level contours from LHC R O S IRt A e
= 0.00 3 {:"_e%_"“j} THE
Runl1land Run?2 S S R 1
. S 1|'|
(V. Cirigliano, M. Gonzalez-Alonso, and M. L. Graesser, JHEP e "'*'Er-~-—~—t-‘3'“- %
02, 046 (2013)) ~0.05 - \ SN TR
xa\_ HHH':}:";-E,E_
—0.10| \ A
\ !
A b
A\ \
| | \ | | \
-0.10 -0.05  0.00 0.05 0.10
€s

A — plyy ,in Lattice QCD




Beyond Standard Model
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Baryon Masses

| = —— - T T T T T
l-—-lExp

1.15F G.Christou (2024) 1.1079(84) GeV £l
¢ 1stfit my = 1.0991(62) GeV
“§  2st fit my = 1.0954(83) GeV

1.14

1.11
| | | | | |
— 0.20f {1 UL -
> 1 1.10
8 i
= 018 st R 1 -HRHSE
S 1.09
S 016 ' 4k .
| | | T | | N . 0
0.50 1.00 1.50 2.00 1.0% 10.0%
ts [fm] Fit pl"()b.
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Baryon Masses
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|Vus| from LQCD

This Work

PDG
p

PDG
, T,

with m
Cabibbo et al. [1]
CKM Unitarity [2]

T— XysPq [3]

K—-1¢v, [4]

K= pvy(y)
T — vy(yp) [5]

PDG [6]

' |

; B ———

I e = s R T e = e O S
= ,

u -~ u +

- L

- e Bl

i 5 M

i i L]

0.|22 l%.ZIli 0.|24 0.§98 1.{]|00 1.{]|02

VIVEDG|2 4 |V, 2 + |VEDG P2
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Our estimation of the Vus matrix
element is obtained by

BIDG — 8.34(14) - 104

pev,

|V \: ( | | )_1/2
- |Vu3|2 Fﬁg—,ﬁ@




Form Factors

e-

ngronic matrix element

VA = (p(Pp, 3p)|ﬂF;Y_A5‘A(PAa SA))

egmposition of the matrix elements

p ma + m mi —m? 2mypl  2map)
Fo(g*) + ——— (Pﬁ TR T3 “q" | Fi(q®) + (v - —— = ——— | Fi(g)
+ + +

Uy ,

2 2

p p
mp — my my —my 2mypy,  2map
5 Co(d)) + (pi R — q‘”’) G (g*) + (’r’“ t— - )Gi(qg)l up
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Summary & Conclusions

* FF8 vs q2
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* |Vus|
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Main
T T T T
This Work - e (- —
with mpP¢, mgPe - o |+ —o—]
Cabibbo et al. [1] = =
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T Xuse (31 =
K—new, [4]F ol -k
K= pupy(y) L L
= ] W P
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Form
Factors

Up [’?’p (Fi(q®) — G1(¢%)vs) +

_‘ig qu
M ma
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Two- and Three- point functions

leS 1ns

(Zo, o) (Zo, to) (Zo, to)

Two-point functions (a & b) Three-point function (c)
CV A (pN: PA, ts, tms Z €i£in5‘(ﬁﬁ_ﬁN)_i£S'ﬁﬁ

Cp(B,ts) = Y Tr | Pol(xp(x,)xp(0))e 7"
T xT'r [PM<XA(‘TS)’£_L(CE111$) FJ_AS(ZL‘inS))_(N(O))]
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