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Testing the Standard Model Indirect CP violation

CP Violation in Neutral Kaons
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Testing the Standard Model Indirect CP violation

Kaon Eigenstates and ¢

e Flavor eigenstates, K = (5d) and K" = (sd) mix via box diagrams.

s w d s uct d
+
u.ct u,ct w w
—>—4 L4 >
d W s d uct s
(@ (b)
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o CP eigenstates Kj(even) and K»(odd).
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Testing the Standard Model Indirect CP violation

Kaon Eigenstates and ¢

e Flavor eigenstates, K = (5d) and K" = (sd) mix via box diagrams.

s w d s uct d
+
u.ct u,ct w w
—— L4 L4
d W s d uct s

@ (b)
o CP eigenstates Kj(even) and K»(odd).

1 _ 1 _
K, = K- K° Ky=—(K°+ KY
1 \/5( ) 2 \/5( )
@ Neutral Kaon eigenstates Kg and K.
1 1
Kg = ——(K;+¢K>) K, = ——(K2+&Ky)
V14 |E? V14 &
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Testing the Standard Model Indirect CP violation

Indirect CP violation and direct CP violation

| indirect : €
> TITT

direct : €’

K|_°< |Tz"’EK1

» TUTT
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Testing the Standard Model Indirect CP violation

€x and BK, Vi |

@ Definition of e

A[KL — (71'7'(')[:0]
A[KS — (71'77')]:0]

EK =
@ Master formula for e in the Standard Model.

ex = exp(if) V2 sin(6) < C: Xsp Bi + % + fLD)
+ O(we') + O(&I'2/T1)

Xsp = ImX; [Re Ac Nee So(we) — Re A nee So(t)

— (Re Ac — Re )\t) Net So(xca a:t)i|
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Testing the Standard Model Indirect CP violation
A
ek and By, Vi

G2F2mKM2
UL 22 _ Uplk W
Ai = ViiVia, x; = mj /My, C. = 6v3 P AN
o 1 ImAp

V2 V2Redy

&p = Long Distance Effect ~ 2%  — systematic error

—5%

@ Inami-Lim functions:

Solwr) =i b2 8 _ Seilr

I T M) 20 —wm)? (-]
e 1 3 3

S iHdly) = — 1 B : '

o(i, ) {:c,-—afj [4+2(1—wi) 4(1—%)2] o

31‘2‘1}j

- “”} REr Iy
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Tz €7 LG
.
ek and By, Vi I

So(z¢) — +70%
So(we, xt) — +44%
So(ze) — — 14%

e Dominant contribution (~70%) comes with |V,|*.
Im); - Red; = A2V |* (1 = p)
Red. = —A(1 — =)+ O(\°)
Rel; = —(1 — A;)AW@ —p) + O\
Im); = nA2\5 + O(\T)

Weonjong Lee (LANL-SWME) (SNU) KIAS 2016 KIAS 2016 13 / 41



Testing the Standard Model Indirect CP violation
A
ek and By, Vi IV

@ Definition of BK in standard model.
_ (f_(0|[§’m(1 — 75)d][57u(1 — 75)d]| Ko)
8 (Ko|57,75d]0) (0 |57u75d\K0>
B = C()Bi(n),  Clu) = as(u) 20 [L + as()J5]

o Experiment:

er = (2.228 4 0.011) x 1073 x ¢
b- = 43.52(5)°
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EK Input Parameters

£x on the lattice
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ielRaoRs
Unitarity Triangle — (p, 7)
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EK Input Parameters

Global UT Fit and Angle-Only-Fit (AOF)

Global UT Fit AOF
o Input: [Viup|/|Ves|, Amag, @ Input: sin(28), cos(2f), sin(v),
Amg/Amg, e, and sin(20). cos(7y), sin(28 + ), cos(28 + ),

@ Determine the UT apex (p, 7). and sin(2a).

o Take \ from @ Determine the UT apex (p, 7).

@ Take A from |V,s| = A+ O(X7),

[Vus| = A+ O(XT), which comes from K3 and K ;5.
which comes from K3 and K. @ Use |V| to determine A.
@ Disadvantage: unwanted correlation V| = AN2 + O(\T)

between (p, 77) and ek

@ Advantage: NO correlation between
(p, 7) and ek.

y
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EK Input Parameters

Inputs of Angle-Only-Fit (AOF)
o Acp(J/Y Ky) — Syk, = sin(2/3) with assumption of
Syr, > Cyk,.

e (B— DK) + (B — [Kn]pK) + (Dalitz method) give sin(vy) and
cos(7).

o S(D~7t) and S(D*n™) give sin(283 + ) and cos(28 + 7).
o (B = 7rn™) + (B = pTp7) + (BY = (pm)°) give sin(2a).
@ Combining all of these gives 3, 7, and «, which leads to the UT apex

(P, 7).
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EK Input Parameters

Wolfenstein Parameters
Input Parameters for Angle-Only-Fit (AOF)

Weonjong Lee (LANL-SWME) (SNU)

€x, By, and |Vep| are used as
inputs to determine the UT angles
in the global fit of UTfit and

CKMfitter. 0.22537(61) | [1] CKMfitter
A [ 0.2255(6) | [1] UTfit
Instead, we can use angle-only-fit 0.2253(3) [1] [Vus| (AOF)
result for the UT apex (p, 7). 0.117(21) | [1] CKMfitter
Then, we can take X independently p | 0-124(24) [1] UTfit
from 0.139(29) [2] UTfit (AOF)
0.353(13) | [1] CKMfitter
[Vus| = X+ O\T), 7| 0.354(15) | [1] UTfit
0.337(16) | [2] UTfit (AOF)

which comes from K3 and K;5.

Use |V.p| instead of A.

Vas| = AX* + O(NT)

KIAS 2016

KIAS 2016
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EK Input Parameters

Input Parameters of By, V., and others

Bk Others
0.7625(97) [3] FLAG Gr 1.1663787(6) x 107° GeV 2 | [1]
B | 0.7379(47)(365) | [4] SWME A?W ; f‘;iiigzi gex {;}
Me(Me . e
0.7499(24)(150) | [5] RBC-UK mo(my) | 163.3(2.7) GeV [10]
Tee | 1.72(27) [11]
me | 0.5765(65) [12]
5 ner | 0.496(47) [13]
|Vep| x 10 9 143.52(5)° [
mgo | 497.614(24) MeV 1]
B — Xty | 42.00(64) [6] AMy | 3.484(6) x 1012 MeV 1]
B — D™y | 39.04(49)(53)(19) | [7] Fre | 156.2(7) MeV 1]
B — Dy | 40.70(100)(20) [8]
ex-combined | 39.62(60)

wlee J o
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EK Input Parameters

Current Status of exclusive |V,| in 2016

e B — D*(v at zero recoil: (in units of 1073)

Vi = 39.04 + 0.49(exp) & 0.53(QCD) + 0.19(QED)
from PRD89.114504(2014) FNAL-MILC

e B — D/ at non-zero recoil: (in units of 1073)

Vep = 40.7 + 1.0(QCD+-exp) + 0.2(QED)
from arxiv:1511.06884 by Carleton Detar

© FNAL-MILC: PRD92, 034506 (2015)

@ HPQCD: PRD92, 054510 (2015)

@ Babar: PRD79, 012002 (2009)

@ Belle: EPSC of HEP 306 (2015), EPSC of HEP 824 (2015)
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EK Input Parameters

Current Status of inclusive |V;| in 2016

B — X fv: (in units of 1073)

Ve = 42.00 £ 0.64 from arxiv:1606.06174
e B — X, /v (in units of 1073)

Vup = 4.45 £ 0.16(exp) £ 0.22(th)  from arxiv:1412.7515 HFAG

Vsl /| Vep| = 0.1060 £ 0.0067.
By the way, LHCb data combined with lattice form factors:

V| /| Vis| = 0.083 == 0.004(exp) & 0.004(lat)

@ There is a 2.60 tension in |V |/|Ves|.
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EK Input Parameters

Current Status of |V3| in 2016

: : - : : Bl
B-Dlv
45 B-mlv
5k Hex-1
> N inlo —%—
=) a Vup/Vep B
7 i
o [22]
Y4l :
—
i B-tilv l
ey LI
> 35 ]
— . /
//
N
NS
3F |
36 38 40 42 44
[Vep| x 103
Weonjong Lee (LANL-SWME) (SNU) KIAS 2016

KIAS 2016

23 /41



EK Input Parameters

€o

Indirect Method

_ ImA4, Im Ay & | —1.63(19) x 10~* | RBC-UK-2015 [14]

_RGAO’ é‘QZRE‘:AQ‘

o

@ RBC-UKQCD calculated ImAs. ImAy — & — e /ex — &o

Re(i) S (52 - fo) ~
€K V2|ek|
Other inputs w, ex and e’ /e are taken from the experimental values.
@ Here, we choose an approximation of cos(¢. — ¢.) = 1.
de = 43.52(5), ¢ = 42.3(1.5)

Isopspin breaking effect: (at most 20% of &) — (1% in ex) — neglected!
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EK Input Parameters

€o

Direct Method

o RBC-UKQCD calculated ImAy. ImAg — &.

_ Ion

_ —4
= Re 4, = ~057(49) x 10

o

Other input Re A is taken from the experimental value.
o RBC-UKQCD also calculated dg

Jo = 23.8(49)(12)°

This value is 3.00 away from the experimental value: dp = 39.1(6)°.

@ This indicates that this method belongs to the category of exploratory
study rather than precision measurement.

@ Hence, we use the indirect method to determine &j.
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EK Input Parameters

CFD analysis for §,: PRD83,074004 (2011)

300 —
L 0 ]
L, 1
250 — —
[ — CFD 1
[ e Old K decay data B ]
L o Na48/2 1 4
200 — A K->2m decay -
o v Kaminski et al. B
r < Grayer et al. Sol.B B
[ o Grayer et al. Sol. C ]
150 - + Grayeretal Sol. D _|
L = Hyamsetal 73 B
100~ ty -
L i ]
L 5 ? ¢ 1
L s ) } 4
50 20 _
i o } ]
L1 ‘ L1 L ‘ ‘ L1

400 600 800 1000 1200 1400
12
s (MeV)
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EK Input Parameters

Comparison of ¢y between CFD and RBC-UKQCD

100 T

KPY2011
CGL2001

80 | RBC-UK2015 —@—

6o

300
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EK Input Parameters

Comparison of 9o CFD and RBC-UKQCD

0
.5 L
210 b
o~
[le)
215 |
-20 I py2011 R "~
CGL2001  += -
RBC-UK2015 —@—
-25 1 1 1 1 1 1
300 400 500 600 700 800
s1/2 (MeV)
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EK Input Parameters

€o

Comparison

Input Parameters: &,

Method ‘ Value

Reference

Indirect | —1.63(19) x 10~*

RBC-UK-2015 [14]

Direct | —0.57(49) x 1074

RBC-UK-2015 [15]
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EK Input Parameters

§LD

@ Definition:

fip = —LD
V2 AMg
——0
(K'|Hw|C){C|Hu|K°)
=-1I
mip m P; Mo — EC

@ Rough estimate in [PRD 88, 014508] gives
& = (0£1.6)%

@ Precise lattice QCD calculation is not available yet.
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EK Calculation of € from Standard Model
ex: FLAG By, AOF of (p,7), Vs

200 30 4o 20 30 4o

ol [

2 2.5 3 1 15 2 2.5

Inclusive Vi, Exclusive V
o With exclusive Vi, it shows 3.20 tension.
P =2.228(11) x 1073
= 1.69(17) x 1073

Weonjong Lee (LANL-SWME) (SNU) KIAS 2016 KIAS 2016 31 /41



EK Calculation of € from Standard Model
ex: SWME By, AOF of (p,7), Vis

20 30 4o 20 30 4o

2 25 3 T 15 2 25

Inclusive Vi, Exclusive V
o With exclusive Vi, it shows 3.10 tension.
P =2.228(11) x 1073
= 1.63(19) x 1073
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EK Calculation of € from Standard Model

Current Status of ¢x

e FLAG 2016: (in units of 1.0 x 1073, AOF)

exg = 1.69+0.17 for Exclusive V,; (Lattice QCD)
ex = 2.10£0.21 for Inclusive Vi, (QCD Sum Rule)

o Experiments:
ex = 2.228 £0.011

@ Hence, we observe 3.2 o difference between the SM theory (Lattice
QCD) and experiments.

@ What does this mean? — Breakdown of SM ?
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EK

Calculation of € from Standard Model

Time Evolution of Acg on the Lattice

4.0
351 NNLO 7 1
updated V; |
o FLAG B *
~ NNLO ¢ updated Vi
<30} — RBC-UK &1
< § FLAG By
RBC/UKQCD & |
LLV Avg. B |
25 | Ve DK ‘ ]
20 1 1 1 1 1
2012 2013 2014 2015 2016
T
o Acy = 5?” — 8%'\/'
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EK Calculation of € from Standard Model

Current Status of |V3| in 2016

: : - : : Bl
B-Dlv
45 B-mlv
5k Hex-1
> N inlo —%—
=) a Vup/Vep B
7 i
o [22]
Y4l :
—
i B-tilv l
ey LI
> 35 ]
— . /
//
N
NS
3F |
36 38 40 42 44
[Vep| x 103
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EK Calculation of € from Standard Model

Error Budget of Exclusive e

source | error (%) memo

Vep 30.1 Exclusive Combined

7] 24.7 AOF

Net 19.5 c—t Box

Nee 8.2 ¢ — ¢ Box

p 6.6 AOF

my 3.0 top quark mass

&b 25 Long-distance

Bk 1.8 FLAG

€o 1.2 Im(Ao)/Re(Ao)
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EK Calculation of € from Standard Model

To Do List in Lattice QCD

We need to reduce overall errors on V: 1.9% — 1.1%.

We need to understand 3.00 tension in Jy.

We need to reduce overall errors on &y and &s.

@ We need to reduce overall errors on 7.

We need to update top quark mass mMS(

on CMS and ATLAS.

my) with new sets of data
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EK Calculation of € from Standard Model

Thank God for your help !l
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