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Introduction

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
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Introduction

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 Hich statistics data are provided. 5

. . 3 ’:_ D+ mix- ’H."F' -
— 1n a good stage to test theories RN
_ ISR
® ® 200 - J § Elreccgmand -
e DY — DY mixing. LI
— Aqcp/m. expansion is not successful LHCb [1810.06874]

— experimental data are not quantitatively reproduced yet
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Outline

(A) D° — D mixing

— theoretical methods

(B) Quark-hadron duality for D" — D° mixing

— local duality (analytical)

— local duality and 1ts violation (numerical, 1n progress)



DY — D_O mixing

time evolution

D’ = DO

9,

Time evolution Eq. iy

D(t) \
( (1) ) - (M

q/p # unity

Mass eigenstate

1Dy 5) = p|D") -

observables

(CP conserving limit)

l

€r = (Adl = Mz)/r = 2M12/F
y:(Fl—Fg)/‘ZF :2P12/P
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CP violation

mass difference

width difference
I : total width




D° — D° mixing: theory

Two methods

@Exclusive

Hadronic-level analysis

I'D — 7r]

Hard to calculable {
I'[D — KK]

!

Data are used
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@Inclusive

Quark-level analysis

without data

purely theoretical method

(quark-hadron duality 1s assumed)




Inclusive approach
Quark-level

d, s
U = —— —— C u C
D_O W w DO ﬁ
C -— ‘——o-@ C (7
d, s
box diagrams 4-ferm1 1nteraction

Heavy quark expansion (HQE)

2
A12 = Mo — §F12 _— [ = Z%<DO‘@§C—2‘DO>

C,, : Wilson coefficient

1 : dimension of operator
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Contributions N = ViV

d d, s S
30 0 S0 . o 30 0
D E _% D D i _% D" D i ; % D
d s, d S
For mS — md CKM unitarity

Ad+ As + X, =0

neglect

summation o )‘czl + 2 g A + )\g
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Contributions N = ViV~

For mS —_ md CKM unitarity
Ad+ As + X, =0

/ neglect
summation o )\3 + 2 g A + )\g — ()
- ‘ Supressed b the GIM mechanism.

non-zero contributions SU(3) breaking: s

0 _ 10 v |
to D¥ — D" mixing small CKM : Ay = O( )\5)
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Theory / Experiment comparison (for inclusive)

Box diagram

D meson

Hagelin 1981,

Cheng 1982

Buras, Slominski and Steger 1984

v/ Golowich and Petrov 2005

NLO QCD
Bobrowski et al. 2010
r~6-10""°
SM -
y~6-10""7

Exp.

suppressed by GIM mechanism

HFLAV 2019

r=(3.9773) x107?

y = (6.51

+0.63
—0.69

) x 1073

B.meson

Lenz and Tetlalmatzi-Xolocotzi 2019

SM

Exp.

{Ams — (18.77 £ 0.86) ps~!

{

AT, = (0.091 £ 0.013) ps~!

HFLAV 2019

Am_= (17.757 £0.021) ps~!
AT, = (0.090 % 0.005) ps~!

Bjmeson

Lenz and Tetlalmatzi-Xolocotzi 2019

SM

Am, = (0.543 £ 0.029) ps~!
AT, = (2.6 £0.4) x 1073 ps~!

HFLAV 2019

Exp.

{Amd = (0.5065 £ 0.0019) ps™!

AT"; = (0.002 £ 0.020) ps~!

e For B, B, mesons, the experimental data are reproduced within 2c.

e For D meson, the order of magnitude is not reproduced within leading-power.
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*Am, ¢ is not calculated in the HQE formalism.



Theory / Experiment comparison (for inclusive)

D meson

Hagelin 1981,  Cheng 1982
Buras, Slominski and Steger 1984

 Possibilities discussed in the literature]

Box diagram

v’ Violation of quark-hadron duality?

v/ Golowich and Petrov 2005

Leg

NLO QCD — 20% violation explains the data. (based on a simple model)
Bobrowski et al. 2010 _ . .
" Jubb, Kirk, Lenz and Tetlalmatzi-Xolocotzi, 2017
aj 2 6 * 1 O SM ’ ° ° ° [
SM 6. 107 1 Contribution of higher dim. operators? {!

suggested by Georgi, 1992

— 1t gives a resource of SU(3) breaking linear in m,
avoiding severe GIM cancellation?

suppressed by GIM mechanism

HFLAV 2019 T, Y ~ 0(10_3) Bigi and Uraltsev, 2001

(3.9773) x 107°

— With some assumption about hadronic matrix elements,

X

Exp. Exp. |} x ~1y <1077 Falk, Grossman, Ligeti and Petrov, 2001

(6.511083) x 1073

Y
Beyond the standard model?

Golowich, Pakvasa and Petrov, 2007

c.g.
’ Golowich, Hewett, Pakvasa and Petrov, 2009

® For B, B, MeSONS, the eX POl sesasssramcsam

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

—6/16— *Am, ¢ is not calculated in the HQE formalism.



Outline

v (B) Quark-hadron duality for DY — D° mixing
— local duality (analytical)

— local duality and 1ts violation (numerical, in progress)



Quark-hadron duality: Examples

hadron
(inc) eTe” — hadrons
n o(ete” - 2n)+o(ete” - 3n) + -
™ . c
\\ '/:—\\ * .

N ar s T Lo m A /

pUVAVAY IR UVAVAVY A N S
e~ g Ne s R o “

+ (condensates) '

inclusive = sum of exclusive
(provided that energy 1s large enough)

Poggio, Quinn and Weinberg, 1974 for the case with smearing over energies
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Quark-hadron duality: Examples

hadron
(inc) eTe” — hadrons
olete” = 2n) +o(eTe™ = 37) + -
+ . +
e q: /e
™~ 2 Ny T T a..
/>’\/ \/ \/{\ : }’\/\/ \/\\ :\:‘:1:11;. ! _I_ * N (
. / " *4 |’,_,,;:;’5'$" .\\ V'-\:_\:\_:: ;":::;,_,_,: \
e ' 4 N e s A < N
+ (condensates) '
F(mc) DO — DV
12 Pip(mm)  + Tia(pm) +
c 9. _u T p
SRR S A 2 =S (N
DO‘ ] : l ’DO H 127 /: L+ 7 /; 4
l\' ." : \... ‘." I :\;:: ( | po N ( | po
ii g C u X
+ (higher dimensional operators) + (all the other exclusive states)

Non-trivial point

IsT (ligc) = 2 F(lezxc) satisfied or violated?
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Method to investigate duality violation

(1ne) _ Z F(exe)

Comparison between d=4andd =2

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

v v X
v

X oV

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

|

|
O RN

't Hooft, 1974

The ’t Hooft model (QCD, 1n the large-N, limit)
© Asymptotic free theory. © HQE is in common with d=4.

© Confinement is built-in. © Gluon is not dynamical.

© 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):

S ©°
//\_/ ’,\S) ;’;
TS ®-3

\_/ \ I‘S.")\\\‘\.

. 2 _ 2 2 _ 32 1 d
the ’t Hooft equation: M;éx(x) = (ml " Ca mf_f ) S (x) — B*Pr /0 t@y)‘z

notation of QCD coupling: g2 - £ (\ — ) . lim A — const.

Il\'( ' — 00

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:

(k ) (m,k)*
F(DO) _ Z( 1)1+k+m T

D «—phase space in 2D

T*m: color-allowed tree diagram

DOO @ M~

W+

M = &, K, + (excited states)
M

k, m: labels of excited states, k =0, m = 0 : ground states
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Analytical check of local duality

—ic G2 the standard model
° ) A ) )
generalized weak vertex: 7 Voermy (ev + cavys) =t ey =—a
2’ 2

@ Inclusive width difference
', =Cy < DO @ y*ysc ) (i’ mscﬂ )| D? > +Cp < DY | (%iysc®)(itiysc’) | D >

2

G

Cy = — —2(c} — DVEV,I(ch = cDFD +2G) — (¢ + DI + T
DO
2G2

Cp=+ M—F(cV — DVEV, (g — G + 2HW) + (¢ + c)ID + JD)]
DO

@ Gc(lgl), Hc(zgl)’ IC(ZSI), JW : phase space functions ‘= \/ 1 —4m3/

C d u

N 7 large-N, factorization: p — My /(mg+mg))?
f \ "". ’) \
( \ 5 S ( - I_I T by (YO
2 2 (q 5Q) (G0, vsQ%) [ I
Dl | ¢ 2 | |DO = = fi M
o 2 3 | 2M n
S ;\) ! T o \
\ > > / gz K ( 4’" ) H :
\Vi S > \\ / : | BL Q { ™ Q ‘ — f ‘g{ MR
v, l <\ 2M 5y

u d C
down quark massless limit: 1, — 4(CV —C A)2 - udG%flz)oM o
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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)

(k) (m,k)*

(0" — Z (= 1)l +k+m remre
12 AM?2
k,m D

Olpkml

< 7 (Wl) N (!
D" ™ =1, 0=y heoas
0

L 7 (a) exact solution, ¢y(x) = 1.
@ . ( :) D° (b) completeness: Z qbk(x)gblf(y) =o0(x —y)
7T (k) k=0
N/rx k=0
_ _ 0 - 0 _ c
k=0, m =0 : ground states = f {0 k%0
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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)

2
T(k,m) (m,k)* T(O,O)T(O,O)"< N 1
(DY _ 1\ +k+m
FIZ — kz ( 1) 4M12)0 |pk | —> — = — 4(C\2/ — Ci)zG}%deVudMD‘);C J ¢D0(X)¢E(X)
m " 0

4M12)0 |p00|

= —4(cy — c)°GEVEV, . f5oMpe  agrees with the inclusive result

|

— (m) .
- L—O>; =S S \/:J Plx)dx
7 Jo
K _ (a) exact solution, ¢y(x) = 1.
@LD 2 (b) completeness: Z G (y) = 6(x — y)
k=0

k)

NIz k=0

B N (k) —
k =0, m =0 : ground states =/ {0 k0
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Numerical evalutation of local duality

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

(2) Check the net size of observables 1n the presence of
the GIM cancellation (in progress).
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Routine to calculate the exclusive width difference

(1) Numerically solve the ’t Hooft equation,

/ 0 .4) ©) )
mi — B° | m5 — 3* \) 3
= C

g2 L d1Ge P | (),”( ) .
My op! ™ (x) = ( b — 6% Pr /J .1./(1 —,? for g,g, bound state

T 1l —xa

/

based on the BSW—iIIlpI’OVGd Mlllth()pp technique Brower, Spence and Weis, 1979

N
l +cosf
Q= a, sin(kf), x =
1; k 2 2. .
B M~ eigenvalue
2., : .
a; = (Hy+ V);a; : eigenvalue problem a;: eigenvector

(2) Evaluate the amplitude by calculating overlaps of meson wave functions:
Grinstein, Lebed 1997

7 R R Y PW- / QI)
,T(:l.:.,'m..) ‘)\/_( (( B ( l ;\' qu Z “_ l ); (] -1 |\ I)n \ln]‘fr 5
(Q(ig) Y A \ — q-g ) [,T nim

/ 5 l. l 2 ‘

(3) Take sum over exclusive final states that are allowed kinematically:

) p(m )
F(DO) _ Z ( )1+k+m
4M20 |pkm |
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Preliminary numerical results

solid line: inclusive red points: sum of exclusive

0 o _
D%KH%DO D—>K K+—>D0
T T | T T T 1 T
55 N = 1000 - = | _
7 pole (4D) e =t : pole (4D) :
SO . . sum e c v el dewatlon .
4 NS (4D) : um of exclusiv 2.6 :

[scaled]

PrehmmaYY

177 [scaled]
e
—
|

i £ P 1m1ﬂary
30f S 20 rcll
25k E N = 1000
F . : 1.B | melusive :
20 deviation - :MS (4D)]l + sum of exclusive |-

m, /3 m,./ 3
© For large m., inclusive/exclusive agrees with each other.

© For small m_, certain difference between inclusive/exclusive appears.

© Overlap integrals are truncated by the first fifty meson states.

© Numerical accuracy for overlap integrals is to be further investigated

by the tanh-sinh method for controlling end-point behavior.
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Summary

© We studied local duality and its violation for D” — DY mixing
on the basis of one certain dynamical mechanism.

© The realization of local duality is analytically seen in the massless
limit, which 1s interpreted as an example of “exclusive” duality.

© We numerically showed that local duality is realized
for D' - K=zt — D"and D’ - KK+ — D",

Future prospects

© We will numerically evaluate duality violation in the presence
of the GIM cancellation.

— check whether the order of magnitude of Al is enhanced for exclusive sum.

— check whether the sizes of exclusive Al'p , Al'p are comparable
. . S
to the inclusive counterparts.
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Backup



Box diagrams 1n two-dimensions

[}, = C, < D| (@ *ysc®) @y, y5c?) | D° > +Cp < D°| (@iysc®)(@iysc?) | DO >

~ 2G¢
Cr = ———(c = cPVEV, ey — DE +2G 1) = (cy + ) + T2
MDO
2
Cp =+ ——(cj = DVEV, (] = DG + 2H) + (e + )™ + JI)]
DO

. o_ 2 2
Z,]—d,S 2z = mg/mg

(th) . > m N . Y
Fi,i = \/l — 2(‘.-; -+ ,-J") -+ (,,.,' — ".,;) .

| )

g~ /6 g - __rita —n)”

S < ) v1—2(2—25)+ (zi — 2;)?

. . Y = —— VIS

2 J ‘ v91o 2(z 0 z) | (zi 0 2)°

) I:;h) - \/5_4(1 + 2 —’:Jj) _

T g V1—=2(z — zj) + (2 — )
- ~I Fith) _ VZill = zi+2;)

2 / 17 S » ~..“
¢ Vv1—2(z — zj) + (zi — 2)?



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
- (;'2 4’\'[2 PR VAVER o S 7 \
Mia(s) = —o—" Y [5131 (1B (5) + &2R(s) Ba(y1)C ,;‘;,"’{s,:'] ,
Explicit formula
PR (_7‘2, A.[Q (1 i a 3
Fia(s) = ;) 2” Ai A LLBL‘H 'B( (s) + &R(s)By(p)Ct "~“-"] ’

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

U —» —— C
q % G2 M3,
- » Mya(s) = ’;) W2 My (N2UD + 22X MUY + 22ULD)

_ — G% M3,
G —— ——— Lia(s) = —E ¥ fEMu(RUL +200MU8) + NU)
i,j = (d,s,b) 1 £ : Buras, Slominski and Steger
91— U :loop function o s, 360 (184



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°° ?




Exclusive approaches

exclusive sum D : CP eigenstate
(CP limit) l
r,—T_ 1
y & —op = EZ(B(D-i' —n) —B(D_ — n))
T
For PP mode

ypp = B(ata™) + B(x7?) + B(n°y) + B(r"n') + B(m) + B(nn') + B(KYK ™) + B(K"K")
—2cos g i \//B(K‘ aH)B(K+tm~) — 2cos d 00 \//B(KOWO)B(KO'J(O}

—2cos d o, -\/,B(R’”n)B(KU??) —2c08 K0,y -V/B(R'Un’)B(KOn’) .

data 1s used to determine y
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Exclusive approaches

Exp: y = (0.651F0 005)

U5  (CPV allowed)

TOpOIOgical apprO aCh H-Y Cheng, C-W Chiang, 2010

two solutions

Yypy — (0.269 _

- 0.253)% (A, A1)

yer = (0.086 % 0.041)%.

ypy = (0.152 -

-0.220)% (9, S1)

H-Y Jiang,

F-S Yu, Q. Qin, H-n. Li and C-D Lu, 2017

Factorization assisted topological (FAT) approach

D — PP D — PV

D—VV

V'V negligible

YPP+PV — (0.21 - 0.07)%,

m) imply other two/multi-body final states’ contribution

Exclusive == half-value

explainable
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DY — DO mixing: experiment

H
o

g CPV allowed '§. — e
- Moriond 2019 | ] —— , o Moriond 2019 zo
- i j : " 3o
: | > 30
i 5 ] i | et 40
08 : | B, = ' 50
§ g 20
- E -
0.6/ = 10
0.4 0
0.2 | -1
o . mi -2
) Py ,
-~ ~ 30 -3
Tlll 11111111111111111111.50 4 14 lll’lllfllllllﬁlllfllf'lll!llllil!‘l
-0.2 0 02 04 06 08 1 -04 -03 -0.2 -0.1 O 01 0.2 03 04
X (q/o) |Q/p|—1

. (lg/p| — 1, Arg(q/p)) = (0,0) is arrowed
(z,y) = (0,0) is excluded by >>11.56

# No signal for CP violation
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Numerical evalutation of local duality
Motivations

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

(2) Check the size of net observables 1n the presence of
the GIM cancellation (in progress).

DO~ D0 Pal N>l A= ViV (i=dis,b
Bg — B_g <@<< ‘)\6‘7 )\t )‘ — ]8‘/2719 (.] — U, Cat)

(Neglect tiny CKM) + (CKM unitarity)
X )\2 Fdd + 1'gs — QFSd) (vanishes for d = )

»{ F12S X )\2 ..

® D° — D° mixing 1s particularly sensitive to flavor symmetry breaking.

— The order of magnitude 1s sensitive to SU(3) breaking.

@ What if we calculate F?; oxc K >\§ (Tagq + T'ss — 2Tsq) exc ?



