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CKM matrix and New Physics

e Cabibbo-Kobayashi-Maskawa (CKM) matrix is unitary in the SM

* Each component of the CKM matrix is measured without assuming unitarity

KM :f VCKMVCTKM =1

NP: Vo Vekm £ 1, VernVaen # 1

Kaon decays T
SM : V-,V
B decays Vud I/us Vub CKM"C
Vekm = (Vcd Ves Vcb)
Via Vis Vi

K and B mixing

D meson decays

* Testing the CKM unitarity - New Physics (NP) exploring
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|V..| and Radiative Corrections

V.| is determined by D, —» ¢v,D — K£v (PDG)

c [T

DS M
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S Vi

Radiative correction for D meson decays : not fully calculated

Recently uncertainties from lattice form factors become small
— Theoretical precise calculation is getting more important

meson decays : short-distance (SD) and long-distance (LD) corrections
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Short-Distance corrections to ¢ — sfv

* O(a) short-distance correction is common in (semi) leptonic decays

M a. My M2 11

— =1+ —In—— — 14+ — |1 _ =

M T 7 Clu) =1+ 27 [n w2 6

(Sirlin,et al. 1982), (Sirlin,et al. 1993) Brod, Gorbahn, 0805.4119 etc.
« 2" column Unitarity > Ackm = [Vaus|® + [Ves|* + [Vis]® —
Vg (V0] Voo _ ) 0.032£0.006 5.2 o] (nominal)
Vekns = | Vea Ves| Vep 0.021 £0.001 [2.0 o] (scale factor)

Via Vis) Vip

(van Dyk, et al. arXiv 2407.06145)
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e SD correction is given by Wilson coefficient (high energy)

Short-Distance corrections to ¢ — sfv

* Matching full theory and 4-Fermi EFT
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UV div > MS renormalization = > > - > ~

IR div, scattering angle, invariant mass dependences all cancel !
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Short-Distance corrections to ¢ — sfv

* Fermi coupling constant is derived from muon lifetime, includes only LD
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Kinoshita and Sirlin, 1959

e Similarly to ¢ = sfv, SD correction to u — evv is needed

e Result:
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Long-Distance corrections to D, = {v

* long-distance correction - Scalar QED (low energy)

* soft photon emission diagrams : exclusive (depend on photon energy E,,, )

Final-State-Radiation

7 Ly Ly v L'y
D; ,.Fv':ﬁ Df ... R Y .
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 Contributions of virtual corrections
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Long-Distance correctionsto D, = {v
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Long-Distance corrections to D, = {v

 Formula of |VCS| Tree level Short-Distance (Wilson Coefficient)
|Vcs|2 _ B(D} — £Tvy) (G%mpsmﬁff‘) (1— .’1313)2 {1 n a(mp,) lln (M_;) N lAgs B 1_1] }2
Enax dependence 7D, 8 ) 27 Mp, 2 b
‘ x Qp (Q]‘;HOTOS)_1 {1 o ‘2)‘—7‘; [—2 — 1 fz (% InZape- 2 1 — xe))
_ 220 1I0%0 g, =
e () U g ] e i )

Multi-photon resummation _
Long-Distance

4 4 e’ r'-‘ . 1 ;
E, < Enax ~[54 MeV (for ;1 mode) tau mode : |inclusive|(mp_ ~ m.)
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Determination of £, ;.

BESIII £, .« - Energy cut
M:..= @y + py )?=2E,E,(1—cosl,,)=mp_ E,(1—cosb,,) < 0.2[GeV?]
—~—
invisible 2 1 . 52
P(6,,) = —1- £ :
1 + Bycosb, (1+ B¢ cos By )?
E, < Enax =~ 54 MeV (for 1 mode). ! !
—> exclusive sop— =
2.5
— 2.0
MI%liSS — (pi/r + Pus +p’)’)2 q;-‘;
N 2 A, b9 (cos 0) muon: -().8981
=~ ZEU; (E’Y + EVT) < 06 GeV Lo {cos U} ta- -0.0511
E,+E,, $<340MeV. for 7 mode. " |
more than maximum photon energy - inclusive ' o "
vy
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Determination of |V ]

|V.<| values of each decay mode and average

D}y ptv, (short) } -
|
D} —» ptu, (short+lon =
p v ( £) ?_
D} — vty (short) E } L
=3
DY — 71, (short+long) = =
D — Kfv (short) e il—]| =
D — Kfv (short+long) b = E-:
=
D, » all (short) _— '_;"
D,y —+ all (short-+long) ——
0.94 (.95 0.96 0.97 0.95 0.99 1.00 L1
| Ves]

0.980 +0.006 (nominal),

Global Fit: |V.s| =

0.983 +0.006 (scale factor),

—T For D — K?v,

e LD is hard to perform
—> We use estimation of
lattice, as 1% uncertainty

FLAG2024, 2411.04268,
Bozavov et al, 2212.12648

‘ Unitarity Test
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Form Factors of Lattice Groups

D e . ,
| OO IENAL G . Form factor tension
| mm ETM 3 between lattice groups
141 T HPQCD i
T FNAL/MILC -
19]| T ETM _ '_ * Nominal : Assume that

ETM is outlier

ff—ﬂ(

e Scale factor : study the
impact of removing the

ETM result
2.0
(van Dyk, et al. arXiv 2407.06145)
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CKM Unitarity Test

ACKM = |Vus|2 + |‘/cs|2 + |‘/ts|2 —1

onlvSD — 0.032 £ 0.006 [5.2 o] (nominal)
Y22 7 00.021 £0.010 [2.0 o] (scale factor)

‘ + LD corrections etc. V g
u

(van Dyk, et al. arXiv 2407.06145)

Vs
(0.01240.011  [1.1 o] (nominal), Vekm = | Vea |Ves| Vo
) : : Via & Vip
(0.018+0.012  [1.6 o] (scale factor),

CKM Unitarity recovers - No NP or Constrain on NP ?
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Summary

e Unitarity recovers by consider long-distance corrections for

D, - ¢v (and D — K¥v as a 1% uncertainty from the lattice
estimation)

scenario data set |Ves| AckMm result

D — Kfv 0.955+ + 0.010
il 012 4+ 0.011
HOMAL 411 average 0.980 + 0.006 0.012+0.0

D — Kfév 0.959 + + 0.010
le fact 0.018 £ 0.012
Seale 1O all average 0.983 + 0.006

e By incorporating the structure-dependent QED and D — K£v
long-distance correction, one can perform more accurate CKM
unitarity test (future work) (Rowe and Zwicky, 2404.07648)



https://arxiv.org/pdf/2404.07648

Back up
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Renormalization Scheme

When we use dimensional regularization : d = 4 —2¢ ‘ Yu — 5/# + ﬁ/l—t

* Naive dimensional regularization (NDR) : anti-commutates with y¢

V57, = Vs

* ‘t Hooft-Veltman scheme (HV) : commutates with y«

- V5 u = 75('3/u T '/Yu) — _(;)7“ — 'AY;L)'YE)
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As(e) =4(4 —e—¢€*) (NDR,HV).
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Determination of E,,,
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PHOTOS

* Correspondence with PHOTOS, which is experimental analysis tool
— subtract final-state-radiation from theoretical calculation

Final-State-Radiation

Df — pry,

- -
D — 177,

Ly
Df ... N 7
€+
Red : NDR
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Q 2F 1+ 0.971 Black : tree level
PHOTOS _ @0 (_211,1 max £ W)
2T my 1 —xy 0.06 L . _
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Structure-Dependent QED

b 0~ AFQED B~ — Qo vy
dp 0.‘.-‘0_—
tree TTTT=
= . nosl full QED
radiation
b ES"[GeV]
0% /— 0.00- b S S S—
b 20 025
L R S A v
-0.05
Uu 1%
virtual radiation etc... / scalar QED
-0.10
New contribution (Rowe and Zwicky, 2404.07648)
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