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Peculiarities of the charm sector
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» Strong coupling as(m.) = 0.33 £ 0.01.

e Size of A/ m. mrole = (1.67 £ 0.07) GeV m.(im.) = (1.27 £ 0.02) GeV



Lifetimes

No GIM cancellations are arising - pure test of expansion in &;and A/m,
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Lifetimes

No GIM cancellations are arising - pure test of expansion in &;and A/m,

O- Og - {(Og) -~ (O
F(HC):FO+F2<2> |F3<3> | —|—167T2 F3<3> }F4<4> |
e, e, m., ;.
(0) (X g ('7’7'2,-0) (1) (X g (‘7’7’2..0) : (2)
Perturbative Expansion of Wilson coefficients Iy = 1,74 , 1277 4 ,, | IR S
47 47
H, Oy |H,
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Lifetimes - State of the art

No GIM cancellations are arising - pure test of expansion in &;and A/m,
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1"(()1)- Ho-Kim, Pham, Altarelli, Petrarca, Voloshin, Bagan, Ball, Braun,
Gosdzinsky, Fiol, AL, Nierste, Ostermaier, Krinner, Rauh; 1984 -

F(z) . ?)(;Le;necki, Slusarcyk, Tkachov 2005 (m_c=0, not all color structures)
V) . Bigi, Uraltsev, Vainshtein, Blok, Shifman 1992

r® - AL, Piscopo, Rusov, Mannel, Moreno, Pivovarov 2020
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) Tarantino, Rauh 2002-13
FEL) * AL, Nierste, Gabbiani, Onishchenko, Petrov 2003-04



Lifetimes - State of the art

No GIM cancellations are arising - pure test of expansion in &;and A/m,
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<@ 5) - Spectroscopy for chromomagnetic operator
<@6>  E.o.M. for Darwin term: AL, Piscopo, Rusov in progress

<@ 6> * HQET sum rules: Kirk, AL, Rauh 2017 - no lattice result

<@7> - Vacuum insertion approximation
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Lifetime Ratios
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Many terms cancel:

No dependence on leading term

[sospin symmetry: Matrix elements are equal
Dominant contribution from Pauli interference
Dimension 7 - 4 quark is crucial

Can the HQE reproduce the large experimental lifetime ratio?
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Lifetime Ratio -

Lifetime ratio (D system)
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T(D_I_) Kirk, AL, Rauh 1711.02100
5 —2.7=1+ 167" 025 (1 —0.34) pert. NLO-QCD:
T(D ) / \ ‘%’h 1305.3588
Expansion parameter d=6 calculated with d=7 estimated
for HQE in charm = 0.3 sum rules in vacuum insertion
not a back of envelope lattice confirmation approximation
statement, but real calculations urgently needed do sum rule/lattice
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Lifetime Ratios
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Some terms cancel:

* No dependence on leading term

» SU(3)_F breaking can be large: Matrix elements are not equal
 Pauli interference less important due to CKM suppression

* Weak annihilation might become very large

» Dimension 7 - 4 quark is crucial

Work in progress: 1. HQET sum rules for Bag parameter with ms corrections
2. Size of Darwin operator via E.o.M
3. Numerical analysis

King, AL, Piscopo, Rauh, Rusov, Vlahos, Wang



Lifetime Ratios

Many more interesting experimental results for charmed baryons:
* But: Theory status much worse than in the meson sector

* Be aware of that when you find strong theory statements in the
literature about charmed baryons

* Theory situation can be improved with current technology



Total decay rates
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* Free quark decay shows a huge dependence on the charm quark mass

MS scheme
Pole scheme
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* No pronounced cancellations among Wilson coefficients ¢,(1.5GeV) ~ —0.35, C,(1.5GeV) ~ 1.2

-

3C1 (1)? + 2C1 (1) Ca(p) + 3C3 ()

+0.37 -0.84 +4.32

* To reduce dependence on scale'and quark mass NNLO QCD corrections might be needed 1"'(2)



Total decay rates
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* 1/mc”2 corrections show a pronounced cancellations among Wilson-Coefficients  ¢,(1.5GeV) ~ — 0.35, C,(1.5GeV) ~ 1.2
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Total decay rates
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* Darwin term will probably give a sizeable positive contribution

Pole scheme MS scheme
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Total decay rates
(Os) (Os)

2 .
m.. ..

[(H.) =To+ T N .+ 167° |[1s

* Pauli Interference is huge and negative, Weak exchange smaller an positive
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* Spectator corrections show a pronounced cancellations among Wilson coefficients  ¢,(1.5GeV) ~ — 0.35, C,(1.5GeV) ~ 1.2
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Total decay rates

Os Os > = (Os)  [ENO%
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* Dimension 7 is large and positive
Ly9(DT) = 0.777I5 7 (scale) T 555 (me)

* Overal results still suffers from huge uncertainties, but central values look promising! NNLO QCD for leading term and PI!!!

(DY) =(2.72-0.2140.76=3.543 +0.78)ps™! = 4+ 0.507ps™! = ©(D*) = 1.97 ps vs.1.04 ps




Charm Mixing

HEFLAV 2020 T = AI{V[D = (0.37x£0.12)%, y:= al
D

D .
. 0.687005% .

& m |cpv allowed
- 1| icHer 2020 | | ' I j

0.8 P 178
0.6/
0.4
0.2
0 . B¢
- 20
i B30
_0.2_.. ! ! ! . ! 40-
T TR R T T T . EoX

-0.2 0 0.2 0.4 0.6 0.8 1
x (%)



<

Pete Johnson

Charm Mixing

ds,b
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Charm Mixing

I = =2 (T — 200+ Tan) + 220 (Dsn — Tan) — AsTan -

Taking only one diagram one gets: —/lsl“g ~ Srll)z,EXp

— The devastatingy unny Pete Johnson’ Sunday Tmes
Taking all three diagram one gets: _/15 (F g — ZFQZ + F?d) ~ 10 SFIIDZ,Exp.

Crazy GIM cancellations at work



Charm mixin o
What could have gone wrong in D- |g<mg’? s R 4
1. Duallty violations - break down of HQE = oo g |
15 — ['75(1 4 0°%) , 20% of duality violation  Laelos
. .. i} 0.1 I &% = 0.
Is sufficient to explain —
d d d - t B 0.0 P | _
FiZ — FiZ(l + 53 ) ) . :.x:e;:-men _0_1;7 | Tmme,'ma
Uubp, AIFK, ; :
1% — T9(1 4 §%) | Tetlalmatzi-Xolocotzi 2016 02 ”0" b‘ema\\Q‘
- e devastatingly unny Pete Jo

-03 -0.2 -0.1 0.0 0.1 0.2 0.

] u [ ] 685
2. ngher dimensions Georgi 9209291; Ohl, Ricciardi,Simmons 9301212; Bigi, Uraltsev 0005089

Idea: GIM cancellation is lifted by higher orders in the HQE
- overcompensating the 1/mc suppression.

Partial calculation of D=9 yields an enhancement - but not
to the experimental value Bobrowski, AL, Rauh 2012

3. Renormalisation scale setting: AL, piscopo, Viahos 2020

uss = pst = pu?%  Implicitly assumes a precision of 10/-5!

4. New Physics is present and we cannot prove it yet:-)
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Exclusive approach
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Cannot be calculated yet

Estimate phase space effects for y: Falk et al 0110317

- assume pert. SU(3)F breaking - 107

- neglect 3rd family y~ 170

- nheglect SU(3)F breaking in matrix elements - no QCD calculation

Mass difference from a dispersion relation Falk et al 0402204 r =Y

Exp. data Cheng, Chiang 1005.1106 4 X 0(0.1 0) y o< O(few 0.1%)
U-Spin sum rule Gronau, Rosner 2012

Factorisation-assisted topological amplitude approach

Jiang et al1705.07335 Y R 002%
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Direct lattice determination

Multiple-channel generalization of Lellouch-Luscher formula

Still a very long way!

Maxwell T. Hansen (Washington U., Seattle), Stephen R. Sharpe (Washington U., Seattle) (Apr 4, 2012)
But not completely crazy

Published in: Phys.Rev.D 86 (2012) 016007 « e-Print: 1204.0826 [hep-lat]

anymore: pdf & DOI  [= cite 2) 228 citations i gl et '
Status of multi-hadron matrix elements in LQCD... r | b e ‘ \
physical system Method to get it from LQCD mm-muhh

T — TT, /s <4M, '>/” Liischer (1986, 1991)
(P # 0 in finite-volume frame)* o— ¢ Rummukainen and Gottlieb (1995)*

K — 77 (relies on My < 4M,) ‘ _ /C Lellouch and Liischer (2001)

o . Kim, Sachrajda and Sharpe (2005)*,
finite-vol f
(P 7 0 in finite-volume frame) \‘ Christ, Kim and Yamazaki (2005)*

— ® o
ar — KK, Vs<4M;, >< Bernard et al. (2011), Fu (2012),
® o

(not possible for physical masses) Bricefio and Davoudi (2012)

— O
D —1mr, KK ._,/' —° MTHand Sharpe (2012)

(ignores four-particle states) \., \‘
,.’ /" Detmold and Savage (2004)
NN — NN, Nm— Nm >< Gockeler et al. (2012)
(energies below three-particle production) @ O Bricefio (2014)
* * Mevyer (2011)
— T, T — T o y ,
v N ; v N ’ M}"< Bernard et al. (2012),
Y *_> T ,O)' ,.ﬂ A. Agadjanov et al. (2014),
B — K*(— Km)tt Bricefio, MTH and Walker-Loud (2014)
(energies below three-particle production) Bricefio and MTH (2015)

slide by Max Hansen



Lifetimes

Determine lifetime ratio D s*+/D0

* ms corrections to Bag parameter
e Matrix elements of Darwin operator
* First lattice determinations

Determine lifetime ratio of charmed baryons

* Determine baryon matrix elements

Total decay rate

e NNLO QCD corrections to charm quark decay
e NNLO QCD corrections to Pauli interference
e Study different quark mass definitions

Outlook

Determine higher dimension contributions to Gamma_12

e D=9
e PD=12

Determine NNLO-QCD to D=6

Determine M_12 in NNLO-QCD

Have a good idea for a model of duality violation
Have a good idea for improving exclusive approaches

Continue lattice studies for D-mixing
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Outlook

Lifetimes Mixing

Determine lifetime ratio D_s”*+/D0 _ _ o
B Determine higher dimension contributions to Gamma_12

e D=9
e D=12

Determine NNLO-QCD to D=6
Determine M 12 in NNLO-QCD

* ms corrections to Bag parameter

e Matrix elements of Darwin operator

* First lattice determinations

Determine lifetime ratio of charmed baryons

* Determine baryon matrix elements

Done by Kiril and Have a good idea for a model of duality violation
I"(Z) friends for the _ _ _ _
0 semileptonic case Have a good idea for improving exclusive approaches

Total decay rate

e« NNLO QCD corrections to charm quark decay Continue lattice studies for D-mixing

e NNLO QCD corrections to Pauli interference \
e Study different quark mass definitions

Cib:B — B mixing, CP violation, and Lifetimes

Principal Investigators

Prof. Ulrich Nierste Karlsruhe Institute of Technology

Prof. Matthias Steinhauser Karlsruhe Institute of Technology




