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A BIT OF HISTORY

First flavour anomalies were connected with lifetimes :
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80’ - T(D*)/1(Dy) ~ 2.1

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

90’ - T(A,)/T(B) ~ 0.7-0.8

2000 — WA large — influence on V,, inclusive

2020 — 1(Q.) — 3-4 times bigger then previously measured
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EXPERIMENTAL SITUATION
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- practically unchanged lifitime pattern since 1980°s
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singly charmed mesons
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TOTAL DECAY WIDTH B LIFETIMES

1 1

S—(H|T|H)

2Tnf]{ Shifman, Voloshim 85

T =1Im 1 / d4aj T [Heff (.CC)Heff (0)] forward-scattering amplitude

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

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



WEAK HAMILTONIAN DIM6 and DIM7 OPERATORS

Ql — (Cdﬂ(l - 75)@7')(@’]’7#(1 B 75)?'[") »  + color-octet operators
(qq") : : - + y-running and mixing
Dim 6 operators: 5 = (EZ’)/M(I — 75)61@)(_37#(1 _ /}/5)%7) ?
g . —
QYY) = (@1, (1 = 5)a) ((y"(1 = 15))
Pl =mg(&(1 = 5)q)(q(1 = v5)¢g)
Pf = o (@D = 39)D70) @ (1 = 33)c).
. 1 = )
Dim 7 operators: - Py = m_Q(EiDp(l —5)DPqi) (3 (1 + v5)c;) I f]cc))lrcl)-rloocglez)geprear?c}?srs. reabsorbed

_ _ Into dim6 matrix elements
ST = mq(G(1 —v5)t5q;) (e (1 = y35)tha) |

1 —

S5 = m—Q(E‘z’Dﬂu(l — st DP g (@™ (1 — ys)thcr) -
q L= a = a
Sy = —(c@-Dp(l - ’7/5)?57;ij%')(%(1 + V5)tkcl) -

maq



HEAVY QUARK EXPANSION (HQE) — systematic expansion in Agcp/Mg and ag
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MATRIX ELEMENS OF DIFFERENT OPERATORS ARE NEEDED

universal leading contribution to all hadrons (up to mass corrections in c3) ~ mQ FO —
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A BRIEF LOOK AT 1980s & 1990s “ANOMALIES®



“ANOMALIES” - 1"d CASE '80 T1(D")/1(D°) ~ 2.1

C C C C Guberina, Nussinov, Peccei, Ruckl 79
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?

1672 cl (H|O|H) Gy

F(H) — F() |:63 + o (Z 0,1 m3 ! >:| Lo = 199273
H 1,q Q

DO(cu) C o ¢ D+(Ca_) C taows_|

Pauli interference (PI)
- LARGE AND NEGATIVE !

weak exchange (WE)
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“ANOMALIES” - 2nd CASE '85 1(Ds)/1(Dy) ~ 1.5

Shifman, Voloshin 86,87

,T _ (c.0 C5 O C@ 16 5 é6 @ 67 ~ see discussion in Bigi,Uratsev 9311243
= (sUs + —= =3 6+ ... |+ 167 — 6+ —=
Q Q Q Q

unknown pre-HQE 90° unknown

Mg =mg - slow convergence; spectator contributions ~ 1/mc3 might BE IMPORTANT + SU(3) BREAKING
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“ ANOMALIES” - 35t CASE ‘90-°00  T(A)/T(B) ~ 0.7-0.8

EXPERIMENT : thanks to A. Lenz
Year | Exp Decay T(Ap) [ps| | 7(Ap)/7T(Ba)
2003 | HFAG | average | 1.212 4+0.052 | 0.798 £0.034
1998 | OPAL | A/l 1.29 =0.25 | 0.85 = 0.16x
1998 | ALEPH | A/l 1.21 =£0.11 | 0.80 £0.07x
1995 | ALEPH | A/l 1.02£0.24 | 0.67 £ 0.16x
1992 | ALEPH | A/l 1.12=0.37 | 0.74 £ 0.24x
THEORY :
cwu% + CG;LQG 1672 C%,@<H!O§!H> ﬂ 167 /m? ~ 50
F(H) =1o|c3 + m% + 2 (Z m% 1672 /m3 ~ 2
i,q

Mg =My, - fast convergence; spectator contributions ~ 1/mb3 highly suppressed
> CONCLUSION: T(A,)/T(B) CANNOT DEVIATE MUCH FROM 1



THEORY :
Year | Author T(Ap)/7(Bg)
2007 | Tarantino 0.88 £ 0.05
2004 | Petrov et al. 0.86 & 0.05
2003 | Tarantino 0.88 & 0.05
2002 | Rome 0.90 £ 0.05
2000 | Korner,Melic 0.81...0.92
1999 | Guberina,Melic,Stefanic > (.90
1999 | diPierro, Sachrajda, Michael 0.92 £ 0.02
1999 | Huang, Liu, Zhu 0.83 = 0.04
1996 | Colangelo, deFazio > (.94
1996 | Neubert,Sachrajda 7 > 0.90"
1992 | Bigi, Blok, Shifman, Uraltsev, Vainshtein | > 0.85...0.90
x onlyl/m; 0.98

thanks to A. Lenz

Colour coding:
e Wilson coefficient
e Matrix element of dimension 6 operator

e Numerical update



SOME OTHER THEORETICAL IDEAS: ALTARELLI et al

Many theory paper appeared thanks to A. Lenz

Some claiming HQE fails
Nature (or experimentalists)
might be nasty
FAILURE OF LOCAL DUALITY IN INCLUSIVE
NON-LEPTONIC HEAVY FLAVOUR DECAYS
G. Altarelli

Theoretical Physics Division. CERN, CH-1211 Geneva 23 and
Dipartimento di Fisica, Terza Universita di Roma, Roma

Experiment in 1996 shows

, Gim; : Gim?
G. Martinelli, S. Petrarca and F. Rapuano ]"\l‘ — —F Meson VS. ['-\L i
09 ~3 093
Dip. di Fisica dell'Universita La Sapienza and 1927 1927
INFN., Sez. di Roma I
P.le A. Moro 2, 00185 Roma. [taly
ABSTRACT Works Works

Not

We argue that there is strong experimental evidence in the data of b and c-decays that the

pattern of power suppressed corrections predicted by the short distance expansion, the heavy APPEARED TO BE TH EORETICAL LY WRONG

quark effective theory and the assumption of local duality i1s not correct for the non-leptonic

inclusive widths. The data indicate instead the presence of 1/m corrections that should be -1/mA TERMS ARE NOT EXISTING IN HQE
absent in the above theoretical framework, These corrections can be simply described by Q

replacing the heavy quark mass by the mass of the decaving hadron in the m” factor in front

of all the non-leptonic widths,

arXiv:hep-ph/9604202v3 5 Apr 1996



SOME OTHER THEORETICAL IDEAS: Grinstein et al

arXiv.org > hep-ph > arXiv:hep-ph/0304202v1 thanks to A. Lenz

High Energy Physics - Phenomenology

Explicit Quark-Hadron Duality Violations in B-Meson
Decays

Benjamin Grinstein, Michael Savrov
(Submitted on 22 Apr 2003 (this version), latest version 29 Apr 2003 (v2))

We consider the weak decay of heavy mesons in QCD. We compute the inclusive hadronic decay
rate in leading order in the large N_c expansion, with masses chosen to insure the final state
mesons recoil slowly (the SV limit). We find, by explicit computation, violations to quark-hadron

duality at order 1/M in the heavy mass expansion. The violation to duality is linear in the slope of

the form factor for the associated semileptonic decay. Differences in slopes of form factors may

help understand the puzzle of lifetimes of b-hadrons. i
High Energy Physics - Phenomenology

Explicit Quark-Hadron Duality Violations in B-Meson
Decays

Benjamin Grinstein, Michael Savrov
Submitted on 22 Apr 2003 (v1), last revised 29 Apr 2003 (this version, v2))

WITHDRAWN BY AUTHORS
- NO DUALITY VIOLATION

Duality is not violated at order Delta/M once j=3/2 and j=1/2+ states are properly accounted for.

Comments: Paper withdrawn by authors, due to crucial omission of higher resonances



RESOLUTION OF THE ,ANOMALY" :

NEW EXPERIMENTAL MEASURMENTS

thanks to A. Lenz

4.10 difference

to previous
measurements !

Year | Exp Decay 7(Ay) [ps] | 7(Ay)/7T(Ba)
2011 | HFAG | average | 1.425 £0.032 | 0.938 £ 0.022
2010 | CDF J/ YA 1.537 £ 0.047 | 1.020 £ 0.031
2009 | CDF A.+ 7 | 1.401 £0.058 | 0.922 + 0.038
2007 | DO Acpr X 1 1.290 £0.150 | 0.849 4= 0.099x
2007 | DO J/pA 1.218 = 0.137 | 0.802 £ 0.090x
2006 | CDF J/ A 1.593 £ 0.089 | 1.049 £ 0.059
2004 | DO J /YA 1.22 +£0.22 | 0.87£0.17
excellent agreement with the theory:
[ ) 935+ 0.054}
7(By) A. Lenz, 1405.3601




GOING BACK TO THE PRESENT DEVELOPMENTS
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Maria Laura Piscopo (Siegen U.)
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| corfections taken into account — LO and existing NLO




CALCULATION OF MATRIX ELEMENTS

C Ce Cs ~ Cr -
T = [(C3@3+—5@5+—(96—|— )]+E67T2(—2(96+—ZO7—|—...)]
m mg Mo g

i<H|oq\H} Z iHuﬂ\Hﬂ
_i_ .
pi(H) = 5 ! —(H|¢,(iD)*c,|H) ,- kinetic parameter <H’OE|H>
mpy
/LL%;(H) _ L(H Evla - (gsG)cy|H) , -chromomagnetic parameter <H|Pq|H>
ZmH 2 ()
PSD(H) — 2L(H EU(Z'DM)(Z'U - D)(iD")c,|H) -Darwin term four-quark matrix elements
mpg




CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS

NMONESIL =IO I H - mainly universal — up to SU(3); breaking and differences in spins of hadrons

pa(H)  pg(H) +0( 1 )

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

mH:mc‘I_f—\‘I_ 5
mg

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

C

m%l*—m%{ H| D | D |AfEFEV] Q| QY

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

2 2 2
Wi HOETSR Mx = MG

3
Pp. applying EOM of G}JV and relating to the dim6 operators

1 1 ~ 1 1 ~
QmeSD — g§<H|( — gocll + ﬂO(f -+ ZO% — EOS) |H> —+ O(l/mc) p%)(Dq) - i}_gff)qml)q ‘|‘O(1/mc)



CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS

NON-SPECTATOR PART:
DO

Dt D} AT =T =) QY
pZ/GeV? | 0.41(12) | 0.41(12) | 0.44(13) 0 0 0 0.26(8)

u2/GeV? | 0.45(14) | 0.45(14) | 0.48(14) || 0.50(15) | 0.55(17) | 0.55(17) | 0.55(17)

03/ GeV3 | 0.056(12) | 0.056(22) | 0.082(33) || 0.04(1) | 0.05(2) | 0.06(2) | 0.06(2)

+ 30% uncertainties

p?b much smaller parameter but with a surprisingly large Wilson coefficient Cp
- sizable contribution



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS

- calculation of four-quark matrix elements

Dim 6 : q _ 2 q ice:
<Dq’(’)i ‘Dq) — FDq(ﬂ) meBZ_ 7 HQET bag model parameters or lattice: ,
q _ 2 q'q / q ¢ — R4 749
(Dq|O; |Dy) = Fp, ()" mp,o; ", q#q B, €,=B3, 0;
4 Kirk, Lenz, Rauch, 1711.02100
Fp,(1)* = fp mp, (1 + gas(mc)) King, Lenz, Rauch, 2112.03691
Q0 King et al, 2109.13219

e <Dq P{] DQ) - _quQme B{D ’ Vacuum insertion approximation (VIA):
(DyP3|Dy) = —AgF*mp, By . BPR _ 4 PR _
(D, 772(] D,) = —/_\qFZmeBg, Z for color-octet op
(Dy|R{|Dy) = —Fp mp,(Ag — mg)B{*, Decay constants in the my, -> infinity limit:
(Dg|R3|Dg) = Fl%quq(]\q — mq)Bf“, Fp, = fDQ\/@



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS

- calculation of four-quark matrix elements

NR CONSTITUENT QUARK MODEL

2mp,

[ (B:|O{|B:) ~ W%(@)F} and | T(0) gj ~ §3(0)

32mas (S; - S (Br= 3 )
Rujula, Georgi, Glashow 1975 My = Z mZH 4 <Hspin,H> Hpin, mesons = 5 5 ;;wmjj\zl 53(7"z'j)M
, i g
i
167mag (S; - S 3,2 )
) Hspin,baryons — Z 9 . (TnZijB 53(rij)B
e.g. e t
WA ()2 = 22 gl o))
9 3 Mp~ — Mp

Dim 7 operators are expressed similarly, in terms on dim 6 operators as above



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

- one-loop i.e 16 12 enhanced, although 1/m3 (dim6), 1/m# (dim7) suppressed H. c— sdu ||c— sly
_ /A,—\
DY (UE) I'we -
C Qtl()\\'lloll'{ | C ~
. D~ (dE) I'py -
® O i )
7 Lo 03 Do(se) | ((Pwa J || THa
Z N s N
WA Aj; (Udc) /Fexc + Fint> B

G Eé_ (U’SC) Fint_ + Fint"‘ Fisn1£+

=0(dsc) | Fexe + Tuuge||| T5E.
' 00(sse) | Fuee | TS5,
CE = leading; Cabibbo enhanced
d,s oo d,s
T u.d, s s - effects are different in different mesons
int- exc int+ - effects are different in different baryons

- there are effects in SL decays — different BR(SL) !



CHARM QUARK MASS
2|40
G

Lo

3
1927T POLE mass:

mPle = m,.(m.) [1 + gas(ﬂm’) + 10.3<O‘8TC))2 + 116.5<&8(m0))3 +.. ]

=\

= mc(m¢)(1+ 0.16 + 0.15 ‘|‘ .+ ) IR renormalon —

divergent series starting from the third-loop...

renormalon-free mass definitions:

me (y) = mR* — dmy (ug)

C
o0

= ) ) Y [0 1)) — = )|

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



CHARM QUARK MASS

[mc(mc) — 1.28 GeV] 1-loop | 2-loop | 3-loop | 4-loop
= 1.49 | 1.68 | 1.95 | 2.43
ﬂ 136 | 1.39 | 140 | -
ﬂ 133 | 1.35 | 1.36 | 1.36

we provide results for all mass schemes... no large differences in the final results — rearrangments among
1/m. and ag-expansion !



RESULTS



RESULTS FOR BARYONS

Lifetime ratios for B3,

7(B.) 1

T(Ad) 14 (T(B) = T™(AL)) 7P (AL)

- some uncertainties cancel/subtract in the ratios

Inclusive SL branching ratios ( e only ) for B,.:

BR(B. = Xev) =T'(B. — Xev) 7P (B,)



RESULTS FOR BARYONS

B Our Results (MSR) [7(E0) <7 (AF) <7 (2F) <7 (E])
B Experiment
T(AD)| — °
individual lifetimegs compatible
T(EN)r 7 with the experiment, ALSO Q¥
T(E)} — -
T(EN) /(AN e . slight tensions are seen in the ratios
—c ¢ due to overestimate of A
T(ED/T(AD} . B
QT (AD o
BR(AY - Xev)} SL AT branching ratio is
compatible with the experiment too

0.5 1 1.5 2 2.5



RESULTS FOR BARYONS - SL BRs

MSR mass scheme:

BR(AS — Xev)/%

+0.47+0.39
4.28 —0.37—-0.30

BR(ZF — Xev)/% | 14957555129
BR(Z0 — Xev)/% | 5.0670 32 021
BR(Q — Xev)/% | 11.1973-%5+1-98

SL decays are important to assess the validity of HQE in charm in baryons

- experimental measurements of BRg (

EC+)’ BRSL( EC

9 and BRg (Q.) are needed



RESULTS FOR MESONS

Lifetime ratios :

5)
(s) — 1+ (Fth(DO) o Fth(Da;))>TeXp(D(—;))

- some uncertainties cancel/subtract in the ratios

Inclusive SL branching ratios (e only ) :

BR'“)(D) = T'(D)r**(D)

I (D) Doy &P
(s)) _ () th y+ \ _ 1(e) th/ 0 T(D")
(Do) L+ (D) =T (DY) (BR(e)( 0))



RESULTS FOR MESONS

full agreement with King et al, 2109.13219

Observable MSR Experiment
(DY) 1.68702510%% || 2.4440.01
(D) —0.1370 5013 11 0.96 + 0.01
(D7) 1.67702610-25 11 1.88 4 0.02

7(D*)/7(D%) | 2.897085T022 |l 2.54 £0.02
F(DF)/r(D%) | 1.0070334000 || 1.3040.01

Observable MSR Experiment
BRE(DY (%] | 5.867550T048% |l 6.49+0.16
BR©(DT)[%] | 14.907257122 11 16.07 £ 0.30
BRO(DH)[%] | 7.67725H0%5 |l 6.30 +£0.16

[ (D+)/r© (D% | 1.00T952+8-00 |1 0.977 4 0.031
[©)(DF)/T@ (DO | 1.0670257001 || 0.790 + 0.026

*» results are largely compatible with the experiment
+ difficulties with T1(D*) — Pauli intereference term can drive 1 (D") large and even negative!

«* slight tension with 1(D)/ 1(D9) — theoretically closer to unity




CONCLUSIONS

1.5}

1.25¢

7Ips ¢ 75

0.5

0.25F

= Mesons, experiment
B Mesons, our results

1 Baryons, experiment

x B Baryons, our results
- I
D" D, D = A Q) =




CONCLUSIONS

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

] results compatible with experiment, albeit with large uncertainties, and
favoring recent LHCb result for T(QOC) lifetime (4 X old measurement)

] 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



OUTLOOK

J extending available contributions in 1/m_. and ag series

 large uncertainties mean theory cannot compete with experiment — more control
of hadronic parameters needed :
= |attice determination of {(Og) planned (U Siegen)

= higher ag corrections planned (KIT) — NLO of 4g-dim7, NNLO of NL-dim3 etc..
= exp. (BESIII, Belle 1l...) determination of kinetic, chromomagnetic and
Darwin parameter from SL decays? too sensitive to four-quark oper. “leakage”?

 question 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, Agep/m, = 0.10)

 theoretical improvements: revisiting formulation of HQE in charm mass?
testing quark-hadron duality violation?
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