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LANL-SWME Collaboration |

@ Seoul National University (SWME):
Prof. Weonjong Lee
8 graduate students < [data analysis]

@ Yonsei University (SWME):
Dr. Jon Bailey (Lecturer)

@ University of Washington (SWME):
Prof. Stephen Sharpe

e Brookhaven National Laboratory (SWME):

Dr. Chulwoo Jung (Staff Scientist)
Dr. Yong-Chull Jang (Postdoc) < [data analysis]
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LANL-SWME Collaboration Il

@ Los Alamos National Laboratory (LANL):
Dr. Rajan Gupta (Lab Fellow)
Dr. Tanmoy Bhattacharya (Staff Scientist)
Dr. Boram Yoon (Staff Scientist)
Dr. Sungwoo Park (Postdoc) < [data analysis]

e Gothe University Frankfurt, Germany (SWME):
Dr. Jangho Kim (Postdoc)

e Korea Institute for Advanced Study, KIAS (SWME):
Dr. Jaehoon Leem (Postdoc) <— [Current Improvement]

7/151



Testing the Standard Model CKM matrix elements

CKM matrix elements
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I G
Charged Current Lagrangian in Quark Sector of the SM

Lw ==z [Vikbp" d W, + \/jiJkay“ujL W, ]

where

u /j = C s d Kk — S
t b
and
Vud Vus Vub
ij = Ve Vs Ve
Viehk Vis Vi
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Testing the Standard Model CKM matrix elements

CKM matrix elements

Standard Parametrization:

—is
c12€13 512€13 size”’
i i
V = | —s1203 — c12523513€"°  C12003 — S125035136€’ $23C13
i5 i
51253 — C12C23513€'°  —$3C12 — S12003513€"° C23C13

Wolfenstein Parametrization:
S12 = A, S3 = AN?, s13 = AN}V p2 + 12,

)\2
1-— 5 A AX3(p — in)
2
AN (1 —p—in) —AN 1

where A= |V, =022, A=083, p=0.16, 7n=0.35
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[Meson]—[Anti-Meson| Mixing



Testing the Standard Model M — M Mixing

M — M Mixing

It is possible only for the 4 neutral mesons.

Kog§d<—>R0%SC7

Do = cii +— Dy = cu

497.611(13) MeV = 0.5 GeV
1864.83(5) MeV 2 1.9 GeV
5279.64(13) MeV 2 5.3 GeV

5366.88(17) MeV = 5.4 GeV
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Testing the Standard Model M — M Mixing

Ko—FO Mlxmg
P g empet W
K %4 w K
(:i ;fd q ::u,c,t VZ/S ?

@ This is the main topic of the talk.

@ Hence, we will discuss it later.
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Testing the Standard Model M — M Mixing

Bd — Ed Mlxmg
B ‘/;Jb q=1u,Cc, t qti d
Bd w w Bd
d ‘/‘;d q/ =1u,c, t ‘/;J/b B

o t—tbox — x¢(Vip V)% = x A2NO(1 — + /77) with x¢ = (my/my)?
o ¢ —cbox = xc(Vep V)% = x APN0 = Lo x [t — t box]

o ¢ —t box = /Xexe(Vep Vi - Vi Vi) = —/xext A2X8(1 — p + in)

G
Amg = 6 2MBdedBBdMWS(Xf)(thth)
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Testing the Standard Model M — M Mixing

B ‘/;]b q - u7c7t V;]*s S
B, W w B,
s Vis ¢ =uct Vi b

@ t—t box — Xt(th V;;) XtA2)\4 with Xt (mt/mW)2
® ¢ —cbox = xc(Vep V) =2 xcAPA* = oo x [t — t box]

o c—t box = /Xexe(Vep V& - Vip Vi) =2 — /XX A2 M4

G2 .
Amg = 67@/\435 f3. B, My S(x:)(Vib Vis)?
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Testing the Standard Model M — M Mixing

D() — 50 Mlxmg
U ‘/U*q q= ba S, d ch C
DO w 4 Do
¢ ‘/qu q/ = ba S5, d Vu*q’ u

b— b box — xb(VCbV:b)2 =~ xp A*A0(p 4 in)? with xp = (mp/mw)?
s — 5 box — xg(Ves V)% = xsA? 22 200 x [b — b box]

d —d box = xg(Vea Vi - Vea Vi) = XgA? = [b — b box]

Hence, the long distance effect from the s — s box becomes dominant

and important. — Very tough in lattice QCD.
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0= TIDE:
AMy : Real Part of Ky — Ko Mixing

«
S ‘/;1«9 q=u,c,t V:]d d
> . > >

KO w w Ro
< & < & <
d Via ¢ =u,ct Vs s

o t—tbox = x¢(Vis V)% = xA*NO(1— p+in)? with x; = (me/mw)?

0 ¢ —cbox = xc(VesV5)? 2 xcA? 22 25x Re[t — t box]

o u— ubox = x,(ViusViy)? = xyA? = 555 x Re[t — t box]

@ Hence, the ¢ — ¢ box becomes dominant. Hence, the long distance
effect (=~ 30%) becomes important.
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ek : Imaginary Part of Ky — K¢ Mixing
‘/(IS q:u7cvt ‘/(Itl d

Y @I

B
> L

Ky w w K

< <
< @ < &

d ‘/([fd ql =1u,c, t ‘/(1/5

i A

o t—t — xeIm(Vis Vi)? = 2, A*A10(1 — p)n with x¢ = (me/mw)?

o c— ¢ — xIm(Ves V)2 = —2x A?A®) = — 5 x Ret — t box|

0 ¢ —t — 2y/xexe Re( Vs V) Im(Vis Vi) 22 24/xcx A X0 = + 1 x
Re[t — t box]

@ Hence, the t — t box is dominant (86%), the ¢ — t box is
sub-dominant (17%), and the ¢ — ¢ box is small and negative
(—3.4%).

18/ 151



Testing the Standard Model CP violation in Neutral Kaons

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

Kaon Eigenstates and ¢

o Flavor eigenstates, KO = (5d) and K° = (sd) mix via box diagrams.

s w d S u,c,t d
—<—4
u,c,t u,c,t w w
— >
d w s d u,c,t s
(@) (b)
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Testing the Standard Model CP violation in Neutral Kaons

Kaon Eigenstates and ¢

o Flavor eigenstates, KO = (5d) and K° = (sd) mix via box diagrams.

s w d S u,c,t d
+

u,c,t u,c,t w w
+

d w s d u,c,t s

@) ®
o CP eigenstates Kj(even) and Kp(odd).
1 — _

Ki = —=(K°—K° Ko = —=(K°+K°

L= KR K= (K4 RO)
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Testing the Standard Model CP violation in Neutral Kaons

Kaon Eigenstates and ¢

o Flavor eigenstates, KO = (5d) and K° = (sd) mix via box diagrams.

s w d S u,c,t d
+

u,c,t u,c,t w w
+

d w s d u,c,t s

@) ®
o CP eigenstates Kj(even) and Kp(odd).
1

Ki = —=(K°-K° Ky = —=(K° + K°
1 \/j( ) 2 2( )
@ Neutral Kaon eigenstates Ks and K.
1 1
Ks = ———=(Ki+EK2) KL= —— (K> + £K1)

V1+ ]2 V1+E]?
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Testing the Standard Model CP violation in Neutral Kaons

Indirect CP violation and direct CP violation

o [k, =500 x 'k, — only for neutral Kaons.

@ It is possible to produce a high quality beam of K.

I(LO< K2+§K1

| indirect : €
> TITT

direct : €’
» TITT

o |ek| = e 2 2.2 x 1073,
o |¢'/e| =2 1.7 x 1073
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Testing the Standard Model CP violation in Neutral Kaons

ek and By, |Ves| |

@ Definition of ek

_ A[KL — (71'7'(‘)/:0]
o A[Ks — (7T7T)/ 0] ’

le| = 2.228(11) x 1073

EK
@ Master formula for ek in the Standard Model.

ek = exp(if) V2 sin(f) < C. Xsp Bk + \5/05 + §LD>
+ O(we’) + O(&T2/T1)

Xsp = TmA¢ | Re Ac ec So(xc) — Re A¢ e So(xt)

— (Re )\C — R,e )\t) Mect SO(XC7 Xt)i|
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Testing the Standard Model CP violation in Neutral Kaons
A
ek and By, |Vp| 1

_ GEFRmk Mg,

N\ = ViV, xj = m?/ M2, C. =
is 71 / =7 6v2 m2A M

£ 1 TmAg _ .
= = ~ —5% — Absorptive Long Distance Effect
V2 V2ReAg

&Lp = Dispersive Long Distance Effect ~ 2% — explain it later.

@ Inami-Lim functions:

So(x) = x|+ + —— : v
TN T T a1 %) 20— x)2  21-x)3)’
X,'XJ' 1 3 3
i Xj) = A B ! /

So(xi, x;) {XI._XJ.[4+2(1—X;) 4(1—Xi)2} "

3XiX;

‘("Hf)}w(l—x,-)(l—x,-)
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CP violaion in Neutral Kaons
N\
ek and By, |Vp| 1l

t—t— So(xt) — +72.4%
c—t— So(xc, xt) — +45.4%
c—c— So(xc) — —17.8%

e Dominant contribution (~72%) comes with |V |*.

Ai = VigVia

Im\; - Red: = 70%| Vo |*(1 = )
2

Rele = —A(1 — %) +0(\°)

2
Red = —(1— %)A2A5(1 —5) + 00
Im\; = nA2\® + O(\")
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Testing the Standard Model CP violation in Neutral Kaons
A
ek and By, |V IV

ImA\. = —ImA\;

o Definition of Bk in standard model.
(Kol [59,(1 = 75)d1[57u(1 — 75)d]| Ko)
$(Kol57,75d10) (0]57.75d| Ko)
N _
Bk = C(1)Bk(n),  C(p) = as(p) o [1+ as(p)]

@ Experiment:

ex = (2.228 £0.011) x 1073 x €%
b. = 43.52(5)°
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Testing the Standard Model CP violation in Neutral Kaons

éK on the lattice

@ This is one of the co number of the Feynman diagrams that we need
to calculate using lattice QCD tools.
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CP violation in Neutral Kaons
| V| on the lattice

e B — D*(i decay form factors:

e B — D/ decay form factors:
0 t

<t

i c

o
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ek with lattice QCD inputs
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Input Parameters
Unitarity Triangle — (p, 7)
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Input Parameters
Global UT Fit and Angle-Only-Fit (AOF)

Global UT Fit

Input: |Vyp|/| Vesl,
Ams/Amy, ek, and sin(20).

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

[Vis| = A+ O(/\7)7

which comes from Kj3 and K.

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

AOF

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

Determine the UT apex (p, 7).

Take A from |V,s| = A+ O(\),
which comes from Kj3 and K.

Use | V| to determine A.
|Vas| = AX* + O(X')

Advantage: NO correlation between
(p, ) and k.

y
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iR
Inputs of Angle-Only-Fit (AOF)

o Acp(J/v Ks) = Syk, = sin(2) with assumption of Syk, >> Cyk,.

e (B — DK) + (B — [K7]pK) + (Dalitz method) give sin(y) and
cos(7).

e S(D~7t) and S(D*r™) give sin(23 + ~y) and cos(283 + 7).
o (B »atr™) + (BY = ptp7) + (BY — (pm)°) give sin(2q).
@ Combining all of these gives 3, v, and «, which leads to the UT apex

(P, 7)-
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Wolfenstein Parameters
Input Parameters for 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] UTfit 2018
@ Instead, we can use angle-only-fit
result for the UT apex (p, 7). 0.2243(5) [3] [Vas| (_AOF)
0.1577(96) | [1] CKMfitter 2018
@ Then, we can take X independently 7 |0.148(13) [2] UTfit 2018
from 0.146(22) | [4] UTfit (AOF)
|Vis| = X+ O(N), 0.3493(95) [1] CKMfitter 2018
i | 0.348(10) [2] UTfit 2018
which comes from Kj3 and K. 0.333(16) [4] UTfit (AOF)

@ Use |V,p| instead of A.

|Ves| = AN2 + O(\T)
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Input Parameters
Input Parameter: By (FLAG 2019)

By in lattice QCD with Nf = 2 + 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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Input Parameter: Exclusive |V| in units of 1.0 x 103

(a) HFLAV 2017 (CLN) (b) BABAR and BELLE 2019
channel value Ref. channel value Ref.
B — D*(v 39.05(47)(58) [10, 11] CLN 384(8) BABAR 19 [14]

B — Dt 39.18(94)(36) [10, 12] BGL 38.4(9) BABAR 10 [14]
[Visl/|Ves|  0.080(4)(4)  [10, 13]

HFLAV 2017 39.13(59)  [10] CLN  384(6) BELLE 19 [15]
HFLAV 2019 39.25(56)  Web BGL ~ 383(8) 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 consistent with BGL within
our limited knowledge.
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Input Parameters
B — D*{7 Form Factor Parametrization: CLN vs. BGL |

o Consider the B — D*/i7 decays:

dr(B — D*tv) GEm},.
dw 4873

(mg — mp+)? x(w) ngw F2(w) |Vep|?

@ In order that the experiments determine |F(w)| - | Vb, they must
know a specific functional form of F(w).

@ The theory provides the functional form and parametrization for
F(w).

@ Popular parametrizations are CLN and BGL.

@ CLN depends on the HQET, but BGL does NOT.

o HQET is the heavy quark effective theory, as if the chiral perturbation
theory is the low energy effective theory of QCD.
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Input Parameters
B — D*/7 Form Factor Parametrization: CLN vs. BGL Il

@ CLN: Caprini, Lellouch, and Neubert [16]

F(w) = by ) % s % X(w)

ha,(w) = hay(1) [1 — 8pz + (53p2 — 15)22 — (2312 — 91)23
Vwrl-va o Ep
VS EEVL T T mp

where z is a conformal mapping variable. — z expansion.
e BGL: Boyd, Grinstein, and Lebed [17]

1 =
Flw) = SDPE) HZ:Oanz (2)
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/) 7" Porometers
CLN vs. BGL in B — D*(7 decays

45

441 CLN
BGL
Gambino
Grinstein
BELLE-17
BELLE-18
BELLE-19
BABAR

43t
a2t

boop||

41F
40 f
39 F

[Vep| x 103

38 F
]
1 1

FLAG 2019! 'SWME 2019

37F

36 F

35 1 1 1
2017 2018 2019

2020
Time (year)
@ At present, we find that BGL is consistent with CLN.
— Resolved 777
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Input Parameters
CLN vs. BGL: Martin Jung’s claim in 19/08 INT workshop

o BELLE 2019 used BGL 30 fit (6 parameters).
@ Martin used BGL 2y fit (8 parameters) [PLB795 (2019) 386].

o x?/d.o.f. = 32.5/35 (BGL(102)) and 31.2/32 (BGL(22)).
— No distinction !l

@ Martin claims that the correct error for |V,p| is 50% larger than that
of BELLE 20109.

@ Martin also suggested that the slope and curvature of R;(w) and
R>(w) at zero recoil should be calculated in lattice QCD.

40 /151



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

|Vep| in units of 1.0 x 1073,

(a) Exclusive | V| (b) Inclusive |Vq|
channel value Ref. channel value Ref.
CLN 38.4(8)  BABAR 2019 [14] kinetic scheme 42.19(78) [10]
BGL  384(9)  BABAR 2010 [14] IS scheme  41.98(45) [L0]

CLN  38.4(6)  BELLE 2019 [15]
BGL  383(8)  BELLE 2019 [15]
CLN  39.13(59) HFLAV 2017 [10]
CLN  39.25(56) HFLAV 2019 [Web]*

@ There is 30 ~ 40 difference in |Vp| between the exclusive and
inclusive decay channels.

@ This issue remains unresolved yet.
'Preliminary !l
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Current Status of |V in 2019

IV, [107]

B—=D*lv
B—=Dlv
B—-mnlv

Ay —=puv
[ Average 68% C.L.
I Average Ay’=1

T T
Inclusive
IV, l: GGOU
IVl global fit in KS

_+_

35

w
IIIIIIIIII

25

HFLAV

| P =77%]

34

40 42 44
IV, [107]
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Input Parameter: &
Indirect Method

€0 = %, L= ImA; & | —1.63(19) x 10~* | RBC-UK-2015 [18]
Re Ap Re As

where  A(Ky — (1)) = Aje’® = |A|e’ e

@ RBC-UKQCD calculated ImA;: ImA; — & — €l /ex — &o
Re(i) = <f2 fo) ~
€K f\eK|
Other inputs w, ek and € /e are taken from the experimental values.

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

@ Isopspin breaking effect: (at most 15% of &) — (1% in k) — neglected!
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Input Parameter: &
Direct Method

o RBC-UKQCD calculated ImAg. ImAg — &o.

_ ImAo

_ —4
= Red = 0.57(49) x 10

o

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

8o = 23.8(49)(12)°[2015] — 23.8(49)(112)°[2018]

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

@ This puzzle might be resolved by multi-state fitting with new
operators: RBC-UKQCD, Tianle Wang [Lattice 2019].

@ Here, we use the indirect method to determine &p.
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Input Parameter: &

Summary
Input Parameters: &g
Method ‘ Value ‘ Ref.
Indirect —1.63(19) x 10~* RBC-UK-2015 [18]
Direct —0.57(49) x 10~* RBC-UK-2015 [19]

@ Here, we use the results for & obtained using the indirect method.
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Input Parameter: & p

m/
§LD=7LD
V2 AMk
K Hy| C)(C|H, KO
o= -t [y O

mygo — C

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

‘o
V2

@ Precision measurement of lattice QCD is not available yet.

o = —0.4(3) x
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Input Parameter: charm quark mass m.(m.)

mc(m¢) in lattice QCD.

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

@ The results for m¢(mc) with Ne =24 1+ 1 are inconsistent with
each other.

@ Hence, we use the results for mc(mc) with Np =2 + 1.
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Input Parameter: top quark mass m;(m;)

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

Collaboration M; me(mg) Ref.
PDG 2016 173.5+1.1 163.65 +1.05+0.17 [20]
PDG 2018 173.04+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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Input Parameter: top quark pole mass M,

175

Myop —O—

174

173

M, (GeV)

172

171 . . . . . . . .
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
T (year)

@ CMS and ATLAS have done a great job in reducing the error !l
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Other Input Parameters

Input Value Ref.
Gr 1.1663787(6) x 1075 GeV 2 PDG 18 [3]
My 80.379(12) GeV PDG 18 [3]
0 43.52(5)° PDG 18 [3]
myo 497.611(13) MeV PDG 18 [3]
AMyg 3.484(6) x 10712 MeV PDG 18 [3]
Fk 155.7(3) MeV FLAG 19 [9]

Higher order QCD corrections: 7;;.

Input Value Ref.
Nee 1.72(27) [21]
Net 0.5765(65) [22]
Tct 0.496(47) [23]

50 /151



Comment on 7¢

@ Poor convergence in 1¢:

Nee = 1(|_0) + 0-37(NLO) + 0-36(NNLO) + (NNNLO)
=1.724+0.27

@ We do not know the size of NNNLO but know that the sign is very
likely to be positive.

o Then, it will decrease |ex|PM. further, and increase the gap Ack
more.

o Ultimately, it would be nice to calculate n.. using tools in lattice
QCD.
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Results for i
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EK Results for e

ek from AOF, Exclusive | V| (BELLE 19, CLN)
RBC-UKQCD estimate for & p

20 30 40 bo 20 30 40 b0

2 25 3

1 15 3 25 ‘
Exclusive | V.|, BELLE 19, CLN Inclusive | V| (1S)
e With exclusive |V | (BELLE 19, CLN), it has 4.50 tension.

e |BP = (2.228 £ 0.011) x 1073
lex|SM = (1.457 £0.173) x 1073
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EK Results for e

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

20 30 40 bo 20 30 40 bo

=5 15 -5 25 5 15 25
Exclusive |V,y| (BELLE 19, CNL) Exclusive |V,5| (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 Results for e

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

RBC-UKQCD vs. BGI estimate for & p

20 30 40 bo

20 30 40 bo

- 15 =5 25
RBC-UKQCD estimate for & p

1 15 2 25

BGI estimate for & p

@ RBC-UK estimate — 4.50 tension, and BGI estimate — 4.20 tension.

lex |3 = (1.457 £0.173) x 1073
lex|SM = (1.502 £ 0.174) x 1073

(RBC-UKQCD estimate for & p)
(BGI estimate for & p)
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EK Results for e

Current Status of ek

e FLAG 2019 + PDG 2018: (in units of 1.0 x 1073, AOF)

]€K|§>'<\£| = 1.457 £0.173 for Exclusive |V | (Lattice QCD + CLN)
lex|PM = 2.021 +0.176  for Inclusive |V,p| (Heavy Quark Expansion)

o Experiments:
lex|EXP = 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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Time Evolution of Ack on the Lattice

updated Vep, my |

updated Vo

Tfit p, 7, A
v WE

NNLO 7

L

45 -

4.0 -

2 35
(,f updated Vo,
< FLAG Bk
NNLO 7.t

3.0 F

RBC/UKQCD &
o5 | LLV Avg. Bk

updated Vg
RBC-UK A£0
FLAG Bk

Mo, My

2012 2013 2014 2015 2016 2017 2018 2019

o Ack = |ex|B® — [ek|SM <= |Vip| (CLN) & &p (RBC-UK)

excl

T
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EK Results for e

Time Evolution of Average and Error for Acy

0.8 1

0.7 | B

06 | N B

05 F B

04 L 1

03 F B
One,,

02p —

0.1F ]

0.0 L L L L L L L L
2012 2013 2014 2015 2016 2017 2018 2019

T

@ The average Acy has increased by 49% with some fluctuations.

@ The error oa., has decreased by 17% with some fluctuations: HFLAV
2017 — BELLE 2019.
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€K

Results for e

Error Budget of Aé‘K : ‘Vcb‘ (CLN), €LD (RBC—UK)

source error (%) memo
| Veb| 50.2 Exclusive (CLN)
] 19.1 AOF
Net 16.3 ¢ — t Box
Nec 6.9 ¢ — ¢ Box
p 2.8 AOF
LD 1.7 Long-distance
Bk 1.3 FLAG
&o 0.58 Indirect
Ntt 0.54 t — t Box
A 0.16 |Vis| (PDG)

@ The error from | V| is dominant.
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EK Results for e

To Do List

@ It would be nice to reduce overall errors on |Vp|: 1.9% — 1.0%.
[OK action project: LANL-SWME report in Lattice 2019]

@ It would be nice to reduce overall errors on 7. [BELLEZ2]
@ It would be nice to reduce overall errors on & and & in lattice QCD.

[RBC-UKQCD]

@ It would be nice to reduce overall errors on | V5|, mc(me), fk in
lattice QCD.
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Summary and Conclusion
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Summary
@ We find that

A% = 4.5(3)0 (Lattice QCD, CLN/BGL) (1)
AeRd =120 (HQE, QCD Sum Rules) (2)

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

© It appears to me that the results of CLN are consistent with those of
BGL for the B — D*{v decays at present. (Good news !!!)

@ Meanwhile, it would be very helpful to reduce the errors for | V|,
|Vis|, 7, &0, &2, me(me), fk, Bk, and £ p in lattice QCD.
ﬁ S 57 dea sta BBda BBsa"'

© Please stay tuned for the update.
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[HO)EUENAGIM Other Anomalies in SM

R(D) and R(D*)
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R(D) and R(D*)

R(D) and R(D*)

Other Anomalies in SM

@ Definition:
B(B — Drv;) B(B — D*rv;)
—_— R(D*)= ——
R(D) B(B — Dtv;)’ (0%) B(B — D*lvy)
@ Results of HFLAV 2017
channel | SM (Lattice QCD) | Experiment | Difference
R(D) 0.300(8) 0.403(40)(24) | 220
R(D¥) 0.252(3) 0.310(15)(8) | 3.0
@ Results of HFLAV 2019 (Preliminary)
channel | SM (Lattice QCD) | Experiment | Difference
R(D) 0.299(3) 0.340(27)(13) | 140
R(D") 0.258(5) 0.295(11)(8) | 250
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[HO)EUENAGIM Other Anomalies in SM

Calculation of R(D*) and R(D) |

@ We can calculate the semi-leptonic form factors of the B — D*)¢p
decays using tools in lattice QCD.

@ Then, we can obtain the form factors F(w) and G(w) for the full
range of w (the recoil parameter) using CLN, BGL, and BCL.

@ The recoil parameter w is

2 2 2
mg + mp —
w=vg o= PR =143
BIMTIp
2

2 2
mg +my —m
o ¢g° € [m?,(mg—mp)?] - we[l,x], wherex, = Mg+ Mp = Mg
2mBmD
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Other Anomaies in S
Calculation of R(D*) and R(D) I

e How to calculate R(D*):

x dr
B(B — D*tv;) /1 aw [dw(w’ m.r)}

B(B — D*lvy) /XzZ dr !
. dw dW(W,mg)

R(D*) =

where ¢ ={e, n}, xr=1355, x,=1503, and

ﬂ G2 MD*
dw

= (Mg — Mp-)>v/w? — 1 [ngm|? | Veo|* x(w) | F(w)?
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[HO)EUENAGIM Other Anomalies in SM

R(D) and R(D*) (2017)

o 05— — T T T T T T T T
[ ——— BaBar, PRL109,101802(2012) 2 ]
e - ——— Belle, PRD92,072014(2015) Ay = 1.0 contours .
(27 045+ LHCb, PRL115,111803(2015) == SM Predictions —
[ ——— Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) .
[ —— Belle, PRL118,211801(2017) R(D)=0.299(11) FNAL/MILC (2015) ]
04 |:| Average R(D*)=0.252(3) S. Fajfer et al. (2012)
035F ]
03 =
025 ]
B Moriond 2017 |4
: P(x?) = 67.4% ]

O 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1

%).2 03 04 05 0.6

R(D)
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Other Anomaies in S
R(D) and R(D*) (2019, preliminary)

o LA R s A B — T T
e [ [ HFLAV average sz =1.0 contours ]
~o04 —
L LHCblS _
c BaBarl2 ]
0.35 g 30 .
C LHCbI8 ]
03 B -
0.25 L F Bellel9 Bellel5 _]
r Bellel7 T

02— —+ Average of SM predictions HFLAV
F R(D) =0.299 +0.003 |_Spring 2019 |
C | IR(D*) =0.258 £0.005 | IP(XZ) =27% 7

0.2 0.3 0.4

R(D)
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| Vel |Vep| on the lattice

| Vep| on the lattice
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L SIS

Why the OK action?
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L SIS

Calculation of | V| on the lattice

@ Exclusive B — D"/ at zero recoil [Fermilab-MILC (2014), HPQCD (2018)]

o Gold-plated: most precise in experimental and lattice errors.
e Form factor calculation using the 3-point function (D*|A*|B) on the lattice.

@ Exclusive B — D{7 at non-zero recoil [Fermilab-MILC (2015), HPQCD (2015)]
o Near the zero recoil, the experimental precision is poor due to to the phase

space suppression.
e Form factor calculation using the 3-point function (D|V*|B) on the lattice.

© Inclusive B — X0 [S. Hashimoto (2017)]
@ Preliminary, Calculate the 4-point function on the lattice,

(BIT{J(a)Jo(0)}|B),  where J, = Evu(1 — 5)b.

Decay mode Method [Ves| x 10° [HFLAV (2017)]
B — D*tv Lattice 39.05(47)(58)

B — Dt Lattice 39.18(94)(36)
B — Xty QCD sum rule  42.03(39)
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L SIS

Limitation of Fermilab action calculation

@ On the lattice, we have discretization error by construction.

o For the B — D™)¢7 study, the heavy quark discretization error
(HQDE) for charm quark is dominant. (A ~ A/2mg)

o The Fermilab action calculation of ha, (B — D*{i semileptonic form
factor) has O(asA2?) and O(A3) ~ 1% discretization error.

@ To achieve a sub-percent (< 1%) precision, we have to use new
action: Oktay-Kronfeld action, O(A\3) improved action where its
discretization error appears at O(\*) ~ 0.2%.
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L SIS

Limitation of Fermilab action calculation

@ We expect the improvement in charm quark discretization error from the
Fermilab/MILC results [PRD89, 114504 (2014) and PRD92, 034506 (2015)]

for the B — D™ ¢ semileptonic form factors.

form factor ha, fy
decay channel B — D*( B — Div
statistics 0.4 0.7
matching 0.4 0.7
xPT 0.5 0.6
&D*D, 0.3 -
c discretization | 1.0 — (0.2)ox 0.4 — (0.1)ok
others 0.1 0.2
total 14— (0.8)ok 12— (1.1)ok

@ BELLE2 has been running since April, 2019, and the target statistics is 50
times larger than BELLE.
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The OK action
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The OK action
OK Action (mass form)

SO0K = SFermilab + Snew s SFermilab = 50 +Sg + Sk
So = moz¢ () (x +Z¢(x )7 Dath(x 2a2¢ )Da(x

+<wa7-3w rSCaZw )A®4(x)
—0(1)+0(\) A~ aA, /\/mQ]

Sg = —%CBgaZJ)(x)if - §¢(x) NGO

= —*CECQZQP ) = O(\?) (ce # cg : OK action)

1
— —(1+3 18
mo = Dr (14 3rs¢ + 18cs)
[M. B. Oktay and A. S. Kronfeld, PRD 78, 014504 (2008)]

[A. El-Khadra, A. S. Kronfeld and P. B. Mackenzie, PRD 55, 3933 (1997)]
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The OK action
OK Action (mass form)

Snw = ON') = @1a® 3 Jh(x) 3 1D wh(x)
+0a® ZX:JJ(X){IV D, A}y(x)
+c3a? EX:&(X)W .D,iT - Bly(x)
+ cEEaZXZ PO {1aDa. T - E Jh(x)
+ c4a° ZX&(X)Z A2(x)
+ c5a3§::zz(x)i > {i%iBr, Ajp(x)

i j#i

76 /151



| Ven| Inconsistency Parameter

Inconsistency Parameter
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| Vel Inconsistency Parameter

Improvement Test: Inconsistency Parameter

20Mg, — ((Mgq + IMaq) _ 20Bg, — (9Bgq +0Bg)

/
2M,g, 2M,

Qq

Mg, = mg +mq+ Big, Mg, = Myg, — Mig,
M25q = myg + Myq + B25q 585:7 = B25q o Bl@z

[S. Collins et al., NPB 47, 455 (1996) , A. S. Kronfeld, NPB 53, 401 (1997)]

@ Inconsistency parameter | can be used to examine the improvements by
O(p*) terms in the action. The OK action is designed to improve these
terms and matched at tree-level.

@ Binding energies B; and B; are of order O(p?). Because the kinetic meson
mass M, appears with a factor p?, the leading contribution of binding
energy B, is generated by O(p*) terms in the action.

2 2 B.—
E:M1+L+-":M1+ P 1— 2Qq N T
2M, 2(m25—|—m2q) (m25—|—m2q)
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| Vel Inconsistency Parameter

Improvement Test: Inconsistency Parameter

20Mg, — 6Mgq _ 20Bg, ~ 3Bgq

/
2M, 2M,

I

Qq Qq

@ Considering non-relativistic limit of quark and anti-quark system, for S-wave
case (,uz_l = m2_61 + mz_l),

5 (p) M M
0B5s, =-—" [,ug(i + J) — 1} (mg : c1,03)
Q 3 3
q 3 2u22 o iq
_,'_i 3<P > 2 ( . )
33 72u2 MQ(W4Qm26 + W4qm2q) Wy @ Co, Cy
+0(p*)

[A. S. Kronfeld, NPB 53, 401 (1997) , C. Bernard et al., PRD 83, 034503 (2011)]

@ Leading contribution of O(pz) in 0B vanishes when wy = 0, my, = my, not
only for S-wave states but also for higher harmonics.

@ This condition is satisfied exactly at tree-level, and we expect / is close to 0.

79 /151



| Ven| Inconsistency Parameter

Improvement by the OK action: Inconsistency

| _ 20Mgq — (5Mag +3Maq) _ 26Bg, — (9Baq + 5Bg)

2M, 5, 2M, 5,
0.2 : —
- S BS
e @8
0 germm
-0.2 |
-04 | &
—0.6 | OK action —8— F@'
08 Fermilab action —6—
1 2 3 4
_ PS
aMqu
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| Ven| Inconsistency Parameter

Inconsistency

al2m310, Kt = 0.051211 (nonperturbative)

D, B
0.1 ‘ o ‘ 0.1 ‘ —
0.05 | ] 0.05 t 4
- 0 o +
@ @ B &
005 ¢ -0.05
$
-0.1 ‘ : ‘ ‘ -0.1 ‘ ‘ ‘ ‘
1 11 12 13 14 15 28 3 32 34 36 38
_ PS _ PS
ahszq ahszq

[Yong-Chull Jang et al., EPJC 77:768]
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B — D*¢ Form Factors
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B — D*¢5 Form Factors
| Vp| from the exclusive B — D*(v |

@ B — D*(v HQET form factors: ha,(w), ha,(w), ha,(w), and hy(w)

(D*(pp~,€)|A*|B(ps))
V/MBmD-

= iha, (w)(w + 1) — iha,(W)(€* - vB)vl

— I.hAS(W)(G* . VB)VS*
(D*(pp~, €)|V* E(PB»
V/mBmp.

@ R;i(w) form factor ratios:

= el pesvhvE-hy(w)

with r= MD*/MB
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B — D*¢5 Form Factors
|Vp| from the exclusive B — D*(v

. . dl . .
© Experiment: determine w32 function of w (= recoil parameter).
w

dr  GEM3}.
=~ (Mg — Mp- Vw2 — 1 |nem|? [ Ves|* x(w) | F(w)[?

dw 473

where w = vg - vp+, r = Mp+« /Mg, and
x(w) = (14 w)’Aw)
1 4w
Aw) = I <1 + t (W))

w+1
1—2wr+r?
CW) =gy
Hg (w) + HZ(w) + H2 (w)
Flw) = hAI(w)\/ T
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B — D" (7 Form Factors
| Vp| from the exclusive B — D*/(v 1l

Ho(w) = w—r— Xio,(_wz — rXa(w) _w— rl:lr?z(w)
Hi(w) = t(w)(1 F Xv(w))

Xo(w) = (w — 1):25:3

Xa(w) = (w = 1)

 Jw—=1hy(w)
Xv(w) = \/wiHhAvl(W) =
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B = D747 Form Factors
|Vep| from the B — D*{v decays at zero recoil (w = 1)

O Lattice QCD: Calculate F(1) = ha,(1) from the following matrix
element

@ Determine |V,| by combining experiment with lattice QCD
results for 7 (1)
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B — D*(7 Form Factor: ha (w = 1)
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E = Dl G e iy (07 = 1)
B — D*(v at zero recoil: ha, (1) on the lattice

el A 1B\ Bl A « b 7b
_ (D|ALIB)(BIALIDY) 5 Za; 2a;

ha, (1)2 = = L x p4, with p3 =
P = b v Dy (BIVa By A T P = Zee ze

First, we calculate 2-point correlation functions on the lattice:

CF(t) = (0%(t)Ox(0))

Az
Ag

As
Ao

2 2
e~ AMat | e (BMHAME |

_ |A0|2e—’V’°f(1 + ’

2
e—A/Vht _ (_1)t

2

A e_(AM1+AM3)t + .- ) + (t T - t)

Ao

where X = B, D*, A, = (n|Ox|Q), and
AM, = M, — M,_5 with AM; = M; — My and n > 2.

As

-y i
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B = D747 Form Factor: hay (w = 1)
Multi-state fitting (3+2 fit)

1~6 T T T 1 T T T
D* 342 multistate fit D* 342 multistate fit
y 5<t<18 0.8 | x%/dof = 0.91 1
o MP" =1.1280(43) 1 o Prior — i
g T ]
12 p " 5 g 104 kX :
2 F B
1 1 1 1 1 O %x
0 5 10 15 20 0 , . . .
t AM; AM; AMs; AMy
(a) Effective mass (b) Multi-state fit

1 C2Pt(t)
ei(t) = = In [ =2
mei(t) = 5 In <C2Pt(t+2)>
AM, =M, — M,_» forn>2
AM; = My — My

89 /151



3-point correlation function

B—D* b(o o
CA7P (1)) = > _(OL.(0)AP(7,1)0s(%, 1)) (0<t<tf)
)?7.V
Interpolating operators for mesons
Og = ¥Ypys¥y, Op+ = Yejibr
Improved axial current operator
AP = U 5V,
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3-point correlation function: current improvement

AP =V sy,
The O(A3) improved field with 11 parameters (d;): [Jaechoon Leem, Lattice 2017]

W(x) = eM/2[1+ diy - D - o)
+ b A®) + dgi¥ - B+ dea - E — 0(\?)
+dief{y Do E}+ 5y viDidi + dify - D, AP}

+ds{y+D,i¥ B} + dec{7aDs, x - E} — O0(\?)
+ ds[aDa, A®] + dr[14Ds, i - B]] b(x).

91/151



E = Dl G e iy (07 = 1)
_ 2 : .
Calculate R = |ha,(1)/pa;|* using two different analysis

@ Direct analysis on Cj(_*y

CABJ_HD*(L tf) — BB%D*efMEtefMB(tfft)(l + EB%D*(t’ tf))

where BE=D" = AOD*(D*\AJ‘?[’\B)A(’)B, and &80 represents the
contamination from the excited states of B and D* mesons.
gB—D* . gD*—B
R =

BB—B . gD*—D~
@ Analysis on R
CR7P (8, t,) CR B (1, ty)
CoOB(t, tr)CO 7P (¢, 1)

BB—D* . gD*—B

R(t,tr) =

- BB—B . gD*—D* [1 + 6B_>D*(t> tf) + 6D*_>B(t7 tf)
- aB%B(L tf) - 6D*—>D*(ta tf) e ]
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Vb B — D* {0 Form Factor: hy, (w =1
a1

Direct analysis on CX—~Y

Ca7P" (t,7) = (Oh.(0)A(t) O (7))

0<t<T)

= A5 Af (D5|A|Bo)e M, (T—) g~ Mog t
— Ag" A7 (D5 |A|By
— A7 AG (Df|A|Bo
+ A7 AT (DF| A By

>> 1) te ~Mg, (1—t) g~ Mps t
)
)
+ AP AB (D3| ASP| By)eMao(7—t) = Mos ¢
)
)
)
)

(-
( 1)te MBO(T—t)e*MD*t
(—

1)7’ MBl(T t) _MD*t

+ AL AB(D§| AP | By)eMea (Tt e Mog
— AP AB (D3| ASP| By ) (—1)7 e Ma (7= g~ Mo ¢
— AP AB/(D;| At By) (—

+ AL AB (D3| A | Byye Ma (0 Most L

/\/\/\/\/\/\/\/\

1)t Mg, (T—t) o~ Mpy t

We take .A,D*, .AJB, MD,.* and MBJ, from the 2-point fitting.
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Fitting results for the 3-point correlation functions (1)

CXY(t, 1
g(t,7) = 5 67)

= cb
= AV AF e Wl vyt — (YOlATIXo)

4.6 T T T T T T T 8.5 T T T T T
B T—o00 — 7=11w 7=13 & 7=15 v
44t T=10 A 7=12 w0 =14 &
42 8.0
4.0 b
© ©
= 38 ¢ = 15
)} )
3.6 [
34 | 7.0
3.2 | ]
B—B,al2m310
3.0 1 1 1 1 1 1 1 6.5 1 1 1 1
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
t—1/2 t—T1/2
(c) B—B (d) D* — D*
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B — D™ 45 Form Factor: hy (w = 1)

Fitting results for the 3-point correlation functions (2)

CX7Y(t,T
Gg(t,7) = A (t.7)

= cb
- Aa/Aée_MXO(T_t)e—Myot - <YO|AJ |X0> + ,

6.5

6.0 |-

5.5 F

5.0

G(t,7)
G(t, 1)

4.5 |

4.0 |

- L . . . B"b*=£t127‘rz310
- -6 -4 -2 0 2 4 6 8 -8
t—1/2

3.5 3.5

(e) B— D~
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B — D*/ Form Factor at Zero Recoil : ha (w = 1)

0.90 pa, is blinded. ++ 1

%=+ FNAL/MILC '14 i

hAl(l)

0.85 | 52, HPQCD'18
w0 A4 AL 422
A A0 4 AL
A 2\
0.000 0.005 0.010 0.015
2% [fm?]

bc 7¢cb
o pa is blinded: 2 — A Ay
PA; : ij - 7bb 7cc
V4 V4
@ Non-perturbative calculation of p4, is underway.

@ Preliminary results!!!
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= PR s o (7=

Summary

@ This is the first numerical study with the OK action using the
currents improved up to O(A3).

ha, (1 =
@ We have obtained preliminary results for M of B — D*{v
PA;
decays. '
[ To do list |

Non-perturbative calculation of matching factor pa,.
Extending measurement to superfine and ultrafine ensembles.

Chiral-continuum extrapolation

Accumulate more statistics
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5= P e (e )

B — D/ Form Factors: hy(w)
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B — De7 Form Factors: i (w)
B — D¢ Form Factors: hi(w) on the lattice

<D(MD7PI)|V#|B(M37 0)>

= 2 () + V)t ()~ )}

V2Mp+/2Mpg
; Ly P
@ B meson is at rest: v = — = (1,0).
Mg
/ E /
@ D meson is moving with velocity: v/ = /\I;D = (M—Z, %D)

@ Recoil parameter: w = v - v/
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5= P e (e )

3-point correlation function

Co P (e tr) = > (Oh(O)V(7,1)Os(X, 1)) (0<t<t)
7.y
Interpolating operators for mesons

Op = Yp5te, Ob = Y57
Improved vector current operator

V;b = lTJC’)/,LL“l;ba
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5= P e (e )

B — D¢ Form Factors h.(w)

a=~0.09fm & m, = 220 MeV

13F
mm >\°+§g E
12 ﬁﬂ A0 AL+ A2 e ]
— ‘t'ﬁ
B [0}
11 ®¢®®® bﬁﬁ
1.0} LTS 209m220 1
0.9 ‘ ‘ Zy : blinded
1.0 1.1 1.2 1.3
0.3 f >\O+ ilj
0.2 A+ AL+ A2 e ]
B
= 01
<2 aanhe B
” 0opd00 @ 7, a2
10 1.1 12 13

@ MILC HISQ lattice at a =2 0.09 fm and m, = 220 MeV.

@ Zy is blinded. — Preliminary results!!!
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B = Dty Form Factors: e (w)
B — D/{v Form Factors hy(w)

13F T T 8| T T
V. A2-improved, Zy : blinded ggﬁgég : Vi, A2-improved, Zy : blinded g%%mgég z
12k a09m310 -2~ ] 0.4 ¢ a09m310 2~ ]
. a09m220 o~ a09m220 e~
- ¢£®g 03}
dF ¥ ]
g v
s S 02}
1o} Qﬁqu‘; 13 +
< < 01f
-l t | "’{"igb* Re b7
00 @ %%
08| % + ] q)gq)@(b ¢ + + 4 A
+ 01}
0.7k . . ] . .
1.0 1.1 1.2 1.3 1.0 1.1 1.2 1.3
w w

@ MILC HISQ lattices at a =2 0.12fm and a = 0.09 fm
@ Zy is blinded. (NPR is underway.)
@ The vector current is improved up to the A2 order.

@ Preliminary results!!!
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5= 27 e ez ()

Summary

@ This is the first numerical study with the OK action using the
currents improved up to O(A3).

@ We produced 3-point correlation functions, and obtained preliminary
hy(w)
v

of the B — D/ decays.

results for

[ To do list |

e Non-perturbative (NPR) calculation of matching factors: Zy,.

@ Extending measurement to superfine, ultrafine, and anker-point
ensembles.

@ Chiral-continuum extrapolation

@ Accumulate more statistics
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5= 27 e ez ()

Current status of measurements and data analysis

] label \ 2—point \ 3—point \ NPR \ meson mass \ analysis ‘
al2m299

al2m?216
al2m133

a09m301
a09m?215
a09m130

a06m304

a0bm?224

a06bm135
a042m294
a042m134

[ a03m294 |

XX X|[X|B>O)X|O]O|| X|OO
X|[X X[ XXIO X O[O X|O|O
XXX XXX XXX XX
XXX X XXX XXX X | B>
XXX X XXX | B B [X| B >

| [ X |

label = Nf =2+ 1+ 1 MILC HISQ ensemble ID
example: a12m299 — 3 = 0.12fm and m, = 299 MeV

104 /151



Thanks to God

My personal opinion

@ The Scripture says in [Isaiah 55:8-9] that
8. "For my thoughts are not your thoughts, neither are your ways my
ways,” declares the LORD.
9. " As the heavens are higher than the earth, so are my ways higher
than your ways and my thoughts than your thoughts.”

o | suspect that some of the fundamental postulates of the standard
model (SM) might be wrong even in quark sector,

@ even though we do not know yet which one of them may disappear
out of the orbit.
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Thanks to God

Thank God for your help !
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Backup Slides

Backup Slides
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MILC HISQ Ensembles

| label | a(fm) | geometry [ m,(MeV) [ am, | am, | am. |
al2m299 | 0.12 243 x 64 299 0.0102 0.0509 | 0.635
al2m216 | 0.12 323 x 64 216 0.00507 | 0.0507 | 0.628
al2m133 | 0.12 483 x 64 133 0.00184 | 0.0507 | 0.628
a09m301 | 0.09 323 x 96 301 0.0074 0.037 0.440
a09m215 | 0.09 483 x 96 215 0.00363 | 0.0363 | 0.430
a09m130 | 0.09 643 x 96 130 0.0012 0.0363 | 0.432
a06m304 | 0.06 483 x 144 304 0.0048 0.024 0.286
a0bm224 | 0.06 643 x 144 224 0.0024 0.024 0.286
a06m135 | 0.06 96° x 192 135 0.0008 0.022 0.260
a042m294 [ 0.042 | 64° x 192 294 0.00316 | 0.0158 | 0.188
a042m134 | 0.042 | 1443 x 288 134 0.000569 | 0.01555 | 0.1827

| a03m294 [ 0.03 [ 96° x 288 | 294 | 0.00223 [ 0.01115 [ 0.1316

label = MILC HISQ ensemble ID
example: a12m299 — 3 = 0.12fm and m, = 299 MeV
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CLN and BGL e}

CLN
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cLN
CLN: Caprini, Lellouch, Neubert |

e Consider B — D*(i7 decays.

dr(B — D*w) GZm},

dw = 4873 (mg — mp=)? x(w) n2w F2(w) | Ve|?

@ Here, Gr is Fermi constant, ngw is a small electroweak correction,
and F(w) is the form factor.

@ The kinematic factor x(w) is

x(w) = Vw2 —1(w+1)2 x Y(w)
Aw 1—2wr+ r?
w+1 (1-r)?

Y(w)= |1+
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cLN
CLN: Caprini, Lellouch, Neubert Il

@ The form factor can be rewritten as follows,

1 1—2wr+r? w—1
F3(w) :hf\l(w) X ) X {2 L [ 2

[1 + %(1 - Rz(w)>]2}

@ So far the formalism is quite general.
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cLN
CLN: Caprini, Lellouch, Neubert Il

@ CLN method [16]: (&~ model-dependent approximation)

ha, (W) =ha, (1) |1 — 8p%z + (53p® — 15)z2 — (231p* — 91)2°| (3)
Ri(w) =Ry (1) — 0.12(w — 1) 4 0.05(w — 1)? (4)
Ry(w) =R»(1) 4+ 0.11(w — 1) — 0.06(w — 1)? (5)
where z is a conformal mapping variable:
e Y 6
Vw+ 142
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cLN
CLN: Caprini, Lellouch, Neubert IV

The trouble is that the slopes and curvatures of Ri(w) and Rx(w) are
fixed by the HQET perturbation theory (zero-recoil expansion). The
HQET results for the slopes and curvatures have about 10%
uncertainty of order O(A%2/m?2) and O(as\/m).

Hence, CLN can NOT have precision better than 2% by construction.
The trouble is that the experimental results have errors less than 2%
and that the lattice QCD results for the form factors have such a high
precision that the errors are below the 2% level.

At any rate, the experimental group (HFLAV 2017) uses CLN to fit
the experimental data to determine four parameters: newJF(1)|Vep|,

P2, Ri(1), Ro(1).
Lattice QCD determines F(1) very well.
new is very well known.

Hence, we can determine exclusive |V | out of this.
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CLN and BGL BGL

BGL
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BGL
BGL: Boyd, Grinstein, Lebed |

BGL is model-independent.

BGL is constructed on three building blocks:

@ Dispersion relation
@ Crossing symmetry
© Analytic continuation: analyticity

@ Consider the 2-point function:
NY(q) = (¢"q” — °g")NJ (¢*) + &' N5(¢°)

= / d*xef (0] TJ(x)[J*(0)]|0) (7)

In general, I'I}—’L(q2) is not finite.

115 /151



BGL
BGL: Boyd, Grinstein, Lebed Il

@ Hence, we need to make one or two subtractions to obtain finite
dispersion relations:

L2
XJ(CI):qu:*

onr 1 /°° ImM7(t)
2 - J _ = dt J
xXJ\q ( ) 8q2 0

ong 1/°°dt1mr|5(t)
0 (t—q?)?

™

™ (t—q%)?

o Kallen-Lehmann spectral decomposition:

(q"

=3 Z(Zﬂ)%“(q = px){01#(0)1X) (X[ (0)1"]0)
X

g*g")ImnN ] (¢%) + g" ImM’(q?)

(10)
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BGL
BGL: Boyd, Grinstein, Lebed Il

e Multiply £, on both sides:

(g"q" — ¢°g")ImN] (¢°) + g ImN(q?)| .65 > 0 (11)

for any complex 4-vector §,.
@ From this we can prove the positivity:
ImMj (¢?)

>0
ImMj(¢®) > 0
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BGL
BGL: Boyd, Grinstein, Lebed IV

e Consider the two body state of X = Hp(p1)Hc(p2)-
i 1 d3p1d3ps
ImM 2y _— 764 o .
mM')(q%) > / (27)34E.E, (g—p1—p2)
x D (01 [Hs(p1)He(p2)) {Hs(p1)He(p2)I[]70)

pol

T (14)

@ Here, the ellipsis (- - -) represents strictly positive contributions from
the higher resonances and multi-particle states.
@ We may assume that H, = B, B* meson states, and H. = D, D*

meson states.
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BGL
BGL: Boyd, Grinstein, Lebed V

@ Let us consider a simple example of H, = B and H. = D*.
ImM(t) > k(£)|F(t)[? (15)

where t = g2, k(t) is a calculable kinematic function arising from
two-body phase space.
@ Let us use the crossing symmetry and analytic continuation:
(014 Hp(p1)He(p2)) = F(t) (tp <t <oo)  (16)
(Ap(—p1)|J'|He(p2)) = F(t) (mf<t<t) (17)
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_ CLNandBGL R
BGL: Boyd, Grinstein, Lebed VI

(n).

@ Hadronic moments x',”:

S Loy
) T T(n+3) 922

@ Hence, the inequality is

(")>1/oodt (t

— / dt| A" (¢)

q?=0

1/mm mmgw
7 Jo (t—q?)t3

q%2=0

)IF (1)

tn+3

F(t)]? <1
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BGL
BGL: Boyd, Grinstein, Lebed VII

where

A () = tnfi::g") >0. (21)

@ Let us introduce the conformal mapping function:

VB ot VE -
z(t, ts) = =it (22)

@ The inequality can be rewritten as follows,

1
/ ot
T Jt,

dz(t to) l6(t, to)P(t)F(t)? < 1, (23)
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BGL
BGL: Boyd, Grinstein, Lebed VIII

@ Here, the outer function ¢ is

(n)
ot t0) = (1)) (28)

dztto

@ Here, the factor P(t) removes the sub-threshold poles and branch
cuts in h(M(t).

M
P(t) =[] z(t. to) [] /(¢ ts) (25)
j=1

=1
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_ CLNandBGL R
BGL: Boyd, Grinstein, Lebed IX

@ The Blaschke factor P(t) removes all the sub-threshold poles in F(t).

N N
Py =] =] —2 (26)

— * J—
i:11 zzp, i:11 zzp,

_ Vot Vi — (27)
Vir —tp + T —

zp, = z(tp,, t_)

where tp. = I\/I,%i represents the pole positions of F(t) below the
threshold (tp, < t).

o |P(t))=1and |P(t)] =1fort; <t < oc.
@ Hence, ¢(t, tp) P(t)F(t) is analytic even in the sub-threshold region.
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BGL
BGL: Boyd, Grinstein, Lebed X

@ BGL method for the form factor parametrization:

F(t) = Zanz (t, to) (28)

tto

@ After the Fourier analysis, the inequality is
o0
> lan <1 (29)
n=0

@ This is called the unitarity conditions (the weak version).
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Bs meson mass Inconsistency Parameter

Measurement

Gauge Ensemble, Heavy Quark x, Meson Momentum

@ MILC asqtad N =2 +1

a(fm) [N} x Ny B am) am, up a (GeV) Neonf N,
0.12 | 20% x 64 6.79 0.02 0.05 0.8688 1.683%1 500 6

e 11 momenta |pal =0, 0.099, ---, 1.26
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Bs meson mass Inconsistency Parameter

Measurement: Interpolating Operator

@ Meson correlator

C(t,p) =) eP*(O(t,x)0(0,0))

@ Heavy-light meson interpolating operator
Ot(X) = "/_)a(x)raﬁﬂﬁt(X)X(X)

[ 75 (Pseudo-scalar) XX X3 X
M= { vu (Vector) , Qx) =103,

@ Quarkonium interpolating operator
O(x) = Pa(x)Tasts(x)

[Wingate et al., PRD 67, 054505 (2003) , C. Bernard et al., PRD 83, 034503 (2011)]
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Bs meson mass Inconsistency Parameter

Correlator Fit

o fit function

f(t) = A{e_Et + e—E(T—t)} + (_1)pr{e_EPt + e_Ep(T—f)}

o fit residual
C(t)—f(t .
r(t) = ) — 1) ,where C(t) is data.
|C(2)]
w s 0.2 ‘ ‘
0 A=0.114(2) —AP/A =-0.161(53)
E=2.037(2) EP —E=0.130(29)
FRi10-19
01l Uncorrelated Fit ]
[
T
-0.1 + ]
-0.2 ! !

PS, k = 0.041, p = 0]
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Inconsistency Parameter
Correlator Fit: Effective Mass

1 C(t) 2.14 @ ' Correlator Fit -
mefF(t) ——— In () orrelator ri
2 C(t+2) 1o
For small t, 210 [
C(t) 2A(e B 4 peE-0EN) e
:AefEt(l + ﬂef(AE)t) , 2.06 [ ]
(] ° 0] ‘%
B>0 (excited state) e S ﬁmﬁ%{) ; H)
B~ —(—1)" (time parity state) ooy 20

[Qq, PS, k = 0.041, p = 0]
mest ~ E + B(AE)e™(AE)
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Bs meson mass Inconsistency Parameter

Dispersion Relation

2 212 3
_ p* () W4 4
E7M1+2/\/I2 N3 Z

~ SW,
E=E+7 2 pf, n=(221),(30.0)

i

"aM; =2.0368(18) "aM; =3.1964(4)
aM; =3.17(4) aM; = 5.60(2)
aMa = 3.3(5) aMs = 4.2(1)
215| We=-004090119) Wa =-0.0105(9)
151 fRGC 1 R 0 —
2/dof_114/2 3.25 1 2/dof_140/2 ]
0=0.57 : 0=0.50
w w
S210) l S
2.05 |- l 3.20 | 1
0 0.5 0 0.5
(ap)? (ap)?
[Qq, PS, k =0.041] [QQ, PS, k = 0.041]
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Bs meson mass Inconsistency Parameter

Improvement Test: Inconsistency Parameter

20Mg, — ((Mgq + IMaq) _ 20Bg, — (9Bgq +0Bg)

/
2M,g, 2M,

Qq

Mg, = mg +mq+ Big, Mg, = Myg, — Mig,
M25q = myg + Myq + B25q 585:7 = B25q o Bl@z

[S. Collins et al., NPB 47, 455 (1996) , A. S. Kronfeld, NPB 53, 401 (1997)]

@ Inconsistency parameter | can be used to examine the improvements by
O(p*) terms in the action. The OK action is designed to improve these
terms and matched at tree-level.

@ Binding energies B; and B; are of order O(p?). Because the kinetic meson
mass M, appears with a factor p?, the leading contribution of binding
energy B, is generated by O(p*) terms in the action.

2 2 B.—
E:M1+L+-":M1+ P 1— 2Qq N T
2M, 2(m25—|—m2q) (m25—|—m2q)
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Bs meson mass Inconsistency Parameter

Improvement Test: Inconsistency Parameter

20Mg, — 6Mgq _ 20Bg, ~ 3Bgq

/
2M, 2M,

I

Qq Qq

@ Considering non-relativistic limit of quark and anti-quark system, for S-wave
case (,uz_l = m2_61 + mz_l),

5 (p°) Mq 2
0B = 7—{/@(— + —q) — 1} (mg:c,c3)
Q 3 3
q 3 2u22 o iq
+ﬂ 3(p°) 2 )
3a 72#2 ,uz(w4Qm26 + W4qm2q) (wa @ 2, ca)
+0(p")

[A. S. Kronfeld, NPB 53, 401 (1997) , C. Bernard et al., PRD 83, 034503 (2011)]

@ Leading contribution of O(pz) in 0B vanishes when wy = 0, my, = my, not
only for S-wave states but also for higher harmonics.

@ This condition is satisfied exactly at tree-level, and we expect / is close to 0.
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Bs meson mass Inconsistency Parameter

Improvement Test: Inconsistency Parameter

@ The coarse (a = 0.12fm) ensemble data covers the B mass and
shows significant improvement compared to the Fermilab action.

aM(D}) am(8Y)
0.2
0.0 L2049 48 47 4> 41 40 39
: gl © © ® v
127, &
121
-0.2 - i
- @ The data point labels denote
-0.4 | @ ] the x values.
91
—0.6 | E}y 1
83 vo+ (a=0.12fm) OK
= (a=0.12fm) FNAL
-0.8 . . . . . . — I=0
05 1.0 1.5 2.0 25 3.0 35 4.0
aMzoq
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Inconsistency Parameter
Improvement Test: Hyperfine Splitting A

Ay = M — My, Dy =M — M,

Recall,
() _ (*)
Ml@q = Mg+ Mg+ Bl@/
() _ (*)
M25q = Myg + Maq + 825q
s8¢ = B{ — B
Then,

Ay = A1 +0B* — 6B

@ The difference in hyperfine splittings A, — A also can be used to
examine the improvement from O(p*) terms in the action.
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Bs meson mass Inconsistency Parameter

Improvement Test: Hyperfine Splitting A

Ay =NA1+0B* - 6B

0.60 T : : | T : 0.60 . : : , T T
83 OK (a=0.12fm) ro~ OK (a=0.12fm) ro~

o FNAL (a = 0.12fm) +&~ 83 FNAL (a = 0.12fm) +&~

A=A — A=A —

B 0.40

8

0.40 |
m
o
J 020
0.00 |
-0.20 . . . . . . -0.20 . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
rif; rib;
Quarkonium Heavy-light
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< Tuning

% Tuning
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Ne=2-+1+41 MILC HISQ lattice

a(fm) | Volume  @'/m, ML M; (MeV) Ncons
0.12 243 x 64 1/5 454 305.3(4) 1040
243 x 64  1/10 3.22 218.1(4) 1020
32 x64  1/10 429 216.9(2) 1000
403 x 64  1/10 536 217.0(2) 1028
48% x 64  1/27 3.88  131.7(1) 1000
0.09 | 323x96 1/5 450 312.7(6) 1011
483 x 96  1/10 471  220.3(2) 1000
643 x96  1/27 3.66 128.2(1) 1047
006 | 48 x144 1/5 451 319.3(5) 1016
643 x 144  1/10 430 229.2(4) 1246
963 x 192 1/27 3.69 135.5(2) 858
0.042 | 643x192 1/5 435 309.3(9) 1133
1443 x 288 1/27 417 1342(2) 381
003 | 963 x288 1/5 484 308.7(12) 609
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| V.| from the exclusive decay B — D*(i

_ GE‘Vcb‘zMg

2.3 r3(1 = r*)?(w? — 1) 2nc|new > x(w)|F(w)|?

dar -
—(B D*Ilv
C/W( — v)

_ . x _ Mp~
@ wW=vg-Vpx, I = Ms

@ 1¢: Coulomb attraction, ngw = 1.0066: the one-loop electroweak
correction

@ x(w): Phase-space factor

@ F(w): Form factor («—LATTICE)
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Heavy quarks on the lattice: Fermilab method

The most updated version of | V| calculation is done using the Fermilab action to
control the ¢, b heavy quark discretization errors. It is generalized version of the

Wilson clover action [El-Khadra, Kronfeld, and Mackenzie, PRD55, 3933 (1997)]

7

Skermilab = So + Se + Sg

So=a"y d(x) [mo 74Dy — §A4 n g(y. D- %A@))]d)(x)

sE:—%cE<a5Zi(x)a-Ew(x), 53***613(3 Zw )i% - Byp(x).

@ The Wilson term breaks the chiral symmetry explicitly, and the mass gets
additive renormalization. — We tune k and k. to the physical quark

= (22 1)
7 200 \ K Ferit
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Oktay-Kronfeld action
The OK action is an improved version of the Fermilab action such that the

bilinear operators are tree-level matched to QCD through O()\3) in HQET power
counting where A\ ~ aA ~ A/(2mgq) [Oktay and Kronfeld, PRD78, 014504 (2008)]

~

SOK - SFermiIab + Snew
Snew = 36 Z’(ZJ(X) |:C1 Z’Y;D,’A/ + C2{’Y . D7 A(3)} —+ C3{’7 . D7 > B}

+cee{ V4D, 01 - E}+C4ZA +e Y {i%; B,,A}} b(x)
i#j

@ The matching determines cg, cg, a1

....5 and cgg as a function of my. We
have a tree-level value for the K¢t

tree

Kkoee = [2up(1 + 3Crs + 18c4)] 1 = 0.053850  (( =rs=1)
where ug = 0.86372 for MILC HISQ lattice (al2m310, 243 x 64)
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Fermilab method

We write non-relativistic dispersion relation,

7

.

M1:

M,
M,
W,

E(p) = My +

rest mass

2 2\2 3
p° (PP W, 4
oM,  8MZ 6 2 et

i

: kinetic mass — Tuning to the physical mass

. quartic mass

: Lorentz symmetry breaking term

(Example) Tree-level relation between the bare quark mass mg and the kinetic
quark mass mp

1

amsp

2C2 + rsC
amg(2 + amg) 14 amg
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Nonperturbative determination of kit

® Ms(K, Kerit): Light kinetic meson mass (600~950 MeV)
® my(K, Kerit): kinetic quark mass
Let us suppose the meson mass relation
M2 = A+ Bmy + Cm3.

The fitting using the true value of k¢t will give A = 0. Note that the action
depends on both x and k¢it. We determine kit iteratively, as follows.

7

Start with an initial guess x. .. = 0.96x<®

crit crit

Determine the OK action coefficients using x.;,

Produce 2-pt pion correlators, and determine kinetic meson mass
My (k, K., ) using various & in the range (600~950 MeV)

Find ket such that fitting in terms of my(k, Kerit) gives A = 0.

Update k.; = Kerie and go to the step 2.

7
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Nonperturbative determination of k¢t result

N =2+ 1+ 1 MILC HISQ ensemble (a12m310),
Neonf = 130, point source

0.0518 w ‘
0.96K7¢° (Initial guess)
0.0516 ¢
.“c:_)'
* 0.0514 |
0.0512 F >
0 1 2
lteration #

Rerit = 0051211(33)(4)
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k tuning using Ds and B masses

@ Ms(k, Kerit): Heavy-light meson mass
©® my(K, Kerit): Kinetic quark mass

We use the HQET expansion of heavy-light meson masses M, as a fitting
function:

d d-
aMp = amp + do + —— + —.
amsyp (amg)

Determine the OK action coefficients using charm and bottom type
k values with nonperturbative Kcit.

Produce 2-pt Bs, Ds correlators, and determine Ma(k, Kerit)

El Determine the coefficients dy, d; and d> using least- ittin

H Det th fficients dp, di and d g least-x? fitting

Find m5""ed that gives the physical meson mass MPhYs = My (msined).

obtain k™" such that mi'ned = my(mgmed) and
m(t)uned — n.'o(l,{tuned7 Hcrit)-

J
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k tuning using Ds and B masses: results

@ Nf=2+1+1 MILC HISQ ensemble (a12m310)
@ HISQ propagators (ams = 0.0509) with point source

@ OK propagators (ke = 0.051211 and £5°) with covariant Gaussian

smearing.
‘ 3.9
1.5 NP ] +
361 NP CI) ]
@ @
[a) 12 &l m
2 - 2 33l $
0.9 | TP | N / b TP
Ol5 llO 1.5 2.0 215 b 3:0

C
am,

ke = 0.048524(33)(43), K = 0.04102(14)(9)
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Meson Spectrum of B and D)

Mg [GeV]

6.0 |

55

50

E=M +

2 2

PP (PP

2M,

M3

aW“Z“

a [fm]

My = 310 MeV & ‘ ] 2.1
220 MeV +—aa I
I D+
S 20 3
> ©)
{ 18 1 1
B ]S 19 Tﬂl +rh D+
L L ] 18 * L L
0.09 0.12 0.09 0.12

a [fm]

@ Meson masses (Mg, Mp) can be obtained from the kinetic mass M.

o Mp- (gray) :

(orange) :

kinetic mass (M,).

M(D*) =

Ma(D) + M (D*) —

My (D) — smaller errors.
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