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1. Introduction

e Main goal: to understand physics at the most fundamental scale

— itis important to understand relevant energy scales for the problem at hand

New Physics
-+ A
physics of beauty O physics of charm
iz,
XX K, X
c,u ¢ b,S,d

< X fr =X X

small dominant dominant small
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Introduction: B-meson observables

e Ab = 2 transitions: study time development of a B-system

b q
y d Z 3 u,c u,c,
A 1m0) = (M- 30) 18,0 4 e, Jee O
w
. / \ ) u,c,t q
- 1 —_— % T« _

<BS|H|BS> = Mo — §F12 <BSIH|BS> = My, — §F12 Bq() W ; §W <>9q

q Uu,C, 1t b

— diagonalize the Hamiltonian to get the mass eigenstates
q [
1By (1)) = g+(t)|By) + 59—(t)IBS>

BY(0) = Lo (DIBY) + a-(DIBY)

Bri) = p|BY) + ¢[BY) <

: ATt AMt ATt . AM
gr(t) = e me T2 [ cosh cos — ¢sinh 1 sin 5 t] ,
with
. ATt  AM¢t ATt . AM¢t
g_(t) = e ™ T2 | _ginh —— cos + icosh sin .
4 2 4 2
. . . . mg —myp, myp —mg
— ... and define the mass and lifetime differences z, = — Tt > Y%= —o5p
q q
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B-mixing: experimental measurements

e The experimental values for the mass differences have been

measured by many experiments

CDF2 hadr+semilept |
(1 b~

LHCb D;p*X |
(1.0 tb~! Run 1)

LHCb D_#*,Dynta~a™ |
(0.036 fh~! 2010)

LHCb Dyata~ 7™ |
(9 b~! Runs 142)

LHCb D=7 |
(1 fb~'Run1)

LHCb D7~ |
(6 M~ Run 2)

LHCb J/o KK~
(9 ~! Runs 14-2)

CMS J/pK+K-
(96.5 th~" Run 2)

Average

3 A\
AR 1777 = 0.10 = 0.07 ps-!
2024

17.03 £ 0.22 £0.15 ps~!

F17.63 £ 0.11 = 0.02 ps~!

F17.757 £0.007 £ 0.008 ps~!

F17.768 £ 0.023 £ 0.006 ps~!

F17.768 £ 0.005 4 0.003 ps~!

17.730 +0.029 ps~!

17.757 £0.035 £ 0.017 ps™'

17.766 £ 0.006 ps~'

AmSP = (17.765 £ 0.006) ps !
TP = 26.93 + 0.10

Alexey A Petrov

(USC)

L

20

LEP HFLAV - .
(16 analyses) 0.487 £ 0.010 £+ 0.009 ps
2023
Tevatron | f—t L

=~ }0.503 £ 0.017 + 0.014 ps~*

(5 analyses)

" ?ﬁﬁig . [ 0.5058 + 0.0054 £ 0.0053 ps~!
BELLE |

: 3 - 0.5089 + 0.0040 + 0.0055 ps~*
(3 analyses)

BELLE II |

Lo 516 q —1
(1 analysis) 0.5160 + 0.0080 £ 0.0040 ps

LHCD |

- 0.506: ¢ : g1
(Al 0.5063 = 0.0019 + 0.0010 ps

Average of above |

L0 506¢ ; -1
after adjustments DAed eI cO0dL L s

CLEO+ARGUS |

Xd measurements

0.499 + 0.032 ps !

World average - F0.5069 =+ 0.0016 £ 0.0011 ps *

0.48 0.50 0.52
Amy (ps™')
AmG® = (0.5069 £ 0.0019) ps~!

exp

x, = 0.7697 = 0.0035
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B-mixing parameters: theoretical predictions

e Both Am, and Al'| can be computed in the m;, — oo limit:

q
b uc,t s
S s Q8.1 = (@7u(1 = 75)b%) (@ (1 = 5)b)
. - - 8
For Am,; -> (Q4.1) = (BolQ41|Bq) = ;M3 f3,Bi(n)

s b
S u,c,t b | Lattice QCD |
| (Q6,1-5)m,. | 2016 | FNAL-MILC [270] |
G’%. | (Q6,1-5)p,. | 2019 | HPQCD [271] |
|

q __ 2 2 ~ 02 q
Ml2 - }‘thW SO (xt)anBq MBq B]. | HQET sum rule

‘ (Q6,1) B, ’ 2017 ‘ Grozin, Klein, Mannel,

1272

Pivovarov [272]
| (QG,I—S)Bd | 2017 | Kirk, Lenz, Rauh [246] |
| {(@s,1-5)B, | 2019 | King, Lenz, Rauh [273] |

A.Buras, M.Jamin, P. Weisz

AM,
® fp\/ B
. \/T w f5.\V/B;
|| ch
o m Ve
other other
Am = (0.535 + 0.021)ps~? Am" = (1823 £0.63)ps~ " ) brecht - Bernlochnes
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B-mixing parameters: theoretical predictions

e Both Am, and AI') can be computed in the m;, — oo limit:

b )

»l
ol

A. Lenz, U. Nierste

[ B?zz
" B,
I
fs/Bi
m B}

mV,

m other

m other

B . J. Albrecht, F. Bernlochner,
AT = (2.74+0.4) x 10_3p8_1 Argh =(9.1£1.5) x 10 “ps~! A. Lenz, A. Rusov
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Higher-order SM contributions to Al

e Als: a calculation yields:

Do(B) = — —CEMh(yay )2 ([F(2) 4+ P(2)] (Q)
21\Fs) = 127 (2Mp )" ¢
+  [Fs(2) 4+ Ps(2)] (Qs) + 61 /m + 01 /m2]
\
* ... with oper'aTor's WC (incl. pQCD corr): Beneke et al, Ciuchini et al

14+ Ne .9 - o
M% B
Nc st By
1-2N. Mg
Nc (mb + ms)

Q = (bisi)v_a(bjsj)v_a, Qs = (b;si)s—p(bjsj)s—p } Q) =2

Q = (bisj)v_a(bjsi)v_a, Qs = (bis;)s—p(bjsi)s—p (Qs) = _f2 Bs

% ... so the result (up to 1/mp2) is:

Al'p, [0.00053 + 0.1732B5 + 0.0024B; — 0.0237B2 — 0.0024B5 — 0.0436 B4

2x 10 °a; +4 x 107 %as + 4 x 1023 + 0.0009c, — 0.0007 x5
0.00023; — 0.000282 + 6 x 107283 — 6 x 107°84 — 1 x 107>

11X 107%8541x107%3, +1 x 10—558] (ps™1).

A.Badin, F. Gabbiani, A.A.P.
Phys. Lett. B653, 230 (2007)
L T S i S VNS S S T D D
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2. Introduction: D-meson observables

e Ac = 2 transitions: study time development of a D-system

i) = (31 - 5r) 1D(0)

R
(D°|H|DO) = Myy — =T s 1o0 -
-2 a2 (DO|H|D") = M7, — §F12

— diagonalize the Hamiltonian and define the mass an lifetime differences

MQ—Ml 1_‘2_F1
A

— ... which can be calculated as real and imaginary parts of a correlation function

1 -
_ Im (D04 | d* T{ IAC|=1 IAC|=1 }DO
o = i (D7) [ ate T{n @ O )
bi-local time-ordered product
tp= - Re 2<W|H|AC|=2|D0>+(ﬁyi/d%T{H'wAC':l(x)HLUAC|=1(0)}|D0>
2Mpl'p

\ local operator \ /

(b-quark, NP, ..): small? bi-local time-ordered product
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D-mixing: experimental measurements

e The experimental values for the mixing parameters have been measured

S 08¢ all CPV allowed
=
0.7
0.6 __ e oL A exp
: 2P = (0.405 =+ 0.043)%
; yIP = (0.636 % 0.024)%
0.5 __ .......... [ OO SO SO
i Bio
- 03¢0
40
03l oMz | | M50
0.2 0.3 0.4 0.5 0.6
X (%)

Note that x, < y, in charm, whereas in beauty it is always Xy >V,
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Lowest order: dimension-6 operators

H - . H H E. Golowich and A.A.P.
e Lowest Order Contrlbutlon. d|men5|0n'6 Operators Phys. Lett. B625 (2005 53
GQ m2
6 c
rp = - 2F 2Mpl'p £5 7, 2 7 [CY(Ov ) +2(CY = 2C1C, = 3C3) (Os-p)]
¢ d, s, b u with the operators Ov_a = (7" (1 — 7°)u) (ey.(1 —7°)u),
05 = (£(1-)u) (21~ %) u).
T 0
(DO0v_alD®) = S fAMEBy and (D005 plD) =~ FAMBBY)
Uu d, s, b ¢

— at the lowest order in 1/m,, x;, and y,, depend on high powers of x, = m,/m,

2 m2f2 \f

ZL‘(S) = —GchfD D f? J?ZSL ClBD — —(02 — 20102 — 302) (S)

37T2FD

G2.m2 2 M 5_(g

o) = - EelolD 209 (07 - 90,05~ 3C3) | B — VB

37TFD 2

250 = 219 = (0.37 £ 0.02) x 1077 o
Numerically, What is going on?
257P = (0.407 £ 0.044)%
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Dimension-6 operators

e Lowest order contribution: dimension-6 operators
c d, S, b u
- Note that 1/m. is not small, while factors of ms make the result small

- keep Vuw 20, so the leading SU(3)-breaking contribution is

suppressed by Ap2 ~ A0 (small)

- perturbative QCD corrections? Should the renormalization scales

for the 55, dd, and sd/d5s intermediate scales be the same? u d, s, b ¢
1 .
I = Z I-\guzz (M‘{'qz, pglqsz) (Nglqz)ﬁ +... A. Lenz, M. L. Piscopo, C. Vlahos
01 go—smsd.dd e Phys. Rev. D 102, 093002 (2020)

- In the heaVY‘quark Ilmlt mc 9 oo we have mc > z mintermediate quarks, SO Ereleased ~ mc

- the situation is similar to B-physics, where it is “short-distance” dominated
- one can consistently compute pQCD and 1/m corrections

c ' = c

i c
- X
u - dfs) u u u

H. Georgi, ...

- But wait, m¢ is NOT infinitely large! What happens for finite mc??? oo\ Uraieser

- what other phenomena can change chirality of an s-quark?
M. Bobrowski, A. Lenz, J. Riedl,

G 1' ¥ 10 39 J. Rohrwild, JHEP 1003 (2010) 009
uestimate: x ~y~ 103"
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SU(3)y breaking: group theory

e What should we expect from the general arguments: group theory?

— notethat (D°|H H |D° = (0|DH H,D|0)isan SU(3)xsinglet

with D — D; that belongs to 3 of SU(3)
H,A = H]ijis (g:0)(g;q) or 3 X3x3=15+6+3+3
u u

— the quark operators can be written in terms of their SU(3) properties

— introduce SU(3) breaking via Mji = diag(m,, my;,m;) - 1 + 8
— all non-zero matrix elements built out of D, H]ij and ]\4; must be SU(3)y singlets

LT i S VNS S D RS Rt S L SN IV S A A S T AT S L A R L Bk e e ]
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SU(3)y breaking: group theory

e What should we expect from the general arguments: group theory?

— notethat (DY|H H,|D° = (0|DH,H,D|0)isan SUQ3)psinglet

also note that D;D; is symmetric =belongs to 6 of SUQB)g
then, the product H, H,, = Og5 + Oy + Oy

— there is no 6 in the decomposition of H H, = no SU(Q3)g singlet can be formed

D-mixing is prohibited by SU(3) symmetry

— consider a single insertion of MJ.i = DM transformsas 6 X 8 =24 + 15+ 6 +3
= still no SU(3) singlet can be formed

no D-mixing at the first order of SU(3) breaking

— consider double insertion of M].i = D¢MM transforms as
6X(8%X8)g=(60+42[+24+15+15+6)+(24+15+6+3)+6

D-mixing occurs at the second order of SU(3) breaking

Falk, Grossman, Ligeti, AAP, PRD65, 054034, (2002)
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Aside: how to flip chirality in QCD

e Chirality flip plays a very important role in D-mixing

— it seems like the “culprit” in x*° > xlt)heory is the small value of m,

e Are there any other ways to flip quark’s chirality in QCD?
— magnetic moment of quarks (goGq) = (GroGq;) + (G 0GqR)

— the vacuum of QCD is not empty; it is filled with quark-
antiquark pairs that form chiral condensate {(gg) # 0

H. Georgi, ...
I. Bigi, N. Uraltsev

Operator Product Expansion: if (3s),/m> > x, = m /m_ then some higher order
terms in 1/m_ would be (numerically) more important than the leading ones!

Let’s find those terms

Alexey A Petrov (USC) 10 More than a lifetime (Siegen), 22-25 Sept 2025



Higher-order operators: dimension-9

e Next-to-lowest order contribution (in m,): dimension-9 operators

— recall that we only look pick the terms with lower powers of m;

iG> . ~ ml
T;g,) = % /d4ac (@ (2)Tud” (2)) (@°(x)T*ul(z)) (€™ (0)Lwg™(0)) (¢’P(0)[*ui(0)).

— take matrix elements, to evaluate them assume factorization ansatze

c d, s u
2% ~ 3" Cy(D°| (el'1u) (qq) (cTau) D)
5 0 qg=s,d
(D°| (l'1u) (gg) (eLau) [D") ~ (gg)(D°| (elyu) (elau) D)
U d, s c

— drop terms proportional to x; = m,/m,

L0 _ Gk &me (3s)of
D 3 2MDFD mg 5

w

(O} = 20105 — 3C3) ((Ov—a) +4(0s )

We traded more powers of 1/m, for fewer powers of x

This contribution should be numerically more important, provided that <§S>0/m3 > X,

LT e L VNS S D DI S0P S, L0 S PPV S AL MR SR AT T o AR S Fede e o ]
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Higher-order operators: dimension-11

e Next-to-lowest order contribution (in m,): dimension-11 operators
— recall that we only look pick the terms with lower powers of m,, expand the propoagator
S(JJ,O) = S()(JJ,O) -+ Sl(l‘,O) —+
9 iG?
T = 5F / &' (¢ (@)1 g’ (2)) (7 (@)D (2)) (€7 (0)Twg"(0)) (7 (0)T*u (0)),
— the expansion of nonlocal product also contains the mixed quark gluon condensate
- it can also flip chirality (goGq) = (qroGq,;) + (G 0 Gqg)
_. o a AY
. d s y where (gigoGq) = (gigo* Gzy7q>,
X (11) _ _ —0
l | 0 ~ Y Cacq{D°| (1) (qoGq) (e2u) D)
I qg=s,d
|
_ _ _ —0
— ) ~ (@0Gq) Y Caaq(D°| (el1u) (€ou) [D")
! d, 3 ¢ q=s,d L. Dulibic, B. Melic, AAP,
arXiv:2508.16337 [hep-ph]
— we can see that it is also proportional to the terms with fewer powers of m,
G2 2,2 )\2 = 8 =o\2 Ed 2 1
go - Gp tame <W o003 ol PN DN L0200y )+ 8(05_p) (CF 14010 +60D))
We traded more powers of 1/m, for fewer powers of x;
T S i S VNS S D i
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Higher-order operators: dimension-12

e Next-to-next-to-lowest order contribution (in m): dimension-12 operators

— recall that we only look pick the terms with lower powers of m
Tyg = i / d'xdtyd*z (—ig)* (@7 (Y (T*) ™" Syl (y, z)THe () (@ ()T g5 ()
x Sa(y, 2) (@ (0)Tq5(0)) (T4 (2)7,(T*)F S5; (2,0)T ¢ (0))

u Note: as the value of the four-quark condensate is
noit known well, employ double-factorization:

(1) factorize four quark condensate from the operator

(2) factorize four-quark condensate into a product of
two two-quark condensate

ol

Note: an example!

— we can see that it is, again, proportional to the terms with fewer powers of m,

_ , ,
a2y GE &mZ (35) 0 Numerically largest:

T = S oy e e

1
X 103 3(=9C% + 172C,Co + 411C2)(Oy_4)

+ 8(13C3F + 4520104 + 495C3){Os_p)

LT i S VNS S D BRI o S L0 SO VS AR A S T AT M o A R L S Bk e ]
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Higher-order operators: dimension-12

e Expectation: the fewest powers of x, from dimension-12 operators

212) »\\tx‘\/-' “‘\-;.n"‘ ' 6 x 107 G F Ch g2 m?  4ra, (§s)0x2
. _ D 2 - 6 s
(12) \/‘EN% ~—2x10-T = G_2F£2 mﬁ Ao (.ss)g:’:2 R 2 pMp 108 mS

b .’A"%' e “\_. 2FDMD 108 m‘g §

TTet g

4

X [Cl (16C1 — C3) (Ov—a) +24C1 (2C) - Cy) (Os-P)],
x [ (7C2 = 10C1Cs — 15C2) (Oy_a) + 24(Cy — 3C5)(Cy + C2){Os— p>].

v - GF’ 2 mi  Amay (38)§ o
s )'“‘3"10 "8 ¢ arpMp 108 mb =

2 2 o) 2
(12) N ,&m/ _6 G% ., mi Amas(Ss)§ o
~+2x1 = ——
Tp ( PATAN ) +2x10 2 S a0pMp 108 mf

X [ — C (7Cy 4+ 59C3) (Oy—4) +24C, (Cy + C3) (05-1))] R
x [(27012 — 11201C, — 168C2) (Oy_ )

(12) J(;:W:\ s _ - GF o m;  4ma, (38)F ,
+8 (2202 — 420, C; + 63C2) (os_p)], b ( ALK )~ 2x 107 = M 108 m8
L e ) x | (16C? +14C,Cy + 21C2) (Oy_4) + 24 (2C? + 2C,C; + 3C2) (Os_p)
(12) \5:‘ ‘}e ") & —Tx1077 = 7G§’§2 m2 4w (5-9)(2) 2 [( ' 1 2) ( ' 2) ]
D ‘// A /"<\ - - 2pMp 108 mf Ts 2

e ~+2 X 10~7 = _G%-62 m?  dwa, (Es)gm3
2 2I'pMp 108 mS
x [ = 7C1C2(0v-a) +8 (26} - C1C3) (0s-r)

x [ (19C} — 18C1C; — 27C3) (Ov—a) + 56(C1 — 3C,)(C1 + C2)(Os-p)

a2 [ R -7 _ G%" 2 me  Ama (38)f o
x , K ~+2x10 T y _
b ( 2 \ ) 2t 2pMp 108 mg °* 212 \/"EM> ~—9 % 10~7 — Gfpgz m?  dra, <33)3x2
) ) ) 2TpMp 108 mg ~*

x [ (3C} + C1C2) (Ov—a) + 28 (CF + 3C1C2) (Os-p)]

x (70, -100,02—1502) (Ov_4) +24(Cy — 302)(cl+c'2)<os_p>].

— nine unique diagrams, the rest can be related to the diagrams above

L S LR S VS S DS .

N L S DL S E IV S A A S T AT M o A R L S Bk e L ]
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Results: putting all together

e What should we expect from this calculation?

— recall that we only look pick the terms with fewest powers of m, at each order

Contribution Result for zp [1077]
(9)

T 0.99 4+ 0.13

2V 0.051 & 0.009

212 0.24 + 0.06

Total = z$gnd 1.27 +£0.18 5P = (0.407 £+ 0.044)%
20 0.37 & 0.02

NLO [14] —0.45 £ 0.02

— theoretical errors are evaluated by adding parameter uncertainties in quadrature

we checked that other schemes do not chnage the result much

— the results are smaller than expected before as it is no longer the case that (§s),/m> > x,

— it seems that theoretical predictions are two orders of magnitude smaller than exp,
which might be due to the use factorization approximation, parameter values, or
(even) a possible New Physics contribution

R N S L S F NV S A M R AT I o A R S Fede e ]
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DD mixing: theoretical uncertainties

e \We can evaluate the uncertainties of the final result
— note that the value of the quark condensate (5s), < 1 GeV3

/

Parameter Numerical value o2l
[Experiment
o [42] 0.212 GeV |
(Oy_a)(3GeV) [43] | (0.322 +0.022) GeV* 8 s
(Os_p)(3GeV) [43] | (—0.624 £ 0.007) GeV*
1075}
(@q)0(1.3 GeV) (—268.5 + 1.3MeV)3
1057 —04 06 208 mE
(@q) [GeV?|
2} 24
19t
T el -
'E_‘ 13,1 g — chond
Q;? 10.+ Q xp©
7.t
o5 06 07 08 09 1. I 12 10 12 14 16 18 20
(3s)/{dd) u [GeV]

TS L S L SO E IV S A G R AT I L A R S B e ]
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New Physics and the lifetime difference

e (Heavy) New Physics contributions are local at y = m,

. DO HAC=1 ] I HAC=1 DO
(M_érl =mg))6ij+2L<Di0 HV?/C=2‘D]Q>+ 1 2< i |ttw 2‘ ><2‘ .W ‘ J>
i my, 2my, mp —m; +1i¢

e There is a (theoretical) limit where y is dominated by New Physics

c : - - <
| R N —
Amplitude 4, =<DO‘(H§§ L HY )= A+ 4 ><
u " dis) u u u

/

NP SM
An An

Suppose : 0 (exp. uncertainty) <10%

1 (—SM  —NP 1 SM —NP
EXGm |€1 = An + An ASM + ANP I'l' - @n ANP + An ASM )

phase space Zero in the SU(3) limit Can be significant?
Falk, Grossman, Ligeti, and A.A.P. E.Golowich, S. Pakvasa and A.A.P.
Phys.Rev. D65, 054034, 2002 Phys. Rev. Lett. 98, 181801, 2007

2nd order effect!!!

Alexey A Petrov (USC) 3 More than a lifetime (Siegen), 22-25 Sept 2025



3. New Physics: baryon-antibaryon mixing

e New Physicsin AB = 2 transitions: study time development

9
— neutral baryons can mix if baryon number is broken: £ = m,nn + TmnTCn
0 | n| n ~( my —fin-B—il/2 om
Zaln]_M[n]7MB_( om mn""ﬁn'g_ir/Q).

— diagonalize the Hamiltonian and look for the oscillations

Pin—n)(t) = Sin2(29) sin? [(AE)t/2]2 o Tt

i (i - g;TJ)F (6m)? - K\/(ﬁ” ' 5)2 + (5m)2> t] e~ Tt

1
_F(

— theoretical expectations: the Lagrangian Leg ~ dud)’

This implies that one pays a steep price of A~10 suppression for probing high scales A!

Can the BNV scale be different for heavy quarks? Maybe... Can one measure A,,Kb oscillations? Probably not...

Alexey A Petrov (USC) 2 More than a lifetime (Siegen), 22-25 Sept 2025



4. Things to take home

» Computation of charm mixing amplitudes is a difficult task
* ho obvious model-independent/perturbative technique
»+ SU(3)/flavor flow fits need theory input/better exp data
- need better theory calculation in “inclusive” techniques
> Why is that? L. Dulibic, B. Melic, AAP,

* no dominan-‘- heavy dOf, as in beGUTy decays arXiv:2508.16337 [hep-ph]

* charm quark is not very heavy

- "exclucive" techniques need to fit over large number of decays, AND cannot use
current experimental data on D-decays: cancellations complicate predictions

* "inclusive" techniques depend on large number of matrix elements; factorization
might affect the predictions, AND (5s),/m> > x, is not true

* Upcoming IGTTice CGICUIGTion? M. Di Carlo, F. Erben and M. T. Hansen

» Philosophy: if one fits all possible exclusive nonleptonic decays of the D% and
use it to predict the lifetime in mixing, does it constitute a prediction?

“"Charm physics”
A.A.P, Eur. Phys. J. ST 233 (2024) 2, 439-456
D. Friday, E. Gersabeck, A. Lenz, M.L. Piscopo, 2506.15584
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Things to take home

» More philosophy: mass difference in D°DO mixing

Theory X : Theory X
Experiment »{ . Experiment  /
Not a very interesting case... SM wins again?
Theory v . Theory v
Experiment ) | Experiment ¢/
SM wins again! : New Physics!
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SOC SO B
SOC O 8
SR

T~ Mg
g2 (Gas)P2y"y* =5 K (mg v/ —a?)
1

+ W(Ga[g)jpaaﬁmqll{o(mq, V —:l}z).

72
@ (z)¢’ (0)) = 6% <‘11q2) laaﬁ (1 + §A§ +.. )

- m a® (mA 2 np(@a)]
T pa (4 Ty (12 T8 (G )

(@G O0B0) = 557 (5% - 1545 ) (

. _ 1 16 _
X [(O'I,W +m (Zo'p.v¢ + YTy — ’Yuxl—t) )[ja’\g<qq>0 + 5 (¢O#U)ﬁa ?ﬂ'ayp <qq>(2) T+
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Inclusive approach to mixing: quark-hadron duality

* How can one tell that a process is dominated by long-distance or shor‘r-disTance?

% Let's look at how the momentum is routed in a /F\
leading-order diagram
- injected momentum is pc ~ mc
- thus, p1~pz~mc/2 ~ O(Aqcep)?
N4

Still OK with OPE, signals large nonperturbative contributions

% For a particular example of the lifetime difference, have hadronic mTer'medla’re states

-let's use an example of KKK intermediate state ~ m
- in this example, Erelessed ~ Mo - 3 Mk ~ O(Aqer) D N — D

% Similar threshold effects exist in B-mixing calculations
- but mp » 3 Mintermediate quarks, SO Ereleased ~ My (almost) GIWCIYS
- quark-hadron duality takes care of the rest!
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NLO in pQCD

e |Lowest order contribution: dimension-6 operators

X = X

dfs)

.. as can be seen from a "straiaghtforward computation”...

sy GEmAfRMp . : . 5—(s
i) = IO 5 Yo 0,0y - 307) By~ 2BY)] e A

=) 3rl'p
XY ol
2 G= m2 M LO LO
'I.t()) s zfn D 5 .[(Y BD (12 — Z(VI(V) - %p )BD ] oC m4 A_4
3T FD s
1+ N_. 4F m;
with <D ‘ ul,c uF“c‘D°> T p™p B,, etc.
N. 2m,
Notice, however, that at NLO in QCD (X\.0.Ynio) > (XLo. Yio)
2 - 2
@ = GrmefoMo ”*" By = (L3 2 y14 000,482
- C_ o ) YnLo = 37l p Ss A D G 9 5 + 1C5 + ;
. ’7‘}\ //’
s L e H— 872 2"
- ™ ~ 2D 5(S) 2 9 ~
- 2BD K 5 i ) C3 +20 C1Cy + 32 (] ] ) . XnLo ™ YNLO!
- N o E. Golowich and A.A.P.
Example of NLO contribution Similar for x (trust mel) Phys. Lett. B625 (2005) 53
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Exclusive approach to mixing: use data?

* LD calculation: saturate the correlator by hadronic states, e.g.

1 _ _1,~—=0 —0 — =
Y= 55D pa | (DU IHZE In)n| HEE='D°) + (D’ |HZC" n) (n| HEE=[D°)

.. with n being all states to which DO and DO can decay. Consider nirt, 7K, KK intermediate

states as an example... J. Donoghue et. al.

L. Wolfenstein

Yo = BT(DO N K+K_) + B?"(DO N 7-‘-+7-‘-—) P. Colangelo et. al.
H.Y. Cheng and C. Chiang
) 2cosd+/Br(DY — K+n=)Br(D° — ntK~)

cancellation If every Br is known up to O(1%) ‘ the result is expected to be O(1%)!

exbected

The result here is a series of large numbers with alternating signs, SU(3) forces O

If experimental data on Br is used, are we only sensitive to exit. uncertainties?

* Need to "repackage” the analysis: look at complete multiplet contribution

Falk, Grossman, Ligeti, Nir. A.A.P.
Phys.Rev. D69, 114021, 2004

Yy = ZyF,R BT(DO — FR) - Z Yr.R Z F(DO - ’I’L) Falk, Grossman, Ligeti, and A.A.P.

Phys.Rev. D65, 054034, 2002
Fr Fr neFg 4
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Exclusive approach to mixing: use data!

* What if we insist on using experimental data anyway?

% Ex., one can employ Factorizaton-Assisted Topological Amplitudes

in units of 10-3

Modes B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
WK’ 240408 242408 [ 7K 375429 359422 K 128td 135+14
atK~ 393404 392404 |7tK*~ 543444  625+27 | K-pt 111.04£9.0 105.0+5.2
nK 970+£06  96+06 | K 9.6+3.0 6.1+ 1.0 K'w 222412 223+1.1
PK’ 19.0+£1.0 195+10 | 7K <110 0.19 4+ 0.01 K'¢ 847706 82406
atre 142140.025 1444002 | 7tp~ 5094034  45+0.2 pt  100£0.6  9.2+0.3

K*K~ 4014007 4.05+0.07 |K*K*~ 1.62+0.15 1.840.1 K-K** 4504030 4.3+0.2
KK 0.36+0.08 029+0.07 | KK 0184004 0194003 |K K*° 0214004 0.19+0.03

™y 0.69+0.07 0.74+0.03| 7np° 1.440.2 w  0.117+0.035 0.10+0.03
™7 0914+0.14 1.08+£0.05 | 7'p° 0.25 + 0.01 ¢ 1354010 1.4+0.1
m 1704020 1.86+0.06 | nw 2.2140.23 2.0+0.1 né  0.14+0.05 0.18+0.04
m’ 1.074+0.26  1.05+£0.08 | 7w 0.044 + 0.004
070 0.826+0.035 0.78+0.03 | 7%° 3.82+0.29 4.1+0.2
70 KO 0.06940.002| 7" K*° 0.103 £ 0.006 KOpY 0.039 £ 0.004
7= K+ 0.133+0.009 0.133+0.001[ 7~ K** 0.34570150  0.40 £ 0.02 K*p~ 0.144 =+ 0.009
nk" 0.027+0.002| nK*° 0.017+0.003 | K 0.064 + 0.003
' K° 0.05640.003| 7' K*° 0.00055 + 0.00004| K% 0.024 + 0.002

Jiang, Yu, Qin, Li, and Lu, 2017

% .. but it appears to yield a smaller result, ypr+pv = (0.21£0.07)%.
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