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K—pu u”

as a third kaon

golden mode
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Theoretically clean, sensitive to functions of V¥V, , VEV, .

What about KL, q —> |77 V4

* 2-body vs. 3-body
* Muons vs. missing energy

» Similar weak Hamiltonian (also sensitive to VXV, ,, VEV, /)
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— * Within the SM determined entirely from the weak effective
U U Hamiltonian (short-distance thjsi,ts)

* Purely CP-violating

K, -«

&
Vts

—> //t + //t ~ *Long-distance effecks mediate CP conserving transitions
S which dominate both for K; - u*u~ and for K¢ — pu*u~

* The shorbt-distance contribution, coming from the weak
Hamiltonian, induces CP violating transitions
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K — /,t'l'/,t_

BEK, — utp™)=(6.84+0.11)-10°  BKs— ptu~)<2.1-1071°

SD 3D

(6.85+ + 0.06) x 1077 (+)

(8.11%+ +0.13)x 10°( =) B(Kg — utp gy = (5.18% + 0.02) x 10712

BK; = p gy = {
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i\ The key: CPV comes from the

* weak (SD) diagrams
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CP Analysis of K — U~

Initial state: kaon mass eigenstates are approximately also CP eigenstates,

K, K
CP—%dd CP-even

Final state: since the kaon has J = 0, the dimuon state can have either S=0,7=0

or S=1,7=1

corresponding to final states:

(/Z:u)fz()a (ﬂ/’t)f=1
CP-odd CP-even
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CP Analysis of K- utu-

Initial state: kaon mass eigenstates are approximately also CP eigenstates,

K, , K
CP—(%dd CP-even

Final state: since the kaon has J = 0, the dimuon state can have either S=0,7=0

or S=1,=1

corresponding to final states:

(/Z:u)fz()a (ﬂ/’t)f=1
CP-odd CP-even

In practice, we measure the incoherent sums,
F(KS — M—I_lu_)meas, — F(KS — (lu_l_//l_)f:()) + F(KS — (lu+lu_)f=1)
I_‘(I<L — lu+lu_)meas, — F(KL — (/’l+lu—)f=0) + F(KL — (IM+IM_)L”:])

1f we could extract the CPV modes, we would have

0

a similar situation (theoretically) to K — 7vw
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Fi E( I t f f G. D’ Ambrosio and T. Kitahara [arXiv:1707.06999] | ;
S - L n er erence $ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Time dependent rate:

<Cji_l;> N fo(t) ) f(t) — CL e_FLt'l' CS e”'s +2 [Ccos COS(Amt)_l_Csin Sin(Amt)] e ’

- Experimem&at Farame&ers
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F( F( I .t f " G.D’Ambrosio and T. Kitahara [arXiv:1707.06999] 1
S - L n er erence $ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Time dependent rate:

<d_F) =Ny J(0), fo=¢C; e Tiiy Cs e Tst 42 [CCOS cos(Ami)+C; Sin(Amt)] e Tt

dl, 1n

- Experimam&at Farame&ers

Theory parameters: 4 amplitudes, 2 are CPC transitions
and 2 are CPV,

SD |A(Kg = (4" 1™)p—p)
AKg = (utu),_p) @ = arg(A(Kg)FA(KL))
AK, = (W p ")) @) = arg(A(Kg)TA(KL),)
SD |A(K, = (" u7) )

A priori, & &heorj Pamme&ers
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Fi E( I t f f G. D’ Ambrosio and T. Kitahara [arXiv:1707.06999] | ;
S - L n er erence $ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Time dependent rate:

<Cji_l;> N fo(t) ) f(t) — CL e_FLt'l' CS e”'s +2 [Ccos COS(Amt)_l_Csin Sin(Amt)] e ’

- Experimem&at Farame&ers

Theory parameters: 4 amplitudes, 2 are CPC transitions
and 2 are CPV,

The SM weak leptonic
current, (f;y"pu;), creates only
the CP-odd (pp),—, state

SD |A(Kg — (4" 1™)p—p)

AKg = (utu)pm) | 0o = arglA(KgFAKL))
AK, = (utu ) ) | = ALK VEACK ) ) (corrections at O (mZ/m3) )
=0

A priori, ¥ theory parameters
4, 1 of which is pure SD
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SM prediction

Only hadronic parameter, O(1%)
uncertainty from isospin breaking

' G. D’Ambrosio and T. Kitahara [arXiv:1707.06999] |
$ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

G. 2a,,mgm Y(x,)
AWK = |- —T—t—

in2
2 7T sin“ Oy,

X fre X V. V., Im

|\

VZX; th
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e

My = A2 + 027
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F( F( I .t f " G.D’Ambrosio and T. Kitahara [arXiv:1707.06999] 1
S - L n er erence $ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Time dependent rate:

<d_r> - Mf(f) ) f(t) = CL e_FLt'I' CS e_FSt +2 [Ccos COS(Amt)_l_Csin Sin(Amt)] e—Ft ’

dt
C, =AY, |’
Cs = |AK >+ B2 AK), |7
Ccos =D |A(KS)OA(KL)O | COS((pO) D NKO — NI?O
Csin =D |A(KS)()A(KL)O | Sin(gpo) Nyo+ Ngo

2 2
1 Csin + Ccos _ |A(KS)O |2
D2 C
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f G. D’Ambrosio and T. Kitahara [arXi1v:1707.06999] |
$ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

K-K; Interference

Time dependent rate:

dl’ :
<E> - Mf(t) ) f(t) = CL e_FLt'l' CS e_FSt +2 [Ccos COS(Amt)_l_Csin Sln(Amt)] e—Ft ’

5 Apyroximaﬁa
| SM Fredw&iov\,
ol D=1:
M Sum of all terms
g i 1 mm——— Exponentsonly
, A (Cpsm =1

(no interference)

0.5 . (Cosm =~ 043

(Crur)sm = \/ Coos + C5, 7 0.12

O 0 “““““““““““““““““““
.
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SM prediction

G. D’Ambrosio and T. Kitahara [arXiv:1707.06999] |
$ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Only hadronic parameter, O(1%)
uncertainty from isospin breaking

Current error on 7,
from B physics 1s O(5%)

Y
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SM prediction

G. D’Ambrosio and T. Kitahara [arXiv:1707.06999] |
$ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Only hadronic parameter, O(1%)
uncertainty from isospin breaking

|A(K5)() |2 —

G ZaemmeﬂY (x,)

in2
2 7T sin“ Oy,

Vtix: th

X fre X V. V., Im

Current picture from
kaon physics:
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SM prediction

G. D’Ambrosio and T. Kitahara [arXiv:1707.06999] |
$ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Only hadronic parameter, O(1%)
uncertainty from isospin breaking

|A(K5)() |2 —

G ZaemmeﬂY (x,)

in2
2 7T sin“ Oy,

Vtix: th
X fre X V. V., Im

Future picture from
kaon physics:
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! Time dependence in K — u*u~ would |
- make 1t a golden mode, cleanly
sensitive to 7, ~ AZA*7

— e e -

= — — .=
AR P X — — T— o = —= - =

The key 1s in K¢-K; interference



Experimental feasibility

charged particles detector

NAB2-lik
Neutral beam (KLEVER-like) + ( ike)

close to the target




Experimental feasibility

Signal yield for 10° POT /year Courtesy of Rado Marchevski

B Yield for interference events can't reliably be computed
# Depends heavily on the beam setup (incident angle + collimation) and the strong phase
% Expected number of interference decays in 0 — 67s ~ 500 — 2000 events/year (no selection)
#* Signal efficiency ~ 15% — 75 — 300 events/year (after f 4A

% Optimization of the beam line essential to determine if the sensitivity is sufficient

B The fiducial volume of the experiment is larger than the first 675 (FV ~ 60m)

B Large number of Ks, Kr and A decays in the 60m FV (Setup from previous slide): 15 \ -
~ X F > @, =0.6

Ky ~ 410 decays/year

E Ks ~ 3x1073 dgcays/year 10-

gecays/year =

0.5-

00 S S S S B S S T S S S A S ST S |
e — 0 1 2 3 4 o 6
t(1s)
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Experimental feasibility

Courtesy of Rado Marchevski
® Main experimental challenges

% Unprecedented amount of statistics is needed for a few % measurement:
O(1015) neutral kaon decays

* Incredibly high event rates in the detectors: next generation detector

“technology is needed

% Very intensive mixed neutral beam line (short + long beam): radiation
protection issues

B The experiment will be a great challenge but it might be possible in the
near future
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Experimental feasibility

Other decay modes: Conservative estimate

with 10% of the full
intensity

Courtesy of Rado Marchevski

Decays in the general FV 8mrad (6.5 — 65.5m)

Piecay (in FV) Acc Events/year Largest sample
Ks — n'e’e 0.09 0.07* 3x10° 7
Ks — nlpp 0.09 0.08* 3x10°? 6
Ks — mYY(@-o02) 0.09 0.076 1.3x10°¢ 2558
Ks — vy 0.09 0.05 2.1x10°° 7461
Ks — e'e 0.09 0.04™* 2.1x10" UL(9x10°)(KLOE) §
K. — ne*e 0.05 0.04™*** 3x10" UL(2.8x10%%) (KTeV) §
KL — nptp 0.05 0.04**** 1.5x10°"
Ki — p'p 0.05 0.04** 6.8x10”
— acceptances assumed the same as in NA48/1
** - same safety factor 3 (previous slide)
¥ — mee>0.165 GeV/c? phase space used
*** — Assume factor 2 lower than Ks due to
additionally suppressing the Greenley BG
<= e
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Summary and Conclusions

4 The time-dependent rate in K — u*u~ is an additional golden mode, allowing for a
clean independent determination of CKM parameters from kaon physics.

4 The theoretical uncertainty is of at most O(1%)

4+ The relevant CKM parameter is 7}, ~ A°1%j, the same as for K, — n'0v.
4+ The ratio B(Kg — p 'y~ ) g | B(K, — 7Dv) is an extremely clean SM observable,

dependent only on the parameters 4, m, .

Rei — B(Ks — p*p™)sp — 155 x 10~2 A ]? Y (z) ? ['A. J. Buras and E. Venturini,“
SL = B(K; — nvi) 0.225| | X(z,) [arXiv:2109.11032]

.
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Summary and Conclusions

4 The same K — u*u~ observable is also a sensitive probe of NP [[ar?(li:;;lzv{igg(s)sg%l]]

4 The experimental requirements are very challenging and require more investigation,
but no show stopper for a future machine.

4+ Such a machine would additionally be sensitive to many kaon and hyperon decay
modes - Exciting opportunity to understand what interesting physics can be done
with these unprecedented yields

v 0(10'%) K; decays N 7 "i.c(cfe
wd A
/ 010 Kd g,
(10°°) K decays rs
’ ,
L
v 0101 A decays “j?ex@"\ %)
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Thank you



Backup



Experimental feasibility

Background contamination Courtesy of Rado Marchevski

B Ks— wn'n decays
% BR ~0.7
% PID suppression ~ 10*/track (calo + muon detector)
% Kinematic suppression (wrong mass assignment + nongaussian tails) ~ 10~
% Expected S/B ~ 10
B Ks o n'n — ptp decays
% BRes ~ 1x10* (2x pion decays)
% Kinematic suppression ~ 107
#% CDA + extrapolating the K, to the primary target ~ 3x10°
% Expected S/B ~ 2
B K. ptpy (BR ~3.6x107): TODO
% Kinematics (missing momentum)

% Photon rejection

B Accidental muon pairs: TODO
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Eliminating |V, | - related uncertainty

A. J. Buras and E. Venturini}
{  (arXivi2109.11032]

Use four basic CKM parameters: A= |Vusl,

|‘/cb|a ﬂa Y

Tension between inclusive and exclusive | Veo |B—>Xc

determinations of |V, |: |V

|B—>D(*)L”1/

= (42.16 £0.50) - 1073
= (39.36 +£0.68) - 1073

B(Ks = p 1~ )sp
B(KL — 7!'01/17)

Rgs1, =

=1.55x10‘2[ 4 r[y(‘”t)r

0.225

X (z)

Independent of any SM parameters other than A, m, .
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K- u

1~ beyond

E\D

048,

the SM

R(Kg = p™u™),o

95’([{5 — ﬂ+l/l _)f:o

B(Ks — ptu-)sY,

—-._- ------ =
-

NP : OVLL = (QLVMQL)(LL?/M

operators \ OVRL — (dRV”dR)( LLVM LL) . !

Example models:

A. Scalar Leptoquark § |~ (3,1)4/3
S mgEE—— [

~

1

dwl,t

L

Can saturate the current bound while
satisfying all existing constraints

Oyrr = (O11"01)@ry,er) »
Oyrr = (dry"dR)(@gy,er)

Ly

B. Scalar Leptoquark S; ~

S rmgEE—. [ S T ——. UM
§ §
H 5(4/3) : S§1/3)

$

dma-hwm,u (| ebm— U

U

R(Ky— u*u7),_y 526 , bounded by the
GN bound on R(K;, — n'0v)

(3.3)1/3

M. Ghosh, JHEP 03 (2022]

aer 2112.05801]

0= S 1280 (LHCh)

Og1r = (ngR)(ERLL) ;
Ogrr = (dRQL)(ZLeR) -

¢+
C. 2HDM c1>~(1,2)1,2=< >

Po
s U
>
d H

Can saturate the current bound whils
satisfying all existing constraint
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0

K; = mvu

OUD]

Kelcpooaa = |7

CP-even

CP violating transition

K g — AT

_|_

[KS] CP-even ['M H _] CP-odd

[KS] CP-even — [’u +'u _] CP-even

K] CP-odd [”+”_]CP-odd
[KL] CP-odd — ['M H _] CP-even

* Within the SM determined entirely from the weak

effective Hamiltonian (short-distance thvjsics)

* The leptonic current, (v;y"v;), creates a CP-odd (vv) state

* Long-distance effects mediate CP conserving

transitions which dominate both for K; — u*u~ and for

Kg— p*u~

* The shorbt-distance conbribution, coming from the

weak Hamiltonian, induces CP violating transitions
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K- pu pu"

Long-distance (LD) contributions
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K- pu pu"

Shorb-distance (SD) diagrams
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F( F( I .t f " G.D’Ambrosio and T. Kitahara [arXiv:1707.06999] 1
S - L n er erence $ AD, M. Ghosh, Y. Grossman, S. Schacht [arXiv:2104.06427]

Time dependent rate:

dl’ :
<E> =N, (1), f@O) = C e+ Cse™ ' + 2 [C s cos(Ami)+Cy, sin(Amp)| e,
CL — |A(KL)O |2
Cs = |AK >+ B2 AK), |7
C.os = D |A(K ) A(K; )| cos(@p) D Nyo — Ngo
Cyn = D | A(K ), A(Ky)p | sin(g) Nio + Ngo
_ _ 1 Tg Cins ? 2 2 2
BKg— pu pu)yg=BE, > up") X —X— X , Cii = Coos + G-
D2 TL CL
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