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Testing the Standard Model Indirect CP violation

€x and BK, Vi |

@ Definition of e

cr — A[KL — (7T7T)[:0]
K= A[Kg = (7))

@ Master formula for g in the Standard Model.

e = exp(if) V2 sin(f) < C. Xsp Bk + joi + §LD>
+ O(we') + O(&T2/T)

Xsp =Im N\ [Re Ae Nee So(xe) — Re Ay nye So(xy)

— (Re Ae — Re )\t) Tlct So($c, l‘t):|
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L Testne the Standard Vool LR
ek and By, Vi
G2 FQmKM2
= VIV 2 /M2 _ Srfgmr My
AZ_‘/Z,S‘/Zda xl_mz/MWa CE 6\/§ 7T2AMK
go 1 Ion

= = = Absorptive LD Effect ~ —7%
V2 V2 Red, P !

&p = Dispersive LD Effect ~ £2%  — systematic error

@ Inami-Lim functions:

So(a1) = fr o 3 3ajlna
O =T T a0 —2) 20 —2)2 201 — 23]
:I}i.%'j 1 3 3
o) — - _ Inx;
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Tz €7 LG
.
ek and By, Vi I

So(xt) — +72.4%
So(ze, z¢) — +45.4%
So({BC) — —17.8%

e Dominant contribution (= (72.4 + a)%) comes with |V;|*.

Im)\; - Redy = =A%V [ (1 = p)
2
Rel. = —A(1 — %) O(NP)
)‘2 245 = 7
= S)AN (L =)+ O
Im\; = nA%\ + O(\) = ~Im \,

Re)\t = —(1
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Testing the Standard Model Indirect CP violation
A
ek and By, Vi IV

o Definition of By in standard model.
_ <K’o|[§w(1 = ¥5)d][57u(1 — 75)d]| Ko)
5 (Ko|57,75d]0)(0 IS'm%d\Kw
Bi = C(w)Br(p),  Clu) = as(n) 0 [1+ () Js]

o Experiment:

e = (2.228 £ 0.011) x 1073 x %=
b = 43.52(5)°
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EK Input Parameters

e with lattice QCD inputs

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019 6/35



EK Input Parameters

Unitarity Triangle — (p, 7)
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EK

Input Parameters

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

Global UT Fit

Input: |Vius|/|Ves|, Amyg,
Amg/Amg, e, and sin(20).

Determine the UT apex (p, 7).
Take A from

[Vus| = A+ O(\T),

which comes from K;3 and K,;5.

Disadvantage: unwanted correlation
between (p, 77) and ek
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AOF

Input: sin(23), cos(28), sin(y),
cos(7), sin(28 + 1), cos(28 +7),
and sin(2aq).

Determine the UT apex (p, 7).

Take A from |Vis| = A+ O(X7),
which comes from Kj3 and K,;».

Use |Vp| to determine A.

Ve = AX® + O(\T)

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

y
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EK Input Parameters

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

® cx, Bk, and |Vep| are used as
inputs to determine the UT angles
in the global fit of UTfit and

CKMfitter. 0.22475(25) | [1] CKMfitter 2018
. A | 0.22500(100) | [2] UTHit 2018
@ Instead, we can use angle-only-fit -
result for the UT apex (p, 7). 0.2243(5) [3] [Vus| (AOF)
0.1577(96) | [1] CKMfitter 2018
@ Then, we can take X independently 5 |0.148(13) [2] UTfit 2018
from 0.146(22) | [4] UTfit (AOF)
Vis| = A + O(NT), 0.3493(95) | [1] CKMfitter 2018
i | 0.348(10) [2] UTfit 2018
which comes from K3 and K ». 0.333(16) [4] UTfit (AOF)

@ Use |V| instead of A.

2 7
Vo = AN 4+ O(AT)



EK Input Parameters

Input Parameter: By (FLAG 2019)

BK in lattice QCD with Ny =24 1.

Collaboration Ref. By

SWME 15 [5] 0.735(5)(36)
RBC/UKQCD 14 [6] 0.7499(24)(150)
Laiho 11 [7] 0.7628(38)(205)
BMW 11 [8] 0.7727(81)(84)
FLAG 19 [9] 0.7625(97)
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EK Input Parameters

Input Parameter: Exclusive |V3| in units of 1.0 x 1073

(a) HFLAV 2017 (CLN) (b) BABAR and BELLE 2019
channel value Ref. channel value Ref.
B — D*lv  39.05(47)(58) [10, 11] CLN 39.05(47)(58) HFLAV 17 [10]
B — Dtv 39.18(94)(36) [10, 12] BGL 38.36(90) BABAR 19 [14]
[Vinl/[Ver| ~ 0.080(4)(4) [10, 13] CLN 38.4(2)(6)(6)  BELLE 19 [15]
ex-combined  39.13(59) [10] BGL 38.3(3)(7)(6)  BELLE 19 [15]

@ There is no difference between the CLN and BGL analyses.
o Refer to BABAR 2019 [14] and BELLE 2019 [15].

@ Hence, the CLN method turns out to be correct and OK within our
best knowledge.
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EK Input Parameters

CLN vs. BGL in B — D*/v decays

45 T T
44 CLN _
BGL —_—
43 F Gambino  =— 4
Grinstein ==
BELLE-17 +—©—
42 F 3 BELLE-18 +—O— ]
m BABAR
S 41 F HFLAV-17  =—A— ]
X 40 1
)
< 39F ]
38F 7 1
37F b
36 F 1
35 . -
2017 2018 2019 2020

Time (year)

@ At present, we find that there is no difference in exclusive |V|
between CLN and BGL. = Resolved or still in question 77?7
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EK Input Parameters

Input Parameter: Inclusive |V,;| in units of 1.0 x 1073

|Vep| in units of 1.0 x 1073,

(a) Exclusive |Vep| (b) Inclusive |Vg|
channel value Ref. channel value Ref.
CLN 39.05(47)(58)  HFLAV 17 [10] kinetic scheme  42.19(78) [10]
BGL 38.36(90) BABAR 19 [14] 1S scheme 41.98(45) [10]
CLN  38.4(2)(6)(6) BELLE 19 [15]

BGL 38.3(3)(7)(6)  BELLE 19 [15]

@ There is 3 ~ 4o difference in |V3| between the exclusive and inclusive
decay channels.

@ This issue remains unresolved yet.
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EK Input Parameters

Current Status of |V3| in 2018
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EK Input Parameters

Input Parameter: &
Indirect Method

_ Im Ag _ ImA4, € | —1.63(19) x 10~* [ RBC-UK-2015 [16]
Re Ao’ 2 Re A2 '

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

Re(i—i) = \/§|1€K|w (52 — fo) .

Other inputs w, ex and &’ /e are taken from the experimental values.

&o

@ Here, we choose an approximation of cos(¢e — ¢¢) ~ 1.
o ¢ =43.52(5), o = 42.3(1.5)

@ Isopspin breaking effect: (at most 15% of &) — (1% in ex) — neglected!
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EK Input Parameters

Input Parameter: &
Direct Method

o RBC-UKQCD calculated ImAy. ImAg — &.

= —0.57(49) x 1074

Other input Re Ay is taken from the experimental value.
o RBC-UKQCD also calculated dg
dp = 23.8(49)(12)°[2015] — 23.8(49)(112)°[2018]

This value is within 20 from the experimental value: §p = 39.1(6)°.

@ It appears to me that this puzzle might be resolved by multi-state
fitting: RBC-UKQCD, Wang Tianle [Lattice 2018].

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

Input Parameter: & p

!
M p

V2 AMp

mi_D = —Im PZ<
C

élp =

—0
K |Ho|C){(C|Hu| K°)
mgo — EC

e RBC-UKQCD rough estimate [PRD 88, 014508] gives
ép = (0+1.6)%
e BGlI estimate [PLB 68, 309, 2010] gives

&
NG

@ Precision measurement of lattice QCD is not available yet.

o = —0.4(3) x
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EK Input Parameters

Input Parameter: Charm Quark Mass m.(m..)

me(m) in lattice QCD with Ny =2+ 1and Ny =2+1+ 1.

Collaboration Ny me(me) Ref.
FLAG 2019 2+1 1.275(5) [9]
FLAG 2019 24+1+1 1.280(13) [9]

@ The results for m.(m.) with Ny =2+ 1+ 1 are inconsistent with
each other.

@ Hence, we use the results for m.(m.) with Ny =2+ 1.
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EK Input Parameters

Input Parameter: top quark mass m;(m;)

m¢(my) in the MS scheme in units of GeV.

Collaboration M, my(my) Ref.
PDG 2016 173.5+1.1 163.65 +£1.05 £ 0.17 [17]
PDG 2018 173.0+ 0.4 163.17 £ 0.38 £ 0.17 3]

@ M, is the pole mass of top quarks.
@ CMS and ATLAS have done a great job in reducing the error.

@ Here, we use the results for m;(m;) obtained from PDG 2018.
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EK Input Parameters

Other Input Parameters

Input Value Ref.
Gr 1.1663787(6) x 107> GeV 2 PDG 18 [3]
My 80.379(12) GeV PDG 18 [3]
6 43.52(5)° PDG 18 [3]
m o 497.611(13) MeV PDG 18 [3]
AMy  3.484(6) x 1072 MeV PDG 18 [3]
Fg 155.7(3) MeV FLAG 19 [9]
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Input Value

Ref.

TNee 1.72(27)
Mt 0.5765(65)
Net 0.496(47)

[18]
[19]
[20]
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EK Calculation of € from Standard Model

e from AOF, Exclusive |V (BELLE 19, CLN)

RBC-UKQCD estimate for & p

20 30 40 bo 20 30 40 5o

1 15 3 25 ‘ 2 25
Exclusive [V,s|, BELLE 19, CLN Inclusive |V,s| (1S)
o With exclusive |V | (BELLE 19, CLN), it has 4.50 tension.
lex|B®P = (2.228 £ 0.011) x 1073
lex|SM = (1.457 £0.173) x 1073
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EK Calculation of € from Standard Model

e from AOF, Exclusive |V (BELLE 19, CNL vs. BGL)
RBC-UKQCD estimate for & p

20 30 40 bo 20 30 40 bo

- 15 =5 25 5 15 25
Exclusive |V,,| (BELLE 19, CNL) Exclusive |V,,| (BELLE 19, BGL)
@ CLN has 4.50 tension, and BGL has 4.3¢ tension.

lex|2M = (1.457 £0.173) x 1072 (CLN)

lex|SM = (1.444 £0.181) x 1072 (BGL)
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EK Calculation of € from Standard Model

e from AOF, Exclusive |V (BELLE 19, CLN)
RBC-UKQCD vs. BGI estimate for & p

20 30 40 bo 20 30 40 bo

1 15 P 25 15 2 25

RBC-UKQCD estimate for & p BGI estimate for & p
@ RBC-UK estimate — 4.5¢ tension, and BGI estimate — 4.2 tension.
lex|SM = (1.457 £ 0.173) x 107%  (RBC-UKQCD estimate for &.p)
lex|SM = (1.502 + 0.174) x 1073 (BGI estimate for & p)
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EK Calculation of € from Standard Model

Current Status of ¢x

e FLAG 2019 + PDG 2018: (in units of 1.0 x 103, AOF)

lex|SM = 1.457 4+ 0.173  for Exclusive V; (Lattice QCD + CLN)
lex|SM = 2.021 4 0.176  for Inclusive V,;, (Heavy Quark Expansion)

@ Experiments:
e |BP = 2.228 4 0.011

@ Hence, we observe 4.50 ~ 4.2¢ 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 Acx on the Lattice
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EK Calculation of € from Standard Model

Time Evolution of Average and Error for Ack

0.8 1

0.7 F ]
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04| 1

0.3 F B
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02f — ™

0.1} B

Il Il Il Il Il Il Il Il
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T

@ The average Acy has increased by 49% with some fluctuations.
@ The error oA, has decreased by 17% with some fluctuation: HFLAV
2017 — BELLE 20109.
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EK Calculation of € from Standard Model

Error Budget of Acg : |Viy| (CLN), &p (RBC-UK)

source error (%) memo
|V 50.2 Exclusive (CLN)
7 19.1 AOF
Net 16.3 c—t Box
Nee 6.9 ¢ — c Box
p 2.8 AOF
&b 1.7 Long-distance
By 13 FLAG
&o 0.58 Indirect
Nt 0.54 t —t Box
A

0.16

[Vus| (PDG)

@ The error from |V is dominant.
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EK Calculation of € from Standard Model

To Do List

@ It would be highly desirable if the HFLAV group may perform a
comprehensive reanalysis over the entire sets of the experimental data
including both BABAR and BELLE for B — D*/{7 using the BGL
method and compare the results with those of CLN.

@ It would be nice to reduce overall errors on |Vy|: 1.4% — 0.8%.
[OK action project: LANL-SWME: posters in Lattice 2019]

@ It would be nice to reduce overall errors on 7. [BELLE2]

@ It would be nice to reduce overall errors on &y and &;. [RBC-UKQCD)]

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019 28/35



Summary and Conclusion

Summary and Conclusion
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Summary and Conclusion

Summary

@ We find that

A = 4.5(3)0 (Lattice QCD) (1)
Aetd =120 (HQE, QCD Sum Rules) (2)

@ It is too early to conclude that there might be something wrong with
the SM yet.

© Let us wait for the next round reanalysis of the HFLAV group on the
entire data sets of the B — D*{v decays, using both CLN and BGL.

© Meanwhile, it would be very helpful to reduce the errors for |V|, 7,
&0, &9, and & p in lattice QCD.

© Please stay tuned for the update.
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Summary and Conclusion

Thank God for your help !

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019 31/35



Bibliography

References for the Input Parameters |

[1] J. Charles et al.
CP violation and the CKM matrix: Assessing the impact of the asymmetric B factories.
Eur.Phys.J., C41:1-131, 2005.
updated results and plots available at: http://ckmfitter.in2p3.fr.

[2] M. Bona et al.
The Unitarity Triangle Fit in the Standard Model and Hadronic Parameters from Lattice
QCD: A Reappraisal after the Measurements of Delta m(s) and BR(B —; tau nu(tau)).
JHEP, 10:081, 2006.
Standard Model fit results: Summer 2016 (ICHEP 2016): http://www.utfit.org.

[3] M. Tanabashi et al.
Review of Particle Physics.
Phys. Rev., D98(3):030001, 2018.

[4] Guido Martinelli et al.
Private communication with UTfit.
http://www.utfit.org/UTfit/, 2017.

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019 32/35


http://ckmfitter.in2p3.fr
http://www.utfit.org
http://www.utfit.org/UTfit/

Bibliography

References for the Input Parameters Il

(5]

(6]

[7]

(8]

[9]

Benjamin J. Choi et al.

Kaon BSM B-parameters using improved staggered fermions from Ny = 2 + 1 unquenched
QCD.

Phys. Rev., D93(1):014511, 2016.

T. Blum et al.
Domain wall QCD with physical quark masses.
Phys. Rev., D93(7):074505, 2016.

Jack Laiho and Ruth S. Van de Water.
Pseudoscalar decay constants, light-quark masses, and B from mixed-action lattice QCD.

PoS, LATTICE2011:293, 2011.

S. Durr et al.
Precision computation of the kaon bag parameter.
Phys. Lett., B705:477-481, 2011.

S. Aoki et al.
FLAG Review 2019.
2019.

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019 33/35



Bibliography

References for the Input Parameters Il

[10] Y. Amhis et al.
Averages of b-hadron, c-hadron, and 7-lepton properties as of summer 2016.
Eur. Phys. J., C77(12):895, 2017.

[11] Jon A. Bailey, A. Bazavov, C. Bernard, et al.
Phys.Rev., D89:114504, 2014.

[12] Jon A. Bailey et al.
B—DJv form factors at nonzero recoil and —V,— from 2+1-flavor lattice QCD.
Phys. Rev., D92(3):034506, 2015.

[13] William Detmold, Christoph Lehner, and Stefan Meinel.
Phys. Rev., D92(3):034503, 2015.

[14] J. P. Lees et al.
A test of heavy quark effective theory using a four-dimensional angular analysis of
B — D*{~vy.

[15] A. Abdesselam et al. ~
Measurement of CKM Matrix Element |V, | from B — D*t¢~p,.
2018.

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019

34/35



Bibliography

References for the Input Parameters IV

[16] T. Blum et al.
K — o AT = 3/2 decay amplitude in the continuum limit.
Phys. Rev., D91(7):074502, 2015.

[17] C. Patrignani et al.
Review of Particle Physics.
Chin. Phys., C40(10):100001, 2016.
https://pdg.1bl.gov/ .

[18] Jon A. Bailey, Yong-Chull Jang, Weonjong Lee, and Sungwoo Park.

Standard Model evaluation of i using lattice QCD inputs for EK and V.
Phys. Rev., D92(3):034510, 2015.

[19] Andrzej J. Buras and Diego Guadagnoli.
Phys.Rev., D78:033005, 2008.

[20] Joachim Brod and Martin Gorbahn.
ex at Next-to-Next-to-Leading Order: The Charm-Top-Quark Contribution.
Phys.Rev., D82:094026, 2010.

Yong-Chull Jang, Jeehun Kim, Weonjong Le( Lattice 2019 Lattice 2019

35/35


https://pdg.lbl.gov/

	Testing the Standard Model
	Indirect CP violation

	K
	Input Parameters
	Calculation of K from Standard Model

	Summary and Conclusion
	Bibliography

