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LIFETIMES OF CHARMED HADRONS
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EXPERIMENTAL SITUATION — CHARMED MESONS
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EXPERIMENTAL SITUATION — CHARMED BARYONS

large spread among lifetimes of singly charmed hadrons:
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EXPERIMENTAL SITUATION — DOUBLY CHARMED BARYONS
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But it is somewhat larger,

7P(H.) = 0.15 — 0.45 ps




THEORY : TOTAL DECAY WIDTH B LIFETIMES

1 1

S—(H|T|H)

2mH Shifman, Voloshin 85

T — Im 2 / d4{L‘ T [Heff (ai)Heff (0)] forward-scattering amplitude

H, ff = weak effective hamiltonian for a heavy Q decay Buchalla, Buras, Lauternbacher 96

6
= ZEl 3 Vi Q™ + Cal Q) ~ ViaV Y- ity

q,9'=d,s k=3

+ Y chQ(q@] ,
=d,s

V/=e.u

neglected for charm decays

non-leptonic(NL) and semileptonic (SL) decays included



WEAK HAMILTONIAN DIM6 and DIM7 OPERATORS
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HEAVY QUARK EXPANSION (HQE) — systematic expansion in Agcp/Mg and ag
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CONTRIBUTION

CONTRIBUTION - from 90-ies; HQE CONTRIBUTIONS - ENHANCED
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DECAY RATE has universal leading contribution to all hadrons (up to mass corrections in c3) ~




A BIT OF HISTORY

First FLAVOUR ANOMALIES were connected with lifetimes :

80’ - 7(D*)/1(Dy) ~ 2.1

85 - 1(D)/1(D,) ~ 1.5 (when D, was called F © )

90" - 1(A,)/1(B) ~ 0.7-0.8

2000 — WA large — influence on V, inclusive

2018/2020-22 — 1(Q.) ~ 3-4 times bigger then previously measured

in 1980°s

+/-in 1980°s

NICE EXAMPLE
OF

AN ,ANOMALY*
-> in 2011
"EXPERIMENTAL
SOLUTION"

/ nonperturbative?

C L LKL

in 2023



“ANOMALIES” - 1" CASE 1980's T(D*)/T7(D%) ~ 2.1

C C é - é - Gu'berina etal 79
T = (cgog + =2 =% + .. ) + 16#(—2 Oﬁw Qe Shifman et al 80
m m
9 Q 9 Q

unknown pre-HQE 90° unknown

Mg =mg - slow convergence; spectator contributions ~ 1/mC3 might BE IMPORTANT - BUT WHY THERE
WOULD BE SUCH DIFFERENCE IN D-MESON LIFETIMES?




“ANOMALIES” - 1" CASE 1980's T(D*)/T7(D%) ~ 2.1

C C é - é - Gu'berina etal 79
T = (0303 + =2 =% + .. ) + 16772(—2 Oﬁw Qe Shifman et al 80
m m
Q Q Q Q

unknown pre-HQE 90° unknown

Mg =mg - slow convergence; spectator contributions ~ 1/mC3 might BE IMPORTANT - BUT WHY THERE
WOULD BE SUCH DIFFERENCE IN D-MESON LIFETIMES?
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Pauli interference (PI)

weak exchange (WE) CY' LARGE AND NEGATIVE !
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“ANOMALIES” - 2nd CASE 1985's 1(D)/1(Dy) ~ 1.5

C C é 5 é B Gu.berina,et al 79
T = (c303 F O =07 ) + 1677 (—206 %
m m
@ Q @ Q
unknown pre-HQE 90° unknown

Mg =mg - slow convergence; spectator contributions ~ 1/mC3 might BE IMPORTANT + SU(3) BREAKING




“ANOMALIES” - 2nd CASE 1985's 1(D)/1(Dy) ~ 1.5
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GOING BACK TO THE PRESENT DEVELOPMENTS



I :FNL + FSL
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do' In NL decays - new!
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Czarnecki, Melnikov, v. Ritbergen,
Pak, Dowling, Bonciani, Ferroglia,

Biswas, Brucherseifer, Caola '97-"13

- , 7 .
c me me Mannel, Moreno, Pivovarov 2304.08964
(0) (1) (0)
+ Ys9e 3 IDarwin
mp
Semileptonic (SL) modes Non-leptonic (NL) modes
F(B) Fael, Schonwald, Steinhauser 20 * ; Fgg) Czarnecki, Slusarcyk, Tkachov ’05 **
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N
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** Partial result
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alphaS and mass corrections taken into account —[LO and existing NLO]




CALCULATION OF MATRIX ELEMENTS

C C Cs ~  Cr x
T[(cgog+—305+—§o6+...)]+[16w2(—206+ 7O7+...>]
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H
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four-quark matrix elements



CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS

MOARSIL=OIVNIOLR e IH - mainly universal — up to SU(3); breaking and differences in spins of hadrons

pr(H)  pg(H) +0( 1 )

Mé application of hadron mass formula:
2M 2Mm.

my = me+ A+ 5
mC

spinfactor: dpy = —2 (Sy(Sy +1) — Sp(Sp, +1) — S;(S;+ 1))

C

2 _ _
pe(H) =dghe = dg dir — dp- dy || 3 | -1 0 4 | =2

2 2 2
M| HQETSR: Mr > e

3 . o :
Pp| applying EOM of G“V and relating it to the dim6 operators:

1 1 -, 1 1 -
2muph = g2 (H|( - S0+ 5701+ 703 — 503)[H) +O0(1/me)|  jiip,) - %fl%qmpq +0(1/me)



CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS

NON-SPECTATOR PART:
DO

Dt Df AF =+ =0 QY
p2) GeV? | 0.41(12) | 0.41(12) | 0.44(13) 0 0 0 0.26(8)
12/ GeV? | 0.45(14) | 0.45(14) | 0.48(14) | 0.50(15) | 0.55(17) | 0.55(17) | 0.55(17)
pd/ GeV?3 | 0.056(12) | 0.056(22) | 0.082(33) || 0.04(1) | 0.05(2) | 0.06(2) | 0.06(2) | +30% uncertainties

Lenz, Piscopo, Rusov 2004.09527

a surprisingly large Wilson coefficient C
Mannel, Moreno, Pivovarov 2004.09485

also sizable SU(3) breaking effects

3 .
Pp much smaller parameter but with
- sizable contribution of 1/m 3 ;



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS

- calculation of four-quark matrix elements

; . q L 9 q g
Dim 6 : <Dq’Org ‘Dq> — FDq(ﬂ) meBZ_ 7 HQET bag model parameters or lattice: /
D OQ' D\=F 2 5q’q / B4 o RBY 524
(Dg|Oj |Dy) = Dq(ﬂ) mp,0; 5, qFq 1,2 1,2 = P34 ?
4 Kirk, Lenz, Rauch, 1711.02100
Fp,(1)* — fp mp, (1 + gas(mc)) King, Lenz, Rauch, 2112.03691
Q0 King et al, 2109.13219

Vacuum insertion approximation (VIA):

Dim 7 : <Dq 73{1 Dq> — —777,(]}712?’17,DQ,B{D : BiP’R =1 ef’R =0
<Dq qu Dq> — A FQmD B;, for color-octet operators
(Dy|Pi|Dy) = —AyF*mp, By |
(Dy|RY|Dy) = —FD mp, (A, mq)Bl : Decay constants in the m, -> infinity limit:
(Dy|R3|Dy) = Fp, mp,(Ag — mg) By, Fp, = fp,\/Mp,



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS

- calculation of four-quark matrix elements

NR CONSTITUENT QUARK MODEL

<BC|O§1|BC> B. ~ c(q192)

~ (g (O)FF | ana  [(0)[3; ~ 6%(0)

)
2mp,
Rujula, Georgi, Glashow 1975 My = E mf{ + <Hspin,H> Hgpin, mesons = 9 mMijd (Tij)M
, i ]
(4 — —
H . 167TC¥5 (Si°8jf53 - )
combining mass expressions for the hyperfine partners (e.g. 1/2+ and 3/2+): spin, baryons 2 : 9 mBmbB (Tij )B
- ;
e.g. 2> /
W O = SRS gDl
3 Mp- — Mp e (0)]% = & £ mp,

dim 7 operators are expressed similarly, in terms on dim 6 operators as above; e.g. for triplet of baryons:

1
(Te|PH|Te) 2 5 mq W05 (0" (Tel PY|Te) ~ —Aqep [® /5 (0)]°



DIM 7 OPERATORS AND HQET/QCD BASIS OF OPERATORS

In HQET basis of operators there are additional NON-LOCAL OPERATORS at order 1/my*: G, and G,
Gy ~ i/d%T{O‘f(O), Bv(;c)%ia . Ghv(az)}

IN MESONS:

One can show that they get exactly reabsorbed at O( 1/mg*) in the decay constant to renormalize the HQET (static)
decay constant to the QCD one:

A 26, 126G
F2 |1—- = +2=2=2 4 222 | = f2mp +O(1/m2)
N~ me me me N——

HQET % ~~ # QCD

non—local
IN BARYONS:
Non-local matrix elements are not calculable — NO proof for such a relation

Y
[Uyg () ~ F,

For charm baryons — we stay in the QCD basis of operators since the convergence of 1/m_expansion is slow
- dim 7 operators contribute up to 50% of dim 6 operators



PECULARITIES OF DOUBLY-CHARMED BARYONS

Difference to singly-charmed baryons:
- counting contributions (two ¢ quarks decaying)
- choice of hadronic parameters

- diquark system — cc-pair (instead the diquark q,q,-pair in singly-charmed baryons) BCC ~ (Cc)q
Additional contributions to some of the matrix elements, e.g :
2
ﬂé (Bcc) — /_L%; (Bcc) + IJJ2G(BCC) , Similarly for Mo (BCC)

Additional contributions accessed by NRQCD expansion (up to O(v7), W, = 2-component NR spinor):

- 1 — — 3 —_ — 1 —_ — —_ — —
cc = U, U, — U, (iD)? W, U, (iD)*W, — —= V¥, g, - BU, — U.gs(D-E)W,+...
c g LeliD) Vet grg We(iD) omz ¢ 97 g3 Ve 9s(P - E)We
matrix elements, e.g.:
(Bccmjigsﬁ ’ B’KI]C|BCC> . é gg |\I’cc(0)|2 where “I’cc(o)‘z e <|‘I’Ec(0)|2 = |‘I'J/¢(0)|2)

2Mp. . T 9me



SPECTATOR (u,d,s) FOUR-QUARK CONTRIBUTIONS ARE IMPORTANT : decay| CENL || CE SL

one-loop i.e 16 2 enhanced, although 1/m3 (dim6), 1/m* (dim7) suppressed H. c— sdu |le — sl_yl
— /ﬁ
DY (UE) I'we -
¢ o | C c (14(,\”,:)1'1" ¢ »
D~ (dc I'pr -
g = HSL
e ONCA s | 0 | Bwa ) || TR
= =
WE WA Aj;_ (Udc) [ Fint_ -

S =¢ (use) Ty + e | T35
BARYONS p

- - rSL
(dsc) Pexc + Ling+ Fint+
| ~
& Gdown : ; 0 r SL
f f 00(ssc) |\ Fee || T3, |

CE = leading; Cabibbo enhanced

* effects are different in different mesons
- w.d, s s * effects are different in different baryons

int- int+ * no helicity suppression for baryons
nt exe i * effects in SL decays — different BR(SL) !




HEAVY QUARK MASS
210110
G

Lo

3
1927T POLE mass:

4 ag(me)

__ 2 — 3
mPole = 77, (77.) [1+g +10.3(°‘8(m‘3)) +116.5<%(m0)) +]
(s 7

= () (1 +0.16 + 0.15 H0.21)+ .. ) |

IR renormalon — divergent series starting from

=

renormalon-free mass definitions: the 3rd (5th)-loop for m, (m,)
X 1
mg () = me”" — omg|(py)
o0
o o o H
= () ) D el () = = H s /)| )
n=1 mc(mc)

- subtraction of IR renomalons
- rearrangement of ag expansion - relevant for ag-corrections in c3 and cg terms



CHARM QUARK MASS

we provide results for different mass schemes... no large differences in the final results — rearrangements among

1/m. and ag-expansion !

me(me) = 1.28 GeV || 1-loop | 2-loop | 3-loop | 4-loop
pole 149 | 1.68 | 1.95 | 2.43

ﬂ 136 | 1.39 | 140 | -
[ nMSR | 133 | 135 | 1.36 | 1.36




RESULTS



RESULTS FOR BARYONS

Lifetime ratios of a baryon B,

7(B.) 1

T(AS) 1+ (I™(Be) — T™H(ALS))TxP(AL)

- some uncertainties cancel in the ratios

Inclusive SL branching ratios ( e only ) for B,

BR(B. = Xev) =T'(B. — Xev) 7P (B,)



CHARMED BARYONS

B Experiment

T(AD)T
T(E) |

@)}

T(EN/TAD T
T(E)/T(AD)
QTN

BR(A} - Xev)r

B Our Results (MSR)

=0 +
Gratrex, Melic, Nisandzic, 2204.11935 [ T (‘—*c) <T (AC )

<T (Qg) <T (Ej)]

- confirmed by Belle-1l , aug.2022

3 @
individual life
3 with the exper
'3 @
—
— ® slight tensions are seen_l_
: due to overestimate of A
¢ o=l
SL {; branching ratio i

times compatible
ment, even QY |
) c -

in the ratios

5 also

compatible with the expefiment

0.5 1 1.5 2 2.5



CHARMED BARYONS - SL BRs

MSR scheme:

Af o Xew)/% | 428t

(
BR(Z} — Xev)/% | 14.95+260+159

—0 +0.91+40.54
BR(E; = Xev)/% | 5.06%0 3, 051

( )
BR(Q? — Xev)/% | 11.19753575 05

SL decays are important to assess the validity of HQE in charmed baryons
- experimental measurements of BRg, ( =.%), BRg (=.”) and BRg, (Q.) are needed



CHARMED MESONS

Lifetime ratios :

=1+ (rth(DO) ~ Pth(D(TS))>TeXP(Dg))

- some uncertainties cancel in the ratios

Inclusive SL branching ratios ( e only ) :

INCIOONN Doy P
(s)) _ () th y+ \ _ 1(e)th/ 0 T(D")
S = 1+ TR - TOND ))(BR(€>( 0))



King, Lenz, Piscopo, Rauh, Rusov, 2109.13219
Gratrex, Melic,Nisandzic, 2204.11935

results are largely compatible with

(D% ® T
difficulties with t(D*) — Pauli intere
[(DY)F P can drive t (D*) large and even neg
(D7) | 7
7(D*)/T(D%) - o @
7(D¥)/T(D°) - ® ¢  Slight tension with t(D,)/ t(D°) — th
e B Our Results (MSR)
BR(DY - Xev) - —s : B Experiment
BR(D* — Xev)r 5
BR(D} - Xev) T ¥ ®

the experiment
ference term

ative!l

0.5

1.5 2



SINGLY CHARMED HADRON LIFETIMES - CONCLUSIONS

1.5

1.25

7lpsl g 75

0.5

0.25

King, Lenz, Piscopo, Rauh, Rusov, 2109.13219
Gratrex, Melic, Nisandzic 2204.11935

& Mesons, experiment
B Mesons, our results

1 Baryons, experiment

= B Baryons, our results
- I
D" D, D* = AF Q) =

satisfactory agreement
with the experiment!

inclusion of newly calculated NLO
corrections to ,ug; (Mannel,
Moreno, Pivovarov 2304.08964)
would probably significantly

reduce uncertainty



DOUBLY CHARMED HADRON LIFETIMES - CONCLUSIONS

0.5 Dulibic, Gratrex, Melic, Nisandzic 2305.02243
¢  Experiment
0.4 - ¢ Theory [preliminary] T
—=++
® T(“cc )
0.3 - is the only measured doubly-charmed
0 1 baryon lifetime (LHCb 2018)
= i good agreement
F 0 2 7] ‘|'
0.1 - 7(E) and 7(22.) measurement
:{ at LHCb Run-3 is feasible
0.0 1 1 1
=+ ++ =4+
—cc QCC —cc



CONCLUSIONS — CHARM HADRON LIFETIMES

O

up-to-date results for lifetimes of weakly decaying hadrons with a single charm quark, with most
complete set of contributions provided

results compatible with experiment, albeit with large uncertainties, and

favouring recent LHCb (2018/20) and Belle-Il (8/2022) result for 1(Q0°) lifetime

(~ 4% bigger than old measurements)

difficulty in predicting T (D*) — only marginally compatible — huge negative Pauli interference contribution
predictions for unmeasured BRg, (H) are important for complete assessment

conclusions above are largely independent of the charm mass scheme

HQE seems to work for charm



OUTLOOK

extending available contributions in 1/ms and ag series

large uncertainties mean theory cannot compete with experiment — more control
of hadronic parameters needed :
|. lattice determination of ((7)6) planned (U Siegen)
Il.  higher a corrections planned (KIT) — NLO of 4g-dim7, NNLO of NL-dim3 etc..
lll. exp. (BESIII, Belle Il...) determination of the kinetic, chromomagnetic and
Darwin parameter from SL decays? Too sensitive to four-quark “leakage”?

guestion of applicability of heavy quark approach to charm remains open
= dg(m) = 0.33, Agcp/M = 0.30 too large? (vs ag(my) = 0.22, Agcp/m, = 0.10)
- spectator contributions dominate over the leading free charm decay

theoretical improvements:

- revisiting formulation of HQE in charm mass?
(Mannel et al 2103.02058 - treating 4-g contributions as a part of the leading term?)

- testing quark-hadron duality violation? (seems to work for beauty)



D? —-DO MIXING — STATUS

- an incomplete, personal look -



BASICS

\

W .
AN —— 1

neutral mesons mix:

: - 0 ‘ o 2

.0 (D° o e (PO (M Mg t (I Tho D . L - .

- _ — - — — — —_ = — d,s, by 4d,5,b

ot DO 2 DO M1*2 M11 ) F’{Q Fll DO ) o ) .
off-shell states contribute  on -shell states contribute ' i

parameters:

2| My, 2|y o B M;s
x1p = Y12 = + possible (indirect) CPV: @12 = arg | ——
T T po T
D12) = p|D°) £ ¢D")
AM = My, — M, » AMp = 2|M3 -(1+0((¢?2)2)) » B By = 2| 12| Y =Yg = |I‘ |
Al'=T, —Tha. ATp = 2|TH|- (1+0((¢1)%) I'p D
2 T T
qy _ Miy — 5T
(P) My — iT v — AMp = AFD
1_‘D QFD

© more general approach with two phases Kagan, Silvestrini, 2001.07207 :

b1s = arg (%) — M _gT



HFLAV fits, 2206.07501 - clear evidence for DO-BO mixing - no-mixing point x=y= 0 Is excluded at >11.5 T

no direct evidence for CPV :
| No direct CPV
[T} i
2 2 No direct CPV
e e =
No direct CPV a
2
0
-2f
Mo 4:, -af
L =4 - Bio
o3 -l I %;Z X 4 B2o
i 3 Wso 3 30
1Y PP IR ORI (NI ST D |k A SR DS U TN PO PP L2 I UTEL DUSS S DO 40
%.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 02 03 04 05 06 07 08 09 02 03 04 05 06 07 08 09
X3 (%) X, (%) Y, )

AM
CPV allowed 'g l1z T = _ O 409+0 .048 %
e 10% FM FD 0-049
=2 i 50
g o | AT
SR y= 55 0615445 %
0:_ gttt N D
C o) = 25412
. [
0.2 30 10
‘ 5o : 2yep = (lg/pl + p/al) ycos ¢ _ -
s ehirir | A5 O ; —
0 f 6565 04 0566 0708 09 P 0.05° ol —(la/p| - Ip/q]) zsin 6 » Ycpr (0.719 £+ 0.113)%

x (%)

lo/pl-1



(SIT18)2 = [{f1T15)]

CP asymmetries in D%,-D? meson decays: Acpli — f) = | =L % [p; sin(AS;) sin(Ad;)].
D= i e TP ) Al
__ strong weak
7(D°—=hth™) —7(D°—h*h™) . .
Ar = — A _ —(Lmd . adl[‘
T (DO hthe) + (DY — hth-) D : cp — Gepdcr
where h*h™ can be K™K~ or 777~
_ _ . (ty A
AACP = ACP(K+K ) — ACP(’IT+7T ) |$ AAC‘P ~ Aa,ccljljl; 1+ y(jpi_—> + alcljlg < >

both terms are very small

atp = (—0.010 £ 0.012)%
Aaly (—0.161 4 0.028)%

THEORY : an order of
magnitude smaller result ->

[ Apof|* = [Apo_, [

0.0100 BaBar I aBar dir =
LARGE NON-PERTURBATIVE A - i o W = g P+ [ Ano P
’ CDF KK+ LHCb
CONTRIBUTIONS/FSI NEEDED | I | !
0.0050 LHCb 77 O noCPV ind __ q p . q p
acp = 5 =+ |=||xsing— | |=| —|=| | ycoso
0.0025 p q P q
LCSR — | P/T| .. « Calculation, arbitrary =5 00000 yep = (0.719 + 0.113)%
strong phase T-0.0025 |
Khodhjamirian, Petrov, 1706.07780 —0.0050 |
—0.0075 | 8 g g % gi’
Dispersion relations — FSl/rescattering > 5% 32 ) , . o )
phases —0.0100 r = % e :_eiallso Rzezcz)esng;;i;gncesm charm mixing and CP violation at LHCb",
: ‘ . ] . Pajero, .
Pich, Solomonidi, Silva, 2305.11951 -0.010 —0.008 —0.006 —0.004 —0.002 0.000 0.002 0.004 0.006

ind

acp



BY: ARGUS
Observation of B oscillations

Phys.Lett.B 192 (1987) 245

DY: Belle & BaBar

Evidence of D oscillations
Phys.Rev.Lett. 98 (2007) 211802
Phys.Rev.Lett. 98 (2007) 211803

+

D?: LHCb

Observation of DY mass difference

LHCb-PAPER-2021-009

1955 > 1987

f

f

. .
2006(2007 2013 2021]
I S—

KO

Behavior of neutral particles
e.g. Phys.Rev. 97 (1955) 1387

BY.: CDF

Observation of B.° oscillations
Phys.Rev.Lett. 97 (2006) 242003

7 74
DY: LHCb

Observation of D oscillations
Phys.Rev.Lett. 110 (2013) 10, 101802

> 4

LHCb 2021 at 10th CKM2020(2021), arXiv: 2106.03744

First observation of the mass difference between D°and DO:

m,-m, = 6.4x106 eV
=0.00000000000000000000000000000000000001 grams (1x10-38 g)

(m;-m,)/(D° mass) = 3x10-13

B-B, B.-B, and K- K mixing are well under control — WHY IS SO DIFFICULT TO EXPLAIN D- D MIXING?

A LONG-STANDING PUZZLE — how to explain theoretically

AT
AM

%0

SM results are 4 orders of magnitude smaller than experimental results ?!



NAIVE HQE APPLICATION: wt d,s,b

s . e > > u
d,s,by Ad 5 b w+ W~
U ——— . 4 6 u —= _< — < (_,
W_ 7§’ b
D 2 (1D D , D D _ 1D 21D
Iy = =X (Fss — 2l + Fdd) + 22\ (Fsd - Fdd) — AL

M2 =)2 [Aflsfj — M= i Mj;] 2% [M,,D — M2— MB + ]\wféﬁ] 422 [szg —2ME + M(f;]

F 4

T2 = (2.08-1077 — 1.34- 10~ "' 1) (1st term) CKM dominant <-> GIM suppressed
— (3.74-1077 4+ 8.31-10"7I) (2nd term) CKM suppressed <-> GIM dominant

4 (2.22 .10~8 —9.5. 10—81) (3rd term). all three contributions are of the same size and SMALL
(although separate amplitudes are large: \2T27p ~ 5.6 y“? )

extreme GIM suppression !

ynaiveHQE ~ (10—47 10—5) yexp



C —p»—p v nnn——p— Y C > > > > u
DO d,s by Ad, s, b D’ DO 1% 144 D’
Uu —a—rrpr~n—— C u < < < < C
W d,s d, s

the matrix element :

<DO|fHAC=1 |n> <n|fHAC=1 |DO>

2Mp <M12 - 31“12) = (D°|HAC=2D%) + )

2 ~ Mp — FE,, + 10t
- S =
M12, local cjc\);tribution at ]\4127 I'15 , intermediate states ( 77, 7K, KK ... )
H D contribution at 1 < Mp
E INCLUSIVE (perturbative, HQE) APPROACH } { EXCLUSIVE (nonperturbative) APPROACH }

E DISPERSIVE APPROACH — x and y are connected}

E LATTICE /HQET sum rules } AC' = 2 operators only

lattice - Bazavov et al (Fermilab Lattice and MILC) 1706.04622
HQET sum rules - Kirk, Lenz , Rauch, 1711.02100




General solution to the problem in the HQE approach -> LIFTING THE GIM SUPPRESSION

INCLUSIVE HQE APPROACH

SU(3) breaking by NLO and mass corrections
inclusion of new, higher operators

different renormalization scales in the process
guark-hadron duality violation

EXCLUSIVE APPROACH
- SU(3) breaking
- inclusion of multi-body states

- quark-hadron duality violation
- topological amplitude approach

DISPERSIVE APPROACH

SU(3) breaking through physical thresholds
of different D meson decay channels for y(s)

Golowich, Petrov, 0506185 - NLO corrections

Bobrowski, Lenz, Riedl, Rohrwild, 0904.3971 - alphaS and mass corrections
Bobrowski, Lenz, Riedl, Rohrwild, 1002.4794

Bigi, Uraltsev, 0005089 — quark-hadron duality; suggestion for higher dim operators
Bobrowski, Lenz, Rauh, 1208.6438 - higher dim operators - dim 9

Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi, 1603.07770 - quark-hadron duality violation
Umeeda, 2106.06215 - quark-hadron duality violation in the t'Hooft model

Lenz, Piscopo, Vlahos, 2007.03022 - different scales in the process

Falk, Grossmann, Ligeti, Petrov, 0110317 - SU(3) breaking

H-Y Cheng, Chiang, 1005.1106

Jiang, Yu, Qiu, H-n Li, C-D Lu, 1705.07335 - topological amplitudes
Gershon, Libby, Wilkinson, 1506.08594 - inclusion of multi-body states

Falk, Grossmann, Ligeti, Nir, Petrov, 0402204 - from dispersion relation in HQET limit
H-n. Li, Umeeda, Xu, Yu, 2001.04079 - inverse problem
H-n. Li, 2208.14798



A BRIEF DISCUSSION FO DIFFERENT APPROACHES

INCLUSIVE APPROACH in general gives the mixing parameters x and/or y still far below the current data

large NLO corrections? ) . U Golowich, Petrov, 0506185 - NLO corrections

O i 2 A A Bobrowski, Lenz, Riedl, Rohrwild, 0904.3971 -NLO and mass corr.
Iarge mass corrections ocb ~3 e Bobrowski, Lenz, Riedl, Rohrwild, 1002.4794
m, ny,
~6-10"7
Yp ~ ITp =0
¢
QCD corrections lower the GIM suppression of the first term by on power of z= mg/mg (from z3 to z?)
© higher dimensional operators? ,
c ¥ Bigi, Uraltsev, 0005089 suggestion for higher dim operators
- Bobrowski, Lenz, Rauh, 1208.6438 - higher dim operators - dim 9
D’ SN
,A/

->an enhancement by a factor of 10 by still below the observation

SU(3) suppression is softened by cutting one or two quark lines -> dim=9 , dim=12 operators -> this requires
information on a large number of nonperturbative matrix elements

Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi, 1603.07770

© quark-hadron duality violation?
->20% duality violation could explain the width difference

a simple model for duality violation

© renormalization scale setting? Lenz. i Viahos. 2007 03022
different internal quark pairs contribute different channels and their renormalization scale need €Nz, FIScopo, Viahos, U0

9192 . ; e ; : .
not to be equal > M1 instead po? = Mf,}d = Mgd = K -> specific choice could give experimental values



EXCLUSIVE APPROACH

| U
D _ A0 yAC=1 AC=1| 0 N
I', = ZPn(D [ Her In)(n|Hes;— | D7), W D
< C
AC 1 AC=1 0
AfD = < | AC’ 2|D0 1P cff |n><n|Heff. |D >
12 = efF. _ E2
n mD n
= pi bi. DI Falk, Grossmann, Ligeti, Petrov, 0110317 - SU(3) breakin
o n p.l p.l' F." K'. K.K' C .. Y Che?msgs, ciiang,gle;os.itlgs s
pi pi pi, pipi K, pi KK, KKK, pi pi pi pi,.... Gershon, Libby, Wilkinson, 1506.08594 - inclusion of multi-body states

-> experimental bounds can be satisfied

VI(P)

© basedon topological \/ " Jiang, Yu, Qiu, H-n Li, C-D Lu, 1705.07335 - topological amplitudes
i i i c d.s c u .
(V) D P(V)

parametrization of the amplitudes -> cannot resolve the problem: y(obtained) ~ 1/3 y(exp)

DO -> PP, PV, (VV-negligible) modes R e ypp = (0.104+0.02)%, ypy = (0.114+0.07)%
nv</“m ’J> <‘J] yvv - (_0'42 :I: 0'34) X ]‘073

topological amplitudes : color-favored tree-emission diagram T
color-suppressed tree-emission diagram C
W-exchange diagram E
W-annihilation diagram A
naive factorization + nonfactorizable contributions (FSI) are parametrized and determined from the global fit to the data

(H-n Lietal, 1203.3120, 1305.7021 ) + SU(3) breaking



DISPERSIVE APPROACH Use of the dispersion relation between Am and AT (xandy)

© dispersive approach in HQET limit
correlator: Yo,(q) =1 /d4 (pp)| T [Hw(2) Hw(0)] [D(pp)) ¢q—rp)-z

1
_W EPD (pD) = (Am — 5 AF)
p with models fory (E), it is possible to get x -> x™y
1 o AT'(E) Aqep however. the derivation was in HQET limit
general EPD(Q) : » Am = 5 P - dE [—E e - O(—E )

Falk, Grossmann, Ligeti, Nir, Petrov, 0402204

(o) dispersive approach as an inverse problem - the nonperturbative observables at low mass are solved with the perturbative inputs from high mass.

(g*) = ! fﬂ dsw, i ) Ao =0 H-n. Li, Umeeda, Xu, Yu, 2001.04079
min §= qu —1e N A . — [ = B [ -n. " .
' Mys(s) — §F]_2(S) = (D°(s)|H: |D°(s)) H-n. Li, 2208.14798
1 = Im [IT(s7)] - -A), (5 -F) operators it is possible to find a solutions {x(my), y(my)} whic
Relll _1p s (V-A)(V-A), (S-P)(S-P) t iti ibl find luti {x(mp), y(mp)} which
elli()] = x Jo oy O D accomodates the data: y(m)=0.52%, x(mp) = 0.21%

Without CP violation

With CP violation

—T T E—
1.00

A ! o0 I W S :

5 Yl s ) ‘ e

/ dSIL); - W:I:(S) o [ ds’ J( ) = QJ(S)‘ s=fictitious D-meson mass | z: S
0

3
’r 0.25 :E
= 0.00 E—

55— 5 . J,ili- 5 — eq,

[107%]

RHS - PERTURBATIVE PART FROM BOX DIAGRAMS

x HFLAV 1o ]

INVERSE
P [ Tia(s
PROBLEM < (S) » X(S) from 11'12( ) - ds." l?(qf)

27 Jo 5— 8

different physical thresholds of various channels introduce SU(3) breaking; the channel with KK states is a major source of the needed enhancement from the
(S-P)(S-P) eff. operator (confirmed by the lattice) — 4 orders of magnitudes larger y(m;) is obtained which then explains the data

possible caveat: inverse problem of a dispersion relation is ill —-posed (unstable solutions)— it needs regularization Xiong, Wei, F-S Yu, 2211.13753



DISPERSIVE APPROACH Use of the dispersion relation between Am and AT (xandy)

© dispersive approach in HQET limit
correlator: Yo,(q) =1 /d4 (pp)| T [Hw(2) Hw(0)] [D(pp)) ¢q—rp)-z

1
_W EPD (pD) = (Am — 5 AF)
p with models fory (E), it is possible to get x -> x™y
1 o AT'(E) Aqep however. the derivation was in HQET limit
general EPD(Q) : » Am = 5 P - dE [—E e - O(—E )

Falk, Grossmann, Ligeti, Nir, Petrov, 0402204

(o) dispersive approach as an inverse problem - the nonperturbative observables at low mass are solved with the perturbative inputs from high mass.

(g*) = ! fﬂ dsw, i ) Ao =0 H-n. Li, Umeeda, Xu, Yu, 2001.04079
min §= qu —1e N A . — [ = B [ -n. " .
' Mys(s) — §F]_2(S) = (D°(s)|H: |D°(s)) H-n. Li, 2208.14798
1 = Im [IT(s7)] - -A), (5 -F) operators it is possible to find a solutions {x(my), y(my)} whic
Relll _1p s (V-A)(V-A), (S-P)(S-P) t iti ibl find luti {x(mp), y(mp)} which
elli()] = x Jo oy O D accomodates the data: y(m)=0.52%, x(mp) = 0.21%

Without CP violation

With CP violation

—T T E—
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= 0.00 E—
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RHS - PERTURBATIVE PART FROM BOX DIAGRAMS

x HFLAV 1o ]

INVERSE
P [ Tia(s
PROBLEM < (S) » X(S) from 11'12( ) - ds." l?(qf)

27 Jo 5— 8

different physical thresholds of various channels introduce SU(3) breaking; the channel with KK states is a major source of the needed enhancement from the
(S-P)(S-P) eff. operator (confirmed by the lattice) — 4 orders of magnitudes larger y(m;) is obtained which then explains the data

possible caveat: inverse problem of a dispersion relation is ill —-posed (unstable solutions)— it needs regularization Xiong, Wei, F-S Yu, 2211.13753



Conclusion: D°-D° MIXING PROBLEM
— STILL LOT OF WORKTO DO -



THANK YOU !
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