Is quark-hadron duality valid
in charm decays and mixing?
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Exclusive

concrete hadronic final states

Examples:

B - K*y,B — Dlv
D’ > K=zt - DY

theory: difficult

(?

v/ Inclusive = sum of exclusive
(quark-hadron duality)

@ Heavy quark expansion (HQE).

1/mg : expansion parameter

(o). 0me

higher order corrections
theory: easy(?)

(1) Is the above expansion convergent,
expecially for charm quark?

(2) Is quark-hadron duality valid?
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Inclusive processes

(1) Semi-leptonic decays of B meson
?

['[B— X.Iv] = I'lB— DIv]+T[B — D*lv] + -
@ Decay rate with kinematical cut is considered in practice.

@ This is applied for the determination of |V, |. also for ¢ — u

v’ (2) Total width of B and D mesons
v/ (3) Width differences in B — B” and D' — DV systems

@ 1/m,, expansion & duality can be testable.
0
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Outline

(A) Inclusive analysis

— Decays: B and D mesons

— Mixings: B — BY and D° — D"

(B) Quark hadron duality in the ’t Hooft model
— Mixing: D” — DY

— Decays: D mesons (preliminary)

(C) Summary



Outline

(A) Inclusive analysis

— Decays: B and D mesons



1/m,, expansion total width of B and D (Q =b,c)

Gymy S N N <HQ|<Qq><qQ>|HQ> L

R SRR
——— W—/ ]

I/mg corrections @(I/mg) correction

N /

vanish for mg — 00

Lifetimes are common for
B*(bu), B,bd), By(bs) and D%cin), D¥(cd), Dif(c5)

if O(1/ mé) corrections are negligible.

The spectator does not join interaction.

LO

T(H,) GLm; , > .
T(H;) :®+ 38111 2Vam [es (pa(Hy) — pa(Hs)) + co (pg(Hs) — pig(Hy))]

GEmj [ co(H2)(H2|Q|Ha) — co(H)(H|Q|H) A
10278 Vet _ Mp +O(_>]

Ty

lifetime ratio:

_+_

(provided that no cancellation occurs.)

{ If the lifetime ratio ~ 1, the 1/m, expansion 1s convergent.

If not, the convergence 1s questioned. What happens for realistic b, ¢?
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[ .ifetime ratios for B and D mesons

Kirk, Lenz and Rauh [1711.02100v4] King et al. [2109.13219]
Liletime ratio (£ system) ; 1 d th D : t
10 1.5 2.0 2.5 3.0 3.5 1.0 1.5 5.0 Including the Darwin operator
| A A A " A A
| Observable HQE prediction Exp. value
| \\ \\ N\ \\ N\, \ \\ N \\ Y| + |
i NN NN N oD ™*)/o(D") T(D")[ps '] 1.59 = 0.36+ 341 -201 2.44 £ 0.01
i \ \\\\\. S\ N\ N\ e HFLAV:2536+0.019 : 2o
| NONONONONONON NN HQE: 2.7405 r(D*)[ps—] ~0.15£0.76'033 102 0.96 £ 0.01
| \ N \
I PO "] | LETH043EINE | 183002
| V| (DY (DY) 2.80 = 085041 01 2.54 % 0.02
: 7(E,)/T(By) FHDH) /(D 101 £ 0.1510€2 201 1.30 £ 0,01
—— ® HFLAV: 0.994+0.004 v el 1T
~4 HQE: 1.0007 £ 0.0025 YD o ()N
: ’ ’ B 1% 501 + 157048 6.49+0.11
| -
| o BE* (%] 15.0 £ 4.04_043 16.07 % 0.30
| X % %%é K >(><‘ e HFLAV: 1.0760.004 w17 778 L 2,627, 3 6. 16
| ‘ . +0.022
SANAANA A g HQE: 1.(82+00 ,
| ANANARNANAA o oo 1001 + 0.008 + 0.001 0.985 + 0.028
|
| , t , o e’ 1.06 £ 0,23 = 0.01 0.790 £ (.026
1.00 1.05 1.10 1.1o 1.20

Lifetime ratio [ B system)

@® 7(B,)/7(B,) and ©(B*)/7(B,) are close to 1. ==p 1/m, expansion works.

@ 7(DT)/7(D") is much larger than 1. == 1/ m,. expansion may be non-convergent series?

— Nevertheless, a good agreement 1s obtained within theoretical errors.
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Mixings: DY — DY and B" — B"

Box diagram

N
Qi

M,,—=I;, = [';, : on — shell contribution

1/ mQ eXpansion l/mQ corrections
G%mé _
[y = Ve [C(2) < H, | (qQ)y_a(@Q)y_a | Hpy > l

2471'MHQ _ —P—
+Cs(2) < Hy|(qQ)s_p(qQ)s_plHp > + -]

@ D — D" mixing is strongly suppressed by GIM cancellation.

—— A tiny error may be enlarged.
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Comparison between theory and experiment

Box diagram

D meson

Hagelin 1981,  Cheng 1982

NLO QCD

Buras, Slominski and Steger 1984

v/ Golowich and Petrov 2005
Bobrowski et al. 2010

SM

y~6-1077

Supp

Exp.

ressed by GIM mechanism
y=T1,/Tp

HFLAV 2019

y = (6.51705) x 1077

B.meson

Lenz and Tetlalmatzi-Xolocotzi 2019

SM

Exp.

A", = (0.091 £ 0.013) ps~!

HFLAV 2019

AT, = (0.090 + 0.005) ps~!

Bjmeson

Lenz and Tetlalmatzi-Xolocotzi 2019

SM

Exp.

AT, = (2.6 £0.4)x 1073 ps~!

HFLAV 2019

AT, = (0.002 £ 0.020) ps~!

e For B, meson, the HQE gives good agreement with data.
e For B; meson, the HQE is consistent with data within the error in data.

e For D meson, the order of magnitude is not reproduced within the leading-HQE.
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Comparison between theory and experiment

Box diagram

D meson

Hagelin 1981,

NLO QCD

SM

suppressed by GIM mechanism

Y

Buras, Slominski and Steger 1984

v/ Golowich and Petrov 2005
Bobrowski et al. 2010

~6-10""
y = F12/FD
HFLAV 2019

= (6.517¢g) x 107°

Cheng 1982

Let

sM| |

Exp. ’,

e For B, meson, the HQE giVﬁ
e For B, meson, the HQE 1s § S—

 Possibilities discussed in the literature]

v’ Violation of quark-hadron duality?

— 20% violation explains the data. (based on a simple model)

Jubb, Kirk, Lenz and Tetlalmatzi-Xolocotzi, 2017

Contribution of higher dim. operators?

suggested by Georgi, 1992, prior to the experimental measurement

— 1t may give a source of SU(3) breaking linear in m,,
avoiding severe GIM cancellation?

z,y ~ O(1073) Bigi and Uraltsev, 2001

— With some assumption about hadronic matrix elements,

x o~y S 10~° Falk, Grossman, Ligeti and Petrov, 2001

Beyond the standard model?

Golowich, Pakvasa and Petrov, 2007
e.g.,

Golowich, Hewett, Pakvasa and Petrov, 2009

g & v - ° Cewwvw Y e Trr & ok v w2 C L) ”'.

e For D meson, the order of magnitude is not reproduced within the leading-HQE.
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Outline

(B) Quark hadron duality in the ’t Hooft model
— Mixing: D? — D"

— Decays: D mesons (preliminary result)



Method to investigate duality violation
?
l—‘inc 7& Z I eXC

Comparison between d = 4 andd = 2

inclusive (HQE) | exclusive (Exp.) | exclusive (Theo.)

v v X
Vv % v

~

QCD 1s solvable 1n the large-N, limit

|

|
O RN

't Hooft, 1974

The ’t Hooft model (QCD, 1n the large-N. limit)

O Asymptotic free theory. © Gluon is not dynamical.
© Confinement is built-in. © Phase space offen has singularity in d = 2.

=) Duality violation is qualitatively testable.
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Bound state equation in the 't Hooft model

Bethe-Salpeter equation (in the light-cone gauge):

2 92 2 02 1
the 't Hooft equation: Mjéx(z) = (ml AL e ) dr(x) — B*Pr / (bk(y)dg
T o (x—v)

notation of QCD coupling: 32 - < (\ _ ) . lim A — const.

1’\'(: — 020

Masses and wavefunctions for mesons can be determined
within the formalism.
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Exclusive processes for DY — DY mixing

Width difference in CP conserving limit:

) 7 (km) p(m,k)*
= B v

k.m <—vphase space in 2D

T*™: color-allowed tree diagram

DY OM‘

M = &, K, + (excited states)

M+
calculated by Grinstein and Lebed, 1998
AT SR BY oA A2 “:(—3‘}'}
T(k‘rrﬂ) _ .') :)G [' 02' . Cl ) "/ 1\ C (.(Qi:’ Z [(..— lJ (1 T (\'_ I ) d ."\"/,n}(,n F
(fo ) I:f J :I -~ “~ F “V N/ \/ - ke . (_12 o A]ﬁ) TLEE
n=

/ 1 2
| L_Ul lq Cr, mQ'm._.]-Dm] :

Fom, Cun,D,, :overlap integrals of meson wave functions
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Inclusive result for D° — DY

[y, = Cy < DO (@ ysc) @y, r5c?) ID® > +Cp < DO | (@iysc™)(@iysc?) | DO >

2

_ I _ 374 2 2\ p(th) (th) (th) (th)
C,=+ - (CV CA)V V,il(cy CA)(F,j + ZGZ.J. ) — (c + CA)(H + H )]
C. — 2G1% %A% 2 _ o2y (G 4 o pg(th) 2 4 W2y g 4 gy
P— My (CV — CA) j[(CV — i) i + i )+ (cy + ci)( i + i )]
. — i 9 ‘ ‘ the standard model
generalized weak vertex: 7 Vermy (ev + cays) U
2 2

Matrix elements are calculated 1n the large-N, factorization.

th) — \"/'1 —2(zi + 7)) + (2: — )2, - 4D-like phase Space lg = M, /m
Z3 + ) (-vz - 4 )2 —_ 2
G = , z. = m2/m?
1- Yo —2 - 2D-specitic phase space s s e
i v 7‘7~’ expansion parameter

i T T—(n+ )+ (m— ) . 2D-specific phase space

We present the two cases: J (1) only 4D-like term | |
(2) pure 2D result (all of the 4D-like and 2D-specific terms

are included)
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Numerical result: D — DY mixing

]_(_)6 1 I T §pr oy " rr vy rrnypy rihnru I 1 L L
. E D" — D" mixing (m./3=3.8) j
10 «  4D-like «  4D+2D !
C 1 .
10" i E
AF(GXC) ]03 R * . . E .
(D ) * dl * & . m —_— MS,4D
inc ) l l I * " . c C
Al'p 10" larger than 103 i
L[ : :
10 E ) 3
. - ¥ X x #% x .! x v -
10 F :
' MS(4D 3
]O'l 1 I L1 1 1 I L1 1 1 I L1 1 1 | 1 : L1 (I 1 )l L1 I L1 11
0.15 0.20 0.25 0.30 0.35 0.40 0.45

m./

{ points: based only on the 4D-like phase space
crosses: based on the 4D-like phase space + 2D-specific one

© The exclusive rate is enhanced by more than 10°, confirmed for
0.14 < m/p < 0.25, when only the 4D-like phase space function is used.
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[Lifetimes of D mesons

. 1/m_ correction

I' = 1—‘de(: + 1ﬂPI

D D
d or § ' dor§
decay Pauli interference (PI)
Gy charged current neutral current
Liaci=1 = V* /ud |1 (8" m(“)(u' md ) + az(u™y,c )(é"gf)-ﬂd"g)]
\/j Fiertz rearranged

Weak interaction parameters are taken by the corresponding 4D values
a,~ 12, a,~ —0.38 CKM: from PDG

9

rri(yme) [/ Jan

lsl‘dec. hadron) 9 S = |7 (Q7)(q1.92,93) T (Q‘l (q1.93.92)

H, (q:.492.43) - Yz AM2 |1) | @2 A2 |') I
1 . ke HH 1 Pkm b H1Pkm
CXCIlUS1VEe
(' o a) —(m )=
v(P]. lli'l(ll"')ll) . (l](‘- < ‘( l)k+’"+l Q([’(ql q2.495 ) (O[] )(1 G943 "))
H, (41,92 o LN :
(91.92.93) — 2] "H|pkm|

inclusive — ongoing —12/14— T: color-allowed tree diagram




Numerical result: lifetimes for D mesons

35 :I T 7 1 1 I T 1 I T 11 ' LI l 1 [ LI L [ |1 L l L L .
- : 0 N
30:_ . . TII) + ]/T“) ] E
N Preliminary D 1/7 (DY :
' E l~(PI)“)- ]/l‘(dec)[])()] n
2.0 E_ ) l‘(dec][l)si ]/l‘(dec)[])()] E
15 :'_ e T e le o . * e+ o . ‘_:
I'OE— L - - S 9" 9 9" 9 9" @® " 9 " 9" " " " l H H - _i
0.5F -
0.0E— MS (4D) épole (4D)-
Y ..... :
_1 0 :I | | | | I | | | | I | | | | I | | l | I | | | | l | | | ( I 1 | | | I:
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
me/ 3 o
7[DT/7[D’]1 =14 - 1.5, T[DS]/T[DO] ~ 1.03 (form, = mg/IS)
7[D*]/7[D°] ~ 1.3, t[D,]/7[D°] ~ 1.02  (for m, = mf(’le)
@ The convergence is better in 2D than in 4D,

because of no enhancement for the phase space factor in PI.

@ Quark-hadron duality will be checked.
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Summary

© We have studied quark-duality for D” — D° mixing on the basis of
one certain dynamical mechanism.

— For the D° — DY mixing, the order of magnitude for AI'}, is enhanced

by more than 10°, confirmed for 0.14 < m_/f < 0.25, if the phase space
function is given by 4D-like one.

—— The result indicates that large duality violation in D° — DY mixing
may be still possible.

© The lifetime of charmed mesons in the 't Hooft model are
calculated by varying charm quark mass.

{T[D+]/T[DO] =14-1.5, 7[D]/7[D°] ~ 1.03 (form. = mM®)
1[D*/7[D"] ~ 1.3, 7[D,]/7[D°] ~ 1.02  (for m, = mP°'°)

— Numerical check of quark-hadron duality including PI 1s ongoing.
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Backup



How duality violation appears?

I

@ Accuracy of the HQE is limited up to non-perturbative effects in perturbation theory.

(1) Proliferation of Feynman diagrams

divergences 4 (2) Renormalons
(3) 1/my, series ¢/

(a) Instanton-based approach
— takes accout of the effect of (fixed sized) background instanton
— may represent the trancated effects for (3).

— considered more or less as an orientation.

@ Duality violation is modeled by

(b) Resonance-based approach ¢/
— large-N_ + linear Regge tragectory.
— factorial divergence (sign-flipping) for (3) is captured.



Weak annihilation 1in the ’t Hooft model

. | 2 [ 2 2 2\ |2 2m*cg
Inclusive: = Lpare = U ~ A (” SHo J [ s >
| T\ Mo — 4m
|
Z[[(c%—'ﬂ)(lw ?)| — €pea ( 1y — ( )
_ "P/’;
. — pl + 1,
Exclusive: ERTETEl

M N: cx@

The quark-hadron duality may not be captured in the large-/N, limit.

finite-/V, + smearing with the Gausian weight
Grinstein, Lebed [9805404 ]




Inclusive analysis for DY — DY mixing

— 121(D,1nc) (D,inc) 217 (D,1inc) —
['jy = 430009 4 27 7, Pne) 4 320 Diine). = Vv
[P o) o plth) G- gty i,j=dors
I I I g
three types of phase space functions
P = (/1= 2(z + 2) + (2: - %)% : 4D-like phase space 2= m2Im? =0
(th) _ Zi+ 2z — (.3'21 — .a'.’j)z 1 . 4 ) )
9T T-2(m + 4) + (- 2,)2 - 2D-specific phase space z,=m:/m: <1
H{th) - V Zi?.:j . .
i T T—2mt )+ (m— ) - 2D-specific phase space expansion parameter
CKM unitarity + 4, — 0 limit| ==p '}, = /12 =Ty "+ T =2 e
F(D 1nc) |
(GIM, 1) 14D—like & <—— suppressed more strongly
inclusive observable: for large m,.
F(D inc) | X 7
(GIM, 1) 14D+2D = %s

The order of magnitude for ‘F(GX@/FGHC) strongly depends on the two cases.

==) Both cases are presented in what follows.



Formulas of D and B decays

e charged-current neutral-current
TE 1 rx a aNx/=8. a8 —0i ., \(=8B., b8
Lianci=1 = \/} laits: e il aad) s asbil e s g |
(Fiertz-transformed)
) 2 \
S 2 ( 7”'?} . T”‘a ’UII (?Q I[f,} . to be improved by
= (a7 + (l ) I J) ¢ "'IU ) including mass dependences
. . fma — D° sk
inclusive i e
(PI. quark) e D (th) J(th), ( (-,).')‘j; Tnqg ) (]"}’“ ")'.(.J' H')
I‘H, (41,42,943) U u"“)GF [ F G)) / 2My
_H(,nlhb 19 H(th) (H‘{QUR(I"W’"UWH\
. ‘ 2—‘[H '.
' M T ) s | (ko) .
~{dec, hadron) (Q4q)(q1,92.93) 9 Qil){(ll 43.G2)
[ e = a5
110 . il 1 , Ao
. H. (q1.,92,93) ; 1'\[}:}' |pkm LZ 4 \[ |I)Lm |
exclusive e e
LR Al k)
(PI, hadron) - k41" (Qa)(qr.g92,93)" (QaL)(§,93.92)
i = AU (—1) = ,
H. (g1.92.93) ;7:2 21‘]}3 |‘pk7n|
Exclusive formula is written by color-allowed tree diagram
(k.m) G l'\rﬂ (k) L1l 2,-(m) (m )
.(c‘gq;?.(q.,qg,qg) = VA ' - Clasm) | (=1} (QD(g2) T Mg, D (,;,,') ,,,,)] €, D : overap integrals



Inclusive and exclusive processes

- hadron

(1nc)(e+ N qq) €+€_ — hadrons

n n olete” = 2n) +o(eTe™ = 37) + -
€ q : yd e
\ & / T T
e : q N € o ::7_‘_ \ T 5;7:‘_ .
1

+ (condensates)

Poggio, Quinn and Weinberg, 1976 for the case with smearing

Quark-hadron duality: inclusive = sum of exclusive

(one definition of) . . .
Duality violation: 1nclusive # sum of exclusive



Inclusive and exclusive processes

- hadron

ete” — hadrons

U(inc)(€+€_ N qq)

olete” = 2n) +o(eTe™ = 37) + -
+ . +
€ q . /€
S TN ya T T
AN | PV 1 N = - = 4
— Sl \ e N N y S N N
e~ g e | T v
+ (condensates) '
5 —
F(mc) DY — DY
- Pip(mm)  + Tia(pm) +
C ; u ' '
-"n , :. [ ~ 7-‘-'-]:-\ A pr;»
SR ) p°l | o> p°( | 4>
< 1 W) - - u‘?" W - L l‘?,‘
D°| ] : DO H S R N
| ' \ Z ’{:\ (r} 0 - ”:\ ( | DO
\,' ! 1 \ ~\n D \~\H
.\:., 1 — ~_u ] ]
u v q C U V0
+ (higher dimensional operators) + (all the other exclusive states)

Non-trivial point

v’Does duality violation possibly give a large correction to the box diagram? This talk




e Charm quark mass is a unique scale.
me.~ 1.3 —1.7 GeV

— too heavy for ChPT
— too light for Aqgcp/m. expansion?

Theoretically challenging

e High statistics data are provided. :~ "~ = -
— 1n a good stage to test theories I _.-f kY |

——— e

0 =0 . =T E

e D" — D" mixing. S
— Aqcp/m. expansion is not successful LHCb [1810.06874]

— experimental data are not quantitatively reproduced yet
perhaps, quark-hadron duality 1s violated?



Previous works for heavy meson decays
@ non-leptonic decays (color-allowed tree)
[1] B. Grinstein and R. F. Lebed, Phys. Rev. D57, 1366-1378 (1998)
[arX1v:hep-ph/9708396 [hep-ph]].
@ semi-leptonic decay and also non-leptonic decay

[2] I. I. Y. Bigi, M. A. Shifman, N. Uraltsev and A. 1. Vainshtein,
Phys. Rev. D59, 054011 (1999) [arXiv:hep-ph/9805241 [hep-ph]].

@ non-leptonic decay (weak annhilation)
[3] B. Grinstein and R. F. Lebed, Phys. Rev. D59, 054022 (1999)
[arX1v:hep-ph/9805404 [hep-ph]].
@ non-leptonic decays (weak annhilation, Pauli interference)

[4] I. 1. Y. Bigi and N. Uraltsev, Phys. Rev. D60, 114034 (1999)

[arX1v:hep-ph/9902315 [hep-ph]]; Phys. Lett. B457, 163-169 (1999)
[arX1v:hep-ph/9903258 [hep-ph]].
@ semi-leptonic decay

[5] R.~F. Lebed and N. G. Uraltsev, Phys. Rev. D62, 094011 (2000)
[arX1v:hep-ph/0006346 [hep-ph]].

This work — heavy meson mixings
* Mixing 1s suppressed by the GIM cancellation.

» Tiny duality violation 1s possibly enlarged after cancellation.




DY — DY mixing

time evolution

o [ D(t)
. . ' - — M
Time evolution Eq. iy ( E{)( £) ) (

CP-conserving limit

Mass eigenstate |D1 o) = |DO> =

- | DO)

observables

€r = (AJl = MQ)/F = 2M12/F
y:(Fl—Pg)/‘ZF :Flz/r

mass difference

width difference

I : total width



D' — D mixing: theory

Two methods

@Exclusive

Hadronic-level analysis

I'D — 7r]

Hard to calculate {
I'[D — KK]

!

Data are used

v @Inclusive

Quark-level analysis

without data

purely theoretical method

(quark-hadron duality 1s assumed)




DY — DY mixing: experiment

e\f; CPV allowed
- | Morionad 2019 | il j ' ' »
0.8 - : =
0.6
0.4 "
0.2
0 o ; [ K
- 20
-~ L 30
T 1 l 1 L l L 1 L l L 1 L 1 L 1 L 1 L 1 L l L 1 . 5 0
-0.2 0 0.2 04 06 08 1
X (q/o)

H
o

'§' Bio
v Moriond 2018 2o
8’30 I B30
5 40
oy | B50
o 20
3 *
o)} .
&10
0
-1
-2
-3
-4 14 l!lQllliilllll!lll!ll!'lll!llllil!‘l
-04 -03 -0.2 -0.1 0 01 0.2 03 04
lg/pl-1

(z,y) = (0,0) is excluded by >>11.56

(la/pl — 1, Arg(q/p)) = (0,0) is allowed
# No signal for CP violation




Contributions N = ViV

d d, s S
30 0 N ) 0 0 0
D E . % D DV i d% D~ D i - % D
d S,
For mS — md CKM unitarity

Ad+ As + X, =0

neglect

summation o )‘czl + 2 g A + )\g



Contributions N = ViV~

d d, s S
)0 0 S0 . Y S 0
D E _% DY DO i _% DY DY ; ; % D
d s, d S
For mS = m A CKM unitarity

Ad+ As + X, =0

/ neglect
summation o )\Z + 2 g A + )\g — ()
- Suppressed by the GIM mechanism.

non—zeé’o cqf)ltril?qtions X SU(3) breaking: <m§ﬂ;m§>"
to D” — D" mixing ¢ |



(1) D — D" mixing for individual flavors

DY > K72t = DY DY - KKt - DO
solid line: inclusive dashed line: inclusive
squares: sum of exclusive points: sum of exclusive
28H D’ — D° mixing (m/3=0.32) - Vertical dotted lines:
i inclusive, (1, 1) = (s, d) « sum of exclusive, (1, 7) = (s, d) : . .
[ |-==inclusive, (i, i) = (s, ) . sum of exclusive, (i, j) = (s, s) |- reference Values correspondmg tO masses 1n 4D

L

=i p 1s fixed by 340 MeV.
: (ansatz for fitting the string tension in QCDy)

m./ p 1s fixed by 0.32.
(MS mass at the scale of charm quark mass)

18 * MS(4D): sole(4D) :
llllllllllllllllll;lllllllllll[zllll

= BN AN RN AR AT A AR A

The vertical axis is normalized by 4G%(c\2, — c/i)zﬂNC/ TT.

2.5 3.0 3.5 4.0 4.5 5.0
m. /3

© For large m,, inclusive/exclusive agrees with each other.
© For small m,, certain difference between inclusive/exclusive appears.
© The agreement beween inclusive/exclusive is better for K-zt than K~ K.

© Obvious spikes are observed for K~ K™ whereas it is not seen for K~ z™t.



(2) Bg — 1_32 (g = d, s) mixing for individual flavors
BY - D n* — B B; - DK* — B}
BC?—>D_D+—>I_32 B - D;Df — B

{solid line: inclusive

{dashed line: inclusive
squares: sum of exclusive

points: sum of exclusive

| | 1 1 | 1 1 1 | 1 1 | | I | 1 1 | I | 1 1 | | 3.8 1 1 1 1 1 1 1 1 1 1 1 1 | - 1 1 | | 1 1 1

BY — Bl mixing (m,./3=2.9) . - BY — B! mixing (m,./3-=2.9) .

~» L =—— inclusive, {i,j) = {r.u) = sum ofexclusive, {i. j) = {r. u) |4 3.6 [|— inclusive, (£, j) = (c, u) »  sum of exclusive, (i. j) = (c.u) []
|| === inclusive, (1, 7) = (¢ ¢) «  sum ol exclusive, (i, j) = (¢, ¢) | C| === inclusive, (7,7) = (r.¢) «  sum olexclusive, (3. 7) = (e, ¢) | ]
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© The patters are similar for the Bc(l) — Bg and B — BY mixings.

© The disagreement between inclusive/exclusive is larger for Bg — DD — Bg.



O —O o e
B — B mixing
{ points: based only on the 4D-like phase space
crosses: based on the 4D-like phase space + 2D-specific one

l""]""l""I""I""l““lv"'I.. LB L. Ty L LR B

14 :_ 6% < 15 mexing (ray 8 13.7) » 14 B — 1P mixing (my/8  14.1) -
F 4D-like < Ap+D " 3 +  AD-lks « 4D 2D E
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: - 4D-like « 4DI2D| |1; AD-like » AD+2D ]
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pole, 4D F - S 1
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is considered: vam D A R ¥ Sy~ ' .
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F MS(41) - palel2D) ] . ME(11) pole( =D} 3
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© The corrections are up to (20% , 18 %, 11 %, 8%) for mb/ﬁ = (13.7, 14.1, 15.5, 17.0).

— The result 1s consistent with 4D within 1o for the latter two.

(The ratio of the HFLAV data to the HQE gives AF(CX)/ AF(th) = 0.99 £0.15.)
A. Lenz and G. Tetlalmatzi-Xolocotzi, 2020




Analytical check of local duality

. —ic G2 _ ‘ the standard model
generalized weak vertex: Vermy" (ev + eavs) Lo 1
V2 VT AT TS
@ Inclusive width difference
[, = Cy < DO @ y*ysc®)(@y,ysc”) |D° > +Cp < D°| (@%iysc®)@iysc’) | D >
2
_ F th th 2 2\ 7(th th
C,=+ — (cy — cDVEV, ey — cDED +2G ™) = (¢ + U + 18]
ZGI% (th) (th) (th) , 7(th)
Cp=-— M—DO(CV — cA)V ud[(cv — CA)(G + 2H ) + (CV + CA)(I + I )]
@ G(th) Ha(lgl), Ic(zgl) phase space functions ‘= \/ 1 —4m;/m
U . — Mo e - 2
~ ¢ > d =7 large-N.. factorization: My f(mq=mg)
[ < - f
( ‘ E S ( - I_[ O l b ()
ol | 2@ 0 (@4 5Q) (@1 15Q%) [H) _ s
D™ ¢ ¢ | D 2M; Jan
& < ! F o) ~ \ 5
\\ /I \ ; \\ // \Hl {,-) Q ({ 4' IS5 Q ) ‘H _ f‘fjr[\[”R
7 c - 4 — N/ ) 7\_[[{

u d C. 2y 2 2
down quark massless limit: 1, — 4(CV —C A) d V.dGrf oM po



Analytical check of local duality

— J9 the standard model
. g F ) AV - )
generalized weak vertex: 7 Voermy (ev + cavys) =t ey =—a
vV Z 2’ 2

@ Sum of exclusive width difference
massless limits for u and d quark for z(ud)

0 7 (k,m)(m.k)*
MY = (=D
P 4M o)

0|pkm|

- n-(m) L N 1
v, k) _ C
DY| ) ( b 10D, ffﬁ—ﬁ;L pi(x)dx

4 | & (a) exact solution, ¢y(x) = 1.
@ _ O o (b) completeness: Z G )P (y) = o(x —y)
7T(k) k=0
N/rx k=0
_ 0. k) _ c
k =0, m =0 : ground states = [ {0 k=0



Analytical check of local duality

— J9 the standard model
. e T ) - )
generalized weak vertex: 7 Voermy (ev + cavys) =t ey =—a
vV Z 2’ 2

@ Sum of exclusive width difference

massless limits for u and d quark for 7z(ud)
analog of the Pauli interference (Bigi and Uraltsev, 1999)

(k) (m kY 7(0.0)7(0.0)* N I 2
F(DO) _ (_1)k+m N — 4 2 2 ZGZV* V .M _c
. %:‘ AM3, | P M3 ool T R OV YiaMpo 0 Ppo(X)P(X)

= 4(cy — c)°GEVEV, af5oMpe  agrees with the inclusive result

|

— (m) .
- Oﬁ—O>ZL “Je I = \/ZJ Plx)dx
7 Jo
K _ (a) exact solution, ¢y(x) = 1.
@LD 2 (b) completeness: Z G (y) = 6(x — y)
k=0

n(k)

NIz k=0

B N (k) —
k =0, m =0 : ground states =/ {0 k0




Numerical evalutation of local duality

Motivations

(1) Check whether local duality exists for massive final states.

(2) Check the net size of observables in the presence of
the GIM cancellation.  (main motivation)

— We calculate D — zim, D - Kn, D — KK and implement the cancellation.

Numerical method to solve the ’t Hooft equation

o - ‘m? — B*  mE — 39 _ . Lt ()
M2 (g = ( L= 2 ) e — g / dy Y a5
Pl =T L)oo | dya— s for g, bound state

based on the BSW—improved MlﬂthOpp technique Brower, Spence and Weis, 1979

1 +cosd
2

N
¢ =) asin(kd), x =
k=1

| , M?: eigenvalue
eigenvalue problem: M<q; = (Hy+ V),q; a;: eigenvector




Definition of amplitude and overlap integrals

Grinstein, Lebed 1997, Bigi, Uraltsev 1999

- i , \ e - (()}b
1(L m) 3. /sy (L2 2 ,/E (qz) [(._1)""1 —1) U ] :
AmplltUde (Qq) (,Z ) 2\/2671-" ( Gy — C-A_,) \/ - Cr. ZO (1 _ l\_[l;, I T
| n— :
(—1) k“(‘/:’(}m + mom; Dy, ] :
(Q]/ 79) ¢

) ( & )(T)m (J)

Fom = w(l —w da d .

i ‘N( ) / /) T .u(1 — ’1) (1 — w)'}/]")

) (Qg
x {0°? (war) — ¢ P [L — (1 — w)(L — )]},
: 1 —w [L
Overlap int. c - (W / 26 @01 = (1 = w)(1 = 2)]¢U9 (),
W Jo

Dy,

/1 o 7L — (1 - w)(1 — a)] ol ()
_('.b' d? p 7
0 [ —(1—=w)(l—2a) x

2 12 / n o N 2
1 7 M | g2 | M2 G2 — M2
Kinematical val. > |1 T ( M2 ) \ ( M2 ) ( RYF )

g* = M7 for on-shell amplitudes



Expressions in the SM
My — £T12 = B(D°|O,|D) + C (D°|05| D)

O1 = (cu)v_a(cu)v_a

Two contributions B
02 = (cu)s—p(cu)s_p

Or sum A = ViV
P (;'2 4’\'[2 PN UAVER F oy SR \
Mia(s) = o~ Y [5131 (1B (5) + &2R(s) Ba(y1)C ,;‘;,"’{s,:'] ,
Explicit formula
- G2 M? 2) a)(
Fia(s) = ;) 2” Ai A LLBL‘H 'B( (s) + wﬁt"‘B)U“('[ "~“-"] ’

CKM unitarity
Ad + Ag —|—)\b—OM)\d——)\ — b

u — —p—— C
- —-
q G% \[ﬁ (,,) (,1 27 +(d)
- W My(s) = —— faMu (AU + 200U + AUy )

_ — G%, \1"
C - - &—*—- u [a(s) = 3]) 2 /H UH(/\ Us (“ + 2\ )‘b( 1, + /\b( bb )
i,j — (d7 S, b) l f . Buras, Slominski and Steger.
U : loop function Nucl. Phys. B245, 369 (1984)



Structure of higher-dimensional operators
Ohl, Ricciardi and Stmmons [9301212]

D=6
Leading in 1/mq

(e, u) (,Iyu) M /\\

D=9 \_J s
Subleading in 1/m, 7 '
(T (@Ta9) (@ Lsu) U

\1‘
/&

%

I'; : color/Dirac structure




Higer-dimensional operators with condensates
Bobrowski, Lenz and Riedl [1002.4794]

(dd), (3s) (dd), (3s)

(dd), (3s)
D=12

O(z(4m)*(qq)* /me)

Y no GIM  with GIM
= 6,7 2-1072 5-10~7

D=9 ]| 5-107% ?
D=12| 2-10°° ?




Motivations to study duality violation
v

(1) For the D — DY mixing, an inclusive calculation, based on the
leading operator in HQE, disagrees with data.

[0506185] HFLAV 2019
y~6-10"" y = (6.515759) x 1077

(2) For, e.g., B — X v (g = ¢, u), one can get the systematic uncertainty
in the OPE.

(3) Cructal-to-explaintheshortlifetime-ot Az data updated.
before 2003 after 2003

Year |I'xp Decay [ 7(Ay) [ps] |T(Ag)/T(134) Year|Exp |Decay | 7(As) ps| [7(Aw)/7(Bs)

. 2010[CDF[J/#A  |1.537 =+ 0.0471.020 + 0.031
1998|OPAL | Al 1"29 +0.25/0.85 &+ 01? 2009|CDF|A. + 7 |L.401 = 0.058|0.922 £ 0.038
1997 ALEPH AL [1.21 £+ 0.11]0.80 + 0.07 2007|D0 |AeX |1.200 + 0.1500.849 1 0.000| | 1405.3601]
1995|ALEPH (Al 1.02 4+ 0.24/0.67 + 0.16 2007|D0 | J/@wA  |1.218 £ 0.1370.802 L 0.090
1092 ALEPH AL 111220371071 £ 021 2006|CDF[ /A [1.593 = 0.089/1.049 £ 0.059

- < — ' = 2004|D0 |J/oA | 1222022 087 £0.17



https://arxiv.org/abs/hep-ph/0506185

Topological amplitudes in the 1/N,. counting

i T 1 ."'2
' oc N r
. 1 a2 | r .-'.-2
naive countings: C.E P, PA o N : 1,
) e
PR oo Ny
(A does not contribute to the neutral meson mixings)

@ Even in the presence of intermediate resonances,
the color-allowed tree diagram 1s still dominant. [9805404]

Q

A

=) dominant topology in large-N,. limit:




Numerical result: Bg — BY (g=d,s)
B) - B) B; — B

S S
' I EEAE! "'.l : LI WL L LI | "‘.""'l_ [T rrrr[r 11!1' llllllllllllll I:IIITII-
A Bj — By mixing (my,/3—14.1) | - L4 B!~ BY mixing (my /G =14.1) | : -
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: MS(1D) ' pole(1D)] § |
10z 22 % s x ok owom . e - - LOF& o & o @ 053 2 22 2« = » & " P -
AT(Ex) R T : FErraLeld PR _ ,,PoledD
q 08'-_ . o .. . . 0,\,:'_ ' ..g".. _‘: mb — mb
inc . R S u : 0 o
AF(q ) 06 o 0.6 -
o] oaf
02} - 0.2f S | .
: : " “MS(4D) - pole(4D) ]
Oo-llllll ll.lll‘lllllll lllll lll‘llllll.l I):,-llllllll :\llllllllllll llllllillllll-
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For m. < mP°le4P
C C

© For the Bc(l) — Bg mixing, the correction to the inclusive rate up to 40% 1s observed.

— The correction of this size 1s not excluded yet.
(The experimental data for Al'p /T, 1is still consistent with zero.)

© For the BY — BY mixing, the correction to the inclusive rate up to 18% is observed.
— The result 1s consistent with what is currently indicated in 4D.

(The ratio of the HFLAV data to the HQE gives AT'"V/AI{ = 0.99 +0.15.)
A. Lenz and G. Tetlalmatzi-Xolocotzi, 2020




