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History: Strangeness

Tle. 1. annoscomo PHOTOGRAPHS SHOWING AN UNUSUAL FORK (a b) IN THE GAS m DIRECTION OF THE MAGNETIO FIELD IS BUCH

POSITIVE PARTICLE COMING

Ks —» o™

[Rochester & Butler, 1947]
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https://www.nature.com/articles/160855a0

History: Strangeness

856 NATURE December 20, 1947 vel. 10

¥i 2. STERSOSCOMIC PUOROGRATIS SHOYIYG A¥ CNCSUAL TOKK (0 ) s oo o1 18 AQYBIL 58D 18 550w
COMING DOWNWARDS 13 DEVIATED ¥ 4 GLOCKWISK DIRECT e

K* — n%ety,

[Rochester & Butler, 1947]
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History: Parity

@ The "0/71" puzzle:

o 7T s rhtata~

o 0t 5t nl

@ Same mass
@ Same lifetime

@ Same particle?! = discovery of parity violation
[Dalitz 1953; Lee & Yang, 1956]
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https://www.tandfonline.com/doi/abs/10.1080/14786441008520365
https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.254

History: GIM mechanism

@ Why is Br(K, — pp~) = 6.84(11) x 10~° so small?

e Compare to Br(K, — 7 uTv,) = 27.04(7)%

d cos O, W 1
—(VWWW——— GIM Mechanism (1970)

u vy [Glashow, lliopoulos, Maiani 1970]
—— VW W————
5 sin e w wh

_ cosf sinf d

4 sinb W " S o (@, ) | o) ;
- A VWWN———— “ —sinf. cosf. s/,

c Y I

" (= Prediction of the charm quark!)
—VWWW———
s cos 0, w ut
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285

History: KM mechanism

@ Observation of the decay K; — 77 [Christenson et al., 1964]

@ = violation of CP symmetry!

Vud Vus Vub d
JEC o (0,8, E)7u | Ved Vs Vo | | s
Vie Vs Va b

CP violation is described by a Complex Phase!

[Kobayashi, Maskawa 1973]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.138
https://academic.oup.com/ptp/article/49/2/652/1858101

SM Flavor Dynamics

s w W
NVVVVVWN\——
m2
:‘,1 Vi = Zq:uct Vc;ks qu Xf—(Wgy)
t N—_——
=\
MAVVVN—e— !
d W il
‘ Vud| | Vu5| | Vub| 1 A )\3
Vol [Vesl Vol | m [ A 1 M|, A=|V,|=023
[Vigl  |[Vis| | Vibl AN 1

@ Unitarity of CKM matrix = GIM mechanism
° )\ll+)\c+>\t:O

e Loop functions vanish for zero quark masses

e Divergences cancel
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Sensitivity to high-energy dynamics

@ Intricate (process-dependent) cancelation of contributions

@ Rare kaon “FCNC" processes allow to test high-energy dynamics

o In the SM

o Beyond the SM

@ Can calculate results for generic, perturbatively unitary theories
[Brod, Gorbahn 2019; Bishara et al. 2021]
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https://link.springer.com/article/10.1007%2FJHEP09%282019%29027
https://link.springer.com/article/10.1007%2FJHEP07%282021%29230

Neutral Kaons
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Reminder: neutral kaons

o
=
wn

K° ~ [sd] K° ~ [3d]
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Neutral Kaon Mixing

i (eion) = (772) (i)
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Neutral Kaon Mixing

d (K1) _ T (1KO(t))
dt (|R°<r>>) B (M‘ ’2) (|R°(t)>) |
@ The Hamiltonian is diagonalized by
|Ks(t)) = e~ (M9 K) |Ki(t)) = e~ MK,

@ where

|Ks) = p|K®) + q|K°) |KL) = p|K®) — q|K®)

@ Mass difference AMx = M, — Ms = 3.484 x 1071 GeV
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CP properties
o CP transformation (|K°) ~ [5d), |KO) ~ |ds))
o CPIK®) = —|KD)
o CP|K%) = —|K®)
@ CP eigenstates
o |Ki) = (IK%) —|K%))/V2 (CP even)
o |Ka) = (IK° + [K9)/v2  (CP odd)

@ K9 — 7 is forbidden by CP

0 1/Is =75 =8.954 x 107 "s =
0 1/T =7, =5116 x 107%s =
o [Nk, < Tk
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Kaon mixing

Initial K° beam
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Kaon mixing

Va1l
»

Ve Ve

[5d] ~ K® = 77 et v, [sd] ~ K® = nte
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[Niebergall et al., 1974]
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https://www.sciencedirect.com/science/article/pii/0370269374905905

Calculating the neutral kaon mass difference

s w d
AAVAVAVAVAVAVAV
u u
AMy x Re § E
NVVVVVN\NS
d W s
Vud Vus Vub
VCKM = Vcd Vcs Vcb
Vie Vis Vi
A= ViV, Ao = —Ae — A¢

= AMy Re{)\f; F(mg//vlav)}
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Semileptonic CP asymmetry

I'(KL — Z+y7r_) — r(KL - £_177T+) 1— |q/p|2 B
- = — (3.32+0. 1
(KL Con ) T T(Ki = om?) 15 Jq/pf - 032+006) <10

5(0)

o= I[q| #Ip|

@ = CP violation in mixing

@ 0(¢) = 2Re(ek)
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Calculating the size of indirect CP violation

€K X Im{

Vekm =

)\,’E

*
is

= i o Im{\Z F(m2/M3y) + AcAe F(m2/Miy, m?/M3,) + N2 F(m?/M3,)}
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Test short-distance dynamics with kaons

@ Most kaon observables are long-distance dominated
@ Few exceptions (mostly CP violation and rare decays)

@ CKM structure and QCD effects make kaons
sensitive probes of high-energy scales

@ Need both precise measurements and solid theory predictions
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Progress in ek
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Definition of ¢k

s w d
e = LTMi=olKL) o0 5 1011y 10-3 Mt
((77)1=0|Ks) ¢ c
< '\/VVV\\}V/VV\J N

Calculation split into two parts:

e “Short-distance” (perturbative)

e “Long-distance” (lattice, ChPT)
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c-t vs. u-t Unitarity

S w d
AAAYAYAVAVAVAY
u u
C C
t t
N VWV
d w s

A= VoV, Ae=VoVE, A=VoVE, At A+ A =0

us Y ud > cs Ved

c-t unitarity u-t unitarity
‘ Im Re ‘ Im Re
)\% ~ )\10 ~ )\10 )\? ~ )\10 ~ )\10
A | ~ A8~ \E AAe | ~ A8~ 2O
A2 ~ AN A2 0 ~ N\

|m(M12) — €K Re(Mlz) — AMK
55740



How to calculate ¢x

“Simple” rearrangement of effective Hamiltonian has reduced perturbative
uncertainty from order 30% to order 1% [Brod et al. 1911.06822]

2.4 ZH07 ?@t C.Sdz
2.1} { el ]
1.8 _ ] _ ~‘§"‘~~~,
15 7———-% i e i
1.0 15 2.0 1.0 15 2.0
e e
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https://arxiv.org/abs/1911.06822

Interpretation

@ |AS| =2 Hamiltonian has one real (C;) and two imaginary (Cz, C3)
parameters.

e (i is long-distance dominated (= AMk)

e (2, C3 are short-distance dominated (= ex)

@ New choice:

o LW =Cy, Clh =Co, CL =Cs

@ Traditional choice:

0 CE =0, CH=201—C5,2C5=C1+C—Cs
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QCD / EW corrections and results

s w d
o
: ¢
d W~
u,c,t
s —- d S
W< Z w w
d u,c,t s d

lex| = 2.170 (65) pert. (76 )non-pert. (153 ) param. x 1073

[Brod, Gorbahn, Stamou 2019; Brod, Kvedaraite, Polonsky 2021; Brod, Kvedaraite, Polonsky, Youssef 2022]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.171803
https://link.springer.com/article/10.1007/JHEP12(2021)198
https://link.springer.com/article/10.1007/JHEP12(2022)014

K—pu
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A new golden mode?

u
_ _ Y
o Br(K, — ptp~) = 6.84(11) x 10~° K,
@ Br(Ks — pufpu~)<21x10°10
u

| (e )e=o (L p)e=a

K; | CP conserving (CP violating)
Ks | CP violating  CP conserving

@ However, experiment cannot easily distinguish £ =0 and /=1

@ Notation: write
o At =AlKL = ()]
o A = AlKs — (1" p7)]
Neutral Kaons 30/40



Time-dependent decay rate of neutral kaons

dr(K(t) = i)

e x Cre™ "t + Cse™ st + 2[ Cyn sin(AMt) + Ceos cos(AMt)] e~

o C; related to decay amplitudes:
o Cu=|Aiol + AL
o Cs = |AT ol + |AL,?
o Cin = Im{(Af-:o)*Aé:o} + 'm{(A?-:l)*Aé:l}
o Ceos = Re{(AfLo) "Afo} + Re{ (AL1) AL, }

@ Interference terms C2, = C2, + C2

o &n sensitive to short-distance component!
[D’'Ambrosio, Kitahara 1707.06999]
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https://arxiv.org/abs/1707.06999

Time-dependent decay rate of neutral kaons

Initial K° beam

no interference
sin ¢ = 0.21
sin g = —0.21
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A useful relation

e Single assumption: AL_, =0

@ It follows immediately (“in two lines!")

Coe)\2
Br(Ks — /ﬁ_u_)g:o = Br(KL — /[",u_) X s X ( nt>
L G

[Dery et al. 2104.06427; Brod, Stamou 2209.07445]
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https://arxiv.org/abs/2104.06427
https://arxiv.org/abs/2209.07445

You don’t believe it?
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You don’t believe it?

Br(Ks — (p#t)e=0)
Br(K. — pp)
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You don’t believe it?

Br(Ks — (up)e=0) _ IAZ1? 70

Br(Ki — ) JAL2 " 7s
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You don’t believe it?

Br(Ks = (up)e=0) _ A2 7 IASPIAGP 7

Br(KL — pp)  |A52 "~ 7s |Ag|* Ts
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You don’t believe it?

Br(Ks = (up)e=0) _ A2 7 IASPIAGP 7

Br(KL — pp)  |A52 "~ 7s |Ag|* Ts

C2. = | (A3)"ALJ” = |AS P IS

)
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You don’t believe it?

Br(Ks = (up)e=0) _ A2 7 IASPIAGP 7

Br(KL — pp)  |A52 "~ 7s |Ag|* Ts

C2. = |(A3) A" = |ASPIAL2,  C2 = |AG
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You don’t believe it?

Br(Ks = (up)e=0) _ A2 7 IASPIAGP 7

Br(KL — pp)  |A52 "~ 7s |Ag|* Ts

C2. = |(A3) A" = |ASPIAL2,  C2 = |AG

2
= Br(Ks — u i )e—o = Br(KL — pt ™) x = x (C'"t>
L G
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A useful relation

e Single assumption: Ak_, =0

@ It follows immediately (“in two lines!")

2
_ TS G
Br(Ks — pu ™ )emo = Br(KL — pp™) x = x [ ==
L G
[Dery et al. 2104.06427; Brod, Stamou 2209.07445]

@ Recall Ks — (1117 )e=o is CPV = sensitive to UV physics!
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https://arxiv.org/abs/2104.06427
https://arxiv.org/abs/2209.07445

Compare to SM

@ Experiment will provide:

C\2
Br®(Ks — ut ™ )omo = Br(KL — ™) x LERN ( mt)
TL
@ We want to compare to the SM prediction!

@ Three parts:
e Hadronic matrix element is just fx — kaon decay constant
e SD contribution — can calculate

o Effect of indirect CP violation — estimate from datal
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SM short-distance contribution

@ CPV — imaginary part of weak Hamiltonian

o = Only top-quark contribution relevant

@ Including three-loop QCD and two-loop electroweak: [Bobeth et al., 1311.0903]

Br(Ks — p ™ )05 = 1.70 (02)qcp/ew(01) 4 (19)param. x 1071
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https://arxiv.org/abs/1311.0903

Impact of indirect CP violation

Ks = K1 + ex K> (mainly CP even)
KL= Ky + ek Ky (mainly CP odd)

Can then show: A5 = A3|.,.—o + ex Al

Squaring to get decay rate [Brod, Stamou 2209.07445]

pert.

Br(Ks — w1 )i—o =Br(Ks = u 1 )ito

AL

X (1 + \f2|eK||Ag|(cos ¢o — sin (;50)) )
0

From Br(K, — utp™), we know |A§|/|A3| ~ 8.4

Obtain ¢g = arg{(A5)* A} from K. — ptp~ and KL — vy
[A. Dery et al., 2211.03804]

e Additional £2% or £3% correction to Br(Ks — upu™)e=o
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https://arxiv.org/abs/2209.07445
https://arxiv.org/abs/2211.03804

Is the basic relation really valid?

@ How good is the assumption Al = 0?
@ Can show: AL = AL, o+ exA?
@ Don't really know Af|., —o, but can estimate A7 from data / ChPT

@ The relation

receives a correction

ALl A7

r~1-—
|AS| A3

cos(po—¢1) + ...

@ For Af|., —o = 0, this translates to a < percent-level uncertainty
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Summary

@ Kaons can provide very sensitive probes of high-scale dynamics

@ Two “new” precision observables in kaon physics:
o Indirect CPV (ex)

o Br(Ks — utp™ )e=o
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